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ARTICLE INFO ABSTRACT

Keywords: Neuroblastoma (NB) is the most common extra-cranial pediatric solid tumor in children. Despite NB’s relative
Neuroblastoma rarity, high-risk NB patients have a poor prognosis with survival rate less than 50%. This is even worse for
Calcium patients with relapsed or refractory NB. Finding effective alternative treatment strategies is therefore a must.

Chﬁ""ells Calcium is an intracellular messenger that is unequivocally present in normal physiology mediating pro-
I(\:/E rca}t,icoﬁ liferation, growth, migration, cell division, angiogenesis and cell death, as well as pathophysiological processes
Dif%erentiation such as those included in Weinberg’s hallmarks of cancer. Within the past 20 years, the molecular identity of
Cell death most calcium channels has been revealed, however for some of these channels the precise gating mechanism and

their role in normal physiology is still elusive.
Here we review the recent findings of components of calcium signaling that are deregulating in the malignant
progression of NB. We further integrate critical calcium signaling pathways using patient-derived expression

analysis.

Revealing the roles of these calcium pathways in tumor development, progression, microenvironment and
importantly - protection against antineoplastic drugs may hopefully lead to novel treatment strategies in the

future.

1. Introduction

Neuroblastoma is a pediatric extracranial tumor that is derived from
the neural crest cells of the peripheral sympathetic nervous system. NB
is responsible for 15% of pediatric cancer related deaths in the US [1].
Most primary tumors occur in the adrenal glands, and sympathetic
ganglia. Poor prognosis is associated with MYCN amplification, stage 4
disease, segmental chromosomal mutations, and diploidy [2,3] [4,5].
NB metastasis is commonly observed in bone, bone marrow, lymph
nodes, liver or other organs. Using known clinical features and patho-
biological markers, NB may be divided into low, intermediate and high
risk for relapse. Patients with low and intermediate risk NB have over
95% survival. NB patients with high risk for relapse have less than 50%
survival rate. NB tumors are highly heterogeneous, and are comprised
of cells with varying molecular features that influence tumor progres-
sion and treatment response [6-9].

Children diagnosed at the age of 18 months or older are more likely
to have high risk NB and poor prognosis, and approximately 70% of NB
patients present with widespread dissemination at the time of diag-
nosis. In addition, there are somatically acquired chromosomal
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alterations that are frequently associated with advanced stage, high risk
NB and poor outcome. These include MYCN gene amplification and
segmental chromosomal mutations in 1p, 11q and 17q, as well as other
mutations [5,10-12].

The MYCN protein is a basic helix-loop-helix (bHLH) Transcription
Factor that is encoded by the MYCN proto-oncogene. It is homologous
to the v-myc myelocytomatosis viral related oncogene but distinct from
the more commonly known c-myc [13-15]. MYCN is amplified in a
number of cancers, particularly in Neuroblastoma [16,17]. Using
fluorescence in situ hybridization (FISH) [18,19], the fluorescence as-
sociated with MYCN gene copy number may be amplified over 10 times,
with an average of 100-200 copies/cell, and increasing MYCN copy
number correlates with unfavorable outcomes. Approximately 16-25%
of NB tumors have MYCN gene amplification, which is associated with
poor prognosis. In high risk NB patients, approximately 40-50% have
MYCN amplification [20,21]. MYCN regulates the expression of a ple-
thora of genes whose protein products regulate fundamental physiolo-
gical processes in cells, many of which are dysregulated in NB. These
include, but are not limited to, NME2, CRABP2, LIF, MDM2, MIR17HG,
PRMT1, MCM7, MCMS8, ODC1, BIRC5, LUC7L, TWIST1, RABS5C,
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AURKA, H1 FO, MYBL2, and TP53 [22].

The TP53 gene encodes the p53 protein, which functions as a tumor
suppressor by regulating genes involved in cell cycle arrest and apop-
tosis [23,24]. It functions as a transcription factor in the nucleus is well
documented. However, recent studies have reported that p53 also has a
unique function in the cytoplasm. The p53 protein was observed to
enhance SERCA activity, increase ER calcium levels, promote calcium
signaling between the ER and mitochondria, promote mitochondrial
calcium overload and induce apoptosis [25]. The dual roles of p53 has
significant influence over the progression of cancers, including NB.

