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Involvement of calcium signaling in different types of cell death in cancer 
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Programmed cell death is a basic feature of chemotherapeutic (and also radiotherapeutic) intervention. Induction of cell 
death in tumor cells aims to kill preferentially the tumor cells, with minimal impact on the normal cells. Although apoptosis 
is the most obvious type of cell death induced by chemotherapeutics, several other types can also be activated, especially in 
conditions, where cells are resistant to apoptosis induction. Calcium signaling was shown to play an indisputable role in the 
activation of different types of cell death. Local increase of the calcium in time and precise place of this increase is secured by 
calcium transport systems. In this review, we summarized the involvement of some calcium transport systems in apoptosis, 
autophagy, necroptosis, ferroptosis, and mitophagy during cancer development and treatment. 
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Cell death, a group of processes leading to the elimination 
of unwanted cells in the organism, is extremely important for 
human health. Malfunctioning of these processes can result 
in cell accumulation with serious consequences. Cells that 
are not able to promote autosuicide may accumulate further 
genetic damage that advances neoplastic transformation (for 
review see [1]). Different types of cell death play a crucial role 
in cancer development, progression, but also in treatment. 
Initially, one type of cell death-necrosis was largely reported 
in the hypoxic areas in growing tumors [2]. Nowadays, a 
huge amount of information about cell death involves also 
cancer therapy associated with killing malignant cells with a 
minimal impact on normal cells.

Although the most common and also best-described cell 
death in cancer is apoptosis and necrosis, other types like 
autophagy, ferroptosis, necroptosis, pyroptosis, etc. boosted a 
perspective of their utilization in cancer treatment, since most 
tumors harbor the innate resistance to apoptosis. Apoptosis is 
the most common non-inflammatory programmed cell death 
and is characterized by membrane blebbing, apoptotic body 
formation, DNA fragmentation, and chromatin condensa-
tion [3]. Necrosis is considered to be an uncontrolled cell 
death that results in the disruption of membrane integrity 

and causes an inflammatory response [4]. Necroptosis is a 
programmed version of necrosis [5]. Autophagy, as another 
programmed cell death, is an evolutionarily conserved 
degradation pathway, where over 40 autophagy-related 
genes/proteins are involved [6]. Ferroptosis is an iron- and 
lipotoxicity-dependent form of programmed cell death [7]. 
Pyroptosis, an inflammatory form of cell death, is triggered 
by certain inflammasomes, leading to activation of inactive 
cytokines like IL-18 and IL-1β [8]. All these processes target 
different pathways and the only common denominator is the 
death of the cell. Under special circumstances, more than one 
type of cell death can be induced.

Calcium signaling has been reported to affect cell death 
through different calcium transport systems [9]. Intracel-
lular calcium significantly influences the proliferation-
apoptosis balance [10]. Calcium is the most variable second 
messenger involved in a variety of intracellular and extracel-
lular cascades, thus targeting a huge number of physiological 
processes. In addition, it plays an essential role in cell life and 
death decisions. Calcium signaling is deeply involved not 
only in the initiation and progression of cancer but also in 
the induction cell death of cancer cells. Calcium signaling 
is realized through the rapid local increase of calcium in a 
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certain time and place (for review see [11, 12]). Calcium 
transport systems are deeply involved in the changes of intra-
cellular calcium concentration, either transient or sustained. 
Several calcium transport systems localized on the plasma 
membrane, or on the membranes of intracellular organelles 
are responsible for a fine-tuning of intracellular calcium 
concentration (Figure 1). Overexpression and/or activation 
of different calcium transport systems in cancer decide about 
the fate of a cell. For example in hypoxic tumors, the sodium/
calcium exchanger that is localized on the plasma membrane, 
started to work in a reverse mode and participated against 
intracellular acidification by forming a complex with sodium/
proton exchanger and eliminating the excess of intracellular 
sodium ions [13]. On the other side, inositol 1,4,5-trispho-
sphate (IP3) receptors of type 1 (IP3R1) [14, 15] and type 2 
[16] were shown to participate in the induction of apoptosis. 
Also, during tumorigenesis and blastic transformation type 
3 sarco/endoplasmic ATPase (SERCA 3) expression was 
decreased [17], whereas in PC12 cells, SERCA3 was involved 
in the diterpenoid triptolide-induced apoptosis [18]. Tumor-
igenesis probably involves the altered expression of one or 

more transient receptor potential (TRP) proteins, depending 
on the nature of cancer. The unambiguous changes are those 
involving TRPM8, TRPV6, and TRPM1 [19]. This review 
provides the current knowledge about the involvement of 
calcium transport systems in different types of cell death, 
mainly in apoptosis, autophagy, necroptosis, mitophagy, and 
ferroptosis.

