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Calcium-activated chloride channel (CaCC) plays an important role in modulating epithelial secretion. It has been suggested that in salivary
tissues, sustained fluid secretion is dependent on Ca*’ |anux that activates ion channels such as CaCC to initiate CI~ efflux. However
direct evidence as well as the molecular identity of the Ca*" channel responsible for activating CaCC in salivary tissues is not yet identified.
Here we provide evidence that in human salivary cells, an outward rectifying ClI™ current was activated by increasing [Ca®" ], which was
inhibited by the addition of pharmacological agents niflumic acid (NFA), an antagonist of CaCC, or TI6A|nh AO1, a specific TMEMI6a
inhibitor. Addition of thapsigargin (Tg), that induces store-depletion and activates TRPC |-mediated Ca>" entry, potentiated the Cl
current, which was inhibited by the addition of a non-specific TRPC channel blocker SKF96365 or removal of external Ca®™. Stimulation
with Tg also increased plasma membrane expression of TMEMI6a protein, which was also dependent on Ca*" entry. Importantly, in
salivary cells, TRPCI silencing, but not that of TRPC3, inhibited CaCC especially upon store depletion. Moreover, primary acinar cells
isolated from submandibular gland also showed outward rectifying CI~ currents upon increasing [Ca>"];. These CI™ currents were again
potentiated with the addition of Tg, but inhibited in the presence of T16Ainh-A0I. Finally, acinar cells isolated from the submandibular

glands of TRPCI knockout mice showed significant inhibition of the outward ClI

Together the data suggests that Ca*"

currents without decreasing TMEM | 6a expression.

entry via the TRPCI channels is essential for the activation of CaCC.

J. Cell. Physiol. 230: 2848-2856, 2015. © 2015 The Authors. Journal of Cellular Physiology Published by Wiley Periodicals, Inc.

Calcium-activated chloride channel (CaCC) is fundamental to
many cellular functions such as regulation of membrane
potential in excitable cells, smooth muscle contraction, and
fluid secretion by exocrine cells (Ferrera et al., 2010; Ferrera
etal., 201 I; Huang et al., 2012). Non-excitable cells, such as
airway epithelial cells, transport Cl~ to control the amount of
airway surface, which is important for the hydration and
protection of airway epithelial cells against infections. CI™~
efflux through the apical membrane is also essential for the
vectorial transport of electrolytes and water in secretory
epithelial cells present in the kidney, airways, intestine,
pancreas, and salivary gland. Acinar cells from lachrymal,
parotid, submandibular, and sublingual glands, as well as in the
pancreas, also express CaCCs with similar properties, but their
mode of regulation is not clear. For fluid secretion, CaCC is
suggested to be the major apical Cl™ efflux channel required by
exocrine glands (Frizzell and Hanrahan, 2012), which drives the
movement of Na* through the parallel pathway, thereby
resulting in fluid secretion. However, characterization of the
Cl™ efflux channel and understanding of its regulation
mechanism(s) in salivary cells is not well established.

The recent discovery of the transmembrane proteins of
unknown function 16 (TMEM| 63, also termed ANO) has been
identified as CaCC channels and TMEM| 6éa channels have been
shown to generate CaCC currents in vitro that are dependent
on physiological intracellular Ca*" concentrations (Caputo
et al., 2008; Schroeder et al., 2008; Ferrera et al., 2010;
Thomas-Gatewood etal., 201 ). TMEM| 6a channels are widely
expressed in epithelial cells, including saIivary glands and
dlsruptlon of the TMEMI 6a gene in mice eliminates
Ca”"-dependent CI~ secretion in several epithelial tissues
including salivary glands (Yang et al., 2008; Huang et al., 2009;
Ousingsawat et al., 2009; Romanenko etal., 2010; Catalan etal.,
2015). CI™ secretlon via CaCQCs is activated by the rise of
intracellular Ca>" levels, but the source and the ion channels
involved in increasing intracellular Ca®" levels are not known.
Members of the transient receptor potential (TRP) superfamily
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are present from nematodes to mammals and function as ion
channels that have a fundamental role in cell ghysmlogy TRP
channels have been shown to exhibit high Ca*" permeability,
which could regulate TMEM | 6a, thereby modulating numerous
physiological functions. Importantly, TRPV4 has been reported
to physically interact with TMEMI6a in choroid plexus
epithelial cells (Takayama et al., 2014) and TRPC2 has been
shown to functionally couple with TMEM | 6a in rat thyroid cells
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(Viitanen et al,, 2013). However, the activation of TMEM|6a
channels specifically via TRPCI channel in salivary gland cells is
not known.

