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Abstract

Nicotinic acid adenine dinucleotide phosphate (NAADP) serves as the ideal trigger of
spatio-temporally complex intracellular Ca®* signals. However, the identity of the intracellular Ca?*
store(s) recruited by NAADP, which may include either the endolysosomal (EL) or the endoplasmic
reticulum (ER) Ca?* pools, is still elusive. Here, we show that the Ca?* response to NAADP was
suppressed by interfering with either EL or ER Ca?* sequestration. The measurement of EL and ER
Ca?" levels by using selectively targeted aequorin unveiled that the preventing ER Ca?* storage also
affected ER Ca?" loading and viceversa. This indicates that a functional Ca?*-mediated cross-talk
exists at the EL-ER interface and exerts profound implications for the study of NAADP-induced
Ca?* signals. Extreme caution is warranted when dissecting NAADP targets by pharmacologically
inhibiting EL and/or the ER Ca?* pools. Moreover, Ca®* transfer between these compartments might

be essential to regulate vital Ca?*-dependent processes in both organelles.



Introduction

Nicotinic acid adenine dinucleotide phosphate (NAADP) represents the latest addition to the
restricted family of intracellular Ca?*-releasing messengers [1], already including inositol-1,4,5-
trisphosphate and cyclic ADP-ribose (CADPr). NAADP may be synthesized upon cellular
stimulation or activation of cell surface receptors to regulate a plethora of intracellular processes,
including fertilization [2, 3], muscle contraction [4], nitric oxide (NO) production [5], and glucose
metabolism [6]. Its efficacy in triggering cytosolic Ca®* elevations, as compared to either InsP3 or
CADPTr, is underscored by the low doses of NAADP required to activate cell signalling, spanning
from pM to low nM concentrations [7]. While InsP3 and cADPr have long been known to mobilize
Ca?* from endoplasmic reticulum (ER), by activating InsP3 (InsPsRs) and ryanodine (RyRs)
receptors [8], respectively, the molecular target of NAADP has been far more elusive. Pioneering
work conducted on sea urchin egg homogenates demonstrated that the NAADP-sensitive Ca?* store
is physically and pharmacologically separated from that recruited by InsPs and cADPr [9, 10].
Consistent with this observation, NAADP was later found to discharge Ca?* from acidic lysosome-
like organelles in sea urchin eggs [11], where the newly discovered family of two-pore channels
(TPCs) serve as the long-sought NAADP receptors [9, 12]. However, this mechanism does not
underlie NAADP-mediated Ca?* signalling in the closely related starfish oocytes; herein, NAADP
does not mobilize Ca?* from acidic Ca?* stores [13], but activates a plasmalemmal inwardly-
rectifying Ca®* permeable channel [14, 15]. Subsequent work has shown that NAADP may release
Ca?* from acidic organelles of the endolysosomal (EL) system, which include early, late and
recycling endosomes, in mammal cells: TPCs mediate a trigger Ca* release that is amplified into a
regenerative Ca?* wave by the Ca?*-dependent recruitment of RyRs and/or InsP3Rs [7, 9].
Alternatively, NAADP may gate TPCs to shuttle EL Ca?* into ER by stimulating Sarco-
Endoplasmic Reticulum Ca?*-ATPase (SERCA) activity, thereby promoting further Ca?* liberation
via either InsP3Rs and/or RyRs [4, 16, 17]. This model has been challenged by several observations,
according to which RyRs type 1 and 2 (RyR1 and RyRs2) may serve as primary target for NAADP
both in naive cells and in planar lipid bilayers [18-20]. The debate around the primary site of action
of NAADP remains therefore, highly controversial [18, 21-23]. Whereas gene silencing
experiments have demonstrated TPC contribution to NAADP-evoked Ca?* signals, the involvement
of acidic organelles has been mainly supported by the use of pharmacological tools [7, 9, 24, 25]. A
number of drugs have been utilized to either disrupt or interfere with lysosome acidification,
thereby disrupting their Ca?* storage ability and preventing the Ca?* response to NAADP. These

compounds include: glycyl-L-phenylalanine-2-naphthylamide (GPN), a substrate of lysosomal



cathepsin C whose cleavage causes osmotic lysis of lysosomes; bafilomycin Al, a highly selective
inhibitor of V-type H*-ATPase that drives the proton gradient responsible for Ca* sequestration;
and nigericin, a H*/K" ionophore which dissipates the proton gradient across lysosome membrane
[9, 24-26]. A recent series of studies have disclosed the tight and finely tuned inter-organellar
communication that occurs during intracellular Ca?* movement between EL and ER compartments
and viceversa [27-31]. In this regard, only a few studies have assessed whether the pharmacological
disruption of acidic Ca?* stores affects ER Ca?* loading [27, 29, 32-34], thereby inadvertently
masking its participation to the onset and development of NAADP-evoked Ca?* signals. In turn,
there is scant information about the consequences of ER SERCA blockade by thapsigargin,
cyclopiazonic acid (CPA) and and 2,5-di-(t-butyl)-1,4-hydroquinone (TBHQ) on the Ca?* content
of acidic stores [24, 25, 33].

The present investigation was endeavoured to first dissect the intracellular Ca?* stores
responsible for NAADP-induced Ca?* release in HeLa cells, a widely employed cell model to study
intracellular Ca?* signalling. This step was essential to then unveil: 1) whether and how the
pharmacological manipulation of the EL Ca?* pool impairs ER Ca?* levels and viceversa and 2) to
ascertain the implications of the ER-EL Ca?* movements for NAADP-induced Ca?* signals. We
took benefit from “whole-cell patch-clamp” recordings to dyalize NAADP into the cytosol and
monitor the activation of a Ca?*-dependent membrane current as surrogate of the concomitant
intracellular Ca®* response [35-37]. Additionally, we used aequorin-based Ca?* probes to assess the
effects of GPN, bafilomycin A1, nigericin, and thapsigargin on both ER and EL Ca?* loading. Our
data provide further support to the trigger hypothesis, whereby NAADP engages TPCs to discharge
a local bolus of Ca?* which is in turn amplified by adjoining RyRs and InsPsRs. However, we
further demonstrated that a functional Ca?*-mediated cross-talk does occur between EL and ER
Ca?* stores to reciprocally control their refilling. It turns out that the pharmacological manipulation
of acidic organelles may exert profound consequences on the extent of ER Ca?* storage and
viceversa; this feature should be taken in account when investigating the primary target of NAADP

in mammal cells.