Apoptosis and regulation by calcium transporters

Apoptosis is the most widespread and best-characterized 
type of cell death. This type of cell death is under precise 
control, and it is typically manifested by translocation of 
phosphatidylserine from inner to outer phospholipid layer, 
dysfunction of mitochondria, chromatin condensation, DNA 
and nuclear fragmentation, activation of different caspases, 
and membrane blebbing [20]. Two types of pathways were 
described to be activated in apoptosis – mitochondrial 
intrinsic and outer extrinsic pathway [21]. Although both 
these mechanisms are completely different, the final outcome 
results in the activation of executive proteases of apoptosis 

Figure 1. Calcium transport systems are localized on the plasma membrane and also on the intracellular structures. Calcium ions enter the cell through 
different types of calcium channels (CaCN) and also through the sodium/calcium exchanger (NCX). The special type of calcium channel is the transient 
receptor potential (TRP) channel. The activity/state of these two calcium transport systems may be influenced by G-proteins coupled with various types 
of receptors (R). The release of calcium ions from the cell is realized through plasma membrane calcium ATPase (PMCA). Calcium can be also released 
from the intracellular stores (e.g., endoplasmic reticulum; ER) as a part of cell signaling (inositol 1,4,5-trisphosphate-IP3, and diacyl glycerol-DAG 
as second messengers) by ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R). ER can be loaded by calcium through sarco/
endoplasmic reticulum ATPase (SERCA). The variety of isoforms of these transporters was described up to now responsible for different physiological/
pathophysiological processes. Mitochondrial calcium transport systems are also involved in calcium signaling-mitochondrial NCX, mPTP, and mito-
chondrial uniporter (MCU). In cell signaling, local concentrations of calcium ions are crucial to control signaling pathways. Calcium-binding proteins 
are involved in the regulation of local concentrations of calcium ions. Abbreviations: N-nucleus, M-mitochondrion, CBP-calcium binding protein, 
VDAC-voltage-dependent anion channel, mPTP-mitochondrial permeability transition pore
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– caspase-3, -6, or -7. Caspases are crucial enzymes in 
the mechanism of apoptosis since besides their executive 
function represented by protease cleaving activity, they are 
also responsible for the initiation of apoptosis (caspase-2, 
-8, -9, and -10) [22]. The extrinsic pathway is activated upon 
binding proper ligands to cell death receptors, while the 
intrinsic (mitochondrial) pathway is activated by excess of 
calcium ions, irreparable genetic damage, hypoxia, severe 
oxidative stress, etc. [23]. The importance of Ca2+ signals 
in the regulation of apoptosis (Figure 2) was described by 
Pinton et al., who have shown that calcium transfer from 
the endoplasmic reticulum to mitochondria is crucial for 
the initiation of programmed cell death by some apoptotic 
stimuli [24]. The important type of calcium release channel 
localized on the endoplasmic reticulum and involved in 
apoptosis is the inositol 1,4,5-trisphosphate (IP3) receptor 
(IP3R) [14]. These receptors form a calcium channel, which 
upon activation by IP3 and calcium is able to release calcium 
to the close vicinity of mitochondria. Three types of IP3Rs 
were cloned and characterized up to now. The IP3R1 [15, 
25] and IP3R2 [26, 27] were shown to have the proapoptotic 
effect, while IP3R3 revealed opposite, anti-apoptotic effect 
[28, 29].

