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Abstract

Store-operated Ca?* entry (SOCE) is critical for salivary gland fluid secretion. We report that
radiation treatment caused persistent salivary gland dysfunction by activating a TRPM2-dependent
mitochondrial pathway, leading to caspase-3—mediated cleavage of stromal interaction molecule 1
(STIML) and loss of SOCE. After irradiation, acinar cells from the submandibular glands of
TRPMZ**, but not those from TRPMZ"~ mice, displayed an increase in the concentrations of
mitochondrial Ca2* and reactive oxygen species, a decrease in mitochondrial membrane potential,
and activation of caspase-3, which was associated with a sustained decrease in STIM1 abundance
and attenuation of SOCE. In a salivary gland cell line, silencing the mitochondrial Ca2* uniporter
or caspase-3 or treatment with inhibitors of TRPM2 or caspase-3 prevented irradiation-induced
loss of STIM1 and SOCE. Expression of exogenous STIM1 in the salivary glands of irradiated
mice increased SOCE and fluid secretion. We suggest that targeting the mechanisms underlying
the loss of STIM1 would be a potentially useful approach for preserving salivary gland function
after radiation therapy.
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INTRODUCTION

Salivary gland fluid secretion is regulated by neurotransmitter-stimulated increases in the
cytosolic concentration of Ca2* ([Ca2*];) in acinar cells, which activates the function of key
ion channels and transporters that concertedly generate the osmotic gradient required to
drive fluid secretion (1, 2). Physiologically, [Ca%*]; increase in salivary gland acinar cells is
initiated in response to inositol 1,4,5-trisphosphate—mediated release of Ca2* from the
endoplasmic reticulum (ER) Ca2* store(s) and influx of Ca2* into the cells through plasma
membrane channels. Fluid secretion depends on [Ca2*]; increase resulting from store-
operated Ca2* entry (SOCE), involving the channels TRPC1 (transient receptor potential
canonical 1) and Orail, both of which are regulated by the ER-Ca2* sensor protein STIM1
(stromal interaction molecule 1) (1-6). A serious consequence of head and neck radiation
treatment in patients is irreversible loss of salivary gland fluid secretion, leading to
xerostomia (7-9). The exact mechanism(s) underlying irradiation-induced salivary gland
dysfunction is not yet understood. The loss of salivary gland fluid secretion that occurs after
relatively low doses of radiation treatment cannot be correlated with disruption of cellular
morphology, apoptosis, or loss of acinar cells (10-16). We have reported that agonist-
induced cell volume reduction is attenuated in acinar cells from mice after irradiation (14),
which suggests that radiation might compromise acinar cell function. However, the exact
consequences of irradiation on acinar cells and on mechanisms involved in the regulation of
fluid secretion are not yet known.

We have previously reported that Ca2* entry through TRPM2 (transient receptor potential
melastatin 2), a reactive oxygen species (ROS)-sensitive Ca2*-permeable nonselective
cation channel (17, 18), is activated by irradiation and critically contributes to radiation-
induced salivary gland dysfunction (14). TRPM2 has also been reported to be activated by
ionizing radiation treatment in cell lines and by electromagnetic radiation in rat brain (19—
21). Our previous study showed that in contrast to 7TRPM2"* mice, TRPMZ™/~ mice do not
display persistent loss of fluid secretion after radiation treatment. Rather, salivary gland
function in these mice transiently decreases soon after the treatment but recovers to >75% of
preradiation amounts by about 30 days. Thus, when TRPM2 is present in salivary gland
acinar cells and is activated by irradiation, it converts an inherently reversible response to the
treatment into a persistent loss of function. Here, we investigated the mechanism(s) that
links the early activation of TRPM2 by radiation to the persistent loss of salivary fluid
secretion. We found that irreversible loss of fluid secretion was caused by sustained
reduction of SOCE due to loss of STIM1 that occurred as a result of TRPM2 activation by
irradiation. Our data showed that the critical early consequences of radiation treatment in
salivary gland acinar cells were TRPM2-mediated increase in [CaZ*];, which triggered an
increase in mitochondrial [Ca2*] ([Ca2*]ym¢) and ROS, and loss of mitochondrial membrane
potential. There was also a relatively slower activation of caspase-3, although the enzyme
remained active for a longer time. In cells from 7RPMZ/~ mice, the effects of radiation on
mitochondria, capsase-3, STIM1 abundance, SOCE, and salivary fluid secretion were
attenuated and transient when compared to the changes seen in acini from 7RPM2"* mice.
We also showed that radiation treatment of a human salivary gland (HSG) cell line induced
decreases in STIM1 and that SOCE was prevented by blocking TRPM2 activation and
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knockdown of mitochondrial Ca2* uniporter (MCU) or caspase-3 or by treatment with a
caspase inhibitor, suggesting that caspase-3 is responsible for the loss of STIM1 and SOCE.
Finally, we showed that adenovirus-mediated expression of STIM1 in the glands of
irradiated 7RPM2** mice led to recovery of SOCE and fluid secretion. Together, these data
indicated that the dysfunction in mouse salivary glands after irradiation was primarily
caused by activation of a TRPM2-dependent mitochondrial pathway that resulted in
caspase-3 cleavage of STIM1 and loss of SOCE. We suggest that targeting the mechanisms
that underlie the loss of STIM1 would be a potentially useful approach for preserving
salivary gland function after radiation treatment.

Radiation-induced activation of TRPM2 leads to loss of SOCE, STIM1, and fluid secretion
in mouse submandibular gland

We measured resting [Ca2*]; (basal, in the absence of external Ca2*) and Ca?* entry (after
readdition of external CaZ* medium) in acinar cells from submandibular glands (SMGs) of
irradiated 7RPM2** and TRPMZ2~ and control nonirradiated mice (noted as IR and CTL
in figures and figure legends). Addition of external Ca2* to acinar cells from irradiated
TRPMZ2*"* mice elicited an increase in [Ca2*];, which was highest 1 day after radiation
(about 40-fold greater than control acinar cells from nonirradiated mice), and decreased by 3
and 10 days after treatment to amounts 20- and 8-fold higher than that in control acinar cells,
respectively (Fig. 1, A and B). Basal [Ca?*]; in TRPMZ2** cells was higher on days 1 and 3
after irradiation compared to control cells and recovered to pretreatment values by 10 days
(Fig. 1, A and C). Ca?* addition to acini from irradiated 7RPM2~*~ mice induced a slow and
small increase in [Ca?*]; that was detected only on day 1 (Fig. 1, D and E; 8-fold in
TRPMZ*~compared to 40-fold in TRPM2"* cells 1 day after irradiation), whereas there
was no significant increase in basal [Ca2*]; (Fig. 1, D and F). Thus, TRPM2-independent
enhancement of plasma membrane Ca2* permeability induced by irradiation was
substantially less and more transient compared to that seen in response to activation of
TRPM2 by irradiation.

