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 Cancer is one of the most disastrous diseases that leads to a serious threat to millions 
of people’s health worldwide. Cancer is distinguished by multiple common criteria, known as 
the “cancer hallmarks" which calcium signaling has either direct or indirect correlation with 
each of them. An emerging body of evidence suggests that two-pore channels/calcium signaling 
machinery has a crucial role in the promotion of diverse aspects of cancer, particularly in several 
cancer hallmarks including cell proliferation, angiogenesis, migration, invasion, metastasis, 
and metabolic reprogramming. Recent findings linked two-pore channels/calcium signaling 
machinery with autophagy, chemoresistance, and patients' survival in cancer. The present 
review provides current findings on the roles of two-pore channels in cancer, particularly in 
several cancer hallmarks, autophagy, and chemoresistance. Furthermore, a specific focus on 
recent data concerning the two-pore channels antagonists and novel inhibitors is discussed. This 
review will furnish readers with a more in-depth understanding of the significance of two-pore 
channel calcium signalling in cancer and its potential as a druggable target for cancer therapy

Keywords: Apoptosis; Autophagy; Cancer; Cancer Hallmarks; 
Calcium Signaling; Two-Pore Channels.

 Cancer is a destructive disease resulting in 
a critical threat to the health of millions of people. 
This debilitating disease continues to be a major 
source of morbidity and mortality worldwide in 
2020, with 19.3 million new cases and 10 million 
deaths 1. By 2050, the worldwide cancer burden 
is anticipated to increase to 27 million new 
cases and 17.1 million deaths 2. The malignancy 
initiates when healthy cells deal with a deficiency 
in homeostasis and cell regulation, leading to an 
extensive proliferation of abnormal cells. These 
abnormal cells further invade the surrounding 

tissues and eventually spread via circulatory and 
lymphatic systems to other parts of the human body 
2. More than 100 cancer types are identified, each of 
which is recognized by certain molecular markers, 
type of genomic alteration, gene-expression 
profiles, and, respectively, require specific 
diagnosis and cure. Despite such differences, 
all cancer cell genotypes share several common 
pathophysiological characteristics, collectively 
known as cancer hallmarks. These cancer hallmarks 
include “self-sufficiency in growth signaling, 
ability to evade apoptosis, insensitivity to anti-
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growth signals, capacity to invade and metastasize, 
limitless replication potential, and promotion of 
angiogenesis” 3.
 Importantly, the direct or indirect 
role of calcium (Ca2+) signaling in each of the 
aforementioned processes is well-recognized 4,5. 
Ca2+ signaling is initiated by cytosolic Ca2+ surges 
as a result of Ca2+ entry from the extracellular space 
and Ca2+ release from intracellular stores, mostly 
from the endoplasmic reticulum (ER). The acidic 
endolysosomal (EL) system involving endosomes 
and lysosomes also serves as a Ca2+ reservoir. 
Extracellular ligands trigger Ca2+ release from 
EL reserves by generating nicotinic acid adenine 
dinucleotide phosphate (NAADP), a Ca2+-releasing 
second messenger. In the presence of NAADP, Ca2+ 
will be released from the acidic stores via two-pore 
channels (TPCs), a novel superfamily of voltage-
gated ion channels 6. TPCs have two isotypes in 
humans, namely TPC1 and TPC2. Both NAADP 
and TPCs, individually or jointly, regulate a broad 
number of cellular processes, and besides, their 
involvement in the pathogenesis of several diseases 
including cancer has been demonstrated. 
 The usual strategies for controlling 
cancer in recent years include surgery, radiation 
therapy, chemotherapy, immunotherapy, and 
targeted therapy 2,7. The application of these 
treatment modalities in clinical settings is limited 
by diverse challenges including adverse drug 
reactions, potential toxicity, cost-related problems, 
and resistance. Hence, there is an immediate 
requirement for a novel, safer, and efficient 
antitumor agents for the treatment of cancers 2. 
Noteworthy, about 600 cancer drivers have been 
identified, but a large number thereof remains to 
be targeted by antitumor agents 8.
 An increasing body of research has 
recently discovered a potential link between 
TPCs and cancer. However, deep investigations 
for characterizing the connection between TPCs 
and cancer-relevant processes and mechanisms 
underlying it in different cancer cells are still in 
its early stages. In this review, we look at the 
current role of TPCs in cancer, concentrating on the 
correlation between TPCs and several hallmarks 
of cancer, and TPCs’ connection with autophagy 
in cancer. Additionally, we also provide a brief 
review of novel TPCs inhibitors and their role in 
overcoming chemoresistance.