In addition, another group of calcium transport systems 
localized on the endoplasmic reticulum affects apoptosis 
induction. Truncated sarco/endoplasmic reticulum ATPase 
(SERCA) type 1 that is not able to pump calcium into the 
endoplasmic reticulum was able to significantly induce 
apoptosis in liver cells [30]. Another type of SERCA – 
SERCA3 expression was selectively induced during differ-
entiation, whereas during tumorigenesis and blastic trans-
formation SERCA3 expression is decreased [17]. We have 
shown that the blocking of SERCA3 prevented the increase 
in apoptosis due to diterpenoid triptolide treatment. A 
decrease in the ATP production by a replacement of glucose 
in the cultivation medium for its non-utilizable analog 
2-deoxyglucose also prevented the induction of apoptosis in 
the triptolide-treated PC12 cells, thus suggesting the role of 
SERCA3 in triptolide-induced apoptosis in PC12 cells [18].

Although it is evident that a variety of calcium transport 
systems localized mainly on the endoplasmic reticulum 
is involved in the modulation of apoptosis, the modula-
tion of calcium transport systems localized on the plasma 
membrane of cancer cells is not so widely documented. 
One of the reasons could be that these channels are opened 
when intracellular calcium stores are depleted. Depletion 
of the endoplasmic reticulum activates stromal interaction 
molecule 1 (STIM1) which functions as a calcium sensor 
and results in the opening of some transient potential (TRP) 
channels. One of these channels is a transient receptor poten-
tial vanilloid 1 (TRPV1) channel, which modifies the balance 
between apoptotic and proliferative signaling pathways 
[10]. In gastrointestinal cancer, other types of TRP channels 
(TRPM2, TRPM6, TRPM7, and TRPM8) are implicated 
[31]. STIM1 can activate another store-operated calcium 

channel – ORAI1- that can contribute to calcium overload, 
with pro-apoptotic consequences [32].

Autophagy and regulation by calcium transporters

Autophagy is a self-digesting mechanism responsible 
for the removal of long-lived proteins, damaged organelles, 
and malformed proteins during biosynthesis by lysosomes 
[33]. The process of autophagy is initiated by two proteins, 
the UNC51-like kinase 1 (ULK1) complex and the Bcl-2-
interacting myosin-like coiled-coil protein (Beclin 1) [34]. 
Stress conditions regulate activities of protein kinases 
mammalian target of rapamycin (mTOR) and 5’ adenosine 
monophosphate-activated protein kinase (AMPK). These 
kinases regulate the phosphorylation of ULK1 and its activa-
tion. The direct connection between stress condition and 
the activation of ULK1 is well documented. Stress condi-
tions include for example starvation. Ikari et al. have shown 
that starvation increases the intracellular concentration of 
Ca2+ from the endoplasmic reticulum (ER) via IP3Rs and 
from lysosomes [35]. The IP3R modulates a diverse range of 
cellular functions, including autophagy (Figure 2). Inhibi-
tion of IP3R with a specific antagonist as well as the use of its 
knockout via small interfering RNAs stimulates autophagy. 
In accordance, upregulated IP3R with elevated Ca2+ levels 
and calcium signaling inhibits autophagy [36]. The unfolded 
protein response (UPR) is a process involved in the sensing 
of ER stress and is involved in the upregulation of autophagy 
components resulting in the removal of misfolded proteins 
[37, 38]. UPR is associated with changes in the expression of 
proteins involved in cellular calcium handling (e.g., IP3R and 
GRP78/BiP); in addition, proteins involved in UPR regulate 
SERCA activity through indirect control of calnexin/
calcineurin phosphorylation. Ca2+ binds to calcineurin, 
which dephosphorylates the forkhead transcription factors 
(FOXOs). FOXOs are involved in metabolism and autophagy 
and play a crucial role in a number of both physiological and 
pathological processes, e.g., cancer [39]. FOXOs have been 
implicated in autophagy in a variety of cell types and induce 
the expression of a number of autophagy genes involved in 
various stages of the process, including LC3b, Gabarapl1, 
Pi3kIII, Ulk2, Atg12l, Beclin 1, Atg4b, and Bnip3 [39, 40].