Materials and Methods

Cell cultures

HelLa cells were cultured in DMEM (Sigma) medium supplemented with 10% FBS
(Immunological Sciences), 2 mM glutamine and 1% penicillin streptomycin (Sigma) in humidified
atmosphere containing 5% CO.. Cells were grown to 80% confluence and passaged twice a week.
For experiments the cells were plated onto glass coverslips at concentrations 5x10* per ml (24 mm

diameter coverslips in 6 well plates) or 3x10* per ml (13 mm diameter coverslips in 24 well plates).

Electrophysiological recordings

Membrane currents were recorded from isolated HeLa cells (3 days in culture) by using the
conventional whole cell patch-clamp configuration and a L/M EPC-7 patch-clamp amplifier (List-
Electronic; Darmstadt, Germany) [38]. Whole cell currents were sampled at 1 kHz and acquired by
exploiting the Strathclyde electrophysiology software WinWCP (courtesy of Dr. John Dempster,
University of Strathclyde, Glasgow UK). Alternatively, they were recorded by using a Multiclamp
700B amplifier (—3dB; cut-off frequency = 10 kHz) driven by PClamp 10 software (Molecular
Devices, Union City, CA, USA). Pipettes were pulled from thin-walled borosilicate glass using a
Sutter Instruments P-87 pipette puller and had resistances of 3-5 MQ when filled with high-K*
internal solution. Patch pipettes were pulled from borosilicate glass capillaries (Warner Instruments
Corp., Hamden, CT, USA) and filled with the following solution: KCI (140 mM), NaCl (8 mM),
MgCl2 (1.5 mM), HEPES (10 mM), EGTA (0.05 mM), titrated to pH=7.2 with KOH. NAADP was
added at the final concentration of 10 nM, otherwise stated. In order to assess the Ca?*-sensitivity of
NAADP-evoked currents, EGTA was added at a final concentration of 10 mM. Cells were
maintained in a standard physiological salt solution [38]: NaCl (150 mM), KCI (6 mM), MgCl: (1
mM), CaClz (1.5 mM), HEPES (10 mM), glucose (10 mM) adjusted to pH=7.4 with NaOH. Access
resistances were <10 MQ following series resistance compensation. Current-voltage (I-V) curves
were obtained by applying, every 1 s, 100 ms voltage ramps ranging from -100 mV to + 100 mV
and delivered from a holding potential of 0 mV [39]. Currents were normalised by dividing the
amplitudes (measured from the voltage ramps at =80 mV and +80 mV) by the cell capacitance.
Capacitative currents were compensated before each ramp by using the amplifier’s built-in
compensation section. All leak currents were subtracted by averaging the first two to ten ramp
currents, and then subtracting this from all subsequent currents. Pooled data are given as mean+Se
and statistical evaluation was carried out using Student’s unpaired T test. Experiments were carried

out at room temperature (20-23°C).



Generation of CathD-Aeq Ca?* probe and aequorin Ca?* measurements
CathD-Aeq and ER-Aeq aequorin-based Ca?* sensors were used to measure the rate of Ca?* uptake
and the steady-state Ca* levels in the endo-lysosomal organelles (EL) and in the ER, respectively.
The ER-Aeq Ca?* probe was described in [40]. For generation of the CathD-Aeq Ca?* probe a
fragment of the the cathepsin D (CathD) cDNA was first amplified using the following primers:
Forward: 5°- ggaagcttgaattcgccaccatgcagcecctceag -3 Reverse: 5°-
ggaagcttgagggtcttccecggectgcegacacct -3° which caused the addition of a HindIII site in the 5° non-
coding region and downstream the lysosomal targeting sequence of the CathD cDNA, but not the
catalytic region [41]. This Hindlll fragment was then inserted, in appropriately prepared pcDNA3
vector, in front of the HA1-tagged Asp119Ala aequorin (Aeq) mutant [42] obtaining the CathD-Aeq
chimera. Both probes were transfected into HeLa cells using Lipofectamine 2000 reagent (Life
Technologies, Milano, Italy) the day before the experiment. Transfected apo-aequorins were
reconstituted in modified Krebs-Ringer buffer (KRB, 135 mM NaCl, 5 mM KCI, 0.4 mM KH2POs,
1 mM MgSOg, 5.5 mM glucose, 20 mM HEPES (pH 7.4) supplemented with 600 uM EGTA , 5SuM
coelenterazine n and 300 pM ionomycin (all reagents from Sigma) for 1 h at 4°C. After
reconstitution the cells were washed 3 times with KRB containing 600 uM EGTA and 2% BSA,
followed by 3 washes with KRB containing 100 pM EGTA after which the coverslips were
transferred into perfusion chamber of a custom built aequorinometer (CAIRN research, UK). The
cells were perfused with KRB containing 100 uM EGTA at 37°C. After 3 min of baseline recording
the perfusion solution was switched to KRB supplemented with 2 mM Ca?* and recording
continued until the [Ca?*] in the EL or ER did reach the steady-state level. At the end of each
experiment, for quantification of the intra-organellar Ca®* levels, the cells were perfused with
distilled water containing 100 mM Ca?" and 100 pM digitonin to discharge the remaining Aeq pool.
The light signals were calibrated off-line into [Ca?*] values using an algorithm developed by Brini

and coworkers [43].