Cell surface receptors TrkA and TrkB are neurotrophin receptor
kinases that may play a role in NB. TrkA is present mostly in low risk
NB, and the absence of the TrkA ligand neurotrophin growth factor
(NGF) is associated with spontaneous regression. This suggests that
TrkA signaling may play a role in slowing NB progression.
Alternatively, TrkB is expressed in high risk NB, and the expression of
its ligand brain derived neurotrophic factor (BDNF) promotes NB pro-
gression [26,27]. TrkB plays a role in regulating calcium signaling via
BDNF-induced Phospholipase C [28].

Anaplastic lymphoma kinase (ALK) is a receptor Tyrosine Kinase
that is expressed at high levels during embryonic development and in
neonatal brains [29]. There are over 35 known ALK mutations. Ap-
proximately 10% of high-risk NB patients have mutated ALK gene,
which predominantly results in gain of function. Germline mutations in
ALK may be found in familial NB, while somatic mutations result in
oncogenic activation of ALK [30]. The most prevalent ALK mutation
involves chromosomal rearrangements that result in ALK fusion pro-
teins. ALK fusion proteins are constitutively active and induce down-
stream signaling pathways including Ras/Raf/MEK/ERK1/2, JAK/
STAT, PI3K/Akt, and PLC-y [31] that promote cancer progression [32].

The targets of p53, Neurotrophin receptor kinases, ALK and MYCN,
whether accessing genes or initiating survival or death pathways are
somewhat defined. Signaling pathways associated with MYCN, p53,
neurotrophin receptor kinases, and ALK have either been shown to
intersect with or have the potential to intersect with calcium signaling
pathways. Other signal transduction pathways that intersect with cal-
cium signaling include PI3K/Akt and Focal Adhesion Kinase. Calcium
signaling in NB is becoming increasingly important, as more studies
reveal novel mechanisms whereby calcium regulates NB proliferation,
apoptosis, cell migration and invasion. This review will focus on these
calcium-mediated processes.

2. Calcium signaling pathways

The divalent cation calcium is a unique ubiquitous messenger. In
health, calcium executes a vast spectrum of processes via precise me-
chanisms, and conveys fast responses such as synaptic vesicle fusion,
muscle contraction or long term changes that affect the regulation of
genes and a change in overall cell physiology.

Calcium can easily precipitate with the phosphate group of adeno-
sine triphosphate (ATP) generating an insoluble molecule and creating
a toxic environment. In order to use ATP as an energy carrier and an
anionic messenger, evolution had to unravel mechanisms that guar-
antee tight control over the presence of calcium. Under energy con-
sumption, calcium is chelated, pumped, transported and exchanged
leading to strong intracellular compartmentalization and a 10 to 20,000
fold concentration gradient from the cytoplasm to the extracellular
space. The chemical features of calcium combined with the resulting
spatial separation favored it as a potent intracellular messenger.
Further, the evolution of calcium binding motifs like the EF hand or C2
domain permit introduction of positive charges that affect the con-
formation of the protein, thereby generating a molecular switch that is
triggered by calcium [33].

Despite the discovery of the tissue specific localization of calcium-
permeable channels in non-excitable cells, our knowledge of the reg-
ulation of some of these channels are still limited, with even less
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understanding of their role in the physiology of diseases.

Store operated calcium entry (SOCE) also termed capacitative cal-
cium entry is one of the striking calcium signaling cascades in which the
molecular mechanism has been unraveled within the current millen-
nium. The phenomenon of SOCE was first described in the 1980s when
researchers were still lacking genetic approaches and therefore relied
on - at the time - newly developed imaging and electrophysiological
technologies. Subsequently, a model was proposed “by which activation
of surface membrane receptors causes sustained Ca®>* entry into cells
from the extracellular space” [34]. It was further concluded that this
calcium influx was driven by the emptying and filling of intracellular
calcium pools, that also was dependent on the intracellular messenger
inositol (1,4,5) trisphosphate. The biophysical properties, in particular
the recordings of the tiny calcium selective current at the border of
electrophysiological noise, were later more precisely defined in mast
cells and termed Icgac (Calcium Release Activated Current) [35]. It
wasn’t until 2005 when STIM1 was identified as being the ER residing
calcium sensor that activates Icrac by translocating to the plasma
membrane [36,37]. Just a year later, ORAI was identified as the pore-
containing CRAC channel [38-40], which was revealed by combing a
linkage analysis of genes from patients with a hereditary form of severe
combined immune deficiency syndrome (SCID) with a genome wide
RNAI screen. In T cells, ORAI1 mediated sustained calcium elevation
promotes dephosphorylation by the calmodulin-dependent protein
phosphatase calcineurin. In the case of SCID patients, ORAI mutations
lead to severe impairment in NFAT-dependent gene activation. Since
then, several ER-residing proteins have been identified that either di-
rectly interfere with the STIM complex or otherwise modulate ER cal-
cium homeostasis thereby affecting SOCE [41]. Among the components
of SOCE so far only CHERP (calcium homeostasis endoplasmic re-
ticulum protein) has been reported to impact NB malignancy [42].

