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Abstract 

Two-pore channels (TPCs) are a ubiquitous class of Ca2+- and Na+-permeable ion 

channels expressed within the endo-lysosomal system. They have emerged as central 

regulators of a wide array of physiological processes intimately linked to information 

processing. In this short review, we highlight how molecular and chemical strategies 

have uncovered multiple roles for TPCs in regulating various aspects of endo-

lysosomal trafficking associated with disease. We summarise advances in the 

identification of new small molecules to pharmacologically target TPCs for medical 

benefit. Lastly, we discuss possible underpinning molecular mechanism(s) that 

translate TPC-mediated ionic fluxes to function.  
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Introduction 

TPCs are evolutionarily ancient cation channels that reside on acidic organelles [1, 2]. Humans 
possess two isoforms - TPC1 and TPC2, that are ubiquitously expressed through the endo-
lysosomal system and associated structures such as lysosome-related organelles [3-5]. The 
endo-lysosomal system is a ‘super highway’ that connects the cell to its extracellular 
environment through a highly dynamic collection of vesicles that communicate not only with 
each other [6] but also with other organelles such as the Golgi apparatus and the endoplasmic 
reticulum (ER) [7]. TPCs are thought to play key roles in regulating aspects of this 
communication through their ability to modulate cation flux. However, there has been some 
confusion regarding the activating stimuli and permeability properties of TPCs. On the one 
hand, TPCs are evidently activated by the Ca2+ mobilizing messenger NAADP, which has long 
been known to mobilize acidic stores of Ca2+ [3, 4, 8]. On the other hand, evidence suggests 
TPCs are Na+ channels gated directly by the endo-lysosomal phosphoinositide PI(3,5)P2 [9, 
10]. A recent study has clarified this issue by showing that TPCs are highly unusual in 
switching their ion selectivity in an agonist-dependent manner [11]. Thus, in the presence of 
NAADP, TPCs behave as non-selective Ca2+-permeable channels, whereas in the presence 
of PI(3,5)P2, they are Na+-selective – a switch that can be phenocopied by novel cell 
permeable small molecules [11]. The fact that both Ca2+ and PI(3,5)P2 are implicated in endo-
lysosomal trafficking highlights the potential of TPCs as key regulators of information flow [12]. 
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Here, we summarise recent work implicating TPCs in endo-lysosomal trafficking in both health 
and disease. 

 

TPCs and endo-lysosomal morphology 

Form and function are inextricably linked, thus, changes in the endo-lysosomal morphology 
can signal lysosomal malaise. This is well exemplified by the biomarker potential of an 
increase in the relative volume of acidic compartments in lysosomal storage diseases [13]. 
Over-expression of TPC2, but not TPC1, causes enlargement and clustering of endocytic 
organelles in Xenopus oocytes and is associated with aberrant trafficking of pigment granules 
[14]. Notably, the effects were reversed by the fast Ca2+ chelator, BAPTA, but not the slower 
Ca2+ chelator, EGTA, suggesting a role for local Ca2+ fluxes. Here, differences in the location 
of the channels appears to underlie isoform specificity, i.e. the phenotype can be recapitulated 
by a chimeric channel in which the N-terminus of TPC1 is replaced with the N-terminus of 
TPC2 that contains a lysosomal targeting sequence [14, 15]. 

Aberrant morphology of the endo-lysosomal system is also a feature of human cells over-
expressing TPC2, and fibroblasts derived from people with Parkinson’s disease caused by the 
G2019S mutation in the Parkinson’s related protein, LRRK2 [16, 17]. The latter adds to the 
growing body of evidence pointing to Parkinson’s being a lysosomal disease [18]. Importantly, 
this particular phenotype could be reversed by molecular silencing of TPC2 or NAADP 
antagonism [17]. As with studies in Xenopus, there was a selective dependence on TPC2 and 
local Ca2+ signals [17]. Collectively, these studies suggest that increased TPC2 activity, be it 
forced or pathological, has profound effects on the structure of endocytic organelles which, in 
turn, is likely to impact lysosomal functions. 