The canonical transient receptor potential cation channel
isoform | (TRPCI) is primarily activated by store- depletlon and
has been suggested as a component of store operated Ca>"
entry channels (SOCC) (Liu et al., 2003; Ong et al., 2007).
TRPCI channels have been identified in salivary gland cells (Liu
etal.,2003,2007; Pani etal., 2013). Importantly in human salivary
gland (HSG) cells, knock down of TRPCI suppressed
store-operated Ca*" influx without affectlng Ca®" release from
the internal stores, suggesting that Ca®" influx via TRPCI
contributes to the increase in [Ca® "], Our pervious study has
also shown that TRPCI was important for fluid secretlon (Liu
etal., 2007). Agonist- and thapsigargin-induced Ca®" entry was
significantly reduced in salivary gland acinar cells isolated from
TRPCI knockout mice. Furthermore,
neurotransmitter-regulated salivary gland fluid secretion in
TRPCI -deficient mlce was severely decreased, suggesting that
TRPCI-mediated Ca’" entry is required for
neurotransmitter-induced saliva secretion. However, the
relationship between TRPCI| and TMEM| 6a and the
mechanism(s) as to how TRPC| modulates saliva secretion
remains unknown. The data presented here indicate that
TMEMI 6a functions as an endogenous CaCC channel in salivary
gland cells. Interestlngly, the activity of TMEMI 6a channel was
regulated by Ca®" entry upon store-depletion and inhibition of
TRPCI-mediated Ca®" entry and decreased CI™ currents.
Finally, acinar cells from TRPCI knockout mice showed a
significant reduction in TMEMI6a currents, indicating that
TRPCI is critical for TMEM| 6a activity in salivary gland cells.

Materials and Methods
Cell culture reagents and transfection

HSG cells were cultured/maintained at 37°C with 95% humidified
air and 5% CO, as described before (Liu et al., 2000). Culture
medium was changed twice weekly and cells were maintained in
complete media, until reaching 90% confluence. Transient
transfection HSG cells (1.5 x 10° cells/ml) were transfected with
TRPCI siRNA or TRPC3 siRNA (Ambion, Austin, TX) or
scrambled control siRNA (Ambion negative control siRNA) using
Lipofectamine 2000 (Ambion) in Opti-MEM medium as per
supplier’s instructions (Invitrogen, Carlsbad, CA) and assayed after
48 h. Antibodies used in this study are described in the figures. All
other reagents used were obtained from Sigma (St. Louis, MO)
unless mentioned otherwise.

Animals and acinar cell isolation

Six-to-eight weeks old TRPC| ™'~ and wild type mice were used
for these experiments. The TRPCI1 '~ mice were generated as
previously described (Liu etal., 2007). All animals were housed ina
temperature controlled room undera 12/12 h light/dark cycle with
ad libitum access to food and water. All animal experiments were
carried outas per the institutional guidelines for the use and care of
animals. Cells were prepared from the mouse submandibular
glands (SMG), by removing the submandibular glands, which was
cleaned, minced, and digested in standard extracellular solution
buffer containing 0.1% bovine serum albumin and collagenase-I|
(2.5 mg/8 ml) for 15-20 min at 37°C. Cells were washed twice with
the external solution and re-suspended in 5 ml of standard
extracellular solution buffer prior to experimental use.

Chloride measurements

Cells were incubated with 10 mM SPQ (Molecular Probes, Eugene,
OR) for 45 min. For fluorescence measurements, cells were
monitored with a CCD camera-based imaging system (Compix
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Inc., Cranbery, PA) mounted on an Olympus XL70 inverted
microscope equipped with an Olympus 40 x (1.3 NA) objective.
Images were acquired by excitation at 344 nM and emission was
monitored at 510 nm with an Orca Imaging camera (Hamamatsu,
Japan). The images of multiple cells collected were processed using
the C imaging, PCl software (Compix). Data are presented as Fo/F
units essentially as described previously (Lee and Foskett, 2010;
Romanenko et al.,, 2010), with a ratio generated by dividing the
average fluorescence during the | min time period obtained at rest
just prior to stimulation (Fo) by the fluorescence values (F)
obtained throughout the experiment.

Cell surface biotinylation

Cells were stimulated with thapsigargin (2 wM) with and without
calcium for 5 min and were incubated for 20 min with 0.5 mg/ml
Sulfo-NHS-Biotin (Pierce) in I XPBS (pH 8.0) on ice with gentle
rocking. Following biotin labeling cells were washed with | XPBS
with and without Ca®" (pH 7.4) and 100 mM glycine. Cells were
solubilized with | X RIPA buffer and biotinylated proteins were
pulled down with NeutrAvidin-linked beads (Pierce). Bound
fraction was washed and released with 1 X SDS—-PAGE followed by
Western blotting. Band intensities of surface proteins were
obtained using Quantity one 4.6.5 | D-analysis software (BioRad,
Hercules, CA).