The Transient Receptor Potential Melastatin (TRPM) Family
Member 2 (TRPM2) is one of the 3 known channels that functions as an
ion conducting channel and contains an intrinsic ADP-ribose pyropho-
sphatase domain [43]. TRPM2 shares homology with the NUDT9 do-
main in its C-terminal region, and thereby combines channel function
with gating through the enzymatic domain of the channel. TRPM2
conducts mono and divalent cations nonspecifically, the resulting cur-
rent voltage (IV) relationship under voltage clamp conditions is linear
and reverses at 0 mV [44]. Leak currents share similar IV relationships
and therefore currents can easily be misinterpreted under patch clamp
conditions. Single channel and permeation studies as well as recordings
of activation kinetics can be useful tools to distinguish TRPM2 mediated
currents from secondary calcium activated currents that may occur
despite the use of TRPM2 knock out models [45]. TRPM2 is gated by
ADP Ribose and calcium [46]. Recently, a physiological role for TRPM2
was revealed. It was found to play a role as a hypothalamic heat sensor
that mediates responses to temperatures above 37 °C, and may play a
role in thermo protection against fever [47]. Further, TRPM2 activation
is strongly tied to reactive oxygen species (ROS) sensing and other
signals that lead to increases in intracellular ADPR levels, a function
that may be critical in the cells of the innate immune system where
TRPM2 is abundantly expressed [48]. Interestingly, TRPM2 splice
variants have been identified that activate metabolic pathways [49],
mobilize calcium across the plasma membrane and induce calcium re-
lease from lysosomes [50,51].

MYCN is a prognostic indicator for high risk NB. In an effort to
understand whether the transcription factor MYCN modulates the ex-
pression of mediators of calcium signaling, a transcript analysis was
performed, and the results identified TRPM7 among others as being
responsive to MYCN levels [52,53]. TRPM7 is a calcium, magnesium
and zinc conducing channel with a C-terminal S/T kinase [54]. In NB
TRPM7 expression positively correlates with MYCN copy number
[52,53]. In a NB cell line model of MYCN overexpression (TET-21 N)
[55], tet-induced suppression also indicated TRPM6 as being correla-
tive with MYCN levels [52]. However, MYCN does not transcriptionally
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target TRPM6 or TRPM7 directly [53]. Regulation of TRPM7 may occur
indirectly, possibly through polyamine metabolism. MYCN regulates
the expression of ornithine decarboxylase (ODC), the rate limiting en-
zyme of polyamine metabolism [56], pharmacologically targeting ODC
using DFMO or genetically using ODC specific siRNA reduced in-
tracellular polyamine levels and decreased MYCN-induced TRPM7 ex-
pression, an effect that was reversed by supplementing the culture
media with exogenous polyamines. Alternatively, TRPM7 expression
may be regulated indirectly through unknown intermediate transcrip-
tion factors that are yet to be identified. TRPM7 and its closest homo-
logue TRPM6 are ion channels that contain an intrinsic alpha-like ki-
nase domain. The kinase domain of TRPM6 and TRPM7 may be cleaved
and translocated throughout the cytoplasm or to the nucleus where it
has been shown to phosphorylate myosin IIA and histones and regulate
motility and gene expression, respectively [57,58].

It should also be noted that calcium channels may interact with each
other either directly or through the regulation of the membrane po-
tential in order to shape the overall extent of calcium flux [59]. In
particular for SOCE, it has been reported that inhibition of TRPM7
activity reduces store-operated calcium entry likely through its kinase
domain in a chicken B cell line [60].

How these regulations precisely impact the malignant progression
of NB would require further studies as TRPM7 and the components of
SOCE, SARAF, CHERP and SERCAS3 (Fig. 1B, C and E) are at least in-
directly transcriptionally regulated by MYCN.

