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A B S T R A C T

Autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in genes encoding the polycystin
(PC) 1 and 2 proteins. The goal of this study was to determine the role of calcium in regulating cyst growth.
Stromal interaction molecule 1 (STIM1) protein expression was 15-fold higher in PC1-null proximal tubule cells
(PN) than in heterozygote (PH) controls and 2-fold higher in an inducible, PC1 knockout, mouse model of
ADPKD compared to a non-cystic match control. IP3 receptor protein expression was also higher in the cystic
mice. Knocking down STIM1 with siRNA reduced cyst growth and lowered cAMP levels in PN cells. Fura2
measurements of intracellular Ca2+ showed higher levels of intracellular Ca2+, SOCE and thaspigargin-stimu-
lated ER Ca2+ release in PN vs. PH cells. There was a dramatic reduction in thapsigargin-stimulated release of ER
Ca2+ following STIM1 silencing or application of 2-APB, consistent with altered ER Ca2+ movement; the protein
expression of the Ca2+-dependent adenylyl cyclases (AC) AC3 and AC6 was up- and down-regulated, respec-
tively. Like STIM1 knockdown, application of the calmodulin inhibitor W7 lowered cAMP levels, further in-
dicating that STIM1 regulates AC3 via Ca2+ We conclude that the high levels of STIM1 in ADPKD cells play a
role in supporting cyst growth and promoting high cAMP levels and an increased release of Ca2+ from the ER.
Thus, our results provide novel therapeutic targets for treating ADPKD.

1. Introduction

1.1. Polycystins and ADPKD

Autosomal dominant polycystic kidney disease (ADPKD) is the most
common dominant genetic disorder in humans [1]. A hallmark of the
disease is the progressive enlargement of multiple renal cysts that leads
to a decline in renal function and culminates in renal failure in 50% of
all patients [2]. Mutations in the pkd1 and pdk2 genes are associated
with ADPKD leading to changes in many cellular pathways [55]. These
genes encode the polycystins, PC1 & 2, the latter, referred to as TRPP2
(transient receptor potential polycystic), functions as a non-selective
cation channel [3] [4]. Malfunction of either PC1 or PC2 leads to cyst
formation [5].

1.2. cAMP and ADPKD

A key component of cyst formation is cAMP. cAMP-dependent
signal transduction cascades are involved in regulating normal renal
function [6]. For example, it is well known that during water con-
servation, arginine vasopressin (AVP) binds to the AVP receptor 2

(V2R) in the basolateral membrane and activates adenylate cyclase,
increasing intracellular cAMP and Ca2+ levels [7] [8]. We and many
others have detected elevated cAMP levels in animal- and cell-based
models of ADPKD [9]. Whereas increased cAMP does not cause cells to
proliferate in normal kidneys, it does so in ADPKD [10]. Thus, one
scenario for how cysts grow is that dysregulation of Ca2+ and cAMP
signaling, caused by tonic activation by AVP in ADPKD, stimulates cyst
growth [9]. Indeed, clinical trials have tested the efficacy of V2R in-
hibition as a treatment for ADPKD, and remaining hydrated is re-
commended for patients to avoid activating AVP signaling [11]. Al-
though there is now a drug approved for ADPKD, Tolvaptan [12],
because of its potential serious side-effects, there is still a need for new
therapies.

1.3. Calcium and ADPKD

Misregulation of Ca2+ is associated with cyst formation in ADPKD
[13], with some investigators reporting that disruption of Ca2+ sig-
naling is the primary event that supports increased cyst growth [14].
Indeed, our groups' early work was among the first to show that PC2 is
involved in the movement of Ca2+ [15]. PC1 and 2 operate in concert at
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three locations within the cell: in the ER to regulate inositol tripho-
sphate receptor (IP3R)-induced Ca2+ release, at the plasma membrane
to regulate store-operated calcium entry (SOCE) via store-operated
Ca2+ channels (SOC), and at the primary cilium [5] to perhaps sense
fluid flow. Several studies have shown that a reduction in the function
of either PC1 or 2 leads to dysregulation of Ca2+ signaling (see [9] for a
review).

However, the precise details of how this misregulation of Ca2+ leads
to aberrant cAMP signaling occurs are still very controversial. One
scenario is that Ca2+ restriction in ADPKD cells causes cAMP-depen-
dent activation of the B-Raf/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) pathway, which re-
sults in increased cell growth [16]. Likewise, increased Ca2+ influx into
ADPKD cells has been shown to restore more normal cAMP signaling,
reducing cell growth [17]. On the other hand, we have evidence that
elevated intracellular Ca2+ fuels cyst growth using a model ADPKD cell
line (PN18= pkd1 knockout; PH= pkd1 heterozygote) clonally iso-
lated from single parental clones obtained from a pkdfl/− mouse that
had been manufactured in the ImmortoMouse containing the H-2Kb-
tsA58 gene. The null cells (PN) stably express the Cre recombinase, and
the control cells (PH) are from the original clone, which is heterozygous
for the expression of PC1 [18,19]. Others have shown that expression of
the C-terminal fragment of PC1 can cause an increase in basal levels of
intracellular Ca2+ and induce abnormal Ca2+ oscillations, which also
result in increases in cell signaling [14]. Thus, there appears to be a
dichotomy of thought on how Ca2+ plays a role in ADPKD with some
thinking that Ca2+ restriction causes cyst growth and others that en-
hanced release of Ca2+ from the ER is the major factor which fuels cyst
growth. It is important to mention it is known that excessive influx of
Ca2+ contributes to the growth of certain cancers indicating that Ca2+

is a factor in fueling cell growth [20–22].

1.4. Calcium and cAMP

The link between Ca2+ and increases in cAMP occurs through Ca2+-
dependent adenylyl cyclases (ACs) [23]. Basically, there are two types
of cyclases that respond to Ca2+: One is activated by Ca2+ via calmo-
dulin (e.g., AC3); the other type is inhibited by Ca2+ (e.g., AC5/6) [24].
It is already known that AC6 is expressed at higher levels in ADPKD
cells that lack PC1 [23] than in normal cells in which PC1 is functioning
appropriately. Thus, as suggested in the literature, Ca2+ restriction
would be expected to increase AC6-mediated production of cAMP [23].
In contrast, we have suggested that enhanced Ca2+ signaling via ex-
cessive release of Ca2+ from the ER occurs in ADPKD [25]. The higher
levels of Ca2+ would activate AC3. Thus, we proposed an alternate
hypothesis: that enhanced release of Ca2+ from the ER stimulates