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Abstract

Recent interest in two-pore channels (TPCs) has resulted in a variety of studies dealing with the
functional role and mechanism of action of these endo-lysosomal proteins in diverse physiological
processes. With the availability of mouse lines harbouring mutant alleles for 7pcn/and/or Tpcn2
genes, several studies have made use of them to validate, consolidate and discover new roles for
these channels not only at the cellular level but, importantly, also at the level of the whole
organism. The different mutant mouse lines that have been used were derived from distinct genetic
manipulation strategies, with the aim of knocking out expression of TPC proteins. However, the
expression of different residual TPC sequences predicted to occur in these mutant mouse lines,
together with the varied degree to which the effects on 7pcnexpression have been studied, makes
it important to assess the true knockout status of some of the lines. In this review we summarize
these 7pcn mutant mouse lines with regard to their predicted effect on 7pcrn expression and the
extent to which they have been characterized. Additionally, we discuss how results derived from
studies using these 7pcn mutant mouse lines have consolidated previously proposed roles for
TPCs, such as mediators of NAADP signalling, endo-lysosomal functions, and pancreatic g cell
physiology. We will also review how they have been instrumental in the assignment of new
physiological roles for these cation channels in processes such as membrane electrical excitability,
neoangiogenesis, viral infection and brown adipose tissue and heart function, revealing, in some
cases, a specific contribution of a particular TPC isoform.
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Introduction

The endo-lysosomal two-pore channels (TPCs) have recently been the focus of intense
scrutiny regarding their proposed role in the Ca2*-signalling pathway regulated by the
second messenger nicotinic acid adenine dinucleotide phosphate (NAADP) (Jentsch et al.,
2015; Morgan and Galione, 2014).

Originally cloned in 2000 by way of their homology with voltage-gated Ca2* and Na*-
channels (Ishibashi et al., 2000), it took almost a decade for a role for TPCs to emerge in
animals with the proposal that they were the long sought after intracellular Ca2*-permeable
channel regulated by NAADP (Brailoiu et al., 2009; Calcraft et al., 2009; Zong et al., 2009).
Since then, many reports have supported a role for TPCs in NAADP-regulated Ca2* release
(Morgan et al., 2015) and in a variety of Ca2*-dependent physiological responses such as
muscle contraction, hormone secretion, fertilization and differentiation (Kelu et al., 2015;
Park et al., 2015; Parrington and Tunn, 2014; Patel, 2015). More recently however, a role for
TPCs as mediators of NAADP-regulated Ca2* release has been questioned, and instead,
TPCs have been proposed to be Na*-channels regulated by phosphatidylinositol (3,5)-
bisphosphate (P1(3,5)P,) (Wang et al., 2012). This suggestion has prompted a flurry of
studies that have, on the one hand, reaffirmed the status of TPC proteins as integral
components of NAADP-regulated Ca%* release, while at the same time providing new
insights into their role in mediating different cation currents across endo-lysosomal
membranes (Morgan and Galione, 2014; Patel, 2015).

The use of several mutant 7pcrn mouse lines that have been developed with the aim of
knocking out 7pcn expression, has been important in confirming and revealing modes of
regulation and properties of TPC proteins, and uncovering new roles for TPC proteins in
physiological processes, both at the cellular and whole-organism levels (Arndt et al., 2014;
Arredouani et al., 2015; Calcraft et al., 2009; Cang et al., 2013, 2014a; Capel et al., 2015;
Davidson et al., 2015; Favia et al., 2014; Gerasimenko et al., 2015; Grimm et al., 2014; Lear
etal., 2015; Lin et al., 2015; Lin-Moshier et al., 2012; Ruas et al., 2014, 2015a; Sakurai et
al., 2015; Tsaih et al., 2014; Tugba Durlu-Kandilci et al., 2010; Wang et al., 2012). However,
validation of these mutant lines as TPC knockouts has not always been as thorough as
necessary to draw compelling conclusions from such studies. This is partly because some
studies have not assessed the impact of gene targeting upon 7pcn expression in putative
knockout lines by experimental means, and partly because they have not taken into account
the possibility of alternative expressed forms of 7pcrn mRNAs in the mouse.

Mouse Tpcn Genes and Proteins Structures

The TPCN gene family is a member of the superfamily of voltage-gated cation channels
(Galione et al., 2009) composed of three homologs (7PCN1, TPCNZ2and TPCN3) that have
originated by gene duplication from a common ancestral gene (Rahman et al., 2014).
TPCN3is not present in all 7PCN-containing species, being absent in species such as
humans and mice due to deletion of vast relevant gene sequences (Cai and Patel, 2010).
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The deduced primary structure of TPC protein isoforms, that share an overall amino acid
sequence identity of 27% (for mouse TPC1 and TPC2), is organized in two domains
containing six transmembrane segments each, and are therefore considered to be structurally
placed between the four-domain voltage-gated cation channels and the single-domain TRP
channels. Based on their domainorganization similarity with the superfamily of voltagegated
cation channels (Long et al., 2005), they are thought to dimerize (forming either
homodimers or heterodimers (Churamani et al., 2012; Rietdorf et al., 2011)) to form a
channel with the pore being lined by transmembrane segments S5 and S6 and the N- and C-
terminal tails facing the cytosol (Hooper et al., 2011) (Fig. 1).

The mouse 7pcnl gene (GenelD: 252972; MGI: 2182472) is located on Chromosome 5
within a region syntenic to human Chromosome 12. It spans approximately 54.5 kbp with a
total number of 28 exons (based on MRNA RefSeq NM_145853) (Fig. 2(A)). The
percentage of identity amongst 7pcni orthologs within the Euteleostomi (bony vertebrates)
clade, range from 65.3-99.4% at the DNA level and 70.1-99.8% at the protein level (Fig.
3(A)), and in particular the mouse TPC1 protein is 90.9% identical to the human ortholog.
Expression analysis for 7pcn based on northern blotting of rat and mouse tissue (Ishibashi
et al., 2000; Zong et al., 2009) has revealed two major mRNA forms. These are likely to
correspond to two isoforms, 7pcnlAand TpcnliB; the shorter 7TpenlB isoform has been
recently suggested to arise from an alternative promoter situated just upstream from exon 3
(Ruas et al., 2014). The extent of TPC1B’s contribution to TPC-mediated events has not
been thoroughly evaluated but although this variant TPC1 protein does not appear to mediate
PI(3,5)P,-regulated Na* -currents (Wang et al., 2012), it has been shown to still retain some
functionality in terms of NAADP-regulation of Ca2*-release (Ruas et al., 2015a).

The mouse 7pcnZ2gene (Gene ID: 233979; MGI 2385297) is located on chromosome 7,
within a region syntenic to human Chromosome 11. It spans 30.0 kbp with a total number of
25 exons (based on mRNA RefSeq NM_146206) (Fig. 2(B)). The overall identity between
Tpcn2 orthologs within Euteleostomi species is somewhat lower than amongst the 7pcnl
orthologs, ranging from 58.9-97.7% at the DNA level and 54.3-96.9% at the protein level
(Fig. 3(B)). The mouse TPC2 protein is 75.3% identical to its human ortholog.

Gene Disruption Models

Genetically modified animals have been invaluable tools for investigating the role of specific
genes in cellular pathways and whole-animal physiology, and to create models of human
diseases. Amongst mammals, genetically modified mice have gained particular prominence
because of the availability of mouse embryonic stem (ES) cell lines and their amenability to
integration of extra genetic information into their genome, either randomly or in a targeted
manner. However, this is likely to change as new gene-editing techniques, such as ZFNs
(zinc finger nucleases), TALENS (transcription activator-like effector nucleases), and in
particular CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9, have
proven to be efficient tools that allow hereditable gene disruptions in humerous species,
including different mammalian species, to be achieved both rapidly and economically
(Doudna and Charpentier, 2014).
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High-throughput strategies have also been employed to generate a vast amount of different
mouse ES cell lines with disruptions in specific genes and with the potential to cover all
mouse genes (Guan et al., 2010). These initiatives have employed several gene-disruption
strategies such as:

@ gene trap, where transcription-disruptive cassettes, carrying splice acceptor
(SA) sequences and polyadenylation (pA) signals, are inserted randomly into
introns and result in the premature termination of translation and the
consequent generation of truncated proteins (Fig. 4(A));

(b) gene-targeted approaches, by replacement of specific exonic sequences with
disruptive cassettes for premature termination (Fig. 4(B)); or

(© targeted deletion of exonic sequences, using site-specific recombination
strategies such as the Cre//oxP system, resulting in removal of exons
containing the initiation codon, or creation of premature translation termination
caused by frameshift induced by exon removal (Fig. 4(C)).

