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Commentary

Ca2+ is a ubiquitous yet unusual sec-
ond messenger in that it is not metabo-
lized. Instead, Ca2+ levels in the cytosol 
are regulated by dynamic redistribution 
of Ca2+ across the plasma membrane and 
the membranes of organelles. In addition 
to the ER, acidic organelles such as lyso-
somes, endosomes, and secretory vesicles 
(in secretory cell types) store and release 
Ca2+. Endolysosomal Ca2+ homeosta-
sis has several cellular functions; among 
them are apoptosis, trafficking, energy 
metabolism and fusion/fission events. 
The messenger NAADP appears particu-
larly important in mobilizing acidic Ca2+ 
stores and in many cases NAADP-evoked 
signals are amplified by Ca2+ channels 
on the ER.1 The molecular basis for trig-
gering of Ca2+ release from acidic organ-
elles by NAADP however is unclear. Our 
recent evidence supports a central role for 
the endolysosomal 2-pore channels, TPC1 
and TPC2.2

Figure 1 illustrates the main ion trans-
porters and channels of the endolyso-
somal system. The driving force for most 
transporters is the endolysosomal H+ 
gradient. This is generated by the V-type 
H+ ATPase pump which together with 
the 2Cl-/H+ exchangers, CLC7 (in lyso-
somes) and CLC5 (in endosomes) load 
endolysosomes with HCl. The endoly-
sosomes express 4 Na+/H+ exchangers 
(NHE6-NHE9), which likely participate 
in loading of Na+3. Ca2+ uptake by the 
endolysosomes requires the H+ gradient 
suggesting the presence of a H+/Ca2+ (and 
perhaps Na+/Ca2+) exchanger although 
this transporter(s) is unknown. The end 
result is that endolysosomes are rich in H+, 
Cl-, Na+ and Ca2+. In addition to TPCs, 

endolysosomes express a distinct family of 
Ca2+-permeable channels, the TRP muco-
lipins; TPC1 and TRPML3 are found 
mainly in endosomes and TPC2 and 
TRPML1 are expressed in lysosomes. The 
TRPMLs function as PI(3,5)P

2
-activated 

non-selective cation channels,4,5 whereas 
the TPCs function as Na+ permeable 
channel that can also conduct Ca2+ and 
are activated by PI(3,5)P

2
2,3,6 and, as will 

be argued below, by NAADP.2

While TRPML1 is dispensable for 
NAADP-mediated Ca2+ release,7 mul-
tiple observations indicate that the TPCs 
are essential for NAADP-mediated 
Ca2+ release. These include inhibition 
of NAADP responses by knockdown of 
TPCs, overexpression of dominant nega-
tive TPCs or knockout of TPC2 in mice. 
Conversely, NAADP-mediated Ca2+ 
release is enhanced by overexpression of 
TPCs.8 However, the role of the TPCs in 
NAADP-mediated Ca2+ release was ques-
tioned based on the findings that TPC 
currents in lysosomes are activated by 
PI(3,5)P

2
 and not by NAADP, that the 

currents are Na+-selective and the persis-
tence of NAADP-mediated Ca2+ release 
in mouse line deleted of both TPC1 and 
TPC2.3 Further, it was suggested that the 
TPCs are inhibited when phosphorylated 
by the mTORC1 kinase to function as 
metabolic sensors by controlling the lyso-
somal membrane potential.6

In our recent study, we examined 
the response of TPCs to PI(3,5)P

2
 and 

NAADP, their regulation by protein 
kinases and their function as sensors of 
cell metabolic activity. We confirmed 
activation of TPC2 by PI(3,5)P

2
 and its 

permeability to Na+. Notably, the TPC2 
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current is regulated by cytoplasmic Mg2+ 
(Mg2+

cyt
).2 Mg2+

cyt
 specifically inhibits the 

outward current (cations flowing from the 
cytosol into the lysosomes) with an appar-
ent affinity within the physiological Mg2+ 
concentration. Hence, TPC2 functions 
as Mg2+

cyt
 sensor, with Mg2+

cyt
 determin-

ing the lysosomal membrane potential. 
Changes in Mg2+

cyt
 that are observed with 

receptor stimulation and with changes in 
cytoplasmic ATP and cell energetics are 
thus transmitted to the cellular energetic 
hub, the lysosome, through rapid acute 
changes in Mg2+

cyt
. Our studies further 

showed that not only mTORC1, but mul-
tiple kinases, such as JNK and P

38
 kinases, 

are potent inhibitors of TPC2 (see Fig. 1). 
The JNK and P

38
 kinases are also impor-

tant in cellular energetics and may provide 

a long-term response to changes in cellular 
energetics.

Another important finding of our 
study is that under controlled Mg2+ con-
centrations, TPC2 is readily activated by 
NAADP. Furthermore, the TPC2 current 
and NAADP-mediated Ca2+ release are 
identically regulated by Mg2+, PI(3,5)P

2
 

and protein kinases.2 It is thus clear that (1) 
TPC2 is activated by NAADP and (2) the 
function of TPC2 is essential for NAADP-
mediated Ca2+ release. Our data affirm a 
central role for TPCs in NAADP action 
and go partway in reconciling differences 
in experimental outcomes between labs. 
But questions remain. Although TPCs 
appear Ca2+-permeable under defined 
recording conditions, might Na+ be the 
main permeant ion under physiological 

conditions? If so, is it possible that changes 
in membrane potential through TPCs 
indirectly drive NAADP-evoked Ca2+ sig-
nals through an unidentified associated 
channel? Alternatively, might permeabil-
ity of TPCs to Ca2+, even if limited, be 
sufficient to account for the Ca2+ mobiliz-
ing actions of NAADP in a cellular setting 
given amplification of NAADP responses 
by ER Ca2+ channels? Certainly more 
work is required in defining the biophysi-
cal properties of TPCs, TPC-interacting 
proteins and the cell biology underlying 
communication between acidic organ-
elles and the ER. Further questions are 
what is the role TRPMLs in endolyso-
somal Ca2+ homeostasis and what is their 
physiological activator? What is the func-
tional relationship between the TPCs and 
TRPMLs? These and other questions are 
likely to be addressed in the coming years.
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Figure 1. The major endolysosomal ion transporters. Ion transport by the endolysosomes is pow-
ered by the V-type H+ pump, which together with the 2Cl-/H+ exchangers CLC7 and CLC5 gener-
ate the endolysosomal H+ gradient. Na+/H+ exchangers and likely Ca2+/H+ exchangers utilize the H+ 
gradient to load the endolysosomes with Na+ and Ca2+. The 2 endolysosomal channels that have 
been associated with Ca2+ release are TRPMLs and TPCs. Both channels are activated by PI(3,5)P2 
and TPC2 is activated by NAADP and is inhibited by cytoplasmic Mg2+ and by phosphorylation by 
multiple protein kinases.