The gating mechanisms of several of the TRP channels are still not
fully understood [61,62]. Recent studies identified several calcium
transporters and calcium regulator proteins that regulate or play a role
in regulating NB progression. Interestingly, there have only been few
research groups that investigated the role of calcium-permeable ion
channels in NB in vivo. Using xenograft mouse models Dr. Barbara
Miller’s group identified a role for TRPM2 in NB progression, and Dr.
Frank Van Leeuwen’s group identified a role for TRPM7 in NB pro-
gression. Currently, no studies have been published investigating the
role of calcium channels in NB utilizing the TH-MYCN transgenic model
[63] or the recently established LSL-MYCN:Dbh-iCre model [64]. Fur-
thermore, there have been no clinical studies investigating ion channels
or calcium signaling proteins in NB. The R2 Genomic Analysis and
Visualization Platform allows access and analysis of transcriptomic and
RNAseq data from NB Patient tumors. R2 therefore presents a critical
tool that helps to bridge the current gap in our understanding of the
impact of calcium signaling on the pathophysiology of NB and allows to
study specific ion channels and/or regulators of the calcium signaling
machinery and their role in Neuroblastoma tumorigenesis and pro-
gression.

3. Genomic analysis of channels and regulators of the calciosome:
Impact on Neuroblastoma malignant progression?

In order to overcome the lack of published data from preclinical and
clinical studies investigating the role of calcium signaling proteins in
NB progression, the use of RNAseq analysis may prove to be a powerful
tool to identify the molecular components of calcium signaling path-
ways that promote NB progression. Further, in-silico analysis of patient-
derived data provides the pathophysiologically relevant rationale that
may be used to guide preclinical research in a cost efficient way.

In order to understand whether the calcium signaling machinery is
altered at the transcriptional level in NB patient tumors, an in-silico
analysis of channels and regulators of the calciosome was performed.
We analyzed TRP channels, transporters and pumps critical for mi-
tochondria functions, components of SOCE, organellar and plasma
membrane channels that mediate the cell’s overall calcium main-
tenance. All gene expression analyses were performed using the R2
platform (http://r2.amc.nl), using the SEQC RNAseq data set (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = gse62564). Patients
were sorted based on the expression of GeneX and subsequently divided
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into 2 groups according to the expression value of every patient. For
every group separation (Higher or lower than the current GeneX ex-
pression), the logrank significance was calculated. The best p-value out
of the sequence was then used to represent the final gene expression
cut-off value for GeneX. This significance has been corrected for mul-
tiple testing by Bonferoni. For differential expression analyses, the t-test
or ANOVA test was employed. For the survival analyses, the
KaplanScan method, embedded in R2 was utilized to define the optimal
group separation with respect to differences in survival.

Targets were evaluated for a correlation of expression with event
free survival, INSS stage and MYCN amplification. In brief, Stage 1
neuroblastoma is defined as only primary tumor that is localized to one
side of the body, and may be removed completely by surgery. Stage 2
neuroblastoma is similar to stage 1 but not all of the visible tumor could
be removed by surgery, and the cancer has not infiltrated nearby lymph
nodes but the lymph nodes may or may not contain neuroblastoma
cells. Stage 3 neuroblastoma is defined as cancer that presents on both
sides of the body and the cancer has not metastasized to distant parts of
the body. In addition, the cancer may or may not have spread to nearby
lymph nodes, and may not be completely removed by surgery. Stage 4
Neuroblastoma is divided into Stage 4 and 4 s. Stage 4 neuroblastoma is
cancer that metastasized to distant parts of the body, including lymph
nodes, bone or bone marrow, liver, skin, and other organs. Stage 4S
neuroblastoma patients are less than 12 months old, have primary tu-
mors localized to one side of the body, and present with metastasis
limited to liver, skin and bone marrow, with less than 10% tumor cells
in the bone marrow. Stage 4S is associated with favorable outcome
compared to other neuroblastoma patients with metastatic disease [65].

An RNAseq data set (NB498) of nearly 500 patients from the SEQC
consortium was used [66]. The analysis revealed that altered expression
of components of SOCE, organellar and plasma membrane channels and
pumps of calcium homeostasis as well as mitochondrial calcium
transporters correlated with overall poor survival in NB.