These resources have resulted in a large number of ES cell lines for creation of mutant
mouse lines characterized by loss-of-function, partial and conditional expression, and gene-
expression reporters.

Several different ES cell or mouse lines carrying mutations in 7pcni and 7pcnZ alleles have
been created either by consortium-led or independent initiatives. The mutant lines that have
been used so far are described below, including the predicted consequences of such gene
disruption strategies on 7pcn expression. Wherever possible, we will follow the guidelines
for nomenclature of mouse mutants set by the International Committee on Standardized
Genetic Nomenclature for Mice (http://www.informatics.jax.org/mgihome/nomen/
gene.shtml).

Tpcnl Mutant Lines

Tpcn1CGUXG716)BYg__This ES cell line created by BayGenomics carries a mutant 7pcrnl
allele by gene-trap insertion in the intron between exons 2 and 3 and it was used to create
homozygote mice for the mutant allele (Ruas et al., 2014) (Fig. 5(A)). The gene-trap cassette
carried in this line is a promoterless gene trap containing a reporter/selection gene (5-geo, a
fusion between S-galactosidase (lacZ) and neomycin transferase (NeoR) coding sequences)
flanked by a SA sequence and a pA signal. When recognized by the splicing machinery, the
presence of the exogenous SA will result in production of a trapped fusion transcript of
exons 1-2 together with the reporter 5-geo sequence; the presence of the pA signal will
ensure termination of the transcript just downstream from the reporter sequence. Expression
of this trapped transcript is driven by the endogenous 7pcni promoter and can therefore be
used to track spatial and temporal expression of 7pcni. Additionally, the presence of /ox
sites flanking the SA sequence can be used to modify the trapped 7pcnI gene by a Floxin
strategy (Singla et al., 2010). Using this recombination-mediated cassette exchange, the SA
sequence can either be removed (reverting the trapped allele to its wild-type expression) or
exchanged for other exogenous sequences.

Messenger (Los Angel). Author manuscript; available in PMC 2016 June 16.


http://www.informatics.jax.org/mgihome/nomen/gene.shtml
http://www.informatics.jax.org/mgihome/nomen/gene.shtml

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ruas et al.

Page 5

Characterization of 7pcnl expression in several tissues from homozygote mice carrying this
gene trap mutation revealed, however, that expression of 7pcni is not greatly affected (Ruas
et al., 2014); although the exogenous SA sequence is recognized by the endogenous splicing
machinery (resulting in the production of the predicted trapped transcript) this process is not
very efficient allowing therefore parallel production of the full-length transcript ( 7pcn1A)
(Ruas et al., 2014). Additionally, it was found that a further naturally occurring 7pcnl
transcript ( 7pcn1B) could be initiated from sequences downstream from the gene trap vector
insertion site; this was presumed to be regulated by a promoter situated in the long intron
upstream of exon 3 (Fig. 2(A)) (Ruas et al., 2014).

Tpcn1CGUOST359423)Lex __Eg cells carrying this mutant 7pcnz allele were developed by
Lexicon Genetics, and mice derived from them were used in two studies (Davidson et al.,
2015; Lin-Moshier et al., 2012). This 7pcn1 mutant line carries a gene-trap cassette inserted
in the intron between exons 2 and 3 (Fig. 5(B)). This gene-trap cassette contains two
modules: (i) the first module is promoterless and functioning in a similar way to the example
above. It is expected to generate therefore a trapped 7pcnI transcript composed of exons 1-2
fused to the B-geo reporter; this fusion transcript is translated into two separate polypeptides
due to the presence of an internal ribosomal entry site (IRES). (ii) The second module
(flanked by FRT sites) contains an exogenous promoter (PKG promoter) and exon (BTK
exon), and a splice donor (SD) sequence.

Transcription from this module is driven by the PKG promoter and is dependent on the
endogenous pA signal in 7pcnl, allowing for a pA-trap transcript to be formed composed of
the BTK exon and 7pcnl sequences starting at exon 3. Translation from this pA-trapped
transcript could potentially result in production of TPC1B, provided that its open reading
frame is in the same reading frame as that of 7pcniB. The presence of FRT sites flanking
this pA-trap module can be used in FIp-mediated excision or exchange of the FR7-flanked
sequence.

Although no published data is available related to the expression of the predicted trapped
transcripts, the effect of this gene-trap insertion on TPC1 expression was assessed by
immunoblotting of liver homogenates and it was found that the major immunoreactive
protein form was significantly reduced in the sample from 7pcrICtOST359423)Lex animals
(Hooper et al., 2015). The effect of this gene trap insertion on 7pcn1B expression (either
from the alternative endogenous promoter, or from the pA-trap transcript) is still not clear as
detection of this less abundant form might require more sensitive methods of detection such
as RT-PCR (Ruas et al., 2015b).

Tpcn1tmibgen__Mmijce carrying this mutant allele have been used in several studies
(Arredouani et al., 2015; Favia et al., 2014; Lear et al., 2015; Ruas et al., 2014, 2015a). This
Tpen1 mutant line characterized by a targeted deletion of sequences from exons 4-5 was
developed by Deltagen (Fig. 5(C)). Expression from this mutant 7pcr allele is predicted to
result in truncated 7pcn fusion transcripts composed of exons 1-3 (or exon 3 alone
dependent on which endogenous promoter is driving expression) and a reporter LacZ
sequence contained within the targeted cassette. Translation from these transcripts will result
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in small TPC1 N-terminal sequences and B-galactosidase (5-gal). Additionally, a NeoR
sequence is predicted to be expressed from the exogenous PKG promoter.

As the deleted sequences in this line are shared between 7pcniAand TpcniB, TpenztmibDgen
is expected to behave as a true TPC1 knockout line. Indeed, lack of 7pcni expression from
this mutant allele has been confirmed both by immunoblotting and RT-PCR in several
tissues and cell preparations (Ruas et al., 2014, 2015a).

TpcniAmdtetal.__This 7pcnz mutant line used in two studies (Arndt et al., 2014; Sakurai
et al., 2015) is characterized by a Cre//ox-mediated deletion of exon 3 (Arndt et al., 2014)
(Fig. 5(D)). Expression from this 7pcnZ mutant allele is predicted to generate a transcript
containing sequences from exons 1-2 fused to exons 4-28 creating a frameshift transcript
relative to the wild-type with a premature stop codon in exon 5; this has the potential to
result in a polypeptide with a N-terminal section corresponding to amino acid residues 1-37
of TPC1 (exons 1-2) and a C-terminal section composed of 74 amino acid residues (exons
4-5) with a sequence unrelated to TPC1 due to the frameshift caused by removal of exon 3.
However, it is not known whether the transcript from which this polypeptide would originate
escapes nonsense mediate MRNA decay (NMD), induced by the premature termination
codon (Popp and Maquat, 2013). Additionally, it is not known whether deletion of exon 3
still allows transcription to be driven by the alternative endogenous promoter producing a
transcript that could result in a TPC1 protein with an N-terminal truncation of 110 amino
acid residues.

The status of TPC1 expression in this line was assessed by immunotechniques using an
antibody recognizing the C-terminal region of TPC1; no detectable expression of TPC1 was
observed by western blotting (kidney and sperm), or by electron microscopy (EM) and
immunocy-tochemistry in testis (Arndt et al., 2014). However, additional RT-PCR data
would be beneficial to completely rule out possible low expression of the 5’-truncated
Tpenl transcript in this 7penZ mutant line.