In the next step of autophagy, active ULK1 phosphory-
lates and activates Beclin 1. The importance of Ca2+ in the 
cytoplasm must be mentioned here. Calcium/calmodulin-
dependent protein kinases (CaMKs) are key regulators of 
calcium signaling [41]. Calcium/calmodulin-dependent 
protein kinase II (CaMKII) is a serine/threonine protein 
kinase that is a member of the CaMK family and affects the 
phosphorylation of Beclin 1 to promote K63-linked ubiqui-
tination of Beclin 1 and activation of autophagy [42]. Active 
ULK and Beclin 1 complexes re-localize to the site of initia-
tion of autophagosome and they contribute to downstream 
machinery of autophagy – generation of phosphatidylino-
sitol 3-phosphate (PI3P) from phosphatidylinositol at the 
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and γ-aminobutyric acid receptor-associated proteins. They 
bind to membrane-resident phosphatidylethanolamine (PE) 
and form the membrane-bound, lipidated form. Lysosomal 
damage triggers the LC3 recruitment on lysosomes, where 
lipidated LC3 interacts with the lysosomal calcium channel 
TRPML1, thus facilitating calcium efflux [45]. TRPML1, also 
known as mucolipin 1, is the first member of the TRP family 
of ion channels, which was found to function in the lower 
portions of the endocytic pathway [46, 47]. TRPML1 is a 
ubiquitously expressed cation channel found on lysosomes 
and late endosomes. TRPML1 serves as a key Ca2+ release 
channel in the lysosomal membrane; in addition, TRPML1 
deficiency is closely associated with autophagosome accumu-
lation. TRPML1-mediated lysosomal Ca2+ release activates 
calcineurin, promotes nuclear translocation, and activation 
of transcription factor EB (TFEB) that is normally phosphor-
ylated and inhibited by the mammalian target of rapamycin 

site of the ER called omegasome, recruitment of PI3P effector 
proteins WD repeat domain phosphoinositide-interacting 
proteins (WIPI) and zinc-finger FYVE domain-containing 
protein 1 to the omegasome. By the use of specific inhibitors 
of CaMKs, it has been shown that CaMKI, which is activated 
via the calcium/calmodulin system, contributes to the stimu-
lation of WIPI1. This knowledge indicates involvement of 
Ca2+-dependent signaling, including CaMKI independent of 
AMP-activated protein kinase, in the process of autophagy 
[43]. WIPI1 is known to be localized in autophagic 
membranes and specifically acts in the formation and fission 
of tubulo-vesicular endosomal transport carriers [44]. In the 
next step, WIPI2 binds ATG16L1, so, it enables the recruit-
ment of the ATG12-ATG5-ATG16L1 complex. This complex 
subsequently enhances the ATG3-mediated conjugation of 
the ATG8 family proteins (ATG8s). These proteins include 
microtubule-associated protein light chain 3 (LC3) proteins 

Figure 2. Intracellular calcium ions and cell deaths. An increase in the intracellular calcium concentration due to various stimuli (e.g., stress, increase 
of amounts of reactive oxygen species (ROS), presence of some neurotransmitters, or peptides) is mediated from the extracellular sources via transient 
receptor potential (TRP) channel, or from intracellular stores (endoplasmic reticulum and mitochondria, respectively). The release of calcium ions 
from ER via IP3R and RYR is closely associated with unfolded protein response (UPR), which is accompanied by increased ER stress. Calcium release 
from ER together with the increase of intracellular calcium ions in the close vicinity of mitochondria activates executive enzymes (e.g., caspase 12) 
and the process of apoptosis. The increased intracellular concentration of calcium ions leads to increased production of ROS, which contributes to 
cell stress. In general, this process leads to the accumulation of calcium ions in mitochondria mainly through mitochondrial uniporter (MCU). This 
together with increased amounts of ROS, Bax/Bak, members of the Bcl-2 family, and regulators of the intrinsic pathway of apoptosis, contribute to 
permeabilization of outer mitochondrial membrane, the release of cytochrome c, and apoptosis. Calcineurin is calcium and calmodulin-dependent 
serine/threonine protein phosphatase, which contributes to the activation of caspases and apoptosis. Accumulation of calcium ions in mitochondria 
together with increased amounts of ROS contributes to the changes in the permeability of mitochondrial permeability transition pore (mPTP), which 
leads to loss of mitochondrial membrane potential, ATP depletion, and necrosis. Intracellular calcium ions regulate calcium-dependent transcription 
factors that regulate the expression of genes involved in cell deaths including autophagy. Also, inhibition of IP3Rs or SERCA (which results in depletion 
of ER stores) can participate in autophagy. PMCA cooperates in the regulation of intracellular calcium. However, a decrease in the production of ATP 
leads to a decrease in its activity and further accumulation of calcium.



