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Described by the Belgian cytolo-
gist Christian De Duve in 1949,

lysosomes (from the Greek “digestive
bodies”) are ubiquitous specialized intra-
cellular organelles that ensure the deg-
radation/recycling of macromolecules
(proteins, lipids, membranes) through
the activity of specific enzymes (i.e.,
acid hydrolases). They receive their sub-
strates through different internalization
pathways (i.e., endocytosis, phagocyto-
sis and autophagy) and are involved in
a wide range of physiological functions
from cell death and signaling to choles-
terol homeostasis and plasma membrane
repair.? In Mammals, 50 soluble lyso-
somal hydrolases have been described,
each targeting specific substrates. They
are confined in the lumen of the lysosome
and require an optimum pH (i.e., pH
4.5) to work. This acidic pH compared
with the slightly alkaline pH of the cyto-
sol (i.e., ~-pH 7.2) is maintained by the
activity of integral lysosomal membrane
proteins (LMPs, that represent the sec-
ond class of lysosomal proteins), includ-
ing the V-type proton (H+)-ATPase® and
the chloride ion channel CLC7* that
pumps protons from the cytosol across
the lysosomal membrane.

To date, up to 50 lysosome-dependent dis-
eases have been described in human (called
Lysosomal Storage Diseases, LSDs)>¢ and
are linked to mutations in the genes encod-
ing the different lysosomal hydrolases and
LMPs proteins. The Niemann-Pick (NP)
diseases (first described and documented
by the German physicians Albert Niemann
and Ludwig Pick in 1914) are one of these
rare autosomal recessive metabolic disor-
ders that belong to the LSD family. NP
diseases are classified according to their
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genetic origin. Hence, NP diseases type
A and B are caused by mutations in the
SMPDI gene encoding the sphingomy-
elinase (SMase), a hydrolase involved in
the catabolism of sphingomyelins (SMs)
into ceramide (Cer) and phosphocholine
(PC). In contrast, NP diseases type C and
D are caused by mutations in the NPCl
and NPC2 genes encoding the lyso-
somal membrane proteins NPCs, a key
element of the intracellular cholesterol/
lipids trafficking. Interestingly, beside
their unrelated genetic origins, NP dis-
eases present similar cellular defects (i.e.,
lysosomal accumulation of free choles-
terol and SMs due to insufficient SMase
activity, as well as alteration of Ca** and
Fe** homeostasis). Even more surprising
is that another LSD, the mucolipidosis
type IV (ML4), caused by mutations in
the gene MCOLNI encoding the muco-
lipin transient receptor potential (TRP)
channel 1 (TRPMLI), also display cel-
lular defects similar to those observed in
NP diseases. TRPMLI channel, which
belongs to the TRP channel family,” is
widely expressed and predominantly
resides in the late endosomes and lyso-
somes,*” rendering their study difficult.
It was initially proposed that TRPMLI
works as a proton leak channel to prevent
lysosomal over-acidification.!”  Further
studies have then shown that TRPMLI is
rather an endolysosomal Fe?* release chan-
nel,"! or even a Ca?* and Fe?*/Mn** dually
permeable cation channel.’* Considering
that lysosomal exocytosis is a Ca** and
synaptotagmin-dependent process requir-
ing significant cytosolic Ca?* elevations
and that the major source of Ca?* comes
from the lysosome itself (the lysosomal
Ca?" concentration has been evaluated
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Figure 1. Comprehensive signaling events mediating lysosomal storage diseases. Under normal condition, lysosomal Ca** release through TRPML1
channel into the cytosol supports a transient Ca?* elevation essential for lysosomal exocytosis and lipid trafficking. Under pathological conditions, ly-
sosomal lipid accumulation (sphingomyelins, cholesterol) caused by alteration in sphingomyelinase (SMase) and NPCs activity (i.e., Niemann-Pick dis-
ease) inhibits TRPML1 channel activity and therefore lysosomal exocytosis and trafficking that in turn cause a secondary lysosomal storage. Similarly,
direct alteration of TRPML1 activity (i.e., mucolipidosis type IV) results in the same lysosomal defects. Although H* permeability of TRPML1 channel is
still controversial, alteration in TRPMLT activity could also cause lysosomal H* accumulation and pH acidification, decreasing acid hydrolases activity
and causing lysosomal storage (pathway in dotted line).

around 0.4 to 0.6 mM), the relative
Ca?" permeability of TRPMLI appears
particularly important for lysosomal exo-
cytosis. Although previous studies have
reported TRPMLI1-dependent lysosomal
trafficking alterations, the functional rela-
tion between TRPMLI and lysosomal
accumulation of specific substrates has
remained unclear. In a recent study pub-
lished in Nature Communications,'* the
authors have examined the possible central
implication of TRPMLI in the molecular
physiopathology of lipid storage disorders.
The results of this study indicate that SMs
are potent TRPMLI inhibitors whereas
SMase in contrast increases channel activ-
ity. The authors demonstrate that increas-
ing TRPMLI activity in NP-type C cells
is sufficient to restore normal lysosomal
trafficking and prevent cholesterol accu-
mulation. Therefore, primary abnormal
lysosomal lipid accumulation in NP dis-
eases (due to decrease in SMase or NPCs
activity) inhibits lysosomal Ca?* release
through TRPMLI1 and Ca?*-dependent
lysosomal trafficking that in turn causes
a secondary lysosomal storage. Similarly,
direct alteration of TRPMLI activity in

the mucolipidosis type IV disease is suf-
ficient to produce lysosomal storage by
inhibiting lysosomal trafficking.

To carry out their studies, the authors
used a combination of electrophysiologi-
cal and Ca®* fluorimetry assays to mea-
sure TRPMLI currents and cytosolic Ca**
elevations, respectively, in a variety of NP
cell lines, along with immunocytochemi-
cal and confocal imaging analysis of lyso-
somal trafficking and storage.