Electrophysiology

For patch clamp experiments, coverslips with cells were
transferred to the recording chamber and perfused with an
external Ringer’s solution of the following composition (mM):
Tetraethylammonium(TEA)-CI, 145; MgCl,, I; CaCl,, 2; Hepes,
10; Glucose, 10; pH 7.3 (Tris). Whole cell currents were recorded
using an Axopatch 200B (Axon Instruments, Inc., Sunnyvale, CA).
The patch pipette had resistances between 3-5 MQ) after filling
with the standard intracellular solution that contained the
following (mM): TEA-CI, 145; MgATP, 3; Hepes, 10; EGTA, 5; pH
7.2 (Tris). Total CaCl, were adjusted to 300nM (high) or 30 nM
(low) free Ca®", respectively. Free Ca®" was calculated using
WebmaxC Standard (http://www.stanford.edu/~cpatton/
webmaxcS.htm). The stimulation protocol to generate
current—voltage relationships consisted in 2 sec long voltage steps
from — 100 to + 100 mV in 20 mV increments starting from a
holding potential of — 60 mV. For CFTR currents recording,
intracellular solution contained the following (mM): CsCl, 140;
TEA-CI, 10; MgATP, |; Hepes, 10; EGTA, 0.1; pH 7.2 (CsOH).
Currents were recorded at 2 kHz and digitized at 5-8 kHz. pClamp
10.1 software was used for data acquisition and analysis. Basal leak
was subtracted from the final currents and average currents are
shown. All experiments were carried out under room
temperature.

Membrane preparations and Western blot analyses

Cells were harvested and stored at —80°C. Crude lysates were
prepared from HSG cells and animal tissue as described previously
(Liu et al,, 2010; Pani et al., 2013). Protein concentrations were
determined using Bradford reagent (BioRad) and 25 ug of lysates
were resolved on NuPAGE 4-12% Bis-Tris gel (Invitrogen)
followed by Western blotting as described (Pani et al., 2013; Sun
etal, 2014).

Statistical analysis

Data analysis was performed using Origin 9.0 (OriginLab,
Northampton, MA). Statistical comparisons were made using
Student’s t-test. Experimental values are expressed as

means £S5.D or means £ S.E. Differences in the mean values
were considered to be significant at P < 0.05.
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Results
Chloride currents are present in HSG cells

Ca*"-activated CI™ channels (CaCC) are modulated by an
increase in intracellular Ca®" levels ([Ca®*];), which shows
both time and voltage dependent activation kinetics essential
for modulating exocrine functions (Hartzell et al., 2005; Huang
etal, 20I2) Although CaCC has been shown to be regulated
by [Ca"];, the molecular identity of the Ca*-influx channel is
not known. We show here that human salivary gland (HSG)
cells exhibit an outward rectifying CI™ current that was
prompted using a voltage step protocol in conditions where
free [Ca®"); is increased (Fig. | A,E). The properties of the CI~
current were consistent with previous recordings observed in
different cells that are linked with CaCC (Ferrera et al,, 2010;
Huang et al., 2012). Addition of niflumic acid (NFA, 100 wM), an
antagonist of CaCC, dramatically inhibited the outward CI™
current (Fig. 1B,E,F). To directly test the role of |ntracel|ular
Ca”" on the activation of CI™ currents, the free [Ca’']; was
decreased to near 0 nM, which completely blocked the Cl™
currents in HSG cells (Fig. 1C,E,F). More importantly,
application of TI6Ainh-A0I (10 M), a specific TMEMI 6a
inhibitor (Davis et al., 2013), also blocked the outward CI™
currents (Fig. 1D,E,F), indicating that the CaCC channels in
HSG cells are indeed mediated by TMEMI 6a. To further
establish the role of [Ca?']; in the activation of CaCC we
gradually increased the [Ca +]i concentration, which showed a
sigmoid relationship with the maximum activation of the CI™

currents observed at | pM [Ca®']; (Fig. 1G). Besides

TMEMI 6a, cystic fibrosis transmembrane conductance
regulator (CFTR) channels have also been shown to regulate
CI™ currents in secretory cells and loss of CFTR has been
shown to disrupt secreted fluid volume and composition. Thus,
we also evaluated CFTR currents in HSG cells where
cAMP-induced activation of CFTR currents was observed in
HSG cells, which was inhibited by the addition of a specific
CFTR inhibitor (CFTR;,u-172) (Supplemental Figure S| A-D).
However, addition of CFTR;,,-172 failed to inhibit CaCC
currents in HSG cells (Supplemental Figure S| E,F). Together,
these results suggest that the outwardly rectifying Cl™ currents
in HSG cells is mediated by TMEMI 6a, which is likely to be
activated by an increase in [Ca®']..