Tpcn1tm1.1Dren__This 7pcni mutant line carries a deletion of exons 1-2 originated by a
Cre/lox-mediated strategy (Wang et al., 2012) (Fig. 5(E)). This mutation is predicted to
knockout expression of 7pcnlA by removal of the exon containing the initiation codon, but
is predicted not to affect expression of 7pcn1B driven by the alternative promoter. However,
no data is available to assess the 7pcnl expression status in animals carrying this mutant
allele that were used in (Cang et al., 2013, 20144a; Wang et al., 2012).

Tpcn2 Mutant Lines

Tpcn2Gt(YHDA37)BYg__An ES cell line for this mutant 7pcn2allele was obtained from
BayGenomics for production of a mutant mouse line (Calcraft et al., 2009) that has been
used in several studies (Arredouani et al., 2015; Calcraft et al., 2009; Capel et al., 2015;
Favia et al., 2014; Gerasimenko et al., 2015; Lear et al., 2015; Lin et al., 2015; Ruas et al.,
2015a; Tsaih et al., 2014; Tugba Durlu-Kandilci et al., 2010). The 7pcnZCU(YHD437)BYY 3|jele
carries a gene trap cassette in the intron downstream from exon 1 (the first codon exon) (Fig.
6(A)). The properties of this gene trap cassette are similar to the ones described for
Tpcn1GUXGT16)BYg. The predicted transcripts resulting from the gene trap integration in
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Tpcen2 correspond to the trapped transcript containing sequences from exon 1 fused to the 5
geo reporter sequence.

Expression of the trapped transcript was confirmed in livers from 7pcnZCUYHDA437)BYY mice
(Calcraft et al., 2009) and no wild-type transcript that could have arisen from gene-trap
skipping was detected in any of the tissues analysed by RT-PCR (liver, kidney,
retroperitoneal fat, heart, bladder detrusor, bone derived macrophages and MEFs (Calcraft et
al., 2009; Capel et al., 2015; Ruas et al., 2015a; Tsaih et al., 2014; Tugba Durlu-Kandilci et
al., 2010)) confirming that this line is a TPC2 knockout.

Tpcn2tmilex__A mouse line carrying this mutant allele was created by Lexicon Genetics
using a gene-targeted approach to delete sequences from exons 18-20 by recombination
with a disruption cassette (Fig. 6(B)). Expression from this mutant allele is expected to
knockout expression of wild-type 7pcnZ2leaving residual expression of 7pcnZsequences
from exons 1 to part of exon 18 and B-geo, driven by the endogenous promoter. Additional
expression of puromycin N-acetyl-transferase (PuroR) is expected from an exogenous
promoter carried in the disruption cassette. No data is available for the expression profile of
this 7pcnZ mutant mouse line used in (Lin-Moshier et al., 2012).

Tpcn2Crimmetal.__This mouse line used in (Grimm et al., 2014; Sakurai et al., 2015)
carries a Cre/lox-mediated deletion of 7pcn2exon 7 (Fig. 6(C)) (Grimm et al., 2014). It is
expected to knockout expression of wild-type 7pcnZ2 (by internal exon removal) and has the
potential to express a transcript containing sequences from exons 1-6 fused to exons 8-25
creating a premature stop codon in exon 8 due to a frameshift induced by exon 7 removal. If
refractory to NMD this transcript would result in a polypeptide composed of amino acid
residues 1-201 of TPC2 with a few extra amino acid residues unrelated to TPC2 sequence
due to the frameshift caused by exon removal.

Lack of full-length TPC2 was demonstrated by immunoblotting and immunofluorescence in
hepatocytes and MEFs (Grimm et al., 2014). However, no data related to the expression of
the N-terminal part of TPC2 is available.

Tpcn2tm1.1bren__This mouse line carries a Cre//ox-mediated deletion of exon 1 in 7pcn2
(Fig. 6(D)) (Wang et al., 2012) and is therefore expected to knockout expression of wild-
type 7pcn2by removal of the initiation codon. Whether expression driven by the
endogenous promoter still allows transcription of a 5’-truncated 7pcn2and in-frame
translation initiating at the first alternative start codon in exon 3 is not clear. Although the
authors alluded to the possibility of such a transcript being produced (Wang et al., 2012), no
data was provided regarding 7pcnZ2expression for this mutant allele (Cang et al., 2013;
Wang et al., 2012).

Use of Tpcn Mutant Lines

None of the 7pcn mutant lines described above present visible gross abnormalities at the
whole organism level but, nevertheless, important phenotypic changes and physiological
abnormalities have been detected in these animals and in organs, tissues or cell preparation
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derived from them. These abnormalities have been instrumental both in the elucidation of
molecular mechanisms of TPC-mediated signalling and in implicating this signalling
pathway in broader cellular contexts, in ways that we will discuss below.

Regulation by NAADP

Since the initial proposal that NAADP targeted an unidentified Ca2*-release channel in
acidic organelles, the effort to identify such a channel culminated in publications from
independent groups proposing that TPCs were the targets of NAADP action (Brailoiu et al.,
2009; Calcraft et al., 2009; Zong et al., 2009). This was based on measurements of NAADP-
mediated cytosolic CaZ* signals in cells lines where TPC expression/activity was
manipulated by overexpression, knockdown and by the use of dominant-negative mutants.
Since then, results from many subsequent studies continue to provide evidence that TPCs are
regulated by NAADP (Morgan and Galione, 2014; Morgan et al., 2015).

One of the original publications tested the requirement for endogenous TPC2 in NAADP-
mediated events in pancreatic S cells, a cell type where NAADP had previously been shown
to induce Ca?* release from acidic stores (Masgrau et al., 2003; Mitchell et al., 2003; Naylor
et al., 2009; Yamasaki et al., 2004). By using pancreatic g cells isolated from
TpcnZSH(YHDA37)BYY animals the authors showed an essential requirement for TPC2 in the
production of oscillatory Ca?*-activated plasma membrane inward currents elicited by
NAADP (Calcraft et al., 2009) and, more recently, in the production of the underlying
trigger NAADP-induced Ca2* transients (Arredouani et al., 2015), suggesting therefore that
TPC2 mediates native NAADP-induced Ca2* responses in this cell type. Further studies
using different cell types derived from the same 7pcn2mouse line have consolidated the
requirement for TPC2 in NAADP-mediated responses, such as in the contractile responses
of smooth muscle in the bladder detrusor and in ventricular myocytes (Capel et al., 2015;
Tugba Durlu-Kandilci et al., 2010) and Ca?* signals in bone marrow-derived macrophages,
mouse embryonic fibroblast (MEFs), pancreatic acinar cells and cardiomyocytes (Capel et
al., 2015; Gerasimenko et al., 2015; Ruas et al., 2015a). Furthermore, results obtained from
MEFs derived from 7pcn2t™1Pgen animals demonstrated that endogenous TPC1 also
contributes to NAADP-induced Ca2* signals in this cell type and that ablation of both TPC1
and TPC2 (using 7pcn1miDgen; 7ponGUYHDA37)BYY derived MEFs) is necessary to abolish
NAADP-induced Ca2* signals that can be restored by re-expression of wild-type but not by
permeability-mutant TPCs (Ruas et al., 2015a).