Unlike radiation-induced TRPM2 activity in acinar cells from 7RPMZ2%* mice, which
almost recovered to pretreatment values by 10 days, the decrease in salivary fluid secretion
was persistent with about 75% reduction by 10 days after treatment and no further changes
at 30 and 60 days (Fig. 1G). Consistent with our previous study, saliva secretion was
transiently decreased in irradiated 7/PM2*~ mice, with about 65% decrease at 10 days,
35% at 30 days, and <25% at 60 days. Together, these data show that, although irradiation
induces sustained loss of salivary gland fluid secretion in 7RPMZ2"* mice, TRPMZ/~ mice
show initial loss with >75% recovery of function 2 months after treatment.

To elucidate the mechanism underlying radiation-induced salivary gland dysfunction, we
measured SOCE in acinar cells, a process critically required for fluid secretion (2, 3). Acinar
cells obtained from TRPMZ2*/* mice 60 days after radiation treatment displayed a 70%
reduction in SOCE, whereas those from irradiated 7RPMZ2/~ mice showed <10% loss (Fig.
1H) and no change in intracellular Ca?* release (fig. S1A). Carbachol (CCh)-stimulated
Ca?* influx was similarly decreased by radiation in 7RPMZ2%* acinar cells but not in
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TRPMZ ™"~ acinar cells (fig. S1, B and C). Further, SOCE was reduced by about 75% at 10
days after radiation in 7RPM2%/* cells with no further change until 60 days (Fig. 11). In
contrast, cells from irradiated 7/PM2*~ mice showed 55% decrease in SOCE on 10 days,
which was transient and recovered to 75% of preradiation amounts by 30 and 60 days (Fig.
11). At all the time points, SOCE in cells from irradiated 7RPMZ2~*~ mice was significantly
greater than that in cells from irradiated 7RPM2%* mice (Fig. 11). Western blots
demonstrated that irradiation caused a reduction in STIM1 abundance in acinar cells from
TRPMZ2*/* mice 10 days after treatment with further decreases by 30 and 60 days, whereas
samples from control and irradiated TRPM2~/~ mice (days 10 and 30) showed similar
STIM1 abundance (Fig. 1J). The Ca2* channel TRPC1, the sodium potassium chloride
cotransporter NKCC1, and Orail, all of which are required for SOCE and fluid secretion in
this gland (2, 5), were not changed by irradiation in 7RPM2"* or TRPMZ2™"~ mice (Fig. 1J
and fig. S1D). Together, these data demonstrate that radiation induced an early transient
increase in TRPM2 function in salivary gland acinar cells, which was associated with a
persistent loss of STIM1 abundance and SOCE, which could account for the impairment of
fluid secretion. In the absence of TRPM2, the effects of irradiation were reduced and
transient with about 80% recovery in STIM1, SOCE, and salivary gland function within 60
days after treatment.

TRPM2 activity was also enhanced by irradiation in HSG cells with an increase detected at
1 hour after treatment, which decreased to preirradiation values in 4 hours (Fig. 1K).
Further, increase in TRPMZ2 activity in response to irradiation was attenuated by treating
cells with siTRPM2 or 3-aminobenzamide (3AB), which inhibits poly[adenosine
diphosphate (ADP)-ribose] polymerase to suppress generation of the TRPM2 activator ADP
ribose (ADPR) (Fig. 1K) (17, 18). Thapsigargin (Fig. 1L) and CCh-induced Ca?* influx
were significantly reduced 3 days after irradiation but not at 24 hours after treatment (fig.
S1, E and F). Irradiation or H,0,-induced TRPM2 activity was not affected by siSTIM1 or
siOrail, although SOCE was eliminated (fig. S1, G to I). Consistent with the data from mice,
radiation induced a decrease in STIM1 abundance in HSG cells (Fig. 1M), which was
prevented by 3AB treatment of cells and thus was associated with activation of TRPM2.

Activation of TRPM2 by radiation causes an increase in [CaZ*]

Irradiation is suggested to trigger the intrinsic mitochondrial apoptotic pathway in many
different cell types (22—-25). Additionally, mitochondria generate ROS and ADPR, either of
which could contribute to TRPM2 activation (18). We assessed the impact of radiation and
TRPM2 activation on [Ca2*],,,; concentration. Resting [Ca%*],; (basal) was measured in
Rhod2-loaded salivary gland acini that were perfused with Ca2*-free medium, after which
external Ca2* was readded to measure changes in [Ca2*], due to Ca?* influx. Addition of
external Ca2* entry induced significant increases in [Ca*]m: in acini from 7RPMZ2** mice
on days 1, 3, and 10 after radiation (Fig. 2, A and B). Basal [Ca*] in these cells was
significantly increased 1 and 3 days after treatment, whereas at 10 and 30 days, it was
similar to that in nonirradiated cells (Fig. 2, A and C). In contrast, Ca2* influx into 7TRPMZ2~/
~ cells induced a small increase . in [Ca2*] ¢ (about 80% less than in TRPMZ cells) that
was higher than that in control cells only immediately after irradiation (Fig. 2, D and E).
However, basal [Ca%*] was not significantly increased (Fig. 2, D and F). This pattern was
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similar to the effect of radiation on TRPM2 activity (Fig. 1, D to F). Consistent with these
findings, H,0, induced a greater increase in [Ca2*]y, in TRPMZ* than in TRPMZ™~ acini
(fig. S2, A and B).

Irradiation of HSG cells also increased [Ca2*],:, which was detected 1 hour (Fig. 2G) but
not 4 hours after treatment (Fig. 2H). Knockdown of the MCU attenuated radiation-induced
changes in [Ca%*]m, both basal and after Ca2* readdition (Fig. 2G). Further, the increase in
[CaZ*]mt was attenuated in cells pretreated with 3AB or maintained in Ca2*-free medium
during irradiation (Fig. 21 and J; quantitation of the data in Fig. 2, G, I, and J, is shown in
Fig. 2K). Ca%* uptake into mitochondria lowered [Ca2*]; as seen by the greater and more
sustained [Ca2*]; increase induced by irradiation of cells treated with siMCU (fig. S2, C and
D) or H,0; (fig. S2, E and F). Together, these findings suggest that TRPM2-mediated Ca?*
entry after radiation treatment triggered MCU-dependent increase in [Ca2*]mt.