The analysis indicated that several components of store-operated
calcium entry were deregulated. The results showed that high expres-
sion of STIM2 correlated with low overall survival, stage 4 disease and
MYCN gene amplification (Fig. 1A). STIM2 is an ER residing calcium
sensor that can translocate to the plasma membrane and interact with
ORAI channels thereby regulating gating and activation of store-oper-
ated calcium entry [67]. The role of STIM2 in physiology and cancer is
less understood than its isoform STIM1 [68]. However, increased ex-
pression of STIM2 could enhance store-operated calcium entry. As
SOCE was found to be uncoupled in differentiated NB cells, which
sensitized the cells to cell death, it is possible that increased SOCE in
advanced stage MYCN amplified NB promotes the survival of NB tu-
mors and decreases patient overall survival. Similar results were ob-
served with high expression of CHERP (Fig. 1C) and MCU (Fig. 1F),
which correlated with low overall survival, stage 4 disease and MYCN
gene amplification. CHERP promotes ER calcium release by modulating
RyR-mediated calcium release and/or alternative splicing of IP3R1
[42]. This could modulate calcium signaling (e.g. SOCE), promote NB
tumor survival, resulting in decreased patient overall survival. Con-
versely, high expression of SARAF correlated with high overall survival,
early stage disease (stage 1 or 2) and non-amplified MYCN gene
(Fig. 1B). SARAF is a negative regulator of STIM proteins, and conse-
quently reduces SOCE [69]. High expression of SARAF could potentially
decrease SOCE, reduce the growth and survival of NB tumors, resulting
in high patient overall survival. Similar results were obtained with high
expression of SERCA3 (Fig. 1E), RyR2 (Fig. 1D), PMCA4 (Fig. 1H) and
NCLX (Fig. 1G), which correlated with high patient overall survival,
stage 1 or 2 disease, and non-amplified MYCN gene.

MCU, a mitochondrial inner membrane uniporter mediates uptake
of calcium into the MT, mitochondrial metabolism and cell death [70].
NCLX is a mitochondrial Na*/Ca®* exchanger that mediates MT cal-
cium efflux [71]. Expression analysis of the of MCU and NCLX in NB
indicates that the two MT Ca®*regulators tightly regulates
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Fig. 1. The R2 NB498 RNAseq data set of nearly 500 patients from the SEQC consortium was used. A—H show expression analysis of regulators of calcium signaling
with Kaplan survival plot, NB stage and MYCN correlation respectively. Color codes the expression levels of transcript (red: low expression, blue high expression). For
Kaplan plots high and low expression were divided into A STIM2 (high n = 150; low n = 348), B SARAF (high n = 317; low n = 181), C CHERP (high n = 109; low
n = 389), D RYR2 (high n = 335; low n = 163), E SERCA3 (high n = 444; low n = 54), F MCU (high n = 232; low n = 262), G NCLX (high n = 445; low n = 53), H
PMCA4 (high n = 329; low n = 170), I TRPM2 (high n = 398; low n = 100), J TRPM7 (high n = 10; low n = 488). For NB stage analysis, Stage 1 NB n = 121, Stage
2 NB n = 78, Stage 3 n = 63, Stage 4 n = 183 and Stage 4s n = 53, Anova p: A = 3.66e >, B=7e '8, C=4.79¢7% D =1.43¢"7, E=265e 5 F=1.77¢"3,
G =1.33¢"%, H=4.09 1= 3.6e"% J = 0.645. MYCN amplification plot, non amplified NB n = 401, MYCN amplified n = 92.

mitochondrial calcium uptake. MCU may function to shunt cytosolic
calcium into the mitochondria to decrease cytosolic calcium levels or to
maintain mitochondrial metabolism.

Further, analysis of TRPM2 expression in this tumor set revealed
that expression of the channel negatively correlated with survival, high
risk Neuroblastoma stage 4 and MYCN amplification (Fig. 1I). As pre-
viously reported by Zhang et al. [52] and Lange, Koomoa [53] using
different patient derived data sets, TRPM7 expression also correlated
with poor survival in the current data set. However the small cohort of
TRPM?7 high expressions data (n = 10) versus low TRPM7 (n = 488) do
no indicate a sufficient impact on the TRPM7 expression averages that
are depicted in the figure of Neuroblastoma stage separation. Further,
the data set from NB patient samples only showed a trend of elevated

expression of TRPM7 in MYCN amplified NB (Fig. 1J).