In addition to monitoring cytosolic Ca2* signals, several groups have performed
electrophysiological studies in endo-lysosomal preparations of MEFs (or other cell types)
derived from several mouse lines. The use of 7pcnztM1Dgen  7pcnZSH(YHDA3T)BYg,
TpcnBrimm etal. ang 7pcntM1Pgen) 7cn 25U YHDA3T)BYG has provided evidence for the
requirement of TPCs in NAADP-induced Ca?*- permeable currents across endo-lysosomal
membranes (Grimm et al., 2014; Ruas et al., 2015a). In particular, TPC2 seems to be the
predominant channel mediating these Ca2*-permeable currents (Ruas et al., 2015a), possibly
reflecting a prevalent localization of mouse TPC2 in the organelle preparations used for the
measurements.
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In contrast, other studies using a different mouse line designed to knockout both TPC1 and
TPC2 ( Tpcnitmi-1Dren; 7popAm1.1Dren) seemed to suggest that TPCs are not required for
regulation of Ca2* responses, dependent on NAADP signalling, in pancreatic 3 cells (Wang
et al., 2012). These results contrast with those obtained with 7pcnZCUYHD437)BYY animals
where NAADP responses were ablated (Arredouani et al., 2015; Calcraft et al., 2009). This
stark contrast is consistent with the possibility that truncated TPC proteins are still present in
Tpcntmi-1Dren; 7popAmL.1Dren animals (Figs. 5 and 6) that could still support NAADP-
mediated Ca2* release. Although the authors have shown that these N-terminal truncated
forms of TPC1 and TPC2 were not able to promote Na*-permeable currents mediated by
PI1(3,5)P, (see below) (Wang et al., 2012), they were empirically determined to support
NAADP-mediated CaZ* signals, even when expressed at lower levels than the equivalent
wild-type proteins (Ruas et al., 2015a). These results raise questions regarding the validity of
the Tpcntml-1Dren) 7pcpAm1.1Dren moyse line as a TPC1/2 null line.

Although TPCs are clearly essential components of the NAADP-signalling pathway, the
precise mechanism whereby NAADP activates TPCs is not yet fully understood (e.g., are
TPC directly activated by NAADP?). The first study proposing TPCs as targets for NAADP
action demonstrated that membrane preparations from HEK cells overexpressing TPC2
showed increased [32PJNAADP binding that co-immunoprecipitated with TPC2 (Calcraft et
al., 2009). Rather than being direct targets for NAADP, it has been proposed that TPCs
associate with accessory NAADP-binding protein(s) allowing for NAADP-mediated
regulation. Indeed, in sea urchin egg preparations, TPC-immunoprecipitates contain
[32PINAADP-binding protein(s) (Ruas et al., 2010) that are of smaller molecular weight
than TPCs, as assessed by electrophoretic mobility of proteins photoaffinity labelled with
[32P]N3-NAADP (Walseth et al., 2012a); similar results were obtained by photoaffinity
labelling of mammalian samples (Lin-Moshier et al., 2012; Walseth et al., 2012b).

The use of TPC-null liver homogenates derived from 7pcn1t™m1D9en; 7pcn Gt(YHD437)Byg
animals has clearly shown that TPCs are not necessary for NAADP-binding detected by
radioligand-binding assays using [32P]JNAADP (Ruas et al., 2015a). A similar conclusion
was suggested by earlier studies using samples from 7pcnICUOST359423)Lex ang 7pcpAmilex
mice in photoaffinity labelling with [32P]JN3-NAADP, where the pattern of labelled proteins
was undistinguishable from wild-type samples (Lin-Moshier et al., 2012). However, at
present, one cannot formally exclude the possibility that NAADP might still bind directly to
TPCs, as a contribution of these, potentially less abundant, proteins for NAADP binding
might not be detected in assays using complex protein samples.

Regulation by PI(3,5)P,

The phosphoinositide P1(3,5)P, is an endo-lysosome-specific lipid and considered to be a
non-selective endolysosomal channel modulator (McCartney et al., 2014) similar to the role
played by PI1(4,5)P, at the plasma membrane (Mori and Inoue, 2014). Indeed, P1(3,5)P, has
been shown to modulate currents across endo-lysosomal membranes that were originally
attributed to TRPMLL1 (Dong et al., 2010; Feng et al., 2014).

Recently, TPCs have also been proposed to be targets for P1(3,5)P, regulation (Boccaccio et
al., 2014; Cang et al., 20144, 2014b; Grimm et al., 2014; Jha et al., 2014; Pitt et al., 2014;
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Ruas et al., 2015a; Sakurai et al., 2015; Wang et al., 2012) although the extent of their
contribution to the overall currents mediated by this phosphoinositide differ amongst some
studies.

The first report describing PI(3,5)P, regulation of TPCs used endo-lysosomes from bone-
marrow derived macrophages from 7pcntm1-1Dren; 7cnAmL.1Dren animals to propose that
TPCs were essential for PI(3,5)Po-activated currents across endo-lysosomal membranes
mainly mediated by Na* (Wang et al., 2012). These findings were corroborated by a further
study using endo-lysosomal preparations from peritoneal resident macrophages from the
same mouse line (Cang et al., 2013). However, other studies using endo-lysosomes from
MEFs derived from 7pcnZCimmetal. (Grimm et al., 2014) and 7pcntmibgen;
TpenZHYHDA37)BYY (Ruas et al., 2015a) mouse lines have indicated that although TPCs
contribute to PI(3,5)P,-regulated currents, there is still a substantial residual current that is
TPC-independent, presumably mediated by TRPML1. It is therefore likely that PI(3,5)P,
action on TPC activity is more akin to a permissive modulator rather than of a specific
activator.

Membrane Potential

The electrical potential across cellular membranes controls ionic movements and, in turn, a
variety of cellular processes, often via effects on channels such as voltage-gated Ca2*
channels (VGCC) and TRP channels. TPC proteins share a similar domain organization of
six transmembrane helixes with these voltage-regulated channels and, in particular, the
characteristic basic residues of the voltagesensor transmembrane S4 (Catterall, 2010; Nilius
et al., 2005) are also present in TPCs (Fig. 1). Some studies have provided evidence for
voltage regulation and gating of TPC1 (Cang et al., 20143, Pitt et al., 2014; Rybalchenko et
al., 2012) and TPC3 (Cang et al., 2014b) in lipid bilayers or expressed heterologously in cell
lines, and this voltage gating is affected by mutations in the voltage sensor S4 (Cang et al.,
2014a). Remarkably, this regulatory property of TPC1 was shown to confer electrical
excitability to endo-lysosomal membranes when this TPC isoform was heterologously
expressed in cell lines (Cang et al., 2014a).

Interestingly, a similar voltage-gated Na™ conductance was detected in endo-lysosomal
preparations from wild-type mice cardiac myocytes and kidney cells, but not from peritoneal
macrophages (Cang et al., 2014a). Using myocyte preparations from 7pcntm1-1Dren mice,
the voltage-gated Na* current was no longer observed but could be rescued by re-expression
of TPC1, indicating that TPC1 is responsible for the voltage-gated Na+ currents seen in
wild-type cells. Importantly, results obtained from endo-lysosomes of cardiac myocytes
from mutant 7pcnt™1-10ren mice show that TPC1 is also necessary for the electrical
excitability observed in the equivalent wild-type cells.

Luminal pH and Ca?* Homeostasis

Endo-lysosomes maintain their acidic luminal pH via the action of the vacuolar-type H*-
ATPase (V-ATPase) with counter-ion currents being important for dissipation of
transmembrane voltage created by proton pumping (Mindell, 2012). Rather than being static,
the luminal pH of endo-lysosomes can be dynamically regulated and NAADP-mediated
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signaling has been shown to induce alkalinization of luminal pH in sea urchin eggs (Morgan
and Galione, 2007a, 2007b; Morgan et al., 2013), pancreatic acinar cells (Cosker et al.,
2010) and guinea pig atrial myocytes (Collins et al., 2011). Consistent with this, TPC
overexpression has been suggested to induce alkalinization of luminal pH, in cell lines such
as HeLa and MEG-01 (Ambrosio et al., 2015; Lu et al., 2013), with opposite effects being
observed upon down regulation of TPC expression (Ambrosio et al., 2015).