Chloride currents are regulated by store-operated
calcium entry in HSG cells

Data presented in Figure | indicates [Ca®']; is essential for the
activation of CaCC in HSG cells, which is mediated via
TMEM | 6a; however, the source of [Ca®']; is not known. Thus,
we used two-different mechanisms including addition of
thapmgargin (Tg) (a SERCA pump blocker that causes release of
from the ER stores) or agonist (CCh, carbachol)
medlated depletion of ER stores to activate store- operated
Ca”" entry. Importantly, in the absence of external Ca®"
([Ca®Joue)> Tg (2 M) failed to activate the CI~ currents
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Fig. . Increase in intracellular Ca?"
trace from HSG cells showing an outward CI™

develop an outward CI™ current that was dependent on TMEMIéa in HSG cells: (A) Representative
current that was prompted using a voltage step protocol in conditions of 300 nM of free

intracellular Ca”". (B), Bath application of 100 pM niflumic acid (NFA) inhibited CaCC current. The current with a free intracellular Ca
0nM is shown in (C). (D), Bath appllcatlon of 10 wM T16Ainh-A0I blocked CaCC current activated by 300 nM of free intracellular Ca®"
Average IV curves (developed from maximum currents) under these conditions are shown in (E). (F) Average (8-10 recordings) current

den5|ty under these conditions is shown.

0 to 1,000nM.

“indicates values (representmg mean + SE) that are significantly different from control ("P < 0.05,
“P < 0.01). (G) Dependence of the CaCC currents on internal [Ca’*] was evaluated using intracellular Ca

* concentrations ranging from near
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Fig. 2. CaCC currents are regulated by store-operated calcium entry in HSG cells: (A) (B), Representative traces showmg CaCC currents

(with a free intracellular Ca®"
traces at holding potential —

0 nM) under conditions of bath application 2pM Tg WIth or without 2mM external Ca’*. (C) Representatlve
—60 mV showing CaCC currents with a free intracellular Ca?>" 0 nM under condition of appllcatlon of Tg in the bath

media followed by the addition of 2mM external Ca>". (D) Representatwe trace showing cells pretreated with 50 uM SKF96365 that

significantly inhibited currents induced by Tg with 2 mM external Ca

and current density under these conditions are shown in (E), (F).
from control ("P < 0.05,
bath application of 50 nM CCh with or without external Ca?*
under these conditions are shown in (1), (J).

in HSG cells. Average IV curves (developed from maximum currents)
“indicates values (representing mean + SE) that are ﬂgmfcantly different
P <0.01). (G) (H), Representative traces showing CaCC currents (with 0 nM intracellular Ca”") under conditions of
- Average IV curves (developed from maximum currents) and current density
“indicates values (representmg mean + SE) that are significantly different from control (‘P <0.05,
™P < 0.01). (K) HSG cells loaded with the chloride-sensitive dye SPQ, and stimulated with 2 nM Tg with 2mM external Ca®"

. The CI" efflux

was S|gn|ﬁcant decreased bx application of either 100 uM NFA, or 50 M SKF96365. Average (30-50 cells) change in Fo/F under these

conditions is shown in (L).

indicates values (representmg mean + SE) that are significantly different from control (‘P < 0.05). (M),

Representative blots |nd|cat|ng total and surface expression of TMEMI| 6a in conditions of control or Tg (2 pM) stimulation for 5 min with and

without external Ca?*

. B-actin and TFR were used as appropriate controls.

(Fig. 2A,E/F). However when Ca®" was present in the external
solution (2mM [Ca®"]o..), application of Tg, showed a gradual
initiation of the ClI™ currents in salivary cells (Fig. 2B, E, F)
similar to observatlons in Figure |. To further establish that
indeed Ca®" entry is essential for the activation of the CI™
currents, snmultaneous measurement of the CI™ currents (both
with and without Ca® gwas performed. Addition of Tg in the
absence of external Ca®" showed only a transient increase in
ClI~ currents which was potentlated by the addition of external
Ca®" and removal of external Ca®" again inhibited CI~
currents (Fig. 2C). These results suggest that indeed Ca®"
entry across the plasma membrane is essential for the optimal
activation of TMEM I6a currents Since store-depletion is
known to increase Ca" influx across the plasma membrane
through the store-operated mechanism, we further tested
activation of TMEM| 6a currents by usm%SKF -96365, which is
widely used to block store-operated Ca“" entry channels.
Importantly, cells treated with SKF-96365, showed a dramatic
suppressmn of the ClI™ currents (Fig. 2D-F), further suggesting
that Ca”" influx was essential for the activation of TMEM|6a
currents.