Radiation-induced activation of TRPM2 leads to increase in mitochondrial ROS

Mitochondrial ROS production can be directly increased by radiation or by an increase in
[CaZ*|mt (22, 24, 26). Measurement of MitoSOX fluorescence, an indicator of mitochondrial
ROS, showed that addition of external Ca2* increased mitochondrial ROS in acini from
irradiated 7RPMZ2*/* mice. The greatest increase was seen on day 1 after radiation, which
decreased by 3 days and returned to control amounts by 10 days. Similarly, basal
mitochondrial ROS was significantly higher in irradiated 7RPMZ2%/* acini on days 1 and 3
but was similar to that in nonirradiated cells by day 10 (Fig. 3, A to C). In contrast, acinar
cells from 7RPMZ/~ mice displayed an attenuated increase in mitochondrial ROS in
response to addition of external CaZ*, which was detected only 1 day after radiation
treatment, but not at later time points (Fig. 3, D and E). Basal mitochondrial ROS in
TRPMZ " acini was not affected by irradiation (Fig. 3F). Thapsigargin or CCh stimulation
of HSG cells induced very small and transient increases in [Ca%*] ., as well as
mitochondrial ROS (fig. S2, G and H). H,O»-induced mitochondrial ROS was also much
greater in TRPMZ2"* acini compared to 7TRPMZ™/~ acini (fig. S3, A and B). Thus, like
[CaZ*] ., the radiation-induced increase in mitochondrial ROS was also associated with
TRPM2, whereas the TRPM2-independent increase in mitochondrial ROS was relatively
small.

Irradiation also caused an increase in basal mitochondrial ROS in HSG cells, which was
further increased when Ca2* was added to the external medium (Fig. 3G). Basal
mitochondrial ROS was significantly lower when cells were irradiated in a Ca?*-free
medium as compared to cells irradiated in normal medium. However, the addition of Ca2* to
cells irradiated in a Ca2*-free medium induced greater increase in mitochondrial ROS as
compared to cells irradiated in normal medium (Fig. 3G). Both basal amounts of
mitochondrial ROS and the increase upon readdition of external Ca2* were attenuated by
knockdown of MCU before radiation (Fig. 3H; quantitation of data in Fig. 2, G and H, is
shown in Fig. 21). In addition, increased mitochondrial ROS was not detected in cells 4
hours after radiation (fig. S3C). Thus, these results suggest that radiation-induced increases
in [Ca2*],,,: and mitochondrial ROS depended on MCU and plasma membrane Ca2* entry
mediated by TRPM2. The role of mitochondrial ROS was further examined by treating cells
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with MitoTEMPO, which preferentially scavenges free radicals in mitochondria (27).
Enhancement of mitochondrial ROS by irradiation was significantly dampened in cells
treated with MitoTEMPO, which abolished the increase in basal mitochondrial ROS and
reduced the increase after plasma membrane Ca?* entry by about 80% (Fig. 3J).
MitoTEMPO treatment before irradiation resulted in a small but significant loss of radiation-
induced basal [Ca%*]; increase, as well as plasma membrane CaZ* entry (Fig. 3K). We have
previously shown that scavenging cytosolic ROS with TEMPOL prevents TRPM2 activation
in irradiated HSG cells (14). Here, we showed that MitoTEMPO treatment attenuated the
radiation-induced increase in basal [Ca2*]n and that caused by plasma membrane Ca2*
entry (fig. S3, D and E). Together, these findings implicate an amplification loop whereby an
increase in plasma membrane Ca?* permeability through TRPM2 triggers mitochondrial
Ca?* accumulation and enhancement of mitochondrial ROS. ROS in mitochondria can
generate ADPR locally within the organelle, which is then released into the cytosol, leading
to amplification of TRPM2 activity. A similar role for mitochondrial ROS in increasing
TRPM2 function in neutrophils has been previously suggested (17, 18). Contribution due to
possible Ca2*-dependent regulation of TRPM2, which is reported to occur in the presence of
ADPR, cannot be excluded (28)

Activation of TRPM2 by irradiation leads to a decrease in mitochondrial membrane

potential

Increases in [CaZ*]y: and mitochondrial ROS can reduce mitochondrial membrane potential,
Vm (22, 24). Rhodamine 123 (Rh-123) fluorescence was monitored using a similar
experimental protocol as described above to assess changes in yp,. There was a significant
decrease in resting y, in acinar cells from irradiated 7RPM2%* mice on 1 and 3 days after
treatment compared to cells from nonirradiated mice (Fig. 4, A and B). Upon addition of
Ca?* to the external medium, there was a further decrease in yy, in irradiated cells, which
again was significant 1 and 3 days, but not 10 days, after treatment (Fig. 4, A and C).
Consistent with the data shown above, changes in yy, were attenuated in cells from
irradiated 7RPMZ"~ mice (Fig. 4, D to F). Although resting y, was not affected in these
cells, the decrease in yy, in response to addition of external Ca2* was reduced and transient
and was detected only on the first day after treatment. Knockdown of MCU or inhibition of
plasma membrane Ca2* entry with Gd3* in irradiated HSG cells inhibited changes in v,
due to Ca2* influx but only partly suppressed the reduction of basal y, (Fig. 4, G to I). It is
possible that part of the de-polarization in HSG cells, but not in salivary gland acinar cells,
might be caused by direct effects of radiation on mitochondria.

Activation of TRPM2 after irradiation promotes caspase-3 activation and loss of STIM1 and

SOCE

Irradiation activates caspase-3 in acinar cells (29, 30), although <20-gray (Gy) radiation
results in minimal apoptosis but substantial loss of salivary fluid secretion that is detected
soon after the treatment (13, 15). Acinar cells from 7RPM2** and TRPMZ"~ mice had
similar amounts of activated caspase-3 before irradiation (control), whereas after irradiation,
cells from TRPM2** mice showed 10-fold higher caspase-3 at 3 and 10 days and about 5-
fold at 30 days (Fig. 5A). In comparison, significantly less cleaved caspase-3 was detected in
SMG acini from irradiated 7RPMZ2~"~ mice, and the change in caspase-3 was transient.
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Three days after irradiation, activated caspase-3 was threefold greater than in respective
control cells, whereas 10 days after treatment, caspase-3 activity in cells from radiated
TRPMZ2"~ mice was similar to that in cells from mice before irradiation (Fig. 5, B and C).
Thus, the reduction of STIM1 abundance in the gland after irradiation correlated with the
activation of caspase-3.