Fura-2 Ca%* measurements

HeLa cells were loaded with 5 uM Fura-2 AM in presence of 0.02% of Pluronic-127 (both
from Life Technologies) and 10 uM sulfinpyrazone in KRB containing 2 mM CaClz (30 min, room
temperature), after which the cells were washed and left for other 30 min to allow de-estherification
of Fura-2. After that the coverslips were mounted into acquisition chamber and places on the stage
of a Leica DMI6000 epifluorescent microscope equipped with S Fluor x40/1.3 objective. The probe
was excited by alternate 340 and 380 nm using a Polychrome IV monochromator (Till Photonics,

Munich, Germany) and the Fura-2 emission light was filtered through 520/20 bandpass filter and



collected by a cooled CCD camera (Hamamatsu, Japan). The fluorescence signals were acquired
and processed using MetaFluor software (Molecular Device, Sunnyvale, CA, USA). To quantify the
differences in the amplitudes of Ca?* transients the ratio values were normalized using the formula

AF/Fq (referred to as normalized Fura-2 ratio, “Norm. Fura ratio”).

Immunocytochemistry

1.5x10* HeLa cells, grown on 13 mm coverslips in 24 w/plates, were transfected with 0.3 pg
CD-Aeqg cDNA using Lipofectamine 2000 reagent. After 24 h, cells were fixed with 4%
formaldehyde, permeabilized with 0.1% Triton X-100 and probed with anti-hemagglutinin epitope
(HA, Roche, Mannheim, Germany), anti-Lamp2b, anti-mannose-6-phosphate receptor (M6PR),
anti- early endosome antigen 1 (EEA) (all from Abcam, Cambridge, UK) and anti-endoplasmic
reticulum-Golgi intermediate compartment (ERGIC, Sigma) primary antibodies (all 1:50) in
phosphate buffered saline (PBS) supplemented with 1% gelatine (1 h 37°C). The cells were then
washed 3 times with PBS and secondary Alexa Fluor conjugated antibody (1:200) were applied in
PBS with 1% gelatine for 1 h at RT. The coverslips were then washed and mounted on a glass
slides using FluoroShield mounting medium (Sigma). The cells were examined using a Leica
DMI6000 epifluorescent microscope equipped with S Fluor x40/1.3 objective. Fluorescent signals

were acquired and processed using Leica-Metamorph software.

Chemicals

All chemicals were of analytical grade and obtained from Sigma.



Results

NAADP induces Ca%*-dependent non-selective cationic currents mediated by TRPM4 in
HeLa cells

The whole-cell patch-clamp configuration was utilized to dyalise the cells with an
intracellular solution containing 10 nM NAADP and record the subsequent bioelectrical response.
This manoeuvre permits to detect NAADP-induced changes in sub-membranal Ca?* concentration,
as shown in earlier studies conducted in mammalian cells [35, 36, 44, 45]. Currents were measured
by applying consecutive 400-ms voltage spanning -90 mV to +90 mV starting from a holding
potential of 0 mV. The cytosolic infusion of NAADP induced tonic inward (at -80 mV) and
outward (at +80 mV) currents with an average latency of 182.9 + 21.2 sec (n = 51) in 51 out of 68
cells (Fig. 1A). These currents could either be sustained over time (as shown in Fig. 1A and Fig.
1E) or rapidly decay to the baseline (as shown in Fig. 1G). In the remaining 17 cells, the inclusion
of NAADRP in the patch-pipette elicited membrane current oscillations at both -80 mV and +80 mV
after an average delay of 119.7 + 31.7 sec (n = 17) (Fig. 1C). There was no significant difference in
the lag time of the bioelectrical response to NAADP between tonic and spiking cells (p < 0.05). The
I-V relationship of NAADP-evoked ionic currents was measured by subtracting the background I-V
curve to that obtained after full development of the current (Fig. 1B) or at the oscillation peak (Fig.
1D), depending on the pattern of the signal. In both cases, it did not show any detectable
rectification and reversed at around 0 mV: as expected, the reversal potential (Erev) of NAADP-
induced currents measured in tonic cells (4.5 + 1.1 mV, n = 41) was not significantly different
(p<0.05) from that obtained in oscillating ones (6.3 + 1.9 mV, n = 14). Therefore, the biophysical
characterization of NAADP-induced currents reveals that the same conductance is activated in both
non-spiking and spiking cells, and the data collected from both cell types were computed together in
subsequent experiments. The hallmarks of NAADP receptors in mammalian cells are their
homologous desensitization at high NAADP doses and their sensitivity to Ned-19, which blocks the
binding site for NAADP [9]. Consistent with these features, the amplitude of NAADP-induced
currents in HeLa cells was significantly reduced by either of the following treatments: 1) cytosolic
dialysis of 50-100 uM NAADRP (Fig. 1E and Fig. 1F) or 2) inclusion of Ned-19 (10 uM) in the
patch-pipette (Fig. 1G and Fig. 1H).

The fact that NAADP-induced currents invert polarity at potentials close to 0 mV suggests
they are carried by a non-selective cation channel [36, 37, 44]. In agreement with this hypothesis,
the replacement of extracellular Na* with an equimolar amount of the non-permeable NMDG"*

suppressed the inward current, while only slightly affecting the outward component, and caused a



shift of Erv towards more negative values (Fig. 2A and Fig. 2B). In the same cells, removal of
extracellular Ca?* (0 Ca?*) did not exert any effect both on the amplitude and on the polarity of
NAADP-induced currents (Fig. 2A). Conversely, when K* in the intracellular solution was
substituted with NMDG, the outward current was abrogated and the I-V relationship did not reverse
even at +90 mV (Fig. 2C and Fig. 2D). Overall, these results indicate that NAADP activates a non-
selective cation channel that conducts both Na* and K*, but not Ca?*. Melastatin transient receptor
potential channel 4 (TRPM4) is a well known Ca?*-activated non-selective cation conductance that
is impermeable to Ca?* [46]. In order to assess whether this is the membrane pathway recruited by
NAADP in HeLa cells, we probed the effect of several TRPM4 blockers. Trivalent cations are
widely employed to inhibit TRP channels at high micromolar concentrations [47, 48], while
flufenamic acid (FFA) and 9-phenanthrol (9-Phen) are selective inhibitors of TRPM4 [46]. As
depicted in Figure 2E and Figure 2F, 30 min pre-treatment with either La®* (50 uM), Gd** (50 uM),
FFA (20 uM) or 9-Phen (30 uM) abolished NAADP-elicited currents in HeLa cells. This
pharmacological profile is compatible with TRPM4 engagement by intracellularly infused NAADP.
In agreement with this hypothesis, NAADP did not activate any current when 10 mM EGTA was
included in the recording pipette to prevent any increase in [Ca?*]i (Fig. 2G). Preliminary
experiments showed that the cytosolic dialysis of 10 MM EGTA does not trigger any current in the
absence of NAADP, which indicates that store-operated Ca?* entry (SOCE) is not activated under
these conditions (n = 8; data not shown). Taken together, these results demonstrate that NAADP
stimulates TRPM4 by causing a cytosolic elevation in [Ca?*]i upon the mobilization of an
intracellular Ca?* pool, as indirectly confirmed by the lack of effect of 0 Ca?* saline (Fig. 2A).
TRPM4-mediated currents may, therefore, be utilized to monitor the intracellular Ca?* response to
NAADP in HeLa cells, as shown in other cell types [36, 45].