Besides Tg, store-depletion can also be induced by the
activation of muscarinic receptors that generate second
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messenger IP3, which again leads to store depletion followed by
Ca”" influx. Notably, stimulation of cells with the muscarinic
agonist carbachol (CCh, 50 uM) also induced the CI™ current
in presence of external Ca*", but failed to induce the CI~
current when external Ca’*" concentration was decreased to
0mM (Fig. 2G-J). Consistent with these results, store
depletion (addition of Tg in the presence of external Ca*"),
caused a loss of intracellular CI™ content in HSG cells (Fig. 2K,
L), which was significantly decreased by the application of NFA
(Fig. 2K,M). Prominently, application of SKF-96365 also
inhibited the loss of intracellular CI™ (Fig. 2K,L), suggesting
Ca’" influx is essential for the activation of TMEM | 6a. We next
evaluated if the increase in TMEMI6a currents is due to the
actlvatlon of the channel per se or due to other mechanism(s)
as Ca”" has also been shown to modulate the insertion of
various proteins to the plasma membrane (Pani et al., 2013).
Importantly, an increase in surface expression of TMEMI6a
was observed in Tg-treated cells with no change in the total
TMEM| 6a levels (Fig. 2M). Remarkably, removal of external
Ca”" decreased Tg-mediated increase in surface TMEMI 6a
levels (Fig. 2M) Together, these results suggest that in HSG
cells, Ca®" influx via the store-operated Ca** entry channels
could contribute to the regulation of Cl~ currents.
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Chloride currents are inhibited by TRPCI silencing in
HSG cells

Data presented thus far suggests Ca®" entry via the
store-operated mechanism is essential for the activation of
CaCC; however, the molecular identity of the Ca*" influx
channel is not known. Our previous studies have identified
TRPCI is important for store-operated Ca>" entry in HSG
cells (Liu et al., 2000, 2003). Application of Tg is shown to
deplete intracellular ER Ca”" stores, thereby activating TRPCI
or Orail currents in various cells. To establish the role of
TRPCI in the regulation of the CaCC, we silenced TRPCI in
HSG cells and evaluated CaCC activation. As shown in
Figure 3A, expression of TRPC| siRNA in HSG cells showed a
decrease in TRPCI protein levels, whereas control (3-actin
levels did not change. In contrast, cells transfected with the
mock siRNA did not show any loss of TRPCI or (3-actin
proteins. Notably, application of Tg along with external Ca*,
showed an induction of the CI™ currents in control HSG cells.
In contrast, Tg failed to induce optimal CI™ currents in cells
expressing TRPC | siRNA, indicating Ca>* entry via the TRPC
channel is essential for the complete activation of CaCC

(Fig. 3B-D). Moreover, HSG cells expressing TRPCI siRNA
also significantly inhibited the loss of intracellular CI™

(Fig. 3E,F), suggesting Ca”" influx via TRPC| is essential for the
activation of CaCC. To further characterize Ca>" entry via

TRPCI is important for CaCC activation, we artificially
increased [Ca®']; concentration (by adding 300 nM [Ca*'];
through the patch pipette along with the addition of Tg).
Importantly, high intracellular Ca>" restored CaCC in cells
expressing TRPCI siRNA; however, the CI™ currents were still
decreased when compared with control mock transfected cells
(Fig. 3G-)). To evaluate the possible contribution of other
TRPC channels in the regulation of CaCC, we also silenced
TRPC3 in HSG cells. As shown in Figure 3K, although
expression of TRPC3 siRNA in HSG cells showed a significant
decrease in TRPC3 (without altering B-actin) levels, it showed
no significant decrease in the activity of CaCC (Fig. 3L,M).
Together these results indicate that the CI™ current is driven
by [Ca®*]; and TRPCI is an important regulator that mediates
[Ca*"]; concentration necessary for the complete activation of
CaCC in HSG cells.