HSG cells also displayed activated caspase-3 6 hours after radiation treatment, which further
increased at 96 hours. Treatment of cells with zZVVAD, an inhibitor of procaspase-3 cleavage,
before irradiation prevented the increase in cleaved caspase-3 (Fig. 6, A and B). In irradiated
HSG cells, the abundance of procaspase-3 and STIM1 decreased progressively starting at 24
hours after treatment (Fig. 6C). The decreases in both these proteins were prevented by
treatment of cells with zZVAD before irradiation. This finding suggests that STIM1 could be
a target for caspase-3, although we could not detect low—molecular weight fragments of
STIM1 in HSG cells after irradiation. It is possible that, because the decrease in STIM1
under these conditions is a relatively slow process, the fragments were further degraded
before they could be detected. However, as proof of principle, we used two additional
methods of activating caspase-3: treatment with staurosporine or H,O» (fig. S4, A and B),
either of which decreased STIM1 protein abundance after radiation treatment. For
staurosporine, this decrease was prevented by zVAD. Lower—-molecular weight fragments of
STIM1 were detected when blots were exposed for longer time periods, and these were
reduced in abundance in zZVAD-treated cells. Treatment with siMCU or 3AB prevented
irradiation-induced loss of STIM1 and procaspase-3 (Fig. 6D). In contrast, TRPC1 or Orail
abundance was not affected up to 4 days after irradiation (Fig. 6E). Finally, we showed that
SOCE did not decrease after irradiation in cells treated with zVAD, siMCU, or 3AB (Fig. 6,
F and G) or siCaspase-3 (Fig. 6, H and I, and fig. S5, A to C). These data reveal a critical
link between activation of TRPM2 by irradiation and MCU-dependent accumulation of Ca2*
into mitochondria with activation of caspase-3 and reduction in STIML1.

Adenovirus-mediated expression of STIM1 in salivary glands of irradiated mice leads to
recovery of SOCE and fluid secretion

To further support our suggestion that loss of STIM1 could be the primary underlying cause
of radiation-induced reduction in salivary gland function, we used adenovirus
cytomegalovirus (AdCMV)-STIML1 to induce expression of STIML1 in salivary glands of
irradiated 7RPM2** mice. Virus was delivered to mouse salivary glands 15 days after
irradiation, and saliva was measured 15 days after that (that is, on day 30 after radiation
treatment). The mice that received AACMV-STIML1 secreted twofold more fluid than
irradiated mice receiving control virus, which was about 60% of the secretion measured in
non-irradiated mice (Fig. 7A; also see Fig. 1G). SOCE was also increased about twofold in
acinar cells from irradiated mice that received AACMV-STIM1 compared to those receiving
control virus (Fig. 7, B and C). Similar to fluid secretion, SOCE in these cells also recovered
to about 60% of preradiation amounts. Together, these data demonstrate that STIM1
depletion in salivary glands after radiation treatment is a key cause for loss of fluid secretion
and restoration of STIM1 in acinar cells induces recovery of fluid secretion.
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DISCUSSION

Our data elucidate a critical TRPM2-dependent mechanism that underlies salivary gland
dysfunction caused by radiation treatment. Our findings demonstrated that radiation-induced
loss of salivary gland function was caused by a persistent reduction in STIM1 protein and
SOCE. We showed that activation of TRPM2 by irradiation led to the loss of STIM1, SOCE,
and salivary fluid secretion. Mice lacking TRPM2 had transient loss of salivary fluid
secretion with >70% recovery of function by 30 days that was associated with recovery of
STIM1. A major finding of this study is that TRPM2-dependent decrease in STIM1 and
SOCE after radiation treatment was mediated through effects on mitochondria (Fig. 7D). We
showed that an early event after irradiation was a TRPM2-mediated [Ca2*]; increase, which
triggered MCU-dependent uptake of Ca2* into mitochondria. Consequently, [Ca%*]m: and
mitochondrial ROS were increased, whereas mitochondrial membrane potential was
decreased. This was accompanied by a relatively slower appearance of activated caspase-3,
which caused loss of STIM1 and, consequently, attenuation of SOCE. A reduction in the
SOCE-mediated [Ca2*]; increase in acinar cells after irradiation resulted in decreased
activation of CaZ*-dependent ion channels required for fluid secretion. The final outcome of
the radiation-induced disruption of Ca2* signaling in salivary glands was persistent loss of
fluid secretion.

The early effects of 15-Gy radiation on TRPM2, [Ca%*]m:, and ROS were transient with the
greatest increase in cells 1 day after treatment and a gradual decrease thereafter. By 30 days
after irradiation, these functions were similar to those in nonirradiated cells. Enhancement of
caspase-3 by radiation treatment was more sustained and persisted at 30 days after
irradiation. In contrast, acini from irradiated 7/PMZ2*~ mice displayed substantial
attenuation of irradiation-induced increases in [Ca%*];, [Ca%*]mt, and caspase-3. We suggest
that these abrogated effects of radiation on TRPM2 and mitochondrial function, as well as
caspase-3 in acinar cells of 7RPMZ2" mice, likely reflect TRPM2-independent
mechanisms, which might include direct consequences of radiation on cellular membranes
and other components. These small and transient changes in function did not cause
persistent loss of STIM1, SOCE, or fluid secretion. Instead, they were associated with
maintenance of STIM1 and recovery of SOCE and salivary gland fluid secretion in
TRPMZ~ mice. Although further studies are required to identify the mechanism involved
in TRPM2-independent effects on acinar cell function, our findings provide evidence that a
TRPM2-dependent mechanism mediated through mitochondria leads to the irreversible loss
of salivary gland fluid secretion after radiation treatment. Our studies involved a single 15-
Gy dose of radiation treatment. Although low-dose fractionated radiation also results in
similar loss of salivary gland fluid secretion, further studies are required to determine
possible involvement of TRPM2 and mitochondria in the process.