Acidic store blockers impair NAADP-induced Ca?* signals in HeLa cells

A number of drugs are currently exploited to disrupt Ca* storage by acidic organelles and
prevent NAADP-induced intracellular Ca®* release [7, 9, 24]. GPN promotes osmotic bursting of
lysosomes, bafilomycin Al prevents EL vesicle acidification and their consequent intralumenal
Ca?* sequestration, and nigericin dissipates the proton gradient [32]. Each protocol described in the
following experiments has been widely utilized to interfere with EL function and affect NAADP-
evoked Ca?* discharge [7, 9]. Pre-incubating the cells with GPN (200 pM, 1 hour) (Fig. 3A-3BB)
and bafilomycin Al (100 nM, 1 hour) (Fig. 3C-3D), significantly (p<0.05) reduced NAADP-
elicited currents, while nigericin (50 uM, 20 min) fully suppressed them (Fig. 3E-3F). This result
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indicates that Ca?*-mobilization from acidic organelles contributes to TRPM4 activation by
NAADP HeLa cells.

Thapsigargin-sensitive Ca?* pools contribute to shape NAADP-elicited increase in [Ca®*];

The contribution of InsPs- and ryanodine-sensitive Ca?* stores to NAADP signalling in
HeLa cells was then probed by first pre-treating the cells with thapsigargin (2 uM, 1 hour) to
deplete Ca?* from ER [49]. This treatment abolished the Ca®* response to NAADP in HeLa cells
(Fig. 4A and Fig. 4D). Likewise, direct delivery of heparin (1 mg/ml) along with NAADP through
the patch pipette to block InsP3Rs [3] significantly (p<0.05) decreased both the amplitude and the
duration of NAADP-induced Ca?* release (Fig. 4B and Fig. 4D). Finally, the pharmacological
inhibition of RyRs with either ryanodine or tetracaine abrogated the onset of NAADP-evoked Ca?*
signals [50]. In mode detail, intracellular dialysis from a patch pipette of ryanodine (100 uM) along
with NAADP suppressed the ensuing Ca?* mobilization in 2 out of 6 cells (Fig. 4C) and
significantly (p < 0.05) reduced the magnitude of the Ca?* transient occurring in the remaining 4
(Fig. 4D). Similarly, cytosolic infusion of tetracaine (100 uM) prevented the development of the
Ca?" response to NAADP (Fig. 4C and Fig. 4D). Collectively, these results suggest that RyRs
directly participate to the generation of NAADP-evoked Ca?* signals, while InsP3R are required to
sustain them over time. It turns out that both EL and ER Ca?* stores shape the Ca?* response to
NAADP in HeLa cells.

GPN, bafilomycin 1 and nigericin inhibit Ca?* sequestration by both endo-lysosomes and
endoplasmic reticulum

Once established that both acidic organelles and the ER are recruited by NAADP to induce
intracellular Ca?* signals in HeLa cells, we harnessed aequorin-based Ca?* fluorophores to assess
the effects of GPN, bafilomycin A1, nigericin, and thapsigargin on both ER and EL Ca?* filling. To
assess the extent of Ca?* filling of lysosomal lumen, we have generated a new lysosome-targeted
Aeq probe by fusing full-length cathepsin D cDNA to the N-terminus of HA1-Aeq(mut) cassette
under control of CMV promoter, designated as CathD-Aeq (Supplementary Fig. 1A).
Immunocytochemical analysis of CathD-AEQ, expressed in HeL a cells, revealed co-localisation of
the probe with the lysosomal marker Lamp2b (Supplementary Fig. 1B-a) and with the late
endosomal marker M6PR (Supplementary Fig. 1B-b), but not with markers of early endosomes
(EEA; Supplementary Fig. 1B-c) or with the ER marker (Ergic; Supplementary Fig. 1B-d), thus
indicating correct sorting of CathD-Aeq probe to EL compartments [51]. Both ER and EL Aeq

probes bear a single amino acid (Asp119—Ala) substitution to decrease the affinity of Aeq to Ca®*
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[52]. First, we assured that Aeg(mut) functions properly at the acidic pH (4.5-5.5) of the endo-
lysosomal lumen and the results may be compared with those of the ER-Aeq. We quantified the
light emitted by Aeq(mut) in lysates prepared from transfected HeLa cells with pH ranging form
3.85 to 7.5 upon addition of 100 mM Ca?*, and we found that at the extreme acidic pH 3.85 there
was nonsignificant increase of the emitted light by about 10% as compared with that emitted at pH
7 (Supplementary Fig. 1C), demonstrating that Aeq(mut) is functional in acidic conditions and may
be used for Ca?* measurements in EL organelles. Next, we checked whether CathD-Aeq correctly
reports Ca?* concentrations in acidic conditions. Supplementary Fig. 1D shows that addition 50 pM
Ca?" results in robust detection of [Ca?'] in the entire pH range from pH 3.85 to pH 7. Next, we
compared the steady state Ca?* levels in ER and EL lumens. Direct measurement of the EL Ca?*
content revealed that rate of refilling and steady state level of Ca?* in the EL compartment were not
different from those of the ER (Fig. 5A and B), thereby confirming previous indirect estimations of
high EL Ca?* content [53, 54].