The correlation of calcium signaling proteins with clinical outcomes
derived from NB patient tumor analysis provides evidence that com-
ponents of the calcium signaling network may be involved in NB tumor
progression and patient survival.

The mechanisms whereby these calcium signaling proteins may
regulate NB progression and patient outcome remain largely unknown.
However, there are several studies that showed how calcium signaling
regulates NB processes, such as cell cycle progression, cell death, cell
migration and differentiation, and will be the focus of the review in the
following sections.
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Fig. 1. (continued)

4. Role of calcium signaling in regulating neuroblastoma cell
cycle progression

Cells progress through a series of phases that are characterized by
specific events in order to duplicate itself, a process called cell division.
The GO phase is when the cell is quiescent and stops dividing. In the G1
phase of the cell cycle, the cell prepares for DNA synthesis by increasing
the number of organelles, proteins and cell size. The cell then enters the
S phase and replicates its DNA. In the G2 phase, the cell prepares for
mitosis by increasing the synthesis of proteins required for mitosis.
During the M phase, the cell enters and completes mitosis. At the end of
each phase of the cell cycle, there are check point proteins that reg-
ulates the successful completion of the events in each phase of the cell
cycle before progressing into the next phase.

Cell cycle progression is regulated by protein complexes made up of
cyclins and cyclin dependent kinases (CDK) [72]. These protein com-
plexes are in turn regulated by CDK activating kinases and CDK in-
hibitor proteins. Calcium regulates the expression and activation of cell
cycle protein complexes directly or through activation of calmodulin

(CaM) or calcineurin (CaN). Store-operated calcium and changes in
cytosolic calcium via other calcium transporters regulate the progres-
sion through the different phases of the cell cycle, and play an im-
portant role in the transition through cell cycle checkpoints [73]. Pre-
vious studies showed that calcium oscillations or store-operated
calcium entry and recycling of calcium to extracellular space or in-
tracellular calcium stores is increased at the G1/S transition [74]. The
increased calcium modulates the expression and activation of cell cycle
protein complexes, and prepares the cell for DNA replication. In addi-
tion, CDK4/cyclin D1 activation leads to inactivation of retinoblastoma
Rb1, which is the main inhibitor of DNA synthesis [75]. Upon com-
pletion of DNA replication in the S phase, calcium entry via store-op-
erated calcium channels is reduced at the G2/M transition. Cytosolic
and nuclear calcium was also shown to regulate progression through
the different phases of mitosis. However, whether the calcium regula-
tion of cell cycle described above also occurs in NB remain relatively
unknown.

The sarco-endoplasmic reticulum calcium ATPase (SERCA) was
shown to play a role in regulating cell cycle progression. Indeed,
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inhibition of SERCA via thapsigargin treatment, a SERCA inhibitor with
high selectivity, induced entry into GO phase and resulted in quiescence
of SH-SY5Y NB cells [76]. Furthermore, a recent study showed that the
calcium homeostasis endoplasmic reticulum protein (CHERP) plays a
role in regulating NB cell cycle progression [42]. They showed that
suppression of CHERP using siRNA induced GO/G1 cell cycle arrest and
reduced the expression of CDK2 and Cyclin E.

5. The role of calcium signaling in Neuroblastoma cell death

There are different types of cell death. Apoptosis is one type of
controlled or programmed cell death that is highly regulated by specific
cues and signals, coming either from within the cell (intrinsic), or from
the outside of the cell (extrinsic). Extrinsic apoptosis involves the
binding of a ligand to a cell death receptor at the plasma membrae (e.g.
TNF receptor or Fas receptor), activation of caspases and induction of
apoptosis. Intrinsic apoptosis involves targeting mitochondria which
may lead to opening of the mitochondrial permeability transition pore
and release of mitochondrial proteins that promote activation of cas-
pases and PARP followed by subsequent degradation of cellular com-
ponents and cell death [77].

Calcium is tightly controlled in a dynamic fashion to elicit specific
cellular responses to different stimuli. As mentioned earlier, ER calcium
signaling plays a critical role in regulating fundamental physiological
processes including metabolism, migration, cell death and differentia-
tion. Store-operated calcium entry maintains calcium stores such as ER,
which is important for cell survival. ER-mitochondrial calcium sig-
naling regulates metabolism and cell death. Cellular calcium home-
ostasis is dependent on fine-tuned regulation of inter-organelle calcium
signaling and signaling between organellar and plasma membrane
calcium channels [78].