We have previously shown that, despite >60% loss of saliva secretion, salivary gland acinar
cells retain normal morphology and abundance of key proteins related to fluid secretion such
as NKCC1 and AQP5 (14). Our present findings revealed that reduction of SOCE in acinar
cells after irradiation could fully account for the impairment of salivary fluid secretion and
that of agonist-stimulated decrease in acinar cell volume (31). We showed that this
impairment of SOCE was due to loss of STIM1, which occurred downstream of caspase-3
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activation. The increase in [Ca?*]y after radiation was due to TRPM2-mediated Ca?* influx
and contributed to caspase-3 activation and loss of STIM1. Although caspase is activated in
salivary glands after irradiation, there is minimal apoptosis after a single dose of radiation
(2.510 17.5 Gy) (13, 15), which cannot account for the early onset and persistent loss of
acinar cell function. Our data suggest a role for caspase-3 in depletion of STIM1, thus
linking the activated protease to loss of salivary gland function after irradiation rather than
apoptosis. Consistent with this notion, caspase-3 can target and cleave various proteins not
involved in apoptosis and thus contribute to regulation of critical cellular functions such as
proliferation and differentiation (32—35). The mechanism that determines whether caspase-3
activation triggers apoptosis has not yet been established. On the basis of these previous and
present data, we suggest that caspase-3 might have a noncanonical role in acinar cells after
low-dose radiation. Our model suggests that as a sequelae to radiation-induced enhancement
of TRPM2 function and increased [Ca2*],,,; and ROS, caspase-3 was activated and cleaved
STIM1, causing reduction in SOCE and loss of fluid secretion. We showed that
replenishment of STIM1 in salivary gland acinar cells of irradiated mice induced recovery of
SOCE and salivary fluid secretion. Regulation of STIM1 abundance or loss of protein can
affect other cellular processes. Cleavage of STIM1 by calpain and y-secretase is associated
with stress and Alzheimer’s disease, respectively (36, 37). Further, proteasome inhibition
reduces SOCE and promotes autophagy-mediated degradation of STIM1/2 (38). Loss of
STIML1 is also associated with the autoimmune exocrinopathy, Sjégren’s syndrome, in which
salivary gland function is affected (39, 40).

A role for TRPM2 in ROS-associated cell death has been noted in various cell types
including cerebral cortical neurons and myocytes (17, 41). TRPM2 has been linked to
inflammasome assembly (42) and ischemia-reperfusion—induced cellular injury (43).
However, downstream targets and signaling pathways of ROS-induced TRPM2 activity that
lead to loss of cell viability compared to modulation of cell function are poorly understood.
Here, we described a critical link between TRPM2 and mitochondria that was triggered by
radiation treatment and that resulted in persistent salivary gland dysfunction. Our findings
show that activation of TRPM2 by radiation treatment triggered an increase in [Ca2*]m: and
mitochondrial ROS, decrease in mitochondrial membrane potential, activation of caspase-3,
and loss of STIM1 and SOCE. Loss of salivary gland fluid secretion was due to decreased
STIM1 and SOCE because a gene therapy strategy to express STIM1 in vivo in salivary
glands of irradiated mice rescued function. Insulin-like growth factor 1 and interleukin-6
treatments, which protect salivary gland function after irradiation, promote the antiapoptotic
factor BCL2 (9, 15). Thus, treatment with these factors would lead to suppression of
cytochrome C release from mitochondria, as well as the subsequent activation of caspase-3.
We have previously shown that inhibitors of TRPM2, as well as free radical scavengers such
as TEMPOL, promote recovery of salivary gland function after irradiation (14). Our present
findings suggest that targeting the mechanisms underlying loss of STIM1 would be a
potentially useful approach for preserving salivary gland function after radiation treatment.
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MATERIALS AND METHODS

Animals and cell culture

HSG cells were cultured on glass coverslips with Earle’s minimum essential medium
(EMEM). EMEM was supplemented with 10% fetal calf serum, 2 mM glutamine, and 1%
penicillin/streptomycin at 37°C in 5% CO,. TRPMZ2*/* and TRPMZ2~"~ mice were bred from
TRPMZ2*"animals (C57BL/6 background) obtained from Kyoto University, Japan and
genotyped using the protocol described earlier (14) with the primers (ROSC1-13F, 5'-
cttgggttgcagtcatatgcaggce-3'; ROSC1-10R, 5'-gccctcac-catcegettcacgatg-3'; and Pneo5'a, 5'-
gccacacgcgtcaccttaatatgeg-3"). For obtaining samples of salivary glands, mice were
euthanized by CO, asphyxiation and salivary glands were immediately excised. Breeding
and all other procedures were carried out using a protocol approved by the National Institute
of Craniofacial Research—Animal Care and Use Committee in compliance with the Guide
for the Care and Use of Laboratory Animal Resources National Research Council.

Construction of recombinant adenoviral vector and in vivo animal experiments

First-generation, E1-deleted, replication-defective serotype 5 adenoviral vector encoding
human STIM1 (AdCMV-hSTIML1) was used in this study. The 4000 base pairs of hSTIM1
complementary DNA were excised from pCMV6-XL5C3 (OriGene) with Eco RI/Sma | and
ligated into the Eco R1/Sma 1 sites of pACCMV-pLpA to create pACCMV-hSTIM1.
Adenoviral vector was generated by homologous recombination of pACCMV-hSTIM1 with
pJM17 (Microbix Biosystems Inc.), subsequently amplified in 293 cells (Microbix
Biosystems Inc.), and purified by CsCI gradient centrifugation as described previously (44).
Purified vector was titered by quantitative polymerase chain reaction with primers from the
E2 region of adenovirus, E2g1 (5-GCAGAAC-CACCAGCACAGTGT-3") and E292 (5'-
TCCACGCATTTCCTTC-TAAGCTA-3'). The titer was expressed as viral genome/ml. Mice
were anesthetized with ketamine (60 mg/kg) and xylazine (8 mg/kg) intramuscularly.
AdCMV-hSTIM1 was administered to both SMGs by local ductal cannulation at 5 x 109, 1
x 109, or 1 x 1010 particles per gland. Glands were infused with AdACMV-STIM1 or control
virus 15 days after irradiation by retrograde perfusion through the salivary ducts, and
salivary gland fluid secretion was measured 2 weeks later (at 30 days after irradiation).

Irradiation of HSG cells and mice

HSG cells were cultured in glass-bottom dishes and irradiated in a Gammacell 1000
irradiator with a single dose of radiation or using x-ray as described previously (14).
Salivary gland irradiation was accomplished by placing each animal into a specially built
Lucite jig such that the animal could be immobilized without the use of anesthetics. In
addition, the jig was fitted with a Lucite cone that surrounded the head and prevented head
movement during the radiation exposure (14, 31). Lead shields were designed to cover the
jigs with the mice with a small aperture in the lead shield that allowed radiation to the
salivary gland area of the immobilized animal. A single radiation dose of 15 Gy was
delivered to the animal by a Therapax DXT300 X-ray irradiator (Pantak Inc.) using 2.0-mm
Al filtration (300-kV peak) at a dose rate of 1.9 Gy/min. Immediately after irradiation, the
animals were removed from the Lucite jig and housed (five animals per cage) in a climate-
and a light/dark-controlled environment and allowed free access to dough diet (soft food).