Next, we investigated whether pharmacological disruption of acidic stores specifically
affects EL Ca?*" dynamics. Unexpectedly, GPN exerted a dose-dependent inhibition of Ca?* uptake
not only by EL organelles (Fig. 5A), but also by the ER Ca?* pool (Fig. 5B). In particular, at 200
uM (20 min pre-treatment), the effect of GPN was even more pronounced for ER loading (36.3 £
15.9 % vs. control samples, p = 0.009) (Fig. 5B), as compared to EL Ca?* uptake (65.3 + 15.4 % vs.
control samples, p = 0.012) (Fig. 5A). Similarly, overnight pre-incubation with 100 nM bafilomycin
Al hindered Ca?* sequestration by both EL (Fig. 6A) and ER (Fig. 6B) compartments, although the
inhibition of EL Ca?* loading was slightly larger (49.2 + 4.5 % vs. control, p = 1.7e-6) than ER Ca?*
refilling (65.9 £ 9.03 % vs. control, p = 2.5e-5) (Fig. 6). Likewise, nigericin (50 uM, 20 min) dose-
dependently decreased Ca?* uptake in both EL and ER compartments (Fig. 7). 20 uM nigericin
inhibited to the same extent both EL (31.8 + 12 % vs. control, p = 0.00036) and ER (33.3£9.9 %
vs. control, p = 8.2e-5) Ca?* uptake (Fig. 7). Overall, these results clearly indicate that the
pharmacological disruption of lysosomal Ca?* content leads to a dramatic reduction in ER Ca?*

levels as well.

Inhibitors of SERCA pump block Ca?* sequestration by both endoplasmic reticulum and
endo-lysosomes

Next, we investigated whether specific SERCA blockers, such as thapsigargin and tBHQ,
impact on EL Ca?* sequestration. Fig. 8 shows that thapsigargin (20 nM, 10 min) prevented Ca?*
uptake into both EL (Fig. 8A) and ER (Fig. 8B) compartments. However, 5 nM thapsigargin was
ineffective on EL (Fig. 8A), but not ER Ca?* sequestration (69.8 + 17.7% vs. control, p = 4e-6) (Fig.
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8B). In the same way, 100 uM tBHQ, a SERCA antagonist that binds to a different site with respect
to thapsigargin, suppressed Ca?* uptake in both endo-lysosomes and ER (Fig. 8). A recent study
suggested that tBHQ and high concentrations of thapsigargin may also target lysosomal SERCA3
[55], but this finding is likely to be confined to human platelets [24]. In addition, EL Ca?* uptake is
abrogated by low nM doses of thapsigargin, which is ineffective on this SERCA isoform [55].
Therefore, it is conceivable that both thapsigargin and tBHQ inhibit SERCA-mediated Ca2*
sequestration into ER under our conditions. It turns out that EL Ca?* refilling depends on the proper
Ca?" uptake by ER in HeLa cells.

GPN, bafilomycin A1, and nigericin affect intracellular Ca?* release by tBHQ

The results hitherto obtained provided the evidence that lysosomotropic agents, such as
GPN, bafilomycin A1, and nigericin, interfere with ER Ca?* filling. On the other hand, well
established inhibitors of SERCA activity prevent EL Ca?* sequestration as well. To consolidate
these findings and further analyze the interaction between EL and ER Ca?* stores, we took
advantage from single cell imaging of fura-2/AM-loaded cells to assess whether the
pharmacological blockade of EL Ca?* uptake affects ER Ca?* levels. As expected [27, 56], the
induction of osmotic bursting with GPN (200 uM) in the absence of extracellular Ca* (0 Ca?")
elicited a Ca®* transient which lasted for about 5 min (Fig. 9A, grey tracing). Perfusion of vehicle
(DMSO) to control cells did not change cytosolic Ca?* levels (Fig. 9A, black tracing). After GPN-
induced [Ca?*]i rise, tBHQ (20 pM) was added to the perfusion medium to examine ER Ca?*
content. In control experiments, tBHQ produced an elevation in [Ca?*]i due to passive emptying of
the ER Ca?* pool (black tracing and column in Figure 9A). However, GPN pre-treatment
significantly reduced the amplitude of the following Ca* response to tBHQ (12.8 + 4.4 % vs.
control, p = 2e-19) (grey tracing and column in Fig. 9A). In an inverted experimental setting, when
the ER Ca?" stores were first emptied by tBHQ (20 uM, 10 min) and [Ca?*]i returned to the near-
baseline level, application of GPN (200 uM) essentially failed to elevate Ca?* in the cytosol (33.17
+ 22.56 % vs. control, p = 2e-37) (Fig. 9B). Unlike GPN, acute addition of bafilomycin A1 (1 uM)
did not alter resting Ca?* levels in HeLa cells (not shown), while over-night pre-incubation with 100
nM bafilomycin A1 significantly reduced the magnitude of tBHQ-induced intracellular Ca?*
mobilization (53.3 £ 22.3 % vs. control, p = 4e-34) (Fig. 9C). Finally, nigericin (50 uM) evoked a
biphasic increase in [Ca?*]i which returned to the baseline within 5 minutes and dampened the
subsequent tBHQ-induced Ca?* signal (36.8 + 23 % vs. control, p = 5e-18) (Fig. 9D). Overall, these
data confirm that the disruption of the EL Ca?* pool interferes with ER Ca?* loading and viceversa.

As a consequence of the functional cross-talk between these two Ca?* storage compartments,
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extreme caution is warranted when drawing any conclusion on the intracellular target(s) recruited

by NAADP exclusively on the basis of pharmacological manipulation.
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Discussion