268 Petr BABULA & Olga KRIZANOVA

complex 1 (mTORC1), a master autophagy suppressor 
associated with lysosomes [48]. Autophagy-related protein 8 
(ATG8), a ubiquitin-like protein required for the formation of 
autophagosomal membranes, is crucial in the final processes 
of autophagy, e.g., elongation and closure of autophago-
somes [49]. LC3 is involved in the sequestration of specifi-
cally labeled cargo into autophagosomes via LIR-containing 
cargo receptors and docking of specific cargos and adaptor 
proteins. Sealing of the autophagosomal membrane gives rise 
to a double-layered vesicle autophagosome, which matures 
and finally fuses with the lysosome. Acidic hydrolases in the 
lysosome degrade the autophagic cargo, and salvaged nutri-
ents are released back to the cytoplasm to be used again by 
the cell [50].

Necrosis and necroptosis and regulation 
by calcium transport

Historically, necrosis was considered an accidental cell 
death caused by physical or chemical interventions. Necrosis 
is characterized by a rapid loss of energy followed by uncon-
trolled cell degradation, including disintegration of the 
plasma membrane with pro-inflammatory consequences 
[3]. Necroptosis, a special type of cell death is triggered by 
a series of death receptors such as tumor necrosis factor 
receptor 1 (TNFR1), TNFR2, and Fas (for review see [5]). The 
morphology of cell undergoing necroptosis is similar to that 
of necrosis. Prominent features include cell swelling, nuclear 
condensation, organelle swelling (mitochondria), loss of 
plasma membrane integrity, and translucent cytoplasm [51]. 
This type of cell death is activated, when apoptosis is inhib-
ited. In contrast to apoptosis, necroptosis is considered to 
be a cytolytic, and thus proinflammatory type of cell death. 
Necroptosis is activated by a unique caspase-independent 
signaling pathway, where receptor-interacting serine/threo-
nine protein kinase 1 (RIPK1), RIPK3, and mixed lineage 
kinase domain-like protein (MLKL) are mainly depending 
on involved. In some types of cancer (e.g., breast cancer, 
colorectal cancer), downregulation of RIPK3 or MLKL is 
related to poor prognosis [52]. However, in other types of 
cancer (glioblastoma, lung cancer) upregulation of RIPK1 
was reported to be responsible for a worse prognosis [53, 54].

Regulation of necroptosis by calcium depends on the 
type of tumor and treatment. Nevertheless, increased levels 
of cytosolic calcium can be involved also in the process of 
necroptosis. In glioblastoma, an increase in the cytosolic 
calcium upregulates necroptosis (Figure 2) induced by the 
hemagglutinating virus of Japan-envelope. This process is 
followed by calmodulin-kinase phosphorylation, which 
activates RIP1/dependent necroptosis [55]. Mitochondrial 
calcium handling was also reported to be involved in necrop-
tosis [56].

Extremely low-frequency magnetic fields that have anti-
neoplastic activity, trigger necroptosis through elevated 
intracellular calcium and reactive oxygen species (ROS) 

levels, and calcium chloride could enhance necroptosis [57]. 
The reciprocal interaction between calcium-modulated ROS 
production and ROS-modulated calcium signaling underlies 
the concept of ROS and Ca2+ crosstalk [11]. Necroptosis after 
the exposure to extremely low-frequency magnetic fields 
was further confirmed by the observation of a meaningful 
increase in phosphorylation of RIPK1, RIPK3, and MLKL 
proteins.