Cancer in the light of Ca+2 signaling
 According to  the  World  Heal th 
Organization (WHO) definition, “Cancer is 
a common name for a wide class of diseases 
described by the rapid and uncontrolled formation 
of abnormal cells that grow beyond their normal 
barriers, and which can then invade surrounding 
cells and neighboring tissues, and spread to other 
organs.” 9.  Originally, excessive cell proliferation 
and deficiency in cell death mechanisms together 
play a central role in malignancy. Essentially, they 
abolish the homeostasis of tissue and cell growth 
and eventually lead to cancer development 10. 
 Intracellular Ca2+ ion is the most abundant 
and unique ion, which has a huge concentration 
gradient across the plasma membrane of basically 
all cells. Intracellular Ca2+ homeostasis is an 
energy-dependent incident and required a regulated 
Ca2+ signaling motor 11. Ca2+ signaling is the 
participation of Ca2+ ion in signal transmission for 
cellular communication and the performance of 
the cellular physiological processes 12. Thus, Ca2+ 
signaling is involved in the broad pathological 
conditions in metabolism, neuron degeneration, 
immunity, and malignancy 13.
 Major studies uncovered the implication 
of Ca2+ signaling in the whole process of 
tumor progressions including proliferation, 
apoptosis, tumor growth, metastasis, invasion, 
angiogenesis, and resistance to anti-growth signals 
14. Dysregulation of Ca2+ signaling in cancer cells 
alters their physiology and specified them from 
non-malignant cells 15. Similarly, Ca2+ homeostasis 
is also vulnerable to derailment by several 
oncogenes and tumor suppressors. Tumors remodel 
their Ca+2 signaling network to enable them to grow 
erratically, metastasize, evade apoptosis, survive 
immune-attack, or generate neovascularization 
16,17.  A plethora of research groups worldwide 
supported the alterations of Ca2+ signaling and Ca2+ 
channels and pumps in cancer cells, as well as the 
intersection of Ca2+ signaling particular processes 
with various cancer hallmarks. Additionally, 
studies highlighting novel pharmacological 
modulators of Ca2+ pumps and channels suggest 
that Ca2+ machinery is amenable to targeting by 
pharmacological agents. These studies implement 
insight into targeting Ca2+ channels and pumps as 
a potential therapeutic intervention against cancer 
18.
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The EL Ca2+ store and Ca2+ signaling 
 The EL system which is part of a growing 
family of acidic calcium stores involves lysosomes, 
endosomes, and autophagosomes 19. Lysosomes 
provide a center for macromolecular degradation 
and recycling, endocytic recycling, and the 
regulatory process of cellular nutrients. Being the 
second-biggest Ca2+ store, lysosomes also serve 
as a crucial Ca2+ signaling system for the cell with 
a concentration of free Ca2+ in the range of 500 to 
600 µM in various mammalian cells, approximately 
5000-fold higher than the cytosolic Ca2+ content 20.  
 Endosomes are dynamic, specialized 
compartments that primarily function to sort and 
traffic cargoes internalized into the cells 21. They 
also serve as key signaling organelles that release 
Ca2+ to initiate signaling cascades. Besides, they 
require Ca2+ at several steps of their maturation, 
including lysosomal fusion, the fusion between late 
endosomes and lysosomes, and the reconstruction 
of lysosomes from hybrid late-endosomal–
lysosomal organelles 22. 
 Acidic EL Ca2+ homeostasis is regulated 
by concerted actions of various channels and 
pumps. EL Ca2+ content is maintained by an 
unknown Ca2+/H+ exchanger or Ca2+ transporter. 
While TPCs and transient receptor potential 
mucolipin 1 (TRPML1) are the primary Ca2+ 
channels responsible for releasing Ca2+ from the EL 
stores 6,20. Ca2+ released via EL Ca2+ channels leads 
to small, localised Ca2+ signals. Ca2+-induced-Ca2+-
release (CICR), a process that triggers the release 
of Ca2+ from the ER, can amplify these signals into 
larger, global signals 23. 
TPCs—EL Ca2+ release channels 
 TPCs form a family of ligand and voltage-
gated ion channels 24, which belong to the group of 
endolysosomal membrane proteins. Their names 
are derived from the two-pore domains that are 
found on each subunit. TPC subunits consist of 12 
transmembrane domains (TMDs) with the putative 
pore loops between TMD5/6 and TMD11/12 25. 
Structurally, each dimer of tandem Shaker-like 
domains dimerize to form a functional channel 26. 
TPCs have three isoforms, but only two, designated 
TPC1 and TPC2 are present in humans. TPC1 
essentially locates in the endosome while TPC2 
resides in the lysosome 27, and they are encoded 
by TPCN1 and TPCN2 genes, respectively 28. 
 It is well known that TPCs mobilize Ca2+ 

out of EL stores upon stimulation by NAADP 29. 
However, in 2012 and 2013, two independent 
investigations disproved the long-accepted claim 
by other researchers 30,31. Both publications argued 
that TPCs are (sodium) Na+ release channels 
that are stimulated by phosphatidylinositol 
3,5-bisphosphate (PI(3,5)P2) and inhibited by 
mammalian target of rapamycin (mTOR). Other 
than Ca2+ and Na+, TPCs have also been shown to 
be permeable to hydrogen (H+) and potassium (K+) 
32,33. In addition, various stimulators of TPCs other 
than NAADP and PI(3,5)P2 have been identified, 
including leucine-rich repeat kinase 2 (LRRK2) 
and action potentials 34,35. Meanwhile, inhibitors of 
TPCs include Ca2+ and Na+ ion channel blockers, as 
well as magnesium ion (Mg2+) 36. Particularly, Mg2+ 
inhibited the PI(3,5)P2-mediated TPCs activation 
in a concentration-dependent manner 37.  
Functional roles of TPCs
 TPCs perform vital functions at the 
cellular and organism levels. At the cellular 
level, they organize cellular transportation, pH 
regulation, and cell membrane stimulations. At 
the organism level, they are linked with different 
physiological and pathological processes, such 
as hair pigmentation, Ebola viral infection, and 
cancer growth 38. Particularly, they are associated 
with multiple physiological processes, for 
instance, cytokinesis, fertilization, embryogenesis, 
cell differentiation, and autophagy 36. Recent 
investigations have demonstrated the involvement 
of TPCs in tumorigenesis 6,8,39-41. Both isoforms 
of TPCs were found expressed in various cancer 
cell lines isolated from blood, bladder, breast and, 
liver cancers. Furthermore, in the SKBR3 human 
breast cancer cell line, the expression of TPC1 
was almost 3 – 7 folds more than the expression 
of TPC2 42. Apart from that, NAADP-mediated 
Ca2+ release via TPCs has also been shown to 
be crucial for immune cell function 43. TPCs 
also play a role in endolysosomal activities and 
receptor-trafficking 44-46. In the absence of TPC1, 
uptake of toxins in early endosomes is diminished. 
Another study communicated the significance of 
TPC1 and TPC2 during starvation 30. Through 
direct interaction with mTOR, TPCs can sense 
and regulate cellular nutrient status. The ability 
to endure physical challenges during starvation is 
greatly compromised in the absence of both TPCs 
and mTOR. Additionally, TPC2 has also been 
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shown to control melanin synthesis by regulating 
the pH and size of melanosomes 47. 
Implications in diseases 
 Numerous studies established TPCs 
association with some pathological conditions, 
which has been reviewed elsewhere 48. Evidence 
from models of Parkinson’s disease, cardiac 
dysfunction, cancer, non-alcoholic fatty liver 
disease, diabetes, and Ebola infection showed 
that TPCs are linked to these disorders 49. The 
association of lysosomal Ca2+ signaling to several 
degenerative diseases such as Parkinson’s disease 
and Alzheimer’s disease was later confirmed to 
be related to TPC2 20. Furthermore, TPCs are 
connected with metabolic disorders related to the 
deficiency of endolysosomal trafficking. TPC2 
knockout (KO) mice are highly susceptible to 
hepatic cholesterol overload and liver damage 
consistent with non-alcoholic fatty liver hepatitis, 
likely due to abnormal hepatic cholesterol handling 
50. Various studies have also evinced the role of 
TPCs as the main element in the pathogenesis 
of several viral infections, including Ebola virus 
(EBOV), Middle East Respiratory Syndrome-
Coronavirus (MERS-CoV), and Merkel cell 
polyomavirus (MCPyV) infection 28,51,52. Blocking 
TPCs, particularly TPC2 using tetrandrine can 
inhibit SARS-CoV-2 replication in host cells 
53,54. This shows that TPC2 could have a role in 
preventing the spread of coronavirus disease 2019 
(COVID-19).
TPCs in cancer cells 
 The distribution of TPCs has been 
characterized in various normal and cancer cells. 
Brailoiu and colleagues 42 have shown that both 
TPC1 and TPC2 are expressed in SKBR3 and 
PC12 cells. The quantitative PCR (qPCR) has 
demonstrated that between the two TPCs isoforms, 
the TPC1 isoform was the main expressed isoform 
in PC12 and SKBR3 cells. Particularly, TPC1 
transcription was roughly three to eight times 
higher than TPC2 transcription in SKBR3 cells. 
This claim is supported by another independent 
study showing that the expression of TPC1 mRNA 
is approximately 50 folds more than TPC2 in 
primary cultures of human metastatic colorectal 
cancer (mCRC) 6. In contrast, a study by Jahidin 
et al. 55 has described similar expressions of TPC1 
and TPC2 transcript in various sets of human 
breast cancer cells, including the MCF-7, T47D, 