NAADP is the most suitable intracellular messenger to either discharge intraluminally stored
Ca" [7, 9, 16] or to gate Ca?* inflow in response to extracellular stimulation [2, 12, 14, 57], thereby
regulating a host of cellular functions. While TPCs have been clearly established to mobilize Ca?*
from acidic lysosome-like vesicles in sea urchin eggs [58], the target organelle(s) and cognate
receptor(s) of NAADP in mammalian cells are far from being clearly elucidated [7, 9, 18-20]. The
controversial issue as to whether NAADP serves as a triggering signal to initiate intracellular Ca?*
waves by recruiting either InsPsRs and/or RyRs upon lysosomal Ca?* release or it directly activates
ER-located RyRs has been fuelled by our poor knowledge of the ER-EL Ca?* cross-talk [28, 59,
60]. This deficit in our knowledge of the basic mechanisms of organellar interaction might have
biased the interpretation of many data produced by the pharmacological manipulation of the
multiple Ca?* pools endowed to mammalian cells [61]. Accordingly, convincing evidence has been
provided to demonstrate that, apart from the anterograde Ca?* signal delivered from the acidic
stores to ER, ER itself can signal in a retrograde fashion to acidic vesicles [27-31]. This
bidirectional Ca* chatter controls intraluminal Ca?* levels in both compartments, a feature that
should be taken into account both when disrupting EL Ca?* accumulation and when depleting ER
Ca?* stores. Therefore, we accomplished the present investigation to understand: 1) whether and
how classic inhibitors of ER- and EL-dependent Ca?* release affect NAADP-induced Ca?* signals
in HeLa cells; 2) whether interfering with ER Ca?* sequestration impairs EL Ca?* uptake and
viceversa; and 3) to assess the functional implications of this Ca?*-mediated cross-talk for NAADP-

evoked Ca?* signals.

The “whole-cell” patch-clamp technique has been widely employed to investigate the Ca?*
response to NAADP by monitoring the activation of Ca?*-dependent non-selective cation channels
[35, 36, 44, 45]. This sophisticated tool enables to detect sub-membranal Ca?* elevations that may
be missed by utilizing epifluorescence or confocal Ca?* imaging [37]. The following pieces of
evidence suggest that the ion currents recorded in HeLa cells dyalized with NAADP truly reflect a
concomitant increase in cytosolic Ca?* concentration. First, NAADP triggers either single, long
lasting or oscillatory membrane currents which disappear if NAADP is omitted from the patch
pipette or if EGTA is supplemented to the intracellular solution to buffer cytosolic Ca?*. EGTA is a
slow Ca?* buffer which is normally effective at preventing global changes in [Ca?']i [44, 62].
Therefore, we speculate that the Ca?* response to NAADP takes place in the bulk cytosol rather

than being confined to the sub-membranal domain. Second, the magnitude of NAADP-induced Ca?*
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currents is significantly reduced when NAADRP is infused at 50-100 uM, which is fully consistent
with the well known desensitization of mammalian NAADP receptors in the high micromolar range
[9]. Third, the Ca?* response to NAADP is abrogated by Ned-19, which selectively antagonizes
NAADP binding to its receptor site [9, 63]. Thus, NAADP triggers the activation of Ca**-dependent
currents in HeLa cells, thereby rendering these cells a suitable model to investigate the underlying
Ca?" stores. The Ca®*-sensitive membrane conductance recruited by NAADP under our conditions
is likely to be mediated by TRPM4. First, NAADP-induced currents display the same biophysical
features, i.e. linear I-V relationship, Erv close to 0 mV, permeability to the monovalent cations Na*
and Cs*, but not to Ca?*, as TRPM4-mediated currents both in naive cells [64-66] and in
heterologous expression systems [67]. Second, the pharmacological profile of NAADP-elicited
currents is fully compatible with that of TRPM4 [46, 47]. Third, a functional TRPM4 protein is
expressed in HeLa cells, albeit its endogenous biophysical and pharmacological properties are yet to
be evaluated [68]. In this view, NAADP has long been known to activate Ca?*-dependent non-
selective cation currents in mouse pancreatic -cells [36, 45], which are abrogated following
pharmacological inhibition of TRPM4 [32]. Conversely, NAADP-evoked membrane depolarization
in neurons of the rat medulla oblongata has been ascribed to TRPM2 stimulation, as the underlying

current is conducted by extracellular Ca* and requires intracellular Ca?* release to develop [44].

The pharmacological manipulation of the intracellular Ca?* pools carried out by utilizing a
number of drugs affecting either ER (i.e. thapsigargin, CPA and tBHQ) or endolysosomal (i.e.
GPN, bafilomycin A1, and nigericin) Ca?* content led to the proposal of the trigger hypothesis,
according to which NAADP induces a local Ca?* discharge from acidic stores thereby eliciting a
secondary larger discharge from the ER [7, 9]. Alternatively, NAADP may directly stimulate RyRs
to give raise to a regenerative Ca?* wave which is independent on the activation of the EL Ca?*
store [19, 20]. In order to dissect the signalling pathways downstream NAADP infusion in HelLa
cells, we sought to selectively abrogate either ER- or EL-dependent Ca?* mobilization. We found
that the disruption of the acidic Ca?* reservoir with three different drugs (i.e. GPN by inducing
osmotic lysis of organelles containing the lysosomal hydrolase cathepsin C; bafilomycin Al
preventing vesicle acidification; nigericin by dissipating the proton gradient across the organelle
membrane, , thereby preventing pH-dependent accumulation of Ca?* in the acidic compartment)
hindered NAADP-induced currents. Similarly, the bioelectrical response to NAADP was abated by
previous depletion of the ER Ca?* pool with thapsigargin and by RyR inhibition with ryanodine and
tetracaine. The blockade of InsP3Rs with heparin did not suppress the current, but it significantly
reduced both its amplitude and duration. Taken together, these results suggest that both ER and EL
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Ca?" stores are recruited to shape the Ca®* response to NAADP in HeLa cells. One could argue that
the Ca2* trigger model would nicely fit these results, thereby suggesting that NAADP stimulates
TPCs to release Ca®* from acidic stores and engage the neighbouring RyRs and InsP3Rs through the
mechanism of CICR. Consistently, over-expression of TPC2 has been shown to enhance NAADP-
elicited Ca®* signalling in HeLa cells [69]. A recent series of elegant studies conducted by three
separate groups have, however, unveiled the bidirectional nature of Ca?* movements occurring at
the ER-EL interface [29, 31, 60]. In addition of being directly loaded into ER lumen following
NAADP-dependent TPC activation [4, 16, 17], Ca®* can be sequestered back into EL Ca?* stores
upon ER-induced Ca?* mobilization [29, 31, 60]. This Ca?*-mediated cross-talk between two
physically distinct Ca?* pools might bias any conclusion drawn based on the selective inhibition of
Ca?" uptake by each of them. Therefore, we exploited optical reporters specifically generated to
monitor Ca?* uptake into EL and ER lumen, respectively, to assess whether the pharmacological
manipulation of the ER Ca?* pool interferes with ER Ca?* storage and viceversa. As expected, GPN,
bafilomycin A1 and nigericin inhibited Ca?* accumulation within EL vesicles, as well as
thapsigargin and tBHQ prevented SERCA-mediated Ca®* sequestration into the ER. Nevertheless,
disrupting EL ability to store Ca?* significantly reduced ER Ca?* content and, viceversa, the
inhibition of SERCA activity prevented Ca?* loading into acidic organelles. These results might be
explained by the reciprocal sensing and control of Ca?* levels in one store by another. According to
the protocol applied in experiments described in Figures 5-8, at point zero all intracellular Ca®*
stores are nominally depleted by the incubation in presence of EGTA and ionomycin. When Ca?* is
re-added to the cells, it is assumed to simultaneously reach the Ca?* transporters of both EL and ER
membranes. If the Ca?* content of two organelles were independently regulated, the inhibition of
Ca?" uptake by one store would not affect the uptake by the other one. It appears, however, that the
transport of Ca?* into EL compartment is blocked when Ca?* uptake into ER is inhibited and
viceversa. In other words, to have functional Ca?* uptake by either EL or ER, its counterpart must
have a certain level of Ca?" in its lumen or the Ca?* transporting system active. Thus, it might be
speculated that in HeLa cells, EL and ER reciprocally sense and control the Ca?* filling of the
adjacent organelle. This might be realised through an agonist-induced Ca?* elevation but might also
be via Ca?* leakage mechanism, perhaps through constitutively open TPCs, RyRs or InsP3Rs. These
data suggests that Ca?* accumulation within both compartments requires a tight and finely tuned
Ca?* exchange at the ER-EL interface and builds a new level of complexity to our understanding of
control of cellular Ca?* homeostasis [60]. Consequently, the blockade of Ca?* refilling into either of
the two Ca?* pools leads to an appreciable decrease in the intraluminal Ca?* levels of the other.