Chloride currents are observed in mouse salivary gland
cells

To further confirm the molecular nature of CaCC, we next
investigated the properties of the CI™ channel in primary cells
obtained from mouse salivary glands. Figure 4, illustrates an
outward CI™ current observed in mouse SMG cells, which
was similar to the CaCC currents observed in HSG cells
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Fig. 3. CaCC currents are inhibited by TRPCI silencing in HSG cells: (A) Representative blots indicating HSG cells expressing siRNA

targeting TRPCI or control non-targeting siRNA (Mock siRNA). B-actin was used as a loading control. (B), Representative trace (at holding
potential —60 mV) showing CaCC currents (with 0 nM free intracellular Ca>") under condition of bath application of 2uM Tg and 2mM
external Ca”" from control and TRPCI knock-down cells. Average IV curves (developed from maximum currents) and current density (8-10
recordings) under these conditions are shown in (C), (D). “indicates values (representing mean + SE) that are significantly different from
control (P <0.05, P < 0.01). (E) HSG cells loaded with the chloride-sensitive dye SPQ, and stimulated with 2 uM Tg with 2 mM external Ca?".
The CI efflux was significantly decreased upon knock-down of TRPCI. Average (30-50 cells) changes in Fo/F under these conditions is shown
in and (F). “indicates values (representing mean + SE) that are significantly different from control ("P < 0.05). (G,H) Representative traces
showing CaCC currents in conditions of bath application Tg with or without 300 nM free intracellular Ca>" in TRPCI| knock-down cells.
Average IV curves (developed from maximum currents) and current density under these conditions are shown in (), (J). “indicates values
(representing mean + SE) that are significantly different from control ("P < 0.05, P < 0.01). (K) Representative blots indicating HSG cells
expressing siRNA targeting TRPC3 or control non-targeting siRNA. B-actin was used as loading control. (L) Representative trace showing
CaCC currents under condition of bath application of 2 xM Tg and 2mM external Ca>'from control and TRPC3 knock-down cells. Average IV
curves (developed from maximum currents) under these conditions are shown in (M).
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Fig. 4. CaCC currents are observed in mouse SMG cells: (A) Representatwe trace showing an outward current that was prompted using a

voltage step protocol in conditions of 300 nM free intracellular Ca
blocked CaCC current. The current with a free intracellular Ca?"

different from control ("P < 0.05, ™ P <0.01).

from mouse SMG cells. (B), Bath application of 10 uM TI16Ainh-A0I
0nM is shown in (C). Average IV curves (developed from maximum
currents) and current density under these conditions are shown in (D), (E).

“indicates values (representing mean + SE) that are significantly

(Fig. 1). Acinar cells obtained from mouse submandibular
glands showed an outward Cl™ current, de-activating tail
current upon repolarization, and strong outward rectification
(Fig. 4A,D,E) upon increasing [Ca®"];. Importantly, addition of
T16Ainh-A01, a specific TMEM|I 6a inhibitor, effectively
abolished the CI™ currents in SMG cells (Fig. 4B,D,E).
Moreover, the ClI™ currents were totally blocked under
conditions where the free intracellular Ca>* was artificially
decreased to 0nM, indicating that actlvatlon of the CI™
current in salivary gland cells is also Ca>" dependent (Fig. 4C,
D,E). Addition of SKF-96365, a non-specific Ca>" entry
blocker, also decreased the ClI~ currents (data not shown).
Collectively, the close resemblance of CaCC properties
presented in Figure 4, suggests that the endogenous CaCC
currents in mouse SMG cells is generated by TMEM| 6a.
These results are consistent with a previous study indicating
that TMEM|I6a encodes the CaCC channel in salivary gland
cells (Romanenko et al., 2010).

Salivary gland cells obtained from TRPCI knockout mice
showed an inhibition in the chloride currents

To further test the hypothesis that TRPCI regulates CaCC
activity, we next used mice lacking TRPCI to determine
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whether TRPCI is critical for the regulation of CaCC currents
in prlmary acinar cells. Expression of TRPC| was absent in
TRPCI " mice, in contrast, no change in TMEMI 6a
expression was observed between wild type and TRPCI
mice (Fig. 5A). Importantly, the whole-cell CaCC currents
recorded using voltage clamp steps in acinar cells isolated from
submandlbular glands were activated by varying intracellular
Ca*" Appllcatlon of Tg along with the addition of 2mM
external Ca>" showed induction of the CaCC currents in SMG
cells obtained from W|Id-type mice. Whereas, SMG cells
isolated from TRPCI| ™', failed to show optimal activation of
the CaCC currents under similar conditions (Flg 5B-D). To
further evaluate the role of intracellular Ca>" we artificially
increased intracellular Ca via the patch pipette in SMGs
obtained from TRPCI "~ mice. Notably, high intracellular
Ca*" (300 nM) significantly increased the CaCC currents in
TRPCI " mice (Fig. 5SE- G) and as the expression of TMEMI 6a
in wild type and TRPCI ™"~ mice was similar, it could be
suggested that the loss of CI™ currentsin TRPC| '~ miceis not
due to changes in the expreSS|on of TMEMI| 6a, but due to the
loss of elevated cytosolic Ca>™ levels (due to loss of TRPCI).
Together, these results are consistent with TRPCI being the
major Ca”" channel that regulate TMEMI6a currents, which
could drive salivary fluid secretion.