Fingolimod (FTY720) is an FDA approved drug for the treatment of
multiple sclerosis [79]. Previous studies have shown that FTY720 tar-
gets TRPM7 channel and reduces its channel activity [80,81]. In addi-
tion, FTY720 was also shown to inhibit the TRPM7 kinase function, as
shown by decreased phosphorylation of histone H3 and myosin Ila.
Through a separate pathway, FTY720 induced NB cell death by dis-
ruption of mitochondrial membrane potential and calcium overload
[81]. These studies suggest that TRPM7 may regulate NB cell death
through a process that involves intracellular calcium signaling, as well
as TRPM7 channel and kinase activities.

In NB cell lines, 2 splice variants of TRPM2 have been reported to
mediate antagonistic functions. Overexpression of a short variant of
TRPM2 (TRPM2-S) in SH-SY-5Y NB cells increased cell proliferation
and ROS-induced susceptibility to cell death compared to its long var-
iant counterpart (TRPM2-L). Further expression of TRPM-S in NB xe-
nografts models reduced tumor mass and overall sensitivity to
Doxorubicin was increased when compared to TRPM2-L [49]. TRPM2
depleted NB cell lines presented altered mitochondrial energetics as
well as morphological changes when challenged with antineoplastic
drugs [82]. Recently, H,O, was shown to induce cell death through a
TRPM2-mediated process. Interestingly, it was reported that H202 in-
duced TRPM2-dependent delayed cell death through a positive feed-
back mechanism that involved an increase in intracellular zinc levels,
increased mitochondrial zinc, mitochondria fission and lysosomal dys-
function [83-85].

Finally, recent studies have shown that chemotherapeutic drugs
used to treat NB also regulates calcium signaling. Cisplatin and topo-
tecan have shown to induce apoptosis, which was accompanied by in-
creased intracellular free calcium over time. The cytotoxic effects of
these drugs are mediated, at least in part, by calcium regulating pro-
teins. Studies have shown that the expression of several calcium reg-
ulating proteins are differentially regulated with these chemother-
apeutic drugs, including inositol triphosphate receptors (IP3R1 and
IP3R3) and ryanodine receptors (RyR1 and RyR3) [86].

These studies suggest that calcium plays a critical role in regulating
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cell death. Therefore, targeting specific calcium signaling pathways
may sensitize NB to the cytotoxic effects of chemotherapeutic drugs,
and calcium regulating proteins may prove to be promising targets for
the development of more effective drugs in the future.

6. The role of calcium signaling in Neuroblastoma cell migration

Cell migration is a process whereby a series of events occur in a
highly coordinated fashion to allow the movement of a cell in response
to a mechanical or chemical signal. This process involves formation and
degradation of adhesion points at the leading and trailing edges of the
cell, respectively. Concurrently, there is restructuring of cytoskeletal
proteins to allow movement of the cell body towards the leading edge
of the cell. Many of the processes involved in cell migration is regulated
by calcium [33,87].

There have been several studies that investigated the role of calcium
signaling in NB cell migration. One of the most predominant calcium
channels that was found to regulate NB cell migration is TRPM7
[53,88]. Initial studies using an over-expression model of wild-type or
kinase-dead TRPM7 showed that functional TRPM7 channel and kinase
domains were required for phosphorylation of Myosin IIA, resulting in
relaxation of actomyosin cytoskeleton and podosome formation
[58,89,90]. Another study showed that TRPM7 promotes the formation
of calcium hotspots during cell migration that regulates directional
movement [88]. In addition, TRPM7 may regulate invadosome forma-
tion and cell migration independent of extracellular calcium and may
be predominantly mediated by TRPM7's kinase activity. While there is
very little information regarding the role of calcium in regulating NB
cell migration, these studies show that TRPM7 plays a critical role in
promoting NB cell migration.