In contrast, studies of MEFs from the mutant mice lines 7pcnZCt(YHDA37)BYg - 715c 7tm1Dgen
(Ruas et al., 2014), TpcntmiDgen; 7pcnBHYHDA3TBYY (Ruas et al., 2015a), 7pcnCrimm etal.
(Grimm et al., 2014) and of macrophages from 7pcn2tm1-1Dren 7popAmL.1Dren (Cang et al.,
2013) seem to indicate that TPC proteins are not essential for maintenance of steady-state
endo-lysosomal luminal pH which was unaffected. On the other hand, removal of TPC2 in
myoblasts from 7pcnZS(YHD437)BYY mjce resulted in alkalinization of the luminal pH and
an impairment of lysosomal protease activity (Lin et al., 2015). Similar conflicting results
were obtained regarding the possible involvement of TPCs in the dynamic regulation of
luminal pH upon certain stimuli; while wild-type endo-lysosomes from macrophages
maintain their luminal pH during starvation, in 7pcntm1-1Dren/rhepAmLADrEN hreparations a
luminal alkalinization is observed upon nutrient removal (Cang et al., 2013). However,
another study has found no differences, in luminal pH or in pH-dependent proteolytic
maturation of cathepsin D and L, between MEFs from 7pcnZerimm etal- and wild-type mice
either in normal or starvation conditions (Grimm et al., 2014).

Removal of TPC channels could also be expected to influence endo-lysosomal luminal ion
homeostasis by, for example, reduction of cation leakage. While elevated luminal Ca2* was
observed in MEFs from 7pcnZCrimmetal. a5 assessed by cytosolic Ca?* signals induced by
treatment with bafilomycin Al (a V-ATPase inhibitor) or nigericin (a protonophore) (Grimm
et al., 2014), no increased Ca2* signals were observed in MEFs from 7pcnztmiDgen;
TpenZCH(YHDA3T)BY treated with nigericin or GPN (lysosomotropic agent) (Ruas et al.,
2015a).

Based on the disparate results regarding the effects of TPC removal on the maintenance of
luminal pH and Ca?* storage, it is difficult therefore to estimate the overall contribution of
TPCs for luminal ionic homeostasis. It is however possible that TPC’s contribution might

vary between different tissues and/or cell types.

Trafficking and Fusion

Given the localization of TPCs in organelles of the endolysosomal system and the
importance of Ca%* signals for organelle fusion required for trafficking processes, it is of no
surprise that a link between TPCs and endo-lysosomal trafficking events has been
investigated. Manipulation of TPC expression and disruption of NAADP signalling have
been shown to affect several cellular processes dependent on the endo-lysosomal system,
such as retrograde transport from the plasma membrane to the Golgi and to lysosomes
(Grimm et al., 2014; Ruas et al., 2010, 2014), endocytosis of filoviruses (Sakurai et al.,
2015), exocytosis of cytolytic proteins from cytotoxic T lymphocytes (Davis et al., 2012),
pigment deposition in Xenopus oocytes (Lin-Moshier et al., 2014), and aberrant trafficking
in Parkinson’s disease (Hockey et al., 2015). Additionally, proteomic analysis of TPC2-
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immunoprecipitates has revealed physical interactions between TPCs and various trafficking
regulatory proteins (Grimm et al., 2014; Lin-Moshier et al., 2014), and interaction of TPC2
with Rab GTPases was highlighted to be important for TPC2’s role in some trafficking
events (Lin-Moshier et al., 2014).

MEFs derived from mutant TPC mouse lines have been used to highlight different
contributions of TPC1 and TPC2 towards diverse retrograde transport pathways without,
however, affecting gross endo-lysosomal morphology (Grimm et al., 2014; Ruas et al.,
2014). For example, Tpcn1t™1D%en MEFs were defective in trafficking of cholera toxin
subunit B from the plasma membrane to the Golgi, a pathway that involves trafficking via
TPC1-containing organelles such as early and recycling endosomes, whereas
TpcnBH(YHDA37)BYY MEFs showed normal trafficking (Ruas et al., 2014). On the other hand
TpenZBU(YHDA37)BYY MEFs showed slower kinetics of ligand-induced PDGFRS (platelet-
derived growth factor receptor f) degradation in comparison to wild-type or 7pcnitmibgen
MEFs, suggesting an impairment of trafficking from the plasma membrane to lysosomes, the
main organelle where TPC2 is present (Ruas et al., 2014).

Different contributions of TPC1 and TPC2 were also unmasked in other studies using MEFs
and hepatocytes: those from 7pcnCrimmetal. ce|ls, but not those from 7pcnzAmdtetal. shoy
an aberrant accumulation of EGF (epidermal growth factor) in late endosomes/lysosomes
after being trafficked from the plasma membrane (Grimm et al., 2014; Sakurai et al., 2015),
a phenotype that could be rescued by re-instatement of wild-type TPC2 expression (Grimm
etal., 2014). TpcnZerimmetal. MEFs also showed slower kinetics of EGF degradation
compared to wild-type cells (Grimm et al., 2014). Investigating further into the reasons
behind aberrant accumulation of EGF in late endosomes/lysosomes of cells derived from
TpcnBrimm etal. animals, the authors proposed that this was due to impaired fusion between
late organelles of the endo-lysosomal system. So, while MEFs treated with the “fast” Ca2*
chelator BAPTA-AM (to block local Ca2* signals necessary for fusion events) mimicked the
EGF accumulation seen in 7pcnZCrimmetal- ce|ls, the mutant cells were refractory to BAPTA
treatment. Additionally, formation of enlarged Rab5-positive vesicles induced by the
constitutively active Rab5(Q79L) mutant was normal in 7pcnZCrimm etal. MEFs indicating
that fusion events between early endosomes seem to be unchanged by TPC2 removal
(Grimm et al., 2014). Defects in fusion events between late organelles of the endocytic
pathway in 7pcnZSrimmetal. ce|ls were also proposed to be the cause of accumulation of
LDL-cholesterol in the late endocytic organelles, accounting for hepatic cholesterol overload
and liver damage observed in the mutant mice fed with a cholesterol-rich diet (discussed
below) (Grimm et al., 2014).

Recently, studies using MEFs lacking TPC1 ( 7pcnzAmdtetaly or TPC2 (7pcnZCrimm etal.y
have shown that these mutant cells are resistant to infection by Ebola virus, and expression
of TPC1 or TPC2 rescued infectivity (Sakurai et al., 2015). It was further suggested that this
was due to defects in viral delivery into the cytoplasm that occurs after virus-endosome
fusion. As such, although viral particles still localized in Lamp1-positive vesicles in
TpenaAmdtetal. or 7hepSrimmetal. MEFs, the virus capsid release into the cytoplasm was
arrested in these cells (Sakurai et al., 2015). These results further support a role for TPCs in
endosome maturation via vesicular fusion and trafficking.
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Acrosome Reaction

NAADP signalling has been implicated in the process of fertilization in echinoderms
(Santella et al., 2012) and in various aspects of sperm biology in both echinoderms and
mammals. NAADP and NAADP-synthesizing activity have been detected in sea urchin
sperm (Billington et al., 2002; Churchill et al., 2003; Vasudevan et al., 2008, 2010) and
capacitated human sperm (Sanchez-Tusie et al., 2014). Sperm also contain acidic Ca2*
stores that are targets for NAADP action and binding (Arndt et al., 2014; Sanchez-Tusie et
al., 2014) with the proposal that the store corresponds to the acrosome (Arndt et al., 2014;
Vasudevan et al., 2010). The acrosome is a secretory vesicle located in the sperm head
involved in an egg-induced exocytosis of hydrolyzing enzymes. Acrosome exocytosis is
triggered by an increase in cytosolic Ca2*, within the sperm, elicited by opening of store-
operated channels at the plasma membrane and IP3R in internal membranes (Buffone et al.,
2014). More recently however, NAADP-mediated signalling was proposed to be involved in
acrosome exocytosis under physiological conditions, possibly via Ca?*-induced Ca?* -
release mechanisms targeting IP3Rs (Arndt et al., 2014).

Both 7pcnland TpcnZ2are expressed in testicular tissue, and TPC1 in the sperm is localized
in a membrane between the the subacrosomal space and the plasma membrane, likely to
correspond to the acrosome outer membrane (Arndt et al., 2014). TpczAmdtetal. mice
showed no obvious differences in either testis and epididymal spermatozoa morphology, or
acrosome shape. However, sperm from mutant mice were not competent for acrosomal
reaction mediated by NAADP, although spontaneous or Ca%*-induced acrosomal reactions
were not affected. Additionally, total sperm counts from the epididymis were reduced in
mutant mice, and although these mice were fertile with no obvious fertility impairment
regarding offspring number per litter and sex distribution, they showed longer time intervals
between litters (Arndt et al., 2014).