Sci Signal. Author manuscript; available in PMC 2018 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liu etal. Page 11

Saliva secretion measurements

The salivary secretion was measured in control and irradiated mice 10, 30, or 60 days after
irradiation. For whole saliva collection, anesthetized mice were treated with pilocarpine
solution (0.5 mg/kg) subcutaneously, after which the saliva was collected as described
earlier (14). For whole saliva collection, anesthetized mice were treated with pilocarpine
solution (0.5 mg/kg) subcutaneously, after which the saliva was collected as described
earlier (14).

Acinar cell preparation

SMG acinar cells were isolated by enzyme digestion using Liberase TL (Roche
Diagnostics). The dissected glands were finely minced and digested in Eagle’s minimum
essential medium containing 0.015% trypsin for 10 min at 37°C and then centrifuged. The
cell pellet was rinsed with Eagle’s minimum essential medium containing 0.2% trypsin
inhibitor and then digested for 25 min in the presence of Liberase TL (0.5 mg/ml). After
centrifugation, the cell pellet was further digested with Liberase TL for another 25 min and
finally resuspended in Eagle’s minimum essential medium. Cells were continuously gassed
with a mixture of 95% O, and 5% CO,.

[CaZ*]; measurements

[CaZ*]; were measured in Fura-2—loaded cells using an Olympus x 51 microscope (Olympus
Centre Valley), with an ORCA-ER camera (Hamamatsu) attached to a Polychrome V (Till
Photonics LLC) for HSG cells or acini from mouse SMG. Cells were excited at 340/380 nm
with an emission of 510 nm. MetaFluor (Molecular Devices) was used to acquire images
and process data.

[CaZ*] ;s measurement

Cells were loaded with 1 pM Rhod2/acetoxymethyl for 30 min or acini from mouse SMG
and washed three times with SES (standard external solution) solution for 15 min at 37°C.
Cells were excited at 550 nm wavelengths and the emission intensities were excited at 580
nm. Mitochondrial Ca%* concentrations were expressed as normalized fluorescence ratio
(H Fy, where Ay is the baseline fluorescence).

Mitochondrial ROS measurement

HSG cells seeded on glass coverslips or acini from mouse SMGs were loaded with the
mitochondrial O,-specific fluorescent probe MitoSOX (1 uM) for 10 min at 37°C. MitoSOX
fluorescence was analyzed using Polychrome V using 510 nm excitation wavelength. The
relative fluorescence intensity was used to indicate mitochondrial ROS as A Fy (MitoSOX).

Mitochondrial membrane potential measurement

Mitochondrial membrane potential (ym) was assessed using Rh-123 (45). At low
concentrations, the fluorescence intensity depends on dye accumulation in mitochondria,
which, in turn, is directly related to mitochondrial potential. Cells were cultured on glass
coverslips and loaded for 15 min at 37°C with Rh-123 (100 nM) in the culture medium.
Rh-123 fluorescence was measured with a Polychrome V fluorescence microscope using
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505 nm excitation wavelength. The relative fluorescence intensity was used to indicate yn,
as A (Rh-123).

Detection of cleaved caspase-3 in HSG and acinar cells

Active caspase-3 was detected in HSG cells using the CellEvent Caspase-3/7 Green
Detection Reagent (Thermo Fisher Scientific) with an absorption/emission maximum of
502/530 nm. HSG cells were plated on glass coverslips and incubated with the reagent at 1
UM concentration for 30 min. The reagent was detected using an Olympus x 51 microscope
(Olympus), with an ORCA-ER camera (Hamamatsu) attached to a Polychrome V (Till
Photonics LLC). MetaFluor (Molecular Devices) was used to acquire images and process
data as described above. Apoptotic cells with activated caspase-3/7 have bright green nuclei,
whereas cells without activated caspase-3 have minimal fluorescence signal.

Isolated submandibular acini were plated on glass coverslips for 3 min at room temperature
before fixation with cold methanol. After fixation, the acini were rinsed in phosphate-
buffered saline (PBS), quenched with 500 mM glycine in PBS for 10 min at 4°C, and
washed with solution A (0.37% saponin and 0.21% Triton X-100 in PBS). The samples were
blocked for 1 hour in 5% goat serum (Jackson Immuno-Research) diluted in solution A and
stained with anti—caspase-3 active form antibody (5 pg/ml; EMD Millipore) diluted in
solution A containing 1% bovine serum albumin (BSA) overnight at 4°C. Subsequently, the
samples were washed with solution A and incubated for 30 min at room temperature with
anti-rabbit Alexa 488 (Thermo Fisher Scientific) diluted in solution A containing 1% BSA.
Finally, the acini were washed in solution A, and coverslips were mounted with Fluormount-
G (Electron Microscopy Sciences). Confocal images were acquired using a FluoView 1000
(Olympus). Area of caspase-3 staining and total surface of acinar area were quantified using
\olocity software (PerkinElmer).

Western blotting

Statistics

HSG cell protein was mixed with tris-glycine sodium dodecyl sulfate sample buffer
(Invitrogen) and loaded onto gels for Western blot analysis. Rabbit polyclonal anti-TRPM2
antibody (1:200 dilution, Abcam), anti—caspase-3 antibody (1:3000 dilution, Abcam), and
rabbit polyclo-nal anti-p-actin antibody (1:500 dilution, Abcam) were used for immu-
noblotting. After incubation with secondary antibodies, signals were detected by
chemiluminescence using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Scientific).

Data analyses were performed using Origin 9.0 (OriginLab) and Graph-Pad Prism
(GraphPad Software). Statistical significance was determined using unpaired #test between
two groups and the XZ test for responses in cell populations. Data are expressed as means +
SE. Differences in the mean values were considered to be significant at *P < 0.05 or #P<
0.05 and **P< 0.01 or #pP< 0.01.
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Fig. 1. Radiation treatment causestransient activation of TRPM2 but persistent loss of SOCE,
STIM1, and fluid secretion in submandibular acinar cells