—/—
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Fig. 5. CaCC currents are inhibited by the loss of TRPCI in mouse SMG cells: (A) Representative blots indicating mouse SMG cells

expressing TRPCI and TMEMI 6a from wild type or’ TRPCI knockout mice. B-actin was used as a loading control. (B) Representative trace

showing CaCC currents (with free intracellular Ca?*

0nM) under condition of bath application 2 M Tg followed by the addition of 2mM
external Ca’" from control and TRPCI knockout acinar cells at holding potential
currents) and current density under these conditions are shown in (C), (D).

—60 mV. Average IV curves (developed from maximum
“indicates values (representing mean + SE) that are significantly

different from control (P < 0.05). (E) Representative trace showing CaCC currents in conditions of 300 nM free intracellular Ca>" from TRPCI
knockout cells. Average IV curves (developed from maximum currents) at 300 nM or 0 nM free intracellular Ca®>" in TRPCI knockout cells are

shown in (F). Average (8-10 recordings) current density at 100 mV and — 100 mV under these conditions is shown in (G).

“indicates values

(representing mean + SE) that are significantly different from control (P < 0.05).

Discussion

TMEMI 6a channels are widely expressed in exocrine cells
including salivary gland tissues (Caputo et al., 2008). The CI™
currents characterized in this study exhibited a marked
outward rectification, which were abolished upon the
application of NFA in both HSG cells and in primary acinar cells
isolated from mouse submandibular glands. More importantly,
the CI™ currents were blocked by T16Ainh-AOI, which is a
specific antagonist for TMEM|I6a channel and the biophysical
properties of the CI™ channel observed in salivary gland

cells were essentially similar to that of the native TMEM|6a
channels (Ferrera et al., 2010; Huang et al.,, 2012). Previous
studies have shown that the expression of TMEM|6a is
sufficient to produce a CI™ current, which shares most of the
properties of endogenous CaCC (Ferrera et al., 2010;
Pedemonte and Galietta, 2014). The presence of TMEMI 6a
protein further consolidates the existence of CaCC in salivary
gland cells and an addition of a CFTR inhibitor failed to inhibit
CaCQC, further suggesting TMEM| 6a is the major Cl™ efflux
channel in salivary cells. Overall, the data presented here shows
a direct link between TMEM|éa channel and CaCC currents
and suggests TMEM|6a encodes CaCC in both HSG cell line
and native sallvary gland cells that is activated by increase in
intracellular Ca®" levels.

Ca’" signaling regulates saliva secretion

Sallvary gland fluid secretion is regulated by the activation of
Ca’" S|gnaI|ng machinery (Ambudkar, 2012). Increase in
[Ca”']; at specific regions of the cells is the main determinant
for sustained fluid and electrolyte secretion in salivary gland
acinar cells as it could regulate several major ion flux
mechanisms as well as the water channel that are required for
saliva secretion (Pani et al., 2013; Pang et al., 2014). Na*/H*
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exchanger, Ca’*-activated K channels, Na™ K™ CI~
cotransporter, CaCC, and AQPS5 all contribute to a varying
extent towards fluid secretion as seen by the impact of their
deletion on saliva flow and its ionic composition (Melvin et al.,
2005; Roussa, 201 I). A wealth of data suggests that an increase
in [Ca2+], is paralleled by an increase in CI™ influx (Ambudkar,
2012), but the mechanism as how [Ca®"]; regulates saliva
secretion is not completely understood. Regulation of chloride
channels, and consequently saliva secretion, depends on a
sustained |ncrease in [Ca*"];. Furthermore, it has now been
shown that Ca®" entry in acinar cells is activated in response to
agonist-stimulated PIP, hydrolysis that generates second
messenger IP3, which binds to IP3R in the ER in order to initiate
Ca”" signaling. Consistent with this, IP;R2 and IP3R3 knockout
mice showed agonist-mediated loss of internal Ca®" release as
well as Ca** entry in acinar cells and displayed significant
attenuation of neurotransmitter-stimulated fluid secretion
(Futatsugl etal., 2005; Ambudkar, 2012). SOCE is an important
Ca’" entry mechanism which is activated by the generation of
second messengers such as |P; (Ambudkar, 2012; Pang et al.,
2014) and could regulate various transporters and ion channels
essential for saliva secretion.