7. The role of calcium signaling in Neuroblastoma differentiation

The histological grade of NB differentiation is used as a prognostic
factor and to determine post-relapse survival, albeit to a lesser extent
than other prognostic indicators (e.g. MYCN amplification, age at di-
agnosis, etc). Treatments that lead to differentiation of NB tumor cells,
such as 9-cis retinoic acid (9cRA) are used after high-dose che-
motherapy to prevent relapse and tumor recurrence [91,92]. Interest-
ingly, 9cRA treatment have different effects on cellular morphology,
calcium signaling and expression of calcium modulating proteins in
different subpopulations of NB cells. A recent study showed that N-type
NB cells treated with 9cRA had increased neurites and more neuronal-
like morphology, increased expression of Bcl2 (anti-apoptotic protein),
reduced ER calcium release and SOCE, which corresponded with lower
expression of Stim1 and Orail [93]. 9cRA treatment of S-type NB cells
resulted in more flattened glial-like morphology, decreased Bcl2 ex-
pression, increased ER calcium release but decreased SOCE and reduced
expression of Stiml and Orail. I-type NB cells showed a mixture of
effects on ER calcium release and SOCE upon 9cRA treatment. The more
N-type cells in I-type NB cell lines had increased ER calcium release
upon 9cRA treatment, compared to control untreated cells. However,
the SOCE levels were similar in differentiated and control cells. Con-
versely, S-type cells in I-type NB cell lines had no change ER calcium
release upon 9cRA treatment, but had increased SOCE upon 9cRA
treatment compared to control untreated cells. Interestingly, upon
withdrawal of 9cRA, N-type NB cells reverted to pre-treatment un-
differentiated state, but S-type NB cells maintained differentiated state
[94]. While there are few studies examining the role of calcium on NB
differentiation, it is clear that calcium plays a critical role in regulating
this process. The finding that differentiating drugs (e.g. 9cRA) induce
varying effects on morphology, calcium signaling and expression of
calcium regulating proteins in the different NB subpopulations bring up
an as yet unanswered question of whether or not the calcium signaling
that promotes NB progression are regulated differently in different NB
subpopulations.
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Fig. 2. Schematic view of channels pumps regulators and enzymatic targets that may play a role in the malignant progression of Neuroblastoma (A). Indication of
transcriptional regulation of targets of calcium signaling in correlation to malignant progression (expression malignancy) as well as correlation of MYCN amplifi-

cation in NB. Arrows indicate level of transcriptional regulation (B).

8. Summary

Neuroblastoma (NB) accounts for approximately 15% of cancer-re-
lated deaths in children. There is accumulating evidence from research
on NB, as well as other cancers, that point to calcium signaling proteins
as potential targets for novel treatments or adjunct treatments. TRPM2
has been shown to play a role in regulating ROS response and cell death
in NB, through a mechanism that involves TRPM2-mediated influx of
calcium from the extracellular environment and calcium release from
lysosomes. TRPM7 has been shown to play a role in regulating several
different events involved in NB cell migration, through a mechanism
that involves TRPM7-mediated calcium entry and TRPM7 kinase ac-
tivity. Interestingly, there are numerous reports of the role of in-
tracellular calcium signaling and store-operated calcium entry in reg-
ulating NB progression, including but not limited to, cell cycle, cell
death, cell migration, and differentiation. However, very little evidence
exists that identifies the key molecular components involved in reg-
ulating these processes.

The discovery of immunotherapy and drugs that target validated
cancer biomarkers have fundamentally transformed current approaches
to cancer therapy [12,95]. However, we have yet to validate ion
channels and calcium channel regulators as biomarkers for cancers, in
particular NB. This is partly due to the fact that the expression and
activity of channels are not homogenous among cell populations, which
suggest intrinsic differences between subpopulations of cells and micro
environmental signaling that may attenuate or prevent cell death, en-
hance cell proliferation, promote uncontrolled cell division, induce
angiogenesis and multidrug resistance, or other processes involved in
malignant progression. Further, the analysis of the function of an ion
channel is tedious, requires electrophysiological recordings, and cannot
efficiently be conducted in a high content setting with the sensitivity
required for endogenous ion channels. Current literature demonstrates
a role for TRPM2 and TRPM7 in NB progression, as well as calcium
release from intracellular stores and SOCE in NB progression. However,
the precise molecular components of calcium release and SOCE in NB
have yet to be identified, and the mechanism whereby calcium release
and SOCE regulates NB progression remain unknown. Overall, calcium
release and SOCE may be key processes involved in NB progression.

TRPM7 may enhance SOCE by facilitating the refilling of calcium into
the ER. TRPM2 may modulate the calcium signaling involved in NB
progression. Fig. 2 is a schematic illustration of calcium signaling tar-
gets that have been implicated to play are role in the malignant pro-
gression of Neuroblastoma.
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