(A to F) SMG acinar cells were isolated from nonirradiated mice (CTL) and on 1, 3, and 10
days after 15-Gy radiation treatment (IR-1, IR-3, and IR-10). Fura-2 fluorescence ratio
(340/380, which reflects [Ca2*];) was monitored in cells from 7RPM2** (A) and TRPMZ2™~
(D) mice in Ca2*-free medium and after readdition of 1 mM external Ca2*. Quantitation of
data from traces in (A) and (D) for peak increase in [Ca2*]; after Ca?* add-back (B and E)
and basal [Ca2*]; in Ca2*-free medium (C and F). Data were obtained from four CTL-
TRPMZ2*/* and four CTL- TRPMZ2~~ mice (210 acini in each case), 200 acini from three
TRPMZ2** mice and 212 acini from three TRPM27~ mice (IR-1), 190 acini from three
TRPMZ*"* mice and 188 acini from three 7RPM27~ mice (IR-3), and 210 acini from three
TRPMZ2*/* mice and 206 acini from three TRPMZ2~~ mice (IR-10). *P< 0.05 and **P<
0.01, comparing the indicated values on different days after irradiation with the respective
control value in each set using unpaired ftest (B, C, E, and F). (G) Pilocarpine-stimulated
salivary fluid secretion was monitored in 7RPMZ2** and TRPMZ2™~ mice on 10 (28
TRPMZ2*"* mice and 28 TRPMZ™~mice), 30 (26 TRPMZ2"* mice and 26 TRPMZ2mice),
and 60 (22 TRPMZ** mice and 22 TRPMZ7 mice) days after irradiation (**P< 0.01,
comparing secretion in TRPM2** mice to TRPMZ2™~ mice at each time point, unpaired ¢
test). (H) Thapsigargin (Tg)-stimulated intra-cellular Ca2* release and Ca%* entry were
measured in acini at 60 days after irradiation (data were obtained from 220 acini each from
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four nonirradiated 7RPMZ2*/* mice and four irradiated 7RPM2** mice and 215 acini from
four IR- TRPMZ2™~ mice). (1) SOCE was measured at 10 (216 acini from four 7RPM2**
acini and 210 acini from four 7RPMZ2~~ mice), 30 (206 acini from four 7RPM2*/* mice and
202 acini from four 7TRPMZ2~~mice), and 60 (186 acini from four 7RPMZ2*/* mice and 192
acini from four 7RPMZ27~ mice) days after irradiation (**P< 0.01, comparing 7TRPM2"/*to
TRPMZ™~ cells at each time point, unpaired #test). (J) Western blot showing the abundance
of STIM1, TRPC1, and NKCC1 in salivary gland samples from 7RPMZ2*/* and TRPMZ2~/~
mice at 0, 10, 30, and 60 days after irradiation (as indicated). Data are representative of
results with three salivary gland samples each from 7RPMZ2*/*and TRPMZ2™~ mice at all
time points shown. (K) Ca2* influx was measured in HSG cells that were not irradiated
(CTL; 224 cells from three independent experiments) or 1 hour after irradiation (IR, 214
cells from three independent experiments; IR + 3AB, 212 cells from three independent
experiments; and IR + siTRPM2, 220 cells from three independent experiments). Inset
shows Ca2* influx in nonirradiated cells and in cells 4 hours after irradiation (200 to 240
cells from three independent experiments). (L) Thapsigargin-stimulated SOCE in control
and irradiated cells. Inset shows the quantitation (**/~ < 0.01, comparing the indicated value
with the respective control in each set, unpaired ¢test; 200 to 220 cells from three
independent experiments). (M) Western blot of STIM1 in nonirradiated and irradiated HSG
cells with or without 3AB treatment (four independent experiments).
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Fig. 2. Irradiation causesa TRPM 2- and M CU-dependent increasein [CaZ*] it

(A to F) [Ca%*] e was monitored in acinar cells from nonirradiated mice (control) and from
TRPMZ2** (A to C) and TRPMZ2~~mice (D to F) on 1, 3, 10, and 30 days after 15-Gy
radiation treatment (IR-1, IR-3, IR-10, and IR-30) by measuring Rhod2 fluorescence in cells
maintained in Ca2*-free medium and after Ca* was added to the external medium (A and
D). Quantitation of data in (A) and (D) is shown for the peak increase in [Ca2*]; after
readdition of Ca?* (B and E) and basal [Ca?*]; in Ca%*-free medium (C and F) (CTL, 188
acini from four 7RPMZ2*/* mice and 224 acini from four TRPMZ27~ mice; IR-1, 214 acini
from three TRPMZ2*/* mice and 212 acini from three 7TRPMZ27~ mice; IR-3, 210 acini from
three TRPMZ2*/* mice and 200 acini from three 7RPMZ~~ mice; IR-10, 204 acini from three
TRPMZ2*"* mice and 210 acini from three 7TRPMZ27~ mice; and IR-30, 204 acini from three
TRPMZ*"* mice). *P< 0.05 and **P< 0.01, comparing the indicated value to its respective
control value using unpaired ftest. (G and H) A similar protocol was used to measure
[Ca%*]m:t in control and irradiated HSG cells with or without SiMCU treatment 1 hour (G)
and 4 hours (H) after irradiation (180 to 210 cells from three independent experiments).

Sci Signal. Author manuscript; available in PMC 2018 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

Page 19

Inset: Western blot in (G) shows MCU abundance in control and siMCU-treated cells
(representative of results in three independent experiments). (I to K) Similar measurements
were made in HSG cells treated with 3AB before irradiation (180 to 220 cells from three
independent experiments) or maintained under Ca2*-free conditions during and 1 hour after
irradiation (200 to 212 cells from three independent experiments). **P < 0.01, the indicated
value compared to its respective control using unpaired ¢test.
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Fig. 3. Radiation treatment causesa TRPM2 and M CU-dependent increase in mitochondrial
ROS

(A to F) Mitochondrial ROS as assessed by measuring MitoSOX fluorescence in acini from
control and irradiated 7RPM2"* (A to C) and TRPMZ2~~ (D to F) on days 1, 3, 10, and 30
after irradiation, as indicated (IR-1, IR-3, IR-10, and IR-30). Fluorescence changes were
measured in cells maintained in Ca2*-free medium and after Ca?* was added to the external
medium (A and D). Quantitation of data from (A) and (D) is shown for peak increase after
readdition of Ca?* (B and E) and basal in Ca2*-free medium (C and F) (CTL, 188 to 256
acini from five TRPM2*/* mice and TRPMZ~~ mice each; IR-1, 200 acini from three
TRPMZ*"* mice and 212 acini from three 7RPM27~ mice; IR-3, 210 acini from three
TRPMZ2** mice and 200 acini from three TRPMZ2~~ mice; IR-10, 214 acini from three
TRPMZ2*"* mice and 218 acini from three 7TRPMZ27~ mice; and IR-30, 210 acini from three
TRPMZ** mice). *P< 0.05 and **P< 0.01, comparing the value with its respective control,
unpaired ttest. (G and H) A similar protocol was used to measure mitochondrial ROS in
control HSG cells (G and H), in irradiated HSG cells maintained under Ca2*-free conditions
during and 1 hour after irradiation (G), and in irradiated HSG cells with or without sSiIMCU
(H) [200 to 260 cells from four independent experiments in (G) and 210 to 240 cells from
four independent experiments in (H)]. (1) Quantitation of basal and peak changes in
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fluorescence after Ca2* addition. (J and K) HSG cells were treated with MitoTEMPO before
irradiation. Data from control, irradiated, and irradiated MitoTEMPO cells are shown (220
cells in each group in three independent experiments). *£ < 0.05 and **P< 0.01, comparing
each indicated value with its respective control, unpaired #test (I to K).
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Fig. 4. Irradiation causesa TRPM 2- and M CU-dependent decrease in mitochondrial membrane
potential