Ferroptosis and regulation by calcium transporters

Ferroptosis is a novel type of cell death characterized 
by the oxidation within the lipid compartment, occurring 
in physiological conditions and also in some diseases, e.g., 
cancer. It is an iron-dependent and reactive oxygen species 
(ROS)-reliant cell death characterized mainly by cytological 
changes, including decreased or vanished mitochondria 
cristae, ruptured outer mitochondrial membrane, and a 
condensed mitochondrial membrane (for review see [58]). 
Ferroptosis reduces glutathione (GSH) and inhibits gluta-
thione peroxidase 4 (GPX4). Loss of GPX4 activity and 
deprivation of GSH both lead to lipoxygenase activation in 
a process closely linked to inflammation. Thus, the authors 
[58] suggested that ferroptosis might be considered a viable 
therapeutic strategy to reverse therapy resistance in cancer. 
Lipoxygenases oxidize polyunsaturated fatty acids to generate 
metabolites, which additionally promote calcium influx for 
the final, catastrophic phase of cell death [59]. The intracel-
lular role of Ca2+ in ferroptosis is obscure, in particular its 
role in regulating phospholipids. Nevertheless, recently it 
was shown that protein MS4A15, which is localized on the 
endoplasmic reticulum, constitutively depletes Ca2+ stores 
and is an independent contributor to ferroptosis resistance. 
Overexpression of MS4A15 profoundly altered Ca2+ homeo-
stasis and depressed IP3R1 expression, resulting in an exten-
sive lipid remodeling [60].

Calcium ions were also shown to be involved in the ferrop-
tosis induction by novel ferroptosis inducer erianin [61]. 
Erianin (dibenzyl compound) has the potential to induce cell 
death and inhibit metastasis in lung cancer cells. Activation 
of the Ca2+/calmodulin signaling pathway probably caused 
erianin triggered ferroptosis in lung cancer cells, probably 
through ROS accumulation and elevated Fe2+ levels.

Mitophagy and regulation by calcium transporters

Mitochondria are crucial organelles that regulate cell 
energy metabolism and homeostasis via the ability to 
produce ATP in respiration. In addition, they synthesize 
fatty acids, amino acids, and heme. They are crucial in the 
processes of cell death too. The elimination of mitochondria 
(both damaged or “physiological” in some types of cells, e.g., 
erythrocytes or sperm cells) occurs via a process related to 
autophagy, mitophagy. Mitochondrial dysfunction is associ-
ated with several chronic diseases, including cancer [62, 63]. 
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Mitophagy regulates mitochondrial turnover. Two major 
mechanisms target them for mitophagy. PTEN-induced 
kinase 1 (PINK1)/Parkin RBR E3 ubiquitin-protein ligase 
(PARKIN) controls the quality of mitochondria, respec-
tively damaged mitochondria, and targets them for degrada-
tion. PINK1 is accumulated as a response to the reduction 
of mitochondrial potential due to mitochondrial damage 
in the outer mitochondrial membrane and causes recruit-
ment of PARKIN from the cytosol to the outer mitochon-
drial membrane (Figure 3). Its E3 ubiquitin-ligase activity 
promotes mitophagy through ubiquitination of mitochon-
drial proteins, leading to mitochondrial degradation [64]. 
Calcium ions play an important role in modulating and/
or triggering mitophagy [65]. Mitochondrial membrane 
potential represents a very potent force for Ca2+ accumula-
tion in mitochondria via mitochondrial calcium uniporter 
(MCU). MCU is a Ca2+ channel in the inner mitochon-
drial membrane and transports cytoplasmic Ca2+ into the 
mitochondrial matrix, using the large negative membrane 
potential of the inner mitochondrial membrane as the 
driving force [66]. Elevated levels of mitochondrial calcium 
ions increase mitochondrial permeability transition pore 
(mPTP) opening. mPTP opening seems to be crucial to 
enhance mitophagy, recruitment of PINK1 depends on 
mPTP activation (Figure  3) [67]. Loss of PINK1 leads to 