ZR-75-1, BT-483, SKBR3, MDA-MB-231, and 
MDA-MB- 468 cancer cells. The results also 
showed that TPC1 and TPC2 were expressed 
similarly in the abovementioned tumorigenic 
cell lines and non-tumorigenic cell lines, namely 
184B5 and 184A1. A subsequent study by Nguyen 
et al. 41.   Compared the expression of mRNA 
level of TPCs in different cell lines against the 
MDA-MB-231 human breast cancer cells, namely 
T24 (bladder cancer), Jurkat (leukemia), and 
Huh7 (liver cancer) cells. The authors exhibited 
that TPC2 mRNA is expressed in all the three 
studied cell lines. Meanwhile, the mRNA level of 
TPC1 is highly expressed in T24 and Huh7 but 
Jurkat cells. Moreover, the authors also displayed 
the functionality of TPCs in T24 cells. Using 
endolysosomal patch-clamp experiments, Nguyen 
and colleagues demonstrated that tetrandrine, a 
pharmacological inhibitor of TPCs, drastically 
reduced PI(3,5)P2-elicited currents. Another study 
revealed a higher expression of TPC2 mRNA in a 
drug-resistant leukemic cell line 56. The presence 
of 2-fold TPC2 in vincristine-resistant CEM cells 
(VCR-R CEM) is important for cell proliferation. 
The KO of TPC2 in these cells resulted in a 
significantly slower growth compared to the wild 
type (wt). Moreover, heightened sensitivity to 
vincristine was observed in these TPC2-deficient 
cells. TPC2 was also overexpressed in various oral 
squamous cell carcinoma cell lines 57 and human 
skin cutaneous melanoma (SKCM) 39. Interestingly, 
TPC2 expression in SKCM is inversely correlated 
to metastasis 39. It was found that the expression 
of TPCN2 mRNA in metastatic patients was 
significantly lower than in the primary patients. 
Additionally, elevated levels of mesenchymal 
markers such as vimentin and ZEB-1 were 
observed in TPC2 KO cells, suggesting distinct 
roles of TPC2 in primary and metastatic tumors 
of melanoma. Collectively, these data suggested 
that expressions of TPC1 and TPC2 are cell- and 
stage-specific and are associated with cancer 
development and metastasis. 
TPCs and cancer hallmarks 
 The significant roles and close relationship 
between TPCs and cancer hallmarks particularly, 
proliferation, migration, invasion, angiogenesis, 
and metastasis have been reviewed of late19,58-62. 
According to several studies, NAADP/TPC/Ca2+ 
signalling has been implicated in a variety of cancer-
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related processes, ranging from carcinogenesis to 
metastasis 6,19,39-41. TPCs play a crucial role in 
cancer progression, and the inhibition of TPCs 
activity via pharmacological agents or gene-
silencing techniques leads to the elimination of 
cancer-related processes such as angiogenesis 
40,61,63. Furthermore, the loss or reduction in TPC 
activity is associated with the elimination of 
cancer cell migration 41 and neoangiogenesis 64. 
The following sections will dive into more details 
on the roles of TPCs in each of the hallmarks of 
cancer.  
TPCs and cancer cells proliferation 
 Sustained proliferation is the main feature 
of cancer cells. There is a highly-regulated system 
in healthy cells that controls the normal cell cycle 
process resulting in accurate cell growth and 
function. In contrast, malignant cells mislead the 
cell cycle by mutations of some genes including 
the TP53 and retinoblastoma (Rb) that head 
towards an extreme proliferation ability 57. As 
Ca2+ is a multifunctional second messenger to both 
proliferation and cell death, any defect in Ca2+ 
signaling or Ca2+ concentration regulation may 
cause uncontrolled proliferation and inhibition 
of apoptosis and consequently, contributes to 
tumorigenesis 65. 
 The correlation between the NAADP/
TPC2/Ca2+ system with cancer hallmarks including 
the proliferation, invasion, metastasis, and 
angiogenesis was studied in in vitro and in vivo 
models specifically, in xenografted murine models 
with B16 melanoma cells 40. The data showed 
that NAADP-mediated Ca2+ signaling is critically 
important for neoangiogenesis, formation of 
metastasis, and tumor growth. Using Ned-19, 
the pharmacological antagonist of NAADP on 
melanoma cells and in mice inoculated with B16 
cells altered metastatic behavior and extremely 
diminished development of lung metastasis. These 
probably due to the impeded entry of melanoma 
cells into the blood circulation as a result of reduced 
vascularization of the primary tumor by Ned-19. 
Moreover, the Ned-19 treatment significantly 
upregulated E-cadherin and downregulated 
N-cadherin. These two founding members of 
the cadherin superfamily are key modulators 
of tumorigenesis 66. Cadherin-switching from 
E-cadherin to N-cadherin signals for invasion, 
migration, and metastasis 67. However, this process 