 

TPCs and the vesicular trafficking of receptors and protein toxins 

Cell homeostasis is dependent on the ongoing, bidirectional flow of information between the 
plasma membrane and the cell interior. This includes pathways that mediate the trafficking of 
internalised cell surface receptors. In this context, EGF receptors and LDL receptors have 
been shown to accumulate in late endosomes in TPC2-deficient cells [19]. Mis-trafficking of 
the latter is likely to account for the non-alcoholic fatty liver disease-like symptoms observed 
in TPC2 knockout mice fed a cholesterol-rich diet [19]. Knockout of TPC2 also modestly delays 
the trafficking of PDGF receptors [20]. In this study, the effects were isoform-specific as 
knockout of TPC1 had little effect. Additionally, knockdown of either TPC1 or TPC2 results in 
accumulation of integrins in early endosomes [21]. This effect likely contributes to the reduced 
adhesion and migration of cancer cell lines and metastatic tumour formation in vivo [21]. 

Receptor endocytosis is often hijacked by protein toxins and other pathogens to gain entry 
into cells. TPC1, but not TPC2, knockout impeded trafficking of cholera toxin to the Golgi 
apparatus [20]. This effect is reminiscent of overexpression studies of sea urchin TPC1 which 
also perturbed cholera toxin trafficking [16]. However, in an independent study knockout of 
TPC1 had only modest effects on cholera toxin-induced cyclic AMP production [22]. TPC1 
knockout reduced the trafficking and downstream effects of a number of so called ‘short trip’ 
bacterial toxins, such as anthrax and diphtheria toxins, that enter cells through early endocytic 
compartments [22].  

In summary, multiple studies show that TPCs regulate the transit and biological activity of a 
number of receptors and cargoes that enter cells through receptor-mediated endocytosis, 
often in an isoform-selective manner (Figure 1). It remains to be seen how extensively this 
applies to other endocytic cargoes. 

 

TPCs and the trafficking of viruses 

In recent years, TPCs have emerged as novel host factors supporting infection by clinically 
relevant viral pathogens. Sakurai et al. demonstrated that disrupting TPC function, molecularly 
or pharmacologically, prevents the cellular entry of Ebola virus (EBOV) [23]. Knock down or 
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knockout of either TPC isoform, as well as overexpression of a dominant negative TPC2 pore 
mutant inhibited EBOV escape from the endosomal network. Similarly, the NAADP antagonist 
Ned-19 and a range of voltage-gated Ca2+ channel blockers inhibited EBOV infection in vitro. 
Of the latter, the plant-derived alkaloid tetrandrine appeared to be the most potent blocker of 
EBOV entry with half-maximal inhibitory concentration (IC50) in the nanomolar range. Notably, 
tetrandrine is a potent blocker of TPCs and showed therapeutic efficacy against EBOV in an 
in vivo mouse model [23].  

More recent work by Marchant and colleagues [24] suggested that the intracellular trafficking 
and subsequent infection of another enveloped RNA virus - MERS-CoV, is also reliant on TPC 
activity. Loss of function analyses revealed that TPC knock down impairs MERS-CoV 
pseudovirus translocation along the endocytic system. Furthermore, overexpression of TPC1 
or TPC2 also led to significant reduction in translocation events. The observed inhibitory 
effects were strongly influenced by the correct subcellular distribution of the channels as 
overexpression of a functionally active TPC2 re-routed to the plasma membrane had no 
notable effect on MERS-CoV pseudovirus infectivity. Importantly, knock down and 
overexpression of a distinct lysosomal Ca2+ channel – TRPML1, exerted no inhibitory effects, 
thus attesting to specificity. A number of bisbenzylisoquinoline alkaloids related to tetrandrine, 
which were demonstrated to inhibit NAADP-evoked Ca2+ release in intact cells, also potently 
impaired the pseudovirus progression through the endosomal network [24]. Tetrandrine also 
blocks SARS-CoV-2 pseudo-virus infection [25] pointing to a general requirement for TPCs in 
Coronavirus infection  

TPCs were also found to regulate the endo-lysosomal escape of the HIV-1 encoded Tat 
peptide [26]. Following secretion from infected cells, Tat enters uninfected cells via receptor-
mediated endocytosis and transits to the nucleus to enhance gene transcription. Khan et al. 
demonstrated that drug-induced blockade or molecular silencing of TPCs but not TRPML1 
prevents Tat from escaping endocytic compartments [26]. Further investigations using more 
biologically relevant systems are needed to determine whether blockade of TPCs has 
therapeutic potential against HIV-1.  