oxidative stress, oxidative stress, in turn, causes opening of 
mPTP [68]. It has been shown that PINK1 affects calcium 
homeostasis in mitochondria; its loss reduces the activity 
of the mitochondrial Na+/Ca2+ exchanger, which leads to 
an accumulation (overload) of Ca2+ in mitochondria and 
opening of mPTP [69]. PINK1 deficient cells are not able 
to extrude cytosolic calcium ions by SERCA and/or plasma 
membrane Ca2+-ATPase (PMCA) because of the impaired 
ATP generation in mitochondria, so, PINK1 may affect 
the availability of cytosolic Ca2+ for further handling via 
mitochondria and endoplasmic reticulum [70]. PINK1 also 
directly interacts and phosphorylates LETM1, mitochon-
drial inner membrane protein-mitochondrial proton/
calcium antiporter that mediates proton-dependent calcium 
efflux from mitochondria [71]. Phosphorylated LETM1 
increases calcium release in artificial liposomes and facili-
tates calcium transport in intact mitochondria [72]. Thus, 
LETM1 mediates mitochondrial Ca2+ uptake and extru-
sion in a gradient-dependent manner. In conclusion, loss 
of PINK1 causes selective increases in mPTP opening and 
mitochondrial calcium, processes that lead towards the 
elimination of mitochondria, mitophagy [73]. The second 
mechanism of mitophagy includes the involvement of recep-
tors in the outer mitochondrial membrane – NIX1, BNIP3, 
and FUNDC1. They contain sequences that bind LC3/

Figure 3. Stimuli associated with a further increase of intracellular reactive oxygen species (ROS) contribute to a release of calcium ions from the endo-
plasmic reticulum via inositol 1,4,5-trisphosphate receptors (IP3R). ROS potentiate the entry of calcium ions into mitochondria via voltage-dependent 
anion channel (VDAC) and mitochondrial uniporter (MCU), respectively. This leads to a decrease in mitochondrial potential and depletion of ATP 
synthesis. Calcium overload in mitochondria is connected with changes of permeability of mitochondrial permeability transition pore (mPTP), accu-
mulation of PTEN-induced kinase 1 (PINK1) in the outer mitochondrial membrane, and recruitment of PARKIN that is necessary for the association 
of mitochondria with phagophore and mitophagy. Depletion of ATP contributes to the increase in the concentration of intracellular calcium via APT-
dependent transport systems sarco/endoplasmic reticulum ATPase (SERCA) and plasma membrane calcium ATPase (PMCA).
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GABARAP leading to the degradation of mitochondria. 
The second mechanism is activated mainly as a response to 
hypoxia. BNIP3 initiates the opening of the mitochondrial 
permeability transition pore and cell death in the absence 
of caspase activation in the environment of hypoxia and 
acidosis, which leads to cytoplasmic Ca2+ overload that is 
buffered by sequestration into both the mitochondria and 
sarcoplasmic reticulum [74]. It is evident that BNIP3 alters 
endoplasmic reticulum and mitochondrial calcium levels 
[74]. FUNDC1 plays a critical role in MAMs formation 
and mitochondrial Ca2+ homeostasis [52]. BNIP3/FUNDC1 
mediated accumulation of Ca2+ then induces accumulation 
of PINK1 and promotes mitophagy activity [75].

In summary, calcium is indisputably involved in different 
types of programmed cell death. Interestingly, some of the 
calcium transport systems could be involved in several types 
of cell death, e.g., modulation of calcium transport through 
IP3Rs plays a special role in apoptosis and also in autophagy 
or necrosis. Although the major regulators of IP3Rs are IP3 
and Ca2+, their activation is also modulated by various other 
stimuli (for review see [76]) that may predetermine, which 
type of cell death will be preferred in cancer cells. A massive 
release of calcium through IP3Rs can induce apoptosis, while 
inhibition of Ca2+ transfer to mitochondria might provide an 
opportunity to selectively kill cancer cells by necrosis [77].

Although apoptosis is the main type of cell death in the 
majority of chemotherapeutics, the resistance of cancer cells 
to apoptosis is the main problem in the treatment of many 
tumors [78]. Induction of other types of cell death may provide 
a new approach to anti-tumor therapies. Besides types of cell 
deaths depicted in this review, some more cell deaths (pyrop-
tosis, oncosis, netosis, entosis, etc.) were described. Although 
some of them (e.g., pyroptosis) can influence the prolifera-
tion, invasion, and metastasis formation [8], little is known 
about their possible regulation by calcium in cancer cells. 
Nevertheless, calcium signaling is deeply involved not only 
in cell deaths but also in cancer development and progression 
[12], therefore modulation of calcium transport can provide 
a compelling strategy to develop new treatments of cancer 
diseases.
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