In the absence of specific available phar-
macology for TRPMLI channels, the
authors first performed a low-throughput
screen using synthetic small molecules pre-
viously identified as TRPML3 agonists.
Using whole-cell patch-clamp recording
and Ca?* fluorimetry on HEK cells over-
expressing a surface-expressed TRPMLI
channel (TRPMLI1-4A, previously iden-
tified by alanine-scanning mutagenis®),
they identified a compound (ML-SAI)
that potently activates an inward rec-
tifying TRPMLI-dependent
similar to the one activated by phospha-
tidylinositol = 3,5-bisphosphate (P, ;P?),
the physiological and specific TRPMLI
agonist previously identified.'® Although

current
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ML-SA1 is not specific for TRPMLI but
also activates TRPML2 and 3 channels, it
remains specific to the TRPML sub-fam-
ily. Moreover, whole-endolysosome patch-
clamp recordings performed on human
fibroblast indicate that ML-SA1 activates
a native inward rectifying current (simi-
lar to the one recorded on TRPMLI-4A
HEK cells) that is absent in TRPMLI
deficient cells (i.e., ML4 cells derived from
a ML4 patient), indicating that TRPMLI
is the main endolysosomal channel at the
origin of the cationic current. TRPMLI
channel being an intracellular ion chan-
nel renders its study delicate in an intact
cellular environment. To bypass this tech-
nical difficulty, the authors developed a
TRPMLI channel fused to a Ca?* indica-
tor (i.e., GCaMP3). When overexpressed
in HEK cells, this GCaMP3-TRPMLI1
channel is well targeted to the endoly-
sosomes. Moreover, increase in fluores-
cence signal is mainly observed upon
release of lysosomal Ca** (i.e., induced by
osmotic lysis of the lysosomes) and not
upon release of Ca’* from the endoplas-
mic reticulum (i.e., induced by applica-
tion of thapsigargin), demonstrating that
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this GCaMP3-TRPML1 Ca?*-reporter
channel presents a well spatially delim-
ited Ca?* detection and thus appear to
be an efficient molecular tool to spe-
cifically investigate TRPMLI-dependent
lysosomal Ca?* release in intact cells.
Furthermore, application of ML-SAI
on COS cells overexpressing GCaMP3-
TRPMLI channels produce a significant
Ca?* transient that is not reproduced using
a non-permeable TRPMLI channel, indi-
cating that the cytosolic Ca** elevation
specifically results from the release of Ca**
from the lysosomes through TRPMLI
channels. Interestingly, this Ca?* tran-
sient is strongly reduced when GCaMP3-
TRPMLI channel is expressed in NP-type
C COS cells or NPC17~ mouse macro-
phages (characterized by lysosomal sphin-
gomyelins and cholesterol accumulation).
Similarly, pharmacological inhibition of
cholesterol transport in wild-type COS
abolished ~ TRPMLI-dependent

lysosomal Ca®* release, indicating that

cells

lysosomal lipids accumulation inhibits
TRPMLI channel activity. These results
were confirmed by whole-endolysosome
patch-clamp recordings performed on
human NP-type C fibroblasts where the
TRPMLI-dependent current induced by
application of ML-SAI is strongly abol-
ished besides a two to 3-fold increase in
the TRPMLI mRNA in these cells, sug-
gesting that lysosomal lipid accumula-
tion tonically inhibits TRPMLI activity.
Indeed, application of SMs on HEK cells
expressing the surface-expressed TRPMLI
channel (TRPML1-4A) strongly inhibits
TRPMLI-dependent
application of SMase in contrast potenti-
ates TRPMLI activity. Similarly to what
was observed in NP-type C cells, Ca*
fluorimetry performed on NP-type A
human fibroblasts expressing GCaMP3-
TRPMLI1 channels revealed a strong
decrease of the TRPMLI-dependent lyso-
somal Ca?* release. Finally, using confocal
imaging, the authors show that abnormal
lysosomal lipid accumulation observed
in NPC1”~ mouse macrophages can be
reversed by increasing TRPMLI activity
(i.e., by application of TRPMLI agonist).
Moreover, consistent with the observa-

current, whereas

tion that sphingomyelins constitutively
inhibit TRPMLI1 activity, overexpression
of SMase or a mutated TRPMLI channel
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constitutively active (TRPMLI-Va'2")
in NP-type C CHO cells is sufficient to
restore normal lysosomal cholesterol traf-
ficking. However, the Ca?*-dependence of
this process was not explored. Moreover,
it is worth to mention that TRPMLI is
not the unique lysosomal Ca** channel.
Indeed, NAADP-induced lysosomal Ca**
release relies to the activation of a two-
pore channel™” and possibly TRPMLI1.%
Future studies will undoubtedly deter-
mine the relative contribution of these two
Ca?* release pathways in lysosomal exocy-
tosis and trafficking.

In summary, the authors have provided
that TRPMLI1

channel plays a critical role in lysosomal

compelling  evidences

trafficking. Abnormal lysosomal lipids
accumulation due to insufficient SMase
or NPCs activity in NP disease tonically
inhibits TRPMLI activity that in turn
inhibits lysosomal trafficking, amplify-
ing abnormal lysosomal storage (Fig. 1).
TRPMLI1

activity is sufficient to restore lysosomal

Interestingly, increase in

trafficking and prevent abnormal lip-
ids accumulation. It thus appears that
TRPMLI channel, possibly by controling
Ca**-dependent lysosomal trafficking, is
the entry point of various lysosomal stor-
age diseases, and therefore represents a
promising pharmacological target for the
treatment of lysosomal storage disorders.
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