Consistently, Fura-2 imaging experiments revealed that: 1) pre-treating HeLa cells with GPN,
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bafilomycin A1, and nigericin abrogated the subsequent Ca?* response to tBHQ, which supports the
notion that the ER Ca?* reservoir is depleted by emptying the EL Ca?* pool; and 2) pre-incubating
the cells with tBHQ prevented the elevation in [Ca?*]i induced by directly liberating EL Ca?*. These
findings support the aequorin experiment on bi-directional control of Ca?* load, and are
corroborated by the observations that all the studies addressing ER-EL interactions reported a close
(about 20 nm) apposition between acidic organelles and ER tubules [27-29, 31]. It turns out that
establishing the sub-cellular location of the first Ca?* deposit activated by NAADP exclusively
based on the sensitivity of NAADP-evoked Ca?* signals to SERCA blockers, GPN, bafilomycin Al
and nigericin may lead to unreliable conclusions. The observation that TPC2 is indispensable for
triggering NAADP-induced Ca?* signals in HeLa cells concurs in favour of EL involvement in the
onset of their Ca®* response [69]. However, our data strongly suggest that the effect of lysosome
manipulation on ER Ca?* handling and viceversa should be carefully evaluated to prevent any
misleading interpretation of data engendered by the selective disruption of intracellular Ca?* stores,
as recently illustrated in mouse hippocampal neurons and astrocytes [34], HEK293 cells [29],

human skin fibroblasts [27], and mouse primary pancreatic 3-cells [32, 33].

In conclusion, the present manuscript provides the evidence that a functional coupling does
exist at the ER-EL interface and maintains the proper Ca?* levels within both compartments. This
feature might be relevant to the regulation of Ca?*-dependent EL functions, such as control of
lysosomal pH and enzyme activity, vesicle trafficking and TPC gating [28, 31, 60], under both
physiological and pathological (i.e. Niemann-Pick type C disease, amyotrophic lateral sclerosis and
Alzheimer’s disease) conditions. Likewise, it will be intriguing to investigate whether any
imbalance in steady state ER Ca?* concentration, that may dictate either pro-survival or pro-
apoptotic programs depending on how intraluminal Ca* levels vary [70], is underpinned by parallel
changes in ER Ca?" content. As a consequence, extreme caution is warranted when drawing
straightforward conclusions about the sub-cellular location of NAADP-sensitive stores by

exclusively relying on pharmacological tools.
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Figure Legends

Figure 1. NAADP-induced membrane currents in HeLa cells. A, membrane currents were
activated by dialysing HelLa cells with NAADP (10 nM) and monitored by applying conventional
voltage ramps (-100 to +100 mV in 50 ms at 0.5 Hz) from a holding potential of 0 mV. Current
amplitudes at -80 and + 80 mV were measured and plotted against the time to obtain the time
course of current development. B, the I-V relationship of NAADP-evoked current was obtained
when indicated by the asterisk in panel A. C, current oscillations were initiated by NAADP (10 nM)
infusion in a fraction of cells and plotted as shown in panel A. D, I-V relationship of NAADP-
induced current oscillations measured at the time indicated by the asterisk in panel C. E, dialysis of
higher NAADP concentrations (50 and 100 uM) failed to induce any membrane current, thereby
hinting at the desensitization of NAADP receptors. F, meanSE of the amplitude of the current
peak recorded at different doses of NAADP. G, the inclusion of NED-19 (10 uM) along with
NAADP (10 nM) into the patch pipette prevented the onset of the bioelectrical signal. H, mean+SE
of the amplitude of NAADP-evoked currents in the presence and absence of NED-19 (10 uM).
NAADP was applied at 10 nM.