Another observation resulting from this study was the apparent sub-Mendelian proportion of
homozygote 7pczAMdtetal- mice obtained from heterozygote crosses, in favour of a wild-
type genotype, suggesting a subfertile reproductive phenotype (Arndt et al., 2014). However,
another study using 7pcn2t™1Dgen; 7pcn 25t YHDA3T)BYY reported the expected Mendelian
proportion of homozygote double mutant mice derived from heterozygote dihybrid crosses
(Ruas et al., 2015a). It is possible that the different impact of TPC1 disruption on fertility,
reported by these two studies, might be due to an influence of the background strain in
which the mice are kept (129SV;C57BL/6 (Arndt et al., 2014) vs 129P2;C57BL/6 (Ruas et
al., 2015a)) and/or that different compensation mechanisms operate in the case where both
TPC1 and TPC2 expression is disrupted.

Nutrient Handling and Cell Metabolism

Glucose—Control of circulating glucose levels relies on a very fine-tuned and multi-
leveled mechanism to keep glucose levels within a narrow physiological range. Central to
this is the secretion of insulin by pancreatic g cells to promote glucose uptake by tissues
across the whole organism. Insulin secretion is triggered by a cascade of events initiated by
an increase in intracellular ATP and inhibition of ATP-sensitive K* channels (Karp) at the
plasma membrane. This ultimately results in membrane depolarization, subsequent opening
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of voltage-gated Ca2* channels and an increase in cytosolic Ca2* that induces secretion of
insulin from secretory granules (Rutter et al., 2015). NAADP-mediated signaling has been
proposed to contribute to Ca2* signals in pancreatic 8 cells (Johnson and Misler, 2002; Kim
et al., 2008; Masgrau et al., 2003; Mitchell et al., 2003; Naylor et al., 2009; Park et al., 2013;
Shawl et al., 2012; Yamasaki et al., 2004) via gating of a Ca%*- activated plasma membrane
cation channel contributing to the glucose-induced depolarization of membrane potential
(Arredouani et al., 2015). Furthermore 7pcnZ2has been suggested to be the causative gene in
a quantitative trait locus for g-cell dysfunction in rats (Tsaih et al., 2014).

Studies using pancreatic 3 cells from 7pcnZCt(YHDA37)BYG mice have demonstrated a
requirement for TPC2 in NAADP-evoked inward currents (Calcraft et al., 2009) and further
studies using this mutant mouse line have confirmed the requirement for TPC2 in both
NAADP-evoked Ca?* transients and downstream plasma membrane currents (Arredouani et
al., 2015). Extending their study to glucose-induced Ca2* signals in pancreatic 3 cells from
Tpcn1tM1Dgen and 7pcnZSUYHDA37)BYY mice, the authors showed a significant role for TPC1
and TPC2 in this glucose-induced response. Furthermore, the hypoglycaemic agent and
Karp channel inhibitor tolbutamide, was shown to rely on NAADP signalling to evoke an
increase in intracellular Ca2* and that consequently A cells from 7pcnZSt(YHD437)BYg mjce
were refractory to tolbutamide treatment (Arredouani et al., 2015). Together these results
point to a requirement for TPCs in glucose-induced Ca2* signals in pancreatic g cells.
However, a different conclusion was drawn from studies using pancreatic S cells from
Tpcntml.10ren; 7repAml.1Dren \where no differences were observed in NAADP- or glucose-
induced Ca2* signals, although these Ca2* signals were still inhibited by the NAADP
antagonist Ned-19 (Wang et al., 2012). This lack of effect of TPC disruption on Ca2*
responses has been suggested to be due to possible residual expression of TPC sequences in
this mutant line (Morgan and Galione, 2014), as discussed above (Figs. 5(E) and 6(D)).

Further evidence seems to suggest that TPCs are indeed important players in pancreatic g8
cell function; intact pancreata of 7pcn2t™m1Den or 7cnZGHYHDA3T)BYY perfused with
glucose showed reduced insulin secretion compared to wild-type (Arredouani et al., 2015).
Accordingly, circulating insulin levels after glucose challenge were subnormal in
TpcnZSt(YHDA37)BYY animals (Tsaih et al., 2014). Additionally, although
TpenZBUYHDA37)BYY animals show normal glucose handling in a glucose-tolerance test
(Arredouani et al., 2015; Tsaih et al., 2014), 7pcn1™1Dgen mice show a mild diabetic trait
characterized by reduced glucose clearance after a glucose challenge, when compared to
wildtype animals (Arredouani et al., 2015).

Lipid—Lipids are important nutrients used for several cellular processes, such as signalling
pathways, maintenance of cell membranes, and energy storage in the form of triglycerides in
white adipose tissue (WAT). Due to the negative impact of obesity on human health much
attention has been devoted to the regulation of lipid metabolism, and recently a role for
brown adipose tissue (BAT) in obesity control has been emerging via its role in energy
dissipation in the form of heat (Elattar and Satyanarayana, 2015).

Following from the observation that, on a cholesterol-rich diet, 7pcnZGnimmetal. mjce
showed accumulation of large gallstones in gallbladders and a non-alcoholic fatty liver
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disease phenotype, resulting from poor intracellular cholesterol transport (Grimm et al.,
2014), these mice were further analysed for gene expression changes associated with lipid
metabolism, under high-cholesterol diet. While expression of genes involved in cholesterol
ester synthesis, bile acid synthesis and efflux were up-regulated, those involved in
cholesterol synthesis and uptake, and bile acid uptake were down-regulated in

TpcnBrimm etal. mice (Grimm et al., 2014), consistent with a compensatory mechanism
operating in these animals. Furthermore, circulating levels of proteins associated with liver
damage and levels of lipoproteins were also increased in 7pcnCrimmetal. mice on a high-
cholesterol diet compared to wild-types. However, no signs of obesity were found in these
mutant mice even under a cholesterol-rich diet (Grimm et al., 2014).

A further study using 7pcntmPgen) 75cnBHYHDA3T)BYY mice revealed that these animals
showed a late-onset obesity between 6 and 9 months of age, compared to wild-types, under a
standard diet (Lear et al., 2015). The cause for this phenotype was attributed to an impaired
thermogenic activity of BAT caused by reduced lipid availability in BAT from

Tpen1t™iDgen) 7pcn SUYHDA3T)BYY mice. This conclusion was based on the observations that
although food intake, mitochondrial respiratory chain function and uncoupling protein-1
expression were unaffected by loss of 7pcni1/2expression, BAT maximal temperature, lean
mass-adjusted oxygen consumption, phosphorylated hormonesensitive lipase expression,
lipid density and expression of S-adrenergic receptors were all lower in the mutant mice
(Lear etal., 2015).

mMTORC1-Dependent Pathways/Autophagy—One of the sensing mechanisms for
nutrient abundance converge on a signaling hub relying on the action of the protein kinase
mMTOR (mammalian target of rapamycin) in the mTORCI protein complex. Several
environmental cues such as levels of oxygen, energy levels, growth factors and amino acids
activate this complex by recruitment of mTORCI to lysosomes (Laplante and Sabatini,
2012). TPCs have been suggested to function as nutrient sensors linked to mTOR action; not
only do TPCs and mTOR physically interact with each other (Cang et al., 2013; Lin et al.,
2015) but TPC activity is also inhibited by mTOR (Cang et al., 2013; Jha et al., 2014) and
more generally by ATP (Cang et al., 2013; Jha et al., 2014), likely involving the additional
action of other protein kinases (Jha et al., 2014).