(A to F) yy, was measured using Rh-123 fluorescence in acini from control and irradiated
TRPMZ2** (A to C) and TRPMZ2™~ (D to F) on days 1, 3, and 10 after irradiation, as
indicated (IR-1, IR-3, and IR-10). Fluorescence changes in cells maintained in Ca2*-free
medium and after Ca2* was added to the external medium (A and D). Quantitation of data
from (A) and (D) is shown for basal in Ca2*-free medium (B and E) and peak increase after
readdition of Ca2* (C and F) (CTL, 200 to 220 acini from four 7RPM2*/* mice and
TRPMZ2~~ mice; IR-1, 200 acini from three 7TRPMZ2*/* mice and 210 acini from three
TRPMZ™~ mice; IR-3, 206 acini from three 7TRPMZ2*/* mice and 204 acini from three
TRPMZ” mice; IR-10, 210 acini from three 7RPMZ2*/* mice and 204 acini from three
TRPMZ2™~ mice; and IR-30, 190 acini from three TRPMZ2*/* mice). *P < 0.05 and **P<
0.01 were compared with their respective control using unpaired ¢test (B, C, and F). FCCP,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone. (G to I) A similar protocol was used
to measure yp, in control and irradiated HSG and HSG cells irradiated in the presence of
extracellular Gd3* or after treatment with siMCU (180 to 240 cells from three independent
experiments). Values marked **P < 0.01 were compared to their respective controls using
unpaired ftest (H and I).
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Fig. 5. TRPM2 channel contributesto activation of caspase-3 after irradiation
(A and B) Immunofluorescence staining of active caspase-3 in submandibular acinar cells.

Anti-active caspase-3 antibody staining in acinar cells from 7RPMZ2*/* mice (A) (CTL, four
TRPM2~mice and four TRPM2** mice; IR-3 and IR-10, six TRPM2~/~ mice and six
TRPM2*/* mice; and IR-30, four TRPM2~/~ mice and four TRPM2*/* mice). (B) Anti—
active caspase-3 antibody staining in acinar cells from 7RPMZ2~7~ mice (CTL, three
TRPM2~/~ mice and three TRPM2*/* mice; IR-3 and IR-10, six TRPM2~/~ and six
TRPM2*/* mice). Scale bars, 30 um (A and B). The area of caspase-3 signal/total surface
acinar area is shown in (C). **P< 0.01 compares TRPMZ2** mice with TRPM2-/-mice
group at the same time point after radiation using X2 test; #P< 0.05, #P< 0.01 compares
the values to their respective control, x 2 test; the number of mice for each is shown in
parentheses above.
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Fig. 6. The coordinated effects of TRPM 2, M CU, and caspase-3 govern loss of STIM1 and SOCE
inirradiated HSG cells

(A and B) Detection of caspase-3 activation in HSG cells at different times after irradiation
with or without pretreatment with caspase-3 inhibitor zVAD. (A) Cells with activated
caspase-3 (indicated by green fluorescence signal) in control or irradiated cells and with
zVAD treatment. (B) Percentage of caspase-3—positive cells in each group. *£< 0.05, **P<
0.01, comparing marked values to control. #P< 0.01 compares irradiated cells with zZVAD
treatment to those without zZVVAD treatment at the same time point after irradiation using XZ
test. Scale bar, 20 pm. Data were obtained from >200 cells in each group from three
independent experiments. (C) Western blots showing STIM1 and procaspase-3 in irradiated
cells and those treated with zZVAD at the indicated time points after irradiation (three
independent experiments). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D)
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Western blots for STIM1 and procaspase-3 in control and irradiated cells with siMCU or
3AB treatment (three independent experiments). (E) Western blots showing TRPC1 and
Orail in control and irradiated cells at the indicated time points after irradiation (three
independent experiments). (F) Thapsigargin-induced Ca?* release and influx were
monitored in control and irradiated cells with or without siMCU, zVAD, and 3AB
treatments. (G) Quantitation of Ca2* influx from traces shown in (F) (220 to 240 cells from
three independent experiments). (H) Thapsigargin-activated Ca* release and influx
measured in control, IR—siCaspase-3, and IR-siControl HSG cells. (1) Quantitation of Ca2*
influx from traces shown in (H) (190 to 200 cells from three independent experiments). **P
< 0.01 compares marked value with the control using unpaired ztest (G and I).
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Fig. 7. Adenovirus-mediated expression of STIM1in irradiated mice leadsto recovery of SOCE
and fluid secretion

(A) Salivary gland secretion was assessed in control nonirradiated mice and irradiated mice
that received AdCMV—green fluorescent protein (GFP) or AACMV-STIM1GFP in salivary
glands 15 days after irradiation with saliva collection done at 30 days after irradiation (12
mice each with AACMV-GFP or AACMV-STIM1GFP). (B) Thapsigargin-mediated Ca?*
release and influx were measured in acini from control (220 acini from three mice), IR-
AdCTL (210 acini from three mice), and IR-AdSTIM1 (200 acini from three mice) mice.
(C) Quantitation of data from (B). **£ < 0.01, comparing indicated value with IR-AdCTL
(A and C). (D) Model showing the early consequences of radiation treatment and
mechanisms underlying persistent loss of salivary secretion. Effects of irradiation (black
arrows) lead to TRPM2 activation. TRPM2-mediated Ca2* entry causes an increase in
[Ca2*]m¢ and ROS, depolarization of yy, and caspase-3 activation, which lead to loss of
STIML (solid red arrows). Consequently, SOCE is reduced, which attenuates agonist-
stimulated sustained increases in [CaZ*]; that are required to activated Ca2*-dependent ion
channels that drive fluid secretion (red dashed arrows).
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