can be reversed with the re-establishment of 
E-cadherin and hence the acquisition of epithelial 
phenotype. 
 Cytokinesis is the final and most tightly 
controlled phase in cell division, therefore, 
any dysregulation in this process can result in 
multinucleation and aneuploidy, processes that can 
lead to chromosomal instability and tumorigenesis. 
According to Horton et al. 68, TPC1-overexpressing 
cells compared to wt, displayed cytokinetic 
abnormalities, multinucleation, and enlargement 
the cytokinetic defects, multinucleation, and 
enlargement, and additionally, cancer tissues 
expressed considerably more TPC1 than normal 
tissues. 
 TPC2 has been implicated in the 
modulation of skin pigmentation in Xenopus 
oocytes in several studies 69,70. The authors 
demonstrated that overexpression of TPC2 induced 
pigmentation defects. Besides, the studies have 
identified that polymorphisms in the TPC2N 
gene caused some genetic variants. Collectively, 
these studies suggested that TPC2 overexpression 
lowered melanin production and enhanced skin 
cancer susceptibility. 
  The role of NAADP/TPCs-Ca2+ signaling 
in mCRC cells derived from a human liver 
metastasis has recently been explored 6. The 
researchers have found that EL Ca2+ store mediates 
calcium release by activation of the PI3K/AKT and 
ERK signaling pathways in mCRC cells (Figure 
1). The inhibition of TPCs, in particular, the TPC1 
isoform, which is the more abundant isoform of 
TPCs in mCRC cells, has completely decreased 
Ca2+ release and proliferation of mCRC cells.
 Similarly, Sun et al. 71 assessed the role of 
TPC2 in two cancer cell lines, 4T1 mouse breast 
cancer cells, and HeLa human cervical cancer 
cells. Interestingly, they found that proliferation 
is reduced in TPC2 knockdown cells compared 
to control or TPC2 overexpressing cells. More 
recently, Müller et al. 8 have identified TPC2 as a 
cancer driver. The findings have shown that genetic 
deletion of the channel reduced the proliferation of 
liver cancer cells in vitro and successfully stopped 
tumour growth in an ectopic mice model.
TPCs and cancer cell angiogenesis 
 Angiogenesis is an important process 
in cancer development. It is the most important 
phase in the progression of a benign tumor to 
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malignancy. Generally, vascular endothelial 
growth factor receptor (VEGF) and its receptor, 
vascular endothelial growth factor receptor 2 
(VEGFR2), are two key molecules for initiating 
and promoting angiogenesis. They play a central 
role in activating the angiogenesis process, 
including the vascularization of tumors 40. During 
angiogenesis, tumor cells release VEGF that 
stimulates signal transduction and Ca2+ signaling, 
and finally, leads to endothelial cell proliferation 
19,64.  
 According to Favia et al. 64, there is an 
association between NAADP/TPC2/Ca2+ signaling 
pathway with VEGF-induced neoangiogenesis. The 
VEGFR2/NAADP/TPC2/Ca2+ signaling pathway is 
crucial for VEGF-induced angiogenesis, according 
to results from in vitro and in vivo studies. The 
findings of the in vitro investigation showed that 
human umbilical vein endothelial cells (HUVEC) 
transfected with TPCN2 shRNA failed to construct 
a tubular network. A similar outcome is observed 
when NED-19, the pharmacological antagonist 
of TPCs is applied. Likewise, this process is also 
halted in vivo. The results of the matrigel plug 
assay in mice showed that Ned-19 had an inhibitory 
effect on the construction of the vessels. TPC2 KO 
animals replicate this observation, whereas TPC1 
KO mice do not. Interestingly, TPCN1-transfected-
mice induced excessive vessel construction of 
plugs in 5 days. 
 VEGF-induced vessel formation is also 
impaired in the presence of naringenin, a flavonoid 
known to inhibit both TPC1 and TPC2 63. To 
establish the role of naringenin and TPC signalling 
on angiogenesis, the author used matrigel matrix 
and C57BL/6 mice in both in vitro and in vivo 
investigations. The results confirmed that the 
anti-angiogenic effect of naringenin occurred 
by affecting the VEGF-NAADP/TPC2- Ca2+ 
signaling.  
 VEGF stimulates endothelial-relevant 
processes including the proliferation of endothelial 
cells, survival, migration, and vascular homeostasis 
through the ERK1/2 phosphorylation cascade 
maintained through endogenous Ca2+ release 
via TPC2 and InsP3R and as well as through 
extracellular Ca2+ entry via TRPC4, NCX1, and 
TRPC3, and the SOCE pathway. Hence, the 
pharmacological blockade of TPC by using the 

NED-19 is a profitable way to decelerate tumor 
vascularization 61,64.
TPCs and migration, invasion, and metastasis 
 Approximately 90% of cancer-related 
mortalities correlate to metastatic cancer 72. 
Metastasis is summarized as a two-phase process 
that includes the translocation of cancer cells to 
the dissemination site, and the ability to colonize 
secondary sites and establish metastatic lesions 
by primary tumor cells. The main steps in tumor 
metastasis are the loss of cell-cell connections, the 
transition of original cancer cells into migratory 
mesenchymal cells, as well as cancer cells invasion. 
The disturbed environment due to immune attacks, 
lack of oxygen, blood supply and nutrients, 
accumulation of lactic acid, and increased cell 
death are among the reasons why cancer cells 
metastasize for survival 73.  Ca2+ signaling has been 
linked to a number of basic pathophysiological 
events related to cancer metastasis and progression 
19. Intracellular Ca2+ channels including IP3Rs, 
TRPMLs and TPCs, have been associated with 
these processes 6,19,59,74.
 An in vitro result demonstrated that TPC1 
and TPC2 silencing diminished the adhesion and 
migration of T24 human urinary bladder cancer 
cells 41. Similar observations were noticed when 
pharmacological inhibitors of TPCs were applied. 
Treatment with Ned-19 abrogated migration of 
T24 and Huh7 cells. Likewise, the migration of 
T24, Huh7, and 4T1 mouse breast tumor cells 
was also impeded in the presence of tetrandrine. 
Further analysis in a mouse model inoculated with 
4T1-Luc cells revealed reduced formation of lung 
metastasis upon treatment with tetrandrine or Ned-
19, and as well as TPC2 silencing. The authors 
suggested that these observations were associated 
with the disruption of â1-integrin trafficking in 
the EL system. Ample trafficking of â1-integrin 
is critical for initiating promigratory mechanisms, 
thus hindering the construction of leading edges 
required for the migration of invasive cancer 
cells. Additionally, Ned-19 treatment controls the 
migratory and adhesive abilities of B16 cells 40,61. 
Besides, the pretreatment of B16 cells with Ned-
19 diminished the expression of N-cadherin and 
E-cadherin, thus modulating the cell migratory 
behavior and invasion ability of B16 cells 40.  
 The attenuation of TPC transcript in 
metastatic patients compared to primary patients 
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indicated a distinct predictive role of TPC2 
in these two stages of cancer 39. In contrast to 
the abovementioned studies, D’amore et al. 
39  demonstrated that TPC2 KO in CHL1 cells, 
a model of human amelanotic melanoma cells 
derived from a metastatic site increases the cells 
ability to migrate and metastasize (Figure 2). The 
authors also exhibited that TPC2 KO enhanced the 
secretion of matrix metalloproteinase 9 (MMP9) 
by CHL1 cells compared to the wt. TPC2 KO cells 
also upregulated the expression of mesenchymal 
markers, namely zinc-finger E-box-binding 
homeobox1 (ZEB-1), vimentin and N-cadherin. 
Additionally, TPC2 KO cells also expressed a 
higher level of Melanocyte Inducing Transcription 
Factor (MITF), which promoted melanoma cell 
survival and migration. D’amore and colleagues 
39 have also studied the correlation of TPC2 and 
Yes-associated protein 1 (YAP)/ Transcriptional 
coactivator with PDZ-binding motif (TAZ) 
pathway in human SKCM. The YAP and TAZ are 
transcriptional coactivators that regulate several  
processes such as cell proliferation, apoptosis, 
angiogenesis, tumorigenesis, and metastasis75. 
The activation of these transcriptional coactivators 
is correlated with enhanced metastatic capability 
76. D’amore and colleagues 39 revealed that TPC2 
KO cells upregulated the target genes of YAP/
TAZ, namely ankyrin repeat domain-containing 
protein (ANKRD1), cysteine-rich 61 (CYR61), and 
connective tissue growth factor (CTGF). Moreover, 
translocation of YAP/TAZ from the cytoplasm 
to the nucleus was observed in TPC2 KO cells. 
In addition, the expression of ORAI1 and PKC-
âII are downregulated in TPC2 KO cells. Both 
ORAI1 and PKC-âII negatively regulate YAP/TAZ 
activity. Collectively, these results indicated that 
TPC2 KO activates YAP/TAZ, thus contributes to 
the aggressiveness and invasiveness of metastatic 
melanoma. 
TPCs and metabolic reprogramming in cancer 
 Metabolic reprogramming is one of the 
cancer hallmarks. During cancer progression, 
metabolic pathways are altered in response to 
intrinsic and extrinsic cues like mutated enzymes 
and hypoxia, respectively 77.  This is crucial to 
enable tumor cells to escape immune system 
supervision, survive and proliferate uncontrollably 
78.  Cancer cells reprogram their catabolic and 
anabolic metabolism pathways to initiate and 