Studies using 7pcntml-1Dren; 7honAml.10ren mice support a model that places TPCs
downstream from mTOR action; in macrophages, TPCs are the main targets accountable for
inhibition of endo-lysosomal currents by ATP, via mTOR, and in hepatocytes from this TPC
mutant line mTOR function is not affected as concluded by normal nutrient-driven
translocation of mTOR to lysosomes and insulin-stimulated phosphorylation of the mTOR
target, Rps6kb1 (ribosomal protein S6 kinase, polypeptide 1; p70S6K) (Cang et al., 2013).
However, studies using 7pcnZCt(YHD437)BY mice have placed TPC2 upstream from mTOR,
as myotubes derived from these mutant mice showed a reduced mTOR activity as detected
by phosphorylation of mTOR itself, Rps6kbl and its target Rps6 under nutrient availability,
and reactivation of mTOR under prolonged starvation was delayed in comparison to wild-
type animals (Lin et al., 2015).
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One of the cellular responses to nutrient availability mediated by active mTORC1 on
lysosomal membranes is inhibition of autophagy, an intracellular degradation system that
delivers cytoplasmic content to lysosomes for degradation and re-cycling via formation of
precursor autophagosome organelles (Laplante and Sabatini, 2012). TPC- and NAADP-
mediated signaling have been implicated in autophagic responses, as suggested by a physical
interaction between TPCs with several autophagy regulators (Cang et al., 2013; Lin et al.,
2015; Lin-Moshier et al., 2014) and by a correlation between levels of autophagosomes and
levels of TPC1/2 expression or NAADP signaling status (Gomez-Suaga et al., 2012; Lu et
al., 2013; Neely Kayala et al., 2012; Pereira et al., 2011).

Tpcnitmi-1Dren; 7popAmL.1Dren mice were used to test for the influence of TPCs in the
autophagic response to nutrient deprivation. Based on the levels of the autophagic marker
LC3-11 (lipidated form of microtubule-associated protein | light chain 3) no differences were
observed in liver, heart or macrophages of the mutant mice when compared to wild-types
under fed or starved conditions, although a decreased amino acid efflux from lysosomes, due
to protein degradation as a response to starvation, was observed in 7pcntm1-1Dreny
Tpcn2m1-1Dren mice (Cang et al., 2013). Fittingly, these mutant mice have much reduced
exercise endurance after fasting, as assessed by a strengthdemanding treadmill test (Cang et
al., 2013).

Another study using the mutant mouse line 7pcnZCUYHD437)BYg gyggested that TPC2 plays
a role in down-regulation of autophagy in skeletal muscle. Using several autophagic markers
and readouts (levels of active AKT — protein kinase regulator of autophagy, active p62/
SQSTM1 - an ubiquitin-binding autophagic adaptor, lysosomal protein Lampl, LC3-Il and
autophagosome numbers) the authors observed increased basal and starvation-induced
autophagic signals in the tibialis anterior of 7pcnZCtYHD437)BYG animals. In line with the /n
vivo data, myotubes in culture derived from neonate myoblasts of 7pcnZSt(YHD437)Byg
animals also showed an increased autophagic flux relative to wild-types, that could be
reversed by expression of TPC2 (Lin et al., 2015). Appropriately, these mutant mice present
skeletal muscle atrophy in the tibialis anterior and gastrocnemius muscles as assessed by
several muscle mass markers (weight and myofiber cross-sectional area), that might explain
a decreased muscle endurance that was further exacerbated under starvation (Lin et al.,
2015). Additionally, tissues from aged 7pcnZStU(YHD437)BYY animals showed several
anomalies, such as increased number of vacuoles in spleen, high levels of lipofuscin in liver
and enhanced fibrosis in cardiomyocytes (Lin et al., 2015), implicating TPC2 in autophagy
termination with consequences for cellular homeostasis.

Neoangeogenesis

Many signalling cascades triggered by binding of physiological agonists to their plasma
membrane receptors rely on Ca?* signals mediated, to different extents, by NAADP and
TPCs (Galione et al., 2010), and more recently NAADP/TPC-mediated signalling has been
implicated in responses to VEGF- (vascular endothelial growth factor) and to its receptor
VEGFR2 in human umbilical vein endothelial cells, and 7 vivo as assessed by a matrigel
plug assay in mice (Favia et al., 2014).
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VEGF induces cell proliferation and migration, events that are important in angiogenesis.
Testing for the contribution of TPCs in the regulation of VEGF-induced angiogenesis /n
vivo, a recent report has shown a specific requirement for TPC2 in this process. While in
wild-type and 7pcn™1Pgen mice subcutaneous VEGF-matrigel plugs showed an intense
vascularization after a 5-day period, in 7pcnZCU(YHDA437)BYY mice no such vascularization
was observed (Favia et al., 2014). This indicates that VEGF-induced cell migration from
surrounding tissues and formation of vascular structures connected to mouse blood vessels
requires TPC2, suggesting that TPC2 could be a potential future therapeutic target in anti-
angiogenic strategies.

Heart Function

Excitation-contraction coupling in the cardiac muscle is governed by cytosolic Ca2*
transients established by co-ordinated Ca2* fluxes though the sarcolemma and membranes of
internal Ca2* stores, the major one being the sarcoplasmic reticulum. Not surprisingly,
dysregulation of the mechanisms that control these Ca2* signals is the major contributor to
heart dysfunction conditions such as arrhythmias, declining myocardial contractility,
hypertrophy and infarction (Ree et al., 2015).

Several observations suggest that NAADP-mediated signalling is operational in the heart:
heart and/or cardiomyocyte preparations possess

0) NAADP-synthesising enzymatic activity (Chini and Dousa, 1995; Lewis et al.,
2012; Macgregor et al., 2007),

(i) NAADP-binding protein(s) (Bak et al., 2001),

(iii) NAADP-regulated Ca2* stores (Bak et al., 2001; Capel et al., 2015; Collins et
al., 2011; Davidson et al., 2015; Macgregor et al., 2007; MojziSova et al.,
2000; Nebel et al., 2013) and

(iv) a direct correlation between manipulation of NAADP signalling and effects on
cardiomyocyte contraction have been described (Capel et al., 2015; Macgregor
et al., 2007; Nebel et al., 2013).

Further work is establishing NAADP-regulated pathways as a key player in the physiology
and pathophysiology of the heart, in particular during stimulation of the g-adrenergic
pathway. B-adrenergic receptors, a class of stimulatory G protein-coupled receptors, play a
crucial role in cardiac contractility via downstream cAMP-dependent phosphorylation of key
proteins involved in the generation of Ca2* signals and acute B-adrenergic stimulation can
result in arrhythmias triggered by increased Ca2* transients. Not surprisingly, this pathway
represents a major pharmacological target used in cardiovascular therapies (Capote et al.,
2015). The observation that cardiomyocyte contraction during continued B-adrenergic
stimulation, evoked by the agonist isoproterenol, was inhibited by treatment with self-
desensitising concentrations of NAADP, suggested a role for NAADP signalling in the g-
adrenergic stimulation of contractions (Macgregor et al., 2007). Indeed, an increase of
endogenous levels of NAADP was shown to be coupled to S-adrenergic receptor stimulation
(Lewis et al., 2012; Macgregor et al., 2007). Additionally, spontaneous diastolic Ca?*
transients induced by acute S-adrenergic receptor stimulation with isoproterenol were also

Messenger (Los Angel). Author manuscript; available in PMC 2016 June 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ruas et al.

Page 18

blocked by a NAADP antagonist — BZ194 (Dammermann et al., 2009) — and /n vivo, this
agent was also able to reduce isoproterenol-induced arrhythmias in mice (Nebel et al., 2013).
Recent results obtained from 7pcnZCUYHD437)BYY mice indicate a role for TPC2 as an
effector of NAADP action in the S-adrenergic responses detailed above. Increases in Ca2*
transients and contractions following B-adrenergic receptor stimulation were greatly reduced
in cardiomyocytes and hearts from 7pcnZCU(YHD437)BYS mice when compared to wild-type
controls (Capel et al., 2015). Moreover, 7pcnZCU(YHD437)BYY mice subjected to a ventricular
burst pacing protocol were less prone to arrhythmias and less sensitive to isoproterenol in
induction of ventricular tachycardia or fibrillation (Capel et al., 2015). Additionally,
TpenZBU(YHDA37)BYY mice were also protected against chronic effects of S-adrenergic
stimulation when compared to wild-type controls; after a fourteen-day period of
isoproterenol treatment, mice lacking TPC2 showed less hypertrophy, and improved cardiac
function as assessed by echocardiography, morphometry and histology (Capel et al., 2015).