TRPCI augment CaCC current activation

Studies using human submandibular gland cell line first
demonstrated that TRPCI contributes towards
store-operated Ca®" entry (Liu etal., 2001, 2003; Caputo etal.,
2008; Cho et al., 2014). Generation of mice lacking TRPCI
further provide evidence for the role of TRPCI in salivary
acinar cells (Liu et al.,, 2007). Importantly, these mice displayed
adecrease in Ca>" entry as well as fluid secretion; however, the
mechanism as why saliva secretion was decreased is not well
known. In addition, a recent study also showed that TRPCI
contributes to SOCE in pancreatic acinar cells where it has a
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role in the modulation of Ca?*-activated Cl~ currents
(Ambudkar, 2012). The kinetics of CI™ release seem to reflect
the kinetics of [Ca®"]; transients, suggesting a direct
mechanistic coupling between the two ions (Romanenko et al.,
2010; Pang et al., 2014). The data presented here also showed
that the amplitude of CaCC was markedly decreased in
TRPCI, but not in TRPC3, knock-down cells. Non-specific
TRPC channels inhibitor, SKF-96365 also decreased CaCC
currents in HSG ceIIs In contrast, store depletion activated
TRPC|-mediated Ca®" entry significantly facnlltated CaCC
currents especially in the presence of external Ca® " suggesting
TRPC|-mediated Ca>" entry is needed for the activation of
CaCC currents. Although our data suggests the role of Ca?"
influx via the TRPCI channels, we cannot completely rule the
possibility for the role of ER Ca®" in modulating CaCC
currents as the electrophysiological methods used were
specific for the maximal activation of TRPCI channels. One
important aspect of our study was the observatlon that
application of Tg in the absence of external Ca*" did not
increased TMEM I6a surface expression. This indicates a novel
mechanism of Ca®" influx via the TRPC| channels could
modulate CaCC currents by facilitating the membrane
insertion of TMEM | 6a channels. However, as basal insertion of
CaCC channels was not altered, this could be an added
mechanism needed for the activation of CaCC channels and
would be interesting to see if similar mechanism is also present
in other secretory cells. Nonetheless, this could be 2 novel
mechanism and explains as how TRPCl-induced Ca®" entry
could modulate TMEMI 6a function and more research is
needed to fully establish this phenomenon.

Consistent with the observations in HSG cell lines, we also
found similar results in native submandibular acinar cells.
Stimulation or inhibition of TRPCI channel had a reciprocal
effect on CaCC activity in native submandibular acinar cells.
Moreover, submandibular acinar cells isolated from TRPCI
knockout mice displayed a significant decrease in CaCC
currents and the effect of Tg-mediated increase in CI™ currents
was abolished in cells expressing TRPCI siRNA. Importantly,
artificially increasing intracellular Ca®" restored the CaCC
currents in cells expressing TRPCI siRNA or cells obtained from
TRPCI knock-out mice. However, when compared with
control cells, CaCC currents were still lower, suggesting that
TRPCI might have additional role in modulatlng CaCCcurrents
besides just increasing intracellular Ca>". Taken together, these
results clearly demonstrate a close interaction between TRPCI
and CaCC channels in salivary gland cells. Interestingly,
functional |nterp|ay between TRPCI-TMEMI6a is not only
restricted to Ca®" entry, as anion selectivity of TMEM| éa is also
shown to be dynamically regulated by the Ca**/calmodulin
complex. Studies revealed that the dlrect association between
TMEM I 6éa and calmodulin at high [Ca®"]; is respon5|ble for
changes in anion permeability (Jung et al., 2013). Ca*"/
calmodulin has also been shown to be tightly associated with
STIMI/TRPCI complex (Galan etal., 201 I) and TRPCI has been
shown to be activated via STIMI and its channel activity is
modulated by calmodulin (Singh et al., 2002), which could also
modulate TMEMI6a currents in salivary gland cells.

Conclusions

We previously reported that loss of TRPCI inhibits saliva
secretion, but the mechanism was not well understood. The
purpose of this study was to establish if store-operated Ca*"
entry regulates TMEM|I6a currents in salivary cells. Major
findings of the present study are that TMEMI6a channel is
crucial for CI™ efflux and that TRPCI is a critical regulator for
TMEM I 6a channel function in salivary gland cells. TRPCI
provides the sustained Ca®" entry (upon store depletion) that
is essential for complete activation of TMEMI6a to modulate
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CI™ efflux. TRPCI function also increased the surface
expression of TMEM| 6a and loss of TRPCI function inhibited
TMEM| 6a activation, which could be the mechanism as how
TRPCI modulates saliva secretion. The data presented here
provides genetic evidence for the physiological function for
TRPCI in the regulation of TMEM | 6a in salivary gland cells. We
suggest that TRPCI could be a potentially useful target
molecule for the activation of ion channels and transporters
that modulate fluid secretion and thus could aid in the
treatment of salivary gland dysfunctions.
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