develop malignancy 79.  It has been shown that 
dysregulation of Ca2+ signaling results in the 
alteration of metabolic pathways in cancer cells 
that simultaneously supports aggressiveness. For 
instance, mitochondrial calcium uniporter (MCU) 
expression is associated with mitochondrial Ca2+ 
uptake in promoting hypoxia-inducible factor 
1-alpha (HIF-1á) expression and invasiveness and, 
consequently, promote tumor size and metastasis 
in triple-negative breast cancer 80. It has been 
exhibited that TPC2 is associated with metabolic 
reprogramming in cancer cells 81. The findings have 
shown that TPC2 overcome glucose utilization for 
energy production in liver cancer cells. As depicted 
in Figure 3, the mechanism that TPC2 uses for this 
purpose is the regulation of the main mediator of 
glycolytic flux, namely hexokinase II (HK II). 
TPC2 KO results in diminished phosphorylation of 
HK II. Healthy cells convert glucose to pyruvate 
in the cytosol by glycolysis, then further oxidize 
it to carbon dioxide in mitochondria, while 
paradoxically, various cancer cells use aerobic 
glycolysis or the Warburg effect. At the time of 
TPC2 inhibition through pharmacological agents 
or gene KO of this channel, the examinations of 
extracellular flux have shown a shift towards lower 
glycolysis and, thus, liver cancer cells metabolic 
reprogramming was partially reversed 8.
TPCs and autophagy in cancer
 Autophagy is an essential cellular 
catabolism and recycling process that aims to 
maintain homeostasis where eukaryotic cells 
sequester unnecessary intracellular components, 
including damaged molecules, damaged organelles, 
and foreign materials, transported to lysosomes 
in vesicles for degradation 82,83. A plethora of 
evidence indicates the bipolar nature of autophagy 
in cancer. In the benign and tumor initiation 
stages, autophagy demonstrated a preventive role 
as a tumor-suppressive mechanism. As cancer 
progressed, this role changes from suppressing 
to promoting tumor development. Cancer cells 
expanded autophagy dependency as metabolic and 
biosynthetic requirement increases simultaneously 
82. A majority of studies have unveiled the link 
between autophagy and the hallmarks of cancer, 
including sustaining proliferation, epithelial-
mesenchymal transition, tissue invasion, and 
metastasis 84-93. Additionally, several investigations 
have reported the involvement of autophagy in 
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reprogramming Tumor metabolism, as well as 
resistance to therapy 94-111. The investigations have 
shown that both basal and induced autophagy is 
regulated by Ca2+ signaling 19. 
 Along with other calcium-permeable 
channels that have been implicated in the autophagy 
regulation of various cells, TPCs are also involved 
9,112. It has been reported that TPCs regulate 
autophagy either positively or negatively 71. The 
distinct performance of TPC is likely related to 
factors like cell type, protein expression, and cell 
condition. Lin et al 113 demonstrated that TPC2 
modulates the autophagy process in mouse skeletal 
muscle, in contrast to a previous study by Cang et 
al. 30 which suggested that both TPC1 and TPC2 
play no role in autophagy. This discrepancy could 
be due to various factors, including strategies used 
to develop the TPC KO mouse model, as well as the 
diets and husbandry of the animal 113. In the study 
by Lin and colleagues 113, increased autophagy-
flux and agglomeration  of microtubule-associated 
protein light chain 3 (LC3) proteins were observed. 
Besides, the authors also reported that loss of TPC2 

had caused an abnormality in lysosomal pH and 
acid enzymatic activity, which are important for 
the autophagy process. In agreement with Lu et al. 
114, this study showed that overexpression of TPC2 
had blocked the autophagosomal-lysosomal fusion 
in HeLa cells or mouse embryonic stem cells, 
resulting in the accumulation of autophagosomes. 
This is corroborated by the observation that cells 
lacking TPC2 either by knockdown technique or 
treatment with TPCs antagonist Ned-19 exhibited 
a low accumulation of autophagosomes. In line 
with this, researchers have detected that TPC2/
NAADP/Ca2+ signaling inhibits autophagy 
through lysosomal alkalinization 50,114. In the 4T1 
mouse breast and HeLa human cervical cancer 
cell lines, TPC2 overexpression has reduced the 
autophagosome-lysosome fusion and consequently 
led to the accumulation of LC3-II and syntaxin 
17 (STX17)-positive autophagosomes 19,71. By 
contrast, Pereira et al. 115 have found that TPC 
downregulation has inhibited the enhancement 
of glutamate-induced autophagic flux, a central 
nervous system excitatory neurotransmitter. They 