Another pathological pathway where NAADP-mediated signalling seems to be playing a
role is the one involved in reperfusion injury. After cardiac ischaemia, reperfusion therapies
can, paradoxically, result in additional cardiac damage due to increased Ca2* signals that
result in mitochondrial Ca%* overload, with subsequent opening of the mitochondrial
permeability transition pore followed by cell death (Mozaffari et al., 2013). Recently it was
shown that in isolated cardiomyocytes, inhibition of NAADP signalling suppressed the
ischaemia/reperfusion-induced Ca2* oscillations with concomitant increase in cell survival
(Davidson et al., 2015). Additionally, the size of the myocardial infarct region from mice
subjected to an experimental ischaemia/reperfusion protocol was significantly smaller in the
animal group treated with the NAADP antagonist Ned-K (Davidson et al., 2015).
Significantly, results obtained from experiments using 7pcnICUOST359423)Lex mice, revealed
a role for TPC1 in events leading to ischaemia/reperfusion injury; when compared to wild-
type animals, 7pcniCUOST359423)Lex mice were protected against ischaemia/reperfusion
injury, revealed by significantly smaller myocardial infarction areas (Davidson et al., 2015).

Concluding Remarks

Mutant 7pcrn mouse lines have been an invaluable addition to the “tool kit” available for the
investigation of TPC- and NAADP-mediated signalling pathways. In particular, it is now
possible to study the role of this signalling pathway at the whole-organism level, which is a
significant step forward from cell-based studies where disruption of this signalling pathway
has been achieved either pharmacologically, or genetically, using RNA interference
approaches or by the use of dominant-negative mutants.

The studies here described have been fundamental in supporting the notion that, as endo-
lysosomal cation channels, TPCs play an important role in processes relying on trafficking
events and fusion. Additionally, they appear to behave as a signalling hub where multiple
patho/physiological processes converge, with TPC1 and TPC2 having different and specific
contributions.

The use of different mutant 7pcrn mouse lines has in some cases generated conflicting
results, in particular in the studies dealing with involvement of TPCs in NAADP-mediated
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signalling and contribution of TPCs for pancreatic S cell physiology. Although it is possible
that the discrepancies could be the result of different experimental conditions, they hint at
the possibility that some disruption strategies might still allow for residual expression of
functional TPC sequences. In addition, expressed nonfunctional truncated TPC sequences
could still be involved in protein—protein interactions (either with another TPC isoform or
with other interacting proteins) with unpredicted downstream effects. All these possible
scenarios highlight the need for thorough characterization of the mutant lines regarding 7pcn

expression.

An important question to address in the future is whether the detected tissue- and organ-
specific abnormalities, such as those of pancreatic-, adipose-tissue and heart functions, are a
direct consequence of loss of 7pcnexpression in that organ, or an indirect effect of this loss
in other tissues in the body, or due to compensatory mechanisms operating during
embryonic development. In this respect, the development of tissue-specific and/or
conditional knockout mice will be beneficial.
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Figure 1.
Proposed topology and structure of TPC proteins. (A) Two-domain organization and

topology of TPCs. S1-S6 represent the six transmembrane helixes in each domain and P
represents the pore helix. S4 contains the characteristic positively charged residues. (B)
Proposed TPC dimeric structure, based on the crystal structure of a mammalian voltage-
dependent Shakerfamily K* channel (Long et al., 2005). Only the transmembrane helixes
are represented with the monomers coloured in brown and beige. The pore forming region is
shaded grey. Arrow indicates ionic flow from the lumen to the cytoplasm.
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C
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Chromosomic localization and gene structures of mouse 7pcrn genes. (A, C) The major
chromosomic synteny blocks between mouse and human (based on (Chinwalla et al., 2002))
are colour coded as indicated. Zoomed-in structures correspond to the exonic organization of
Tpcn genes; horizontal lines correspond to intronic sequences, vertical blocks indicate exons
and grey blocks correspond to UTR regions. (B, D) Coding exons for TPC1 and TPC2 are
represented in black and numbered. The corresponding protein is represented in brown and
the position of protein features has been aligned to the corresponding exons. Transmembrane

segments are represented by cylinders.
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Figure 3.
Identity tables for TPCN genes and TPC protein sequences from Euteleostomes. Identity

tables for TPCNI/TPC1 (A) and TPCN2ITPC2 (B) orthologues were built based on
information from HomoloGene (http://www.ncbi.nlm.nih.gov/homologene). Species names
are abbreviated as indicated with underlined letters: Homo sapiens, Pan troglodytes, Macaca
mulatta, Canis Lupus, Bos taurus, Mus musculus, Rattus norvegicus, Gallus gallus, Xenopus
tropicalis, Danio rerio.
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General strategies used for gene disruption in 7pcr genes. (A, B) Gene trapping (A) and
homologous recombination (B) approaches for development of mutant mouse lines. Introns
are represented in grey, exons are represented in black, and labelled with letters and
disruptive sequences are in green. SA (splice acceptor sequence), pA (poly-adenylation
signal). (C) Strategy for development of mutant mice using a Cre-mediated excision of
exonic sequences. Yellow circle represents the promoter driving Cre expression.
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Gene structure of 7pcnI mutant mouse lines. The top section of each panel contains the
gene structures of published 7pcnI mutant mouse lines. Symbols for mutant alleles are
based on MGI database nomenclature, except for 7pcnzAmdtetal. which is indicated by the
publication reference where it was first described. (A) Gene trap line 7pcnCUXG716)Byg
(gene trap vector pGT1Lxf inserted in intron upstream from exon 3). (B) Gene trap line
Tpcn1GH(OST359423)Lex (gene trap vector VICTR 37, inserted in intron upstream from exon
3). (C) Targeted homologous recombination line 7pcn7t™1Dgen (targeted deletion of exons
4-5 with knock out cassette). (D) Cre /oxPline TpcnzAmdtetal. (Cre-mediated excision of
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floxed exon 3). (E) 7pcntm1-1Dren (Cre-mediated excision of floxed exon 2 containing the
initiation codon for TPC1A). Predicted transcripts and proteins expressed from the mutant
alleles are shown below the gene structures, on the right and left, respectively. Exons are
represented by numbered boxes (grey — non-coding exons; black — coding exons; dark
brown — coding exons for TPC-unrelated sequences; light brown — non-coding exons).
Predicted proteins are depicted in: black (TPCs), brown (TPC unrelated), blue (3-gal), green
(NeoR) or blue/green (B-geo); numbers represent first and last amino acid residues. BTK
(cDNA for Bruton agammaglobulinemia tyrosine kinase), En2l (intron 1 of mouse £n2
gene), FRT (flippase recognition target sequence), IRES (internal ribosomal entry site),
LacZ (cDNA for p-galactosidase), LTR (long terminal repeats), loxP (/oxP sequence), lox71
(mutant LoxP sequence), NeoR (cDNA for neomycin transferase), pA (poly-adenylation
signal), PKGP (promoter of mouse Pkg gene), SA (splice acceptor), SD (splice donor).
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Figure6.

Gene structure of 7pcn2 mutant mouse lines. Organization of figure as for Figure 5.
Symbols for mutant alleles are based on MGI database nomenclature, except for
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TpcnBrimmetal- which is indicated by the publication reference where it was first described.

(A) Gene trap line 7pcnZCt(YHDA37)BYY (gene trap vector pGTOLXf, inserted in intron

upstream from exon 1). (B) Targeted homologous recombination line 7pcnZ™1Lex (targeted

deletion of exons 18-20 with knock out cassette from a pKO vector). (C) Cre foxPline

TpenZBrimm etal. (Cre-mediated excision of floxed exon 7). (D) Cre /oxPline Tpcn2mi-1Dren
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(Cre-mediated excision of floxed exon 1 containing the initiation codon). PuroR (cDNA for
puromycin N-acetyl-transferase); all other abbreviations and symbols as in Figure 5.
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