Collectively, TPCs have emerged as common host factors exploited by a number of non-
related viral pathogens (Figure 1).  

 

TPCs and non-vesicular traffic 

A hallmark of NAADP-mediated Ca2+ signalling is its global nature, resulting from amplification 
of local Ca2+ signals deriving from acidic Ca2+ stores by ER Ca2+ channels [27]. It has been 
long proposed that such inter-organellar communication occurs at membrane contact sites 
between the acidic organelles and the ER [28]. Both endosome-ER and lysosome-ER contacts 
are readily identifiable by EM and abundant [29, 30]. Importantly, a recent study has provided 
evidence that local ‘constitutive’ NAADP-mediated Ca2+ signals may act to strengthen contacts 
between late endosomes and the ER [31]. Previously, such contacts have been shown to 
promote de-phosphorylation of endosome-associated internalised EGF receptors by an ER-
localised phosphatase [29]. Disruption of contacts, by interfering with NAADP signalling either 
molecularly (through knock down of TPC1 but not TPC2) or chemically with Ned-19, can delay 
de-phosphorylation resulting in EGF receptor hyperactivation [31]. This was again associated 
with profound changes in endo-lysosomal morphology. As contact sites are formed without 
membrane fusion, this work links TPCs to non-vesicular traffic and provides scope for 
investigating Ca2+ fluxes in the control of lipid transfer that is heavily reliant on inter-organelle 
contact sites [32]. 

 

The TPC interactome - towards mechanism 

How do TPCs regulate the various aspects of membrane traffic discussed above? The TPC 
interactome is providing some key insights. To date, three studies have taken unbiased 
approaches to define proteins that associate with TPC1, TPC2 or both [14, 19, 22] (reviewed 
in [33]). One common feature that emerges is the interaction of TPCs with SNARE proteins 
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that regulate membrane fusion. These include both Q- and R-SNARES, such as syntaxins 
and VAMP isoforms. Such associations are consistent with a role for TPCs in vesicular fusion, 
which could potentially account for TPC2-dependent lysosomal expansion [14, 17] and TPC2-
dependent lysosomal exocytosis [34]. A notable omission from these data sets is the 
synaptotagmins that serve as Ca2+ sensors for fusion elsewhere. 

 

A fusogenic role for TPCs could underlie the halted transit of internalised receptors, protein 
toxins and viruses upon TPC blockade. The identity of the compartment(s) in which cargoes 
stall is unclear at present. For EBOV, there is evidence both for [35] and against [23] the virus 
accumulating in TPC2-positive compartments that are also positive for NPC1, an essential 
host factor for EBOV fusion. Additionally, we know little of the relationship between this 
compartment and compartments that accumulate receptors and protein toxins in the absence 
of TPC activity. 

 

TPC2 also associates with a number of Rab proteins, including the endo-lysosomal Rab - 
Rab7, through an identified binding site in its N-terminus [14]. Rab proteins are key regulators 
of both vesicular and non-vesicular traffic [36]. Consequently, TPC2 might act as a Rab 
effector. Consistent with this, mutant channels unable to bind Rabs are less able to support 
NAADP-evoked Ca2+ signals [14]. Furthermore, morphology defects associated with TPC2 
overexpression and mutant LRRK2 are reversed by Rab7 inhibition [14, 17]. Rab7 and several 
isoforms of the annexin family of Ca2+ binding proteins associate with TPCs and regulate 
contact site formation between endocytic compartments and the ER [37, 38]. These interactors 
could thus act upstream and downstream of TPCs, respectively to direct non-vesicular traffic. 

 

Interestingly, Gunaratne et al. provided several lines of evidence indicating that interfering with 
TPC action impairs the activity of furin, a Ca2+- dependent endoprotease, which may mediate 
the proteolytic priming of MERS virus spike protein [24]. This could underpin the decrease in 
MERS pseudovirus entry upon TPC blockade. However, furin is reportedly dispensable for the 
activation of MERS-CoV envelope protein [39]. Moreover, this mechanism is unlikely to apply 
to EBOV fusion/entry since EBOV glycoprotein (GP) is processed by endogenous cathepsins 
rather than furin [40]. Additionally, tetrandrine and Ned-19 efficiently block the entry of EBOV 
virus-like particles (VLPs) bearing cleaved GP, suggesting that TPCs regulate a step distal to 
proteolysis [23]. 