Fig. 1. Diagrammatic depiction of TPC1 role in cancer cell proliferation. Prior investigation has exhibited 
that TPC1 is stimulated by NAADP and supported cancer cell proliferation by phosphorylation of PI3K/AKT 
and ERK signaling pathways in mCRC cells. Therefore, inhibition of TPC1 by genetic method and using the 

pharmacological antagonist (Ned-19) decreased the phosphorylation of the abovementioned pathways and cancer 
cell proliferation simultaneously
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Fig. 2. Diagrammatic depiction of TPC2 role in metastatic melanoma. The previous finding showed that TPC2 
expression is reduced in the late stage of melanoma and is associated with increased aggressiveness of melanoma 
cells. Thus, TPC2 KO enhanced cancer metastasis and aggressiveness through activation of YAP/TAZ signaling 
pathways. It is also correlated with invasion and metastasis via YAP/TAZ-independent pathways by induction of 

some mesenchymal markers

have investigated the involvement of NAADP/
TPCs calcium signaling machinery in glutamate-
induced autophagy in rat astrocytes and SHSY5Y 
neuroblastoma cells. Remarkably, TPC inhibition 
by gene-silencing and application of NED-19 
have limited the glutamate-induced increase in 
autophagic flux in those cells. Hence, when the 
cells are treated with lysosomal inhibitors, the 
LC3-II levels in TPC-downregulated cells and cells 
with pretreatment of NED-19 are reduced or failed 
to increase.
TPCs and the cancer patients’ survival
 Individualized therapy is an effective 
strategy for the management of cancer particularly, 
aggressive cancers. Therefore, finding the 
predictive biomarkers is an important step to 
improve the selection for patients going for 
a precise treatment such as chemotherapy, 
targeted-agents, or immunotherapy according 
to their benefits. Previous studies have shown 

the correlation between calcium channel gene-
expression with cancer patients’ survival. For 
example, a high gene expression of three genes of 
L- and T-type calcium (CACNA1D, CACNA1F, 
and CACNA1H) was associated with poor survival 
of ovarian cancer patients 116. There is evidence 
that showed the direct or indirect contribution of 
TPCs to cancer-patients survival. The amplification 
of 11q13 occurs in a variety of malignancies, 
including half of all oral squamous cell carcinomas 
(OSCC), resulting in a poor outcome. Huang 
et al. 57 have found overexpression of multiple 
genes, including TPCN2, which contributed to 
the amplification of 11q13 and related to the poor 
outcome of cancer patients. D’Amore et al. 39 
have shown an inverse correlation of YAP/TAZ 
activity with TPC2 expression in SKCM. YAP and 
TAZ are transcriptional coactivators that regulate 
tumorigenesis processes in various cancers 117. 
Interestingly, YAP hyperactivity is related to a 
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Fig. 3. Diagrammatic depiction of TPC2 role in metabolic reprogramming in hepatoblastoma cells. Recent 
data have demonstrated that TPC2 plays a role in metabolic reprogramming and supports cancer cell growth. 

Mechanically, TPC2 activates HKII, which is a glycolytic enzyme, and consequently results in metabolic 
reprogramming. Inhibition of TPC2 via genetic deletion or using the pharmacological agent diminishes the HKII 

level and reverses metabolic reprogramming

weak cancer prognosis. Hence, by reducing or 
inhibiting TPC2 expression, YAP/TAZ activity 
is increased and consequently, cancer outcome 
is decreased 39. In contrast, Shivakumar et al. 
118 have described a direct association between 
TPCN2 expression and bladder cancer survival. 
The study discovered an epigenetic connection 
between DNA methylation and microRNA, which 
was linked to gene expression and might be used 
as a prognostic marker in bladder cancer. They 
found that inhibition of TPCN2 expression is 
highly associated with a better survival outcome 
19,49,118.  According to Li et al. 119 and Muller 8, a set 
of novel differentially expressed gene that predicts 
biochemical recurrence after prostatectomy has 
demonstrated a higher gene expression of TPC2, 
which is related to a poor survival probability of 
prostatic adenocarcinoma patients.
Targeting TPCs in cancer
 Owing to the importance of TPCs in 
physiological processes such as cell growth 
and pathophysiological conditions such as 
cancer progression, previous studies strongly 

recommend that TPC1 and TPC2 display suitable 
molecular targets. Hence, various pharmacological 
modulators of TPCs targeting the cancer cells are 
deeply reviewed 19,48,120. 
NED-19
 Ned-19 is a synthetic inhibitor of TPCs 
19, recognized for its importance in various 
conditions, including tumorigenesis, metastasis, 
Ebola infection, autophagy of hepatocytes during 
liver injury, and VEGF-induced angiogenesis 48. It 
is a membrane-permeant noncompetitive NAADP 
antagonist that acts selectively but indirectly 
similar to NAADP to exert its inhibitory effect on 
TPC 48. Originally, Naylor et al. 121 had recognized 
Ned-19 through ligand-based virtual screening 
targeted against NAADP. A majority of studies 
have demonstrated the antagonistic effect of Ned-
19 against TPCs via its effect on different hallmarks 
of cancer in various cancer models. For instance, 
the application of Ned-19 (250, 150 µmol/L) for 
8 and 16 h significantly diminished the migration 
of T24 and Huh7 cells 41. Ned-19 has also been 
shown to impair the invasion of T24 cells [41]. 
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In an in vivo mice model of breast cancer cells, 
Ned-19 (150 µmol/L for 24 hrs) has lessened the 
formation of lung metastasis 19. The in vitro and 
in vivo anti-angiogenic impact of Ned-19 (100 
µmol/L for 30 min, 25, 50, 100 µmol/L for 4 weeks) 
was observed in HUVECs and murine models 
64. In an in vitro model of mCRC cells, Ned-19 
(100µ mol/L for 30 min) has blocked TPC1 and 
consequently, reduced cancer cell proliferation 6. 
Furthermore, the treatment of Ned-19 (5 mg/kg 
for 4 weeks) has abolished the NAADP-induced 
Ca2+ release and decreased the tumor growth and 
vascularization of melanoma 40,61. Besides, the 
pretreatment of B16 cells with Ned-19 (25, 50, and 
100 ìmol/L for 30 min) has reduced N-cadherin 
and increased E-cadherin expression, modulating 
the cell migratory behavior and invasion ability 
of B16 cells. Moreover, the treatment of B16 cells 
with Ned-19 (25, 50, and 100 ìmol/L for 5 hr) has 
inhibited viability, proliferation, and expression of 
VEGFR2 in B16 melanoma cells 40. 
Tetrandrine
 Tetrandrine is a bisbenzytehahyd 
roisoquinoline alkaloid originally derived 
from Stephania tetrandra. Both extraction and 
chemical synthesis are the main sources of 
tetrandrine 8. This compound is reported to have 
numerous medicinal properties including anti-
inflammatory 122, antinociceptive 123, antifibrotic 
124,  antidepressant 125, and antiadipogenic effects 
126.  Pharmacologically, tetrandrine is classified 
as L-type Ca2+ channel blockers. It is one of the 
L-type Ca2+ channel blockers tested for activity 
against EBOV, apart from diltiazem, nimodipine, 
and verapamil. Compared to the aforementioned 
pharmacological agents, tetrandrine has exhibited 
the highest potency (IC50 = 55 nM) 48. Additionally, 
tetrandrine has also been reported to effectively 
prevented other infections directly acting on TPCs, 
including the MERS-CoV and SARS-CoV-2 viruses 
8. A plethora of studies have shown the inhibitory 
effect of tetrandrine on cancer hallmarks in different 
cell lines via TPCs blockade. For instance, the 
treatment with tetrandrine effectively inhibited the 
proliferation of VCR-R CEM cells (IC50: 5 – 15 
µM, 48 h) 56. Besides, it abolished the migration 
of cancer cells, including the T24 (15 mmol/L 
for 8 h), Huh7 (2.5 mmol/L for 8 h), and 4T1 (10 
mmol/L for 8 h) cells. Furthermore, tetrandrine (15 
mmol/L for 8 h) has impaired adhesion in T24 cells 