Figure 2. NAADP-induced membrane currents are mediated by TRPM4. A, NAADP-
induced membrane currents were not inhibited by removal of external Ca?* (0Ca?*), but were
reversibly abolished by replacing extracellular Na* with N-methyl-D-glucamine (ONa*). NAADP
was applied at 10 nM. B, 1-V relationships of NAADP-induced currents recorded from the cell
displayed in panel A in the presence and absence of external Na* (ONa*). The I-V relationships were
taken at the times indicated by the asterisks in panel A. C, membrane currents evoked by cytosolic
dialysis of NAADP (10 nM) when intracellular K* was replaced by NMDG. D, I-V relationship of
the NAADP-evoked current recorded in the absence of intracellular K* at the time indicated by the
asterisk in panel C. E, NAADP-elicited membrane current under control conditions (Ctl) and in the
presence of La®* (50 uM), flufenamic acid (FFA; 20 uM), and 9-Phenanthrol (30 uM). F, mean+SE
of the amplitude of NAADP-evoked currents under the designated treatments. G, NAADP-evoked
currents in the absence and presence of 10 mM EGTA in the patch pipette to prevent a global

increase in [Ca®];

Figure 3. The disruption of acidic organelles suppresses NAADP-induced membrane
currents. NAADP-induced membrane currents were hindered by pre-treating the cells with glycyl-
L-phenylalanine-2-naphthylamide (GPN; 200 uM, 1 hour) (A and B), bafilomycin Al (Baf A1; 100
nM, 1 hour) (C and D), and nigericin (50 uM, 20 min) (E and F). In each experiment, NAADP was
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dyalised through the patch pipette at 10 nM. In Panels B, D and F, mean+SE of the amplitude of
NAADP-evoked currents under the designated treatments.

Figure 4. The inhibition of Ca?* release from the endoplasmic reticulum Ca?* stores
affects the bioelectrical response to NAADP. A, pre-incubating the cells with thapsigargin (2 uM,
1 hour) abrogated NAADP-induced membrane currents. B, the cytosolic infusion of heparin (1
mg/ml) along with NAADP (10 nM) through the patch pipette reduced and shortened NAADP-
elicited current. C, the cytosolic dialysis of ryanodine (100 uM) or tetracaine (100 uM) abated the
bioelectrical response to NAADP (10 nM). D, meanzSE of the amplitude of NAADP-evoked
currents under the designated treatments.

Figure 5. Effect of GPN on EL and ER luminal Ca?*. HeLa cells, were transfected with
CathD-Aeq (A) or ER-Aeq (B), and 24 hour later were reconstituted with coelenterazine n in KRB
solution supplied with 600 uM EGTA and 3 uM ionomycin at 4°C for 1 h. GPN, at indicated
concentration, was added to the reconstitution solution for 20 min. After reconstitution, the cells
were perfused with 2 mM Ca?* (arrow) and the steady state Ca?* levels in the EL (A) and ER (B)
were measured. GPN was present in perfusion medium for the duration of the recording. The data
are summarized in histograms and expressed as mean+SD of areas under the curves (AUC)

normalized to control. *, p < 0.05; ***, p < 0.001.

Figure 6. Effect of bafilomycin Al on EL and ER luminal Ca?*. HeLa cells, transfected
with CathD-Aeq (A) or ER-Aeq (B) and pre-treated with bafilomycin Al (100 nM, 24 h) were
reconstituted with 3 uM coelenterazine n in KRB supplied with 600 uM EGTA and 3 uM
ionomycin at 4°C for 1 h. After reconstitution, the cells were perfused with 2 mM Ca?* (arrow) and
the steady state Ca?* levels in the EL (A) and ER (B) lumen were measured. The data, summarized
in histograms, expressed as meanSD of areas under the curves (AUC) reported to control. *** p <
0.001.

Figure 7. Effect of nigericin on EL and ER luminal Ca?*. HeLa cells, expressing CathD-
Aeq (A) or ER-Aeq (B) were reconstituted with 3 M coelenterazine n in KRB supplied with 600
uM EGTA and 3 uM ionomycin at 4°C for 1 h. After reconstitution, the cells were perfused with 2
mM Ca?* (arrow) and the steady state Ca* levels in the EL (A) and ER (B) lumen were measured.
Indicated concentrations of nigericin were added to reconstitution solution 15-20 min prior to Ca?*

addition. The data, summarized in histograms, are expressed as mean=SD of areas under the curves
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(AUC) reported to control. n indicates number of independent measurements per condition. ***, p <
0.001.

Figure 8. Effect of thapsigargin and tBHQ on EL and ER luminal Ca?*. HeLa cells,
transfected with CathD-Aeq (A) or ER-Aeq (B), and 24 hour later were reconstitured with
coelenterazine n in KRB solution supplied with 600 uM EGTA and 3 uM ionomycin at 4°C for 1 h.
After reconstitution, the cells were perfused with 2 mM Ca?* (arrow) and the steady state Ca?*
levels in the EL (A) and ER (B) were measured. Thapsigargin (TG, 5 or 20 uM) or tBHQ (10 uM)
were added to the cells 5 minutes before addition of Ca?*. tBHQ was present in perfusate
throughout all the experiment. The data are summarized in histograms and expressed as mean+SD
of areas under the curves (AUC) normalized to control. *, p < 0.05; ***, p < 0.001.

Figure 9. Effect of bafilomycin, GPN and nigericin on tBHQ-sensitive Ca?*
compartments. HeLe cells were loaded with Fura-2/AM and transferred onto the stage of an
epifluorescent microscope. A, the cells were perfused first with GPN (200 pM, 10 min, grey line
and column) or with vehicle (DMSO)-containing (black line and column) Ca?*-free KRB, after that
perfusion was switched to the tBHQ-containing (20 uM) solution. B, the cells were first perfused
with tBHQ (20 uM, 10 min), after which 200 pM GPN was added to the perfusion solution. C,
HeLa cells were incubated overnight (O/N) with 100 nM bafilomycin Al (BafAl, grey line and
column). At the day of experiment, the cells were loaded with Fura-2/AM and perfused with Ca?*-
free KRB supplemented with 20 uM tBHQ. 100 nM BafA1 was present in all solutions. D, the cells
were first perfused with nigericin (50 uM, 5 min, grey line and column) or with vehicle containing
KRB (black line and column). After which, 20 uM tBHQ was added to perfusate. The data are
summarized in histograms and expressed as mean+SD of areas under the curves (AUC) normalized

to control. *** p < 0.001.
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