 

In summary, TPCs likely regulate both vesicular and non-vesicular trafficking through physical 
association with regulatory proteins but further work is required to fully define these 
interactions and relate them to Ca2+ fluxes. 

 

Chemical targeting of TPCs 

Despite the increasingly recognised pathophysiological significance of TPCs [41], their 
pharmacology is poorly defined. The fact that TPCs are essential host factors required by 
EBOV and MERS-CoV to enter target cells is significant. This is because the available 
literature on viral entry blockers offers a rich source of potential TPC modulators since some 
of the compounds with unknown mechanisms of action may elicit their antiviral effects through 
inhibition of TPCs.  

 

In this context, Penny et al. screened a library of FDA-approved drugs against an in silico 
model of TPC2 to identify lead compounds targeting the pore region of the channel [42]. To 
further refine the hits from the virtual screen, the highest-ranking compounds were compared 
with the hits from two independent high-throughput screens for EBOV antivirals [43, 44]. This 
cross-referencing returned drugs targeting oestrogen and dopamine receptors as common 
hits [42]. The selected hits inhibited endogenous NAADP-evoked Ca2+ release and TPC2 

Jo
ur

na
l P

re
-p

ro
of



channel activity. Mechanistically, the drugs behaved as TPC2 pore blockers, reducing the 
mean open time of the channel. Notably, the relative potency of the drugs in 
electrophysiological studies directly correlated with their potencies for inhibition of EBOV VLP 
entry [42]. Gunaratne et al. undertook an independent screening campaign using sea urchin 
egg homogenates and identified several novel inhibitors of NAADP-dependent Ca2+ signalling 
that were active in mammalian cells [45]. Importantly, the compounds blocked NAADP-evoked 
Ca2+ signals and MERS-CoV pseudovirus translocation with similar potencies [24]. Whether 
these compounds act directly on TPCs remains to be established. 

 

Collectively, these findings underscore the importance of NAADP signalling through TPCs in 
viral entry and uncover novel blocking drugs for manipulating TPC-dependent trafficking 
events. 

 

Outlook 

To date most of the effects of TPCs have been ascribed to local Ca2+ fluxes. However, the 
downstream effectors that translate these fluxes to function are largely unknown. Further 
mining of TPC interactomes and functional validation is thus warranted not least due to their 
potential in combatting disease. Moreover, the permeability of the channels to Na+, associated 
with activation by PI(3,5)P2, in a functional context is still largely unexplored. Early work 
suggested that TPCs are tonically inhibited by the nutrient sensing protein kinase mTOR under 
nutrient replete conditions but become activated during starvation to regulate the lysosome 
membrane potential through Na+ permeability [46]. This in turn was proposed to maintain 
lysosomal H+, amino acid flux and exercise endurance in vivo. Recent work suggests an 
additional role for TPC-associated Na+ flux in regulating the volume of macropinosomes [47]. 
This osmoregulatory role may apply more generally to the endocytic system and associated 
trafficking functions. Recent work also suggests that Na+ flux through TPCs may selectively 
couple to lysosomal exocytosis [11], even though this process is thought to be Ca2+-dependent 
[12]. Understanding and maintaining endocytic wellbeing necessitates teasing apart fluxes of 
Ca2+ and Na+ in endocytic trafficking, defining molecularly the sequelae of events that these 
fluxes initiate, and developing strategies for their selective manipulation.  
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Figure 1. Schematic illustrating distinct TPC-dependent membrane trafficking events. TPCs 
have been implicated in the trafficking of internalised proteins including cell-surface receptors 
and integrins through early, late and recycling endosomes, and strengthening of membrane 
contact sites between endosomes and the endoplasmic reticulum (left). They also regulate 
trafficking of protein toxins, viruses and viral proteins, and the secretion of enzymes and 
proteins to the extracellular matrix (right).  
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