41. Moreover, in vivo administration of tetrandrine 
(10 mmol/L for 24 h) employing a mouse model of 
mammary cancer cells has reduced the formation 
of lung metastases 19,41. Furthermore, tetrandrine 
can abolish the metastatic ability of murine cancer 
cells in vitro and in vivo 41,48.  A more recent 
finding has shown the superiority of tetrandrine 
congeners over other known TPC2 inhibitors such 
as Ned-19, and naringenin in inhibiting cancer 
hallmarks, including the impairing of proliferation 
and proangiogenic signaling. The pharmacological 
efficacy of tetrandrine in various disease models, 
however, is limited by several shortcomings, 
including partly moderate inhibition of TPC2 (54% 
at 10 µM), the complexity of its structure, and its 
toxicities (hepatic and pulmonary toxicities) 8. 
Additionally, it has multiple targets that are limited 
in animal models and not yet applicable for clinical 
settings worldwide 120. 
Naringenin
 Naringenin (5,7-dihydroxy-2-(4-
hydroxyphenyl)chroman-4-one) is a naturally 
occurring flavonoid found primarily in fruits like 
grapes and oranges. This compound has been shown 
to possess various therapeutic properties, including 
antioxidant, anti-inflammatory, chemopreventive, 
and antidegenerative 127, as well as antiangiogenic 
128. Pre-clinical investigations have demonstrated 
that naringenin and its precursor naringin have the 
potential to treat a wide range of metabolic and 
cardiovascular disorders 129. The chemopreventive 
and antitumor effects of naringenin have also 
been displayed in multiple experimental models 
of cancers, including breast 130, oral 131, and colon 
132. Interestingly, naringenin has been proposed 
to serve as a potential pharmacological weapon 
against coronavirus infection 133,134. Recently, 
naringenin has been introduced as a novel inhibitor 
of TPC1 and TPC2 63. The authors used HUVEC 
cells to demonstrate that naringenin inhibits VEGF-
dependent Ca2+ signaling. The cells were pretreated 
with varying doses of naringenin followed by 
stimulation with 100 ng/mL VEGF to induce Ca2+ 
release. Naringenin with an IC50 of roughly 200 
ìM, considerably attenuated Ca2+ mobilization in 
a dose-dependent and reversible manner.
 Further analysis using Ca2+ imaging 
experiments showed that naringenin did not 
significantly impair the phosphorylation of 
VEGFR2, which confirmed that the inhibition 
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occurs downstream of the receptor. Additionally, 
naringenin’s action is also limited to NAADP-
mediated Ca2+ release as shown by disruption of 
histamine-evoked Ca2+ release which is NAAADP/
TPC2-dependent. Similarly, a significant reduction 
of intracellular Ca2+ release induced by NAADP-
AM, the cell-permeable form of NAADP, was also 
observed with 500 and 1000 uM of naringenin. 
Whilst no effect was detected on ATP-evoked 
Ca2+ release, which is IP3-dependent and NAADP-
independent. The selectivity of naringenin on the 
NAADP/TPC2 pathway was further corroborated 
by the application of Ang-1, an angiogenic agonist 
known to stimulate Ca2+ release independent of 
NAADP. The results showed that the mobilization 
of Ca2+ by Ang-1 was not altered by either 500 or 
1000 uM of naringenin.        
Novel antagonists 
 Due to the toxicity of tetrandrine in 
animals, Müller et al. 56 have synthesized a library 
of bisbenzylisoquinoline derivatives (BBIQDs) 
to screen for novel antagonists of TPCs with less 
toxicity. Two small molecules hit were identified 
from this screening, namely SG-005 and SG-094. 
Using the whole endolysosomal patch-clamp 
method, the authors tested the efficacy of these 
two molecules in inhibiting TPC2 function. SG-
005 showed similar potency with tetrandrine with 
50% reduction of TPC2 density. Meanwhile, SG-
094 exhibited higher potency with 70% reduction. 
These novel inhibitors have some advantages 
over tetrandrine, including the simplification 
in the synthesis, similar or improved inhibition 
(SG-094: 75% at 10 µM; SG-005: 44% at 10 
µM) of PI (3,5)-P2-evoked TPC2 currents and, 
comparable or more potent antiproliferative 
activities against multiple cancer cell lines 8. An 
extreme antiproliferative effect on RIL175 cells 
was observed with administration of SG-005 (IC50: 
2.4 µM) and SG-094 (IC50: 3.7 µM), compared to 
tetrandrine (IC50: 9.1µM) 8. The authors also showed 
that both SG-005 and SG-094 considerably outdid 
the performance of Ned-19 and naringenin, which 
failed to exhibit antiproliferative activities even at a 
concentration of more than 75 µM. Another in vitro 
study using VCR-R CEM demonstrated the efficacy 
(IC50: 5 – 15 µM, 48 h) of SG-005 and SG-094 in 
impeding the proliferation of this cell line 56. Müller 
8 also reported that a far lower dose of SG-005 and 
SG-094 (10 µM each) was enough to prevent the 

phosphorylation of VEGFR2 downstream targets 
when tetrandrine showed no significant effect. 
Additionally, a higher dose of NED-19 (100 µM) 
and naringenin (500 µM) were required to prevent 
VEGF-induced vessel formation. The toxicity 
of both SG-005 and SG-094 was also evaluated 
in vitro and in vivo. Müller et al. 56 performed 
propidium iodide exclusion assays on peripheral 
blood mononuclear cells (PBMCs, n = 3 healthy 
donors) and demonstrated reduced toxicity of SG-
094 (< 5% dead cells) compared to tetrandrine and 
SG-005 (25% dead cells). Moreover, SG-094 was 
also shown to be well tolerated when applied to a 
mouse model (90 nmol/kg/d) for three consecutive 
days. 
 Another two novel inhibitors of TPC2 
recently identified were flavonoids MT-8 and 
UM-9 135. MT-8, an O-methylated isoflavone, 
called pratensein, and UM-9, a tri-O-methylated 
isoflavan, also called duartin, are isolated from 
Dalbergia parviflora, a plant native to tropical 
countries like Myanmar, Thailand, Malaysia, and 
Indonesia. Using HEK293 cells overexpressed 
TPC2 or TRPML1, Netcharoensirisuk et al. 135 
revealed the specific inhibitory effects of both 
compounds on TPC2 but not TRPML1. Both 
compounds were also shown to be more potent 
than naringenin (IC50 (naringenin) = 74 ± 9 µM; 
IC50 (MT-8) = 2.6 ± 0.3 µM; IC50 (UM-9) = 9.5 ± 
2.8). MT-8 and UM-9 significantly attenuated the 
proliferation, invasion, and migration of wt MNT-
1 human melanoma cells. In contrast, no effect 
was observed on the proliferation, invasion, and 
migration of TPC2 KO MNT-1 cells. Collectively, 
these data confirmed the specificity of both 
compounds on TPC2.              
TPCs antagonists and chemoresistance 
 Chemotherapy and targeted therapy are 
standard methods for tumor management. However, 
resistance development of malignant cells against 
the therapeutic agents consequently leads to the 
failure of the treatment. Mechanically, general 
mechanisms and drug-specific are associated with 
the development of tumor drug resistance 136. 
Hence, chemoresistance is a critical factor that 
drives tumor relapse and cancer-related mortalities 
137. Chemoresistance enables cancer cells to survive 
in the presence of therapeutics. It is a significant 
challenge that oncology investigation looks for 
to understand and overcome. Multiple molecular 
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mechanisms regarding the promotion of cancer cells 
survival and avoidance of apoptosis in response to 
commonly used chemotherapeutics have been 
recognized, including various sets of signaling 
pathways for promoting chemoresistance 138. Ca2+ 
signaling emerges to be a key contributor to the 
cytotoxic effects of chemotherapy. A large number 
of chemotherapeutic agents provoke rapid onset 
of cytosolic Ca2+ rise. Diverse chemotherapeutic 
agents depend upon a Ca2+ signaling component for 
inducing neoplastic cell death. Thus, modulation 
of  Ca2+ signaling can (re)sensitize or increase the 
responsiveness of cancer cells to chemotherapeutics 
139. The correlation of chemoresistance with Ca2+ 
channel activity has been recognized since the 80s. 
Several Ca2+ channels have been associated with 
cancer cell resistance, and the blockade of Ca2+ 
channels was correlated with the improvement 
of anticancer drug cytotoxicity 139. More recent 
findings declared the implication of TPCs/Ca2+ 
machinery in chemoresistance. Novel inhibitors 
of TPCs, SG-094 and SG-005 overcome cancer-
chemoresistance by inhibiting the efflux transporter 
p-glycoproteins. P-glycoproteins are the main 
source of resistance to standard cancer therapeutics 
and treatment failure due to the enhanced efflux of 
cytotoxic drugs 140. Müller et al. 56 demonstrated 
that inhibition of TPCs by a genetic-KO system 
or using pharmacological antagonists had boosted 
cancer cells’ sensitivity to chemotherapy. KO of 
TPC2 in VCR-R CEM cells significantly increases 
the sensitivity of the cells to vincristine compared 
to the wt. The proliferation of TPC2 KO VCR-R 
CEM cells is greatly reduced in the presence of 
a lower concentration of vincristine (IC50 wt: 3.3 
µM, IC50 KO: 1.6 µM, 72 h). Similarly, a lower 
concentration of vincristine is required to induce 
apoptosis in TPC2 KO VCR-R CEM cells (EC50 
wt: 3.0 µM, EC50 KO: 1.7 µM, 48 h). Moreover, 
combination treatment of vincristine (0.01 and 0.1 
µM) with tetrandrine, SG-94 or SG-005 (1 and 5 
µM) synergistically enhanced treatment response 
of the wt VCR-R CEM cells and B-cell acute 
lymphoblastic leukemia (B-ALL) patient-derived 
xenograft (PDX) cells from a relapse patient. 
Hence, VCR-R CEM cells’ chemoresistance 
toward vincristine is effectively reversed by using 
vincristine and TPCs inhibitors as a combination 
therapy. Furthermore, TPC2 inhibitors including, 
well known antagonist tetrandrine, and novel 

agents SG-094 and SG-005 markedly sensitized 
sorafenib-resistant liver tumor cells and elevated 
the sensitivity of sorafenib-resistant liver tumor 
cells to sorafenib. Seco-analogs SG-094, and 
SG-005 compared to tetrandrine possessed lower 
toxicity to PBMCs and non-malignant hepatocytes. 
Hence, these seco-analogs potentially form novel 
and safe alternatives and could be an effective 
strategy to reverse multidrug resistance in cancer 
8.

CoNCLusIoN

 This review summarizes the leading roles 
of TPCs/Ca2+ signaling machinery in multiple cancer 
hallmarks, namely, cell proliferation, angiogenesis, 
migration, invasion, metastasis, and metabolic 
reprogramming. Furthermore, it demonstrates 
TPCs connection with chemoresistance and 
autophagy in cancer. It shows the intersections 
between TPCs and cancer patients’ survival which 
identifies TPCs as cancer biomarkers and cancer 
drivers. Additionally, pharmacological inhibitors 
of TPCs were also discussed, suggesting the 
potential of TPCs as a pharmacological target 
for various diseases, including cancer. Further 
research in this field is required to understand the 
exact mechanisms of the role of TPCs in cancer. 
Thorough mechanism-based pharmacology, 
metabolism, and pharmacokinetic evaluation 
on pharmacological inhibitors of TPCs are also 
warranted. Additionally, comprehensive toxicity 
assessments, especially long-term toxicity; in in 
vivo studies need to be performed. This includes 
the safety and toxicity evaluation of these agents 
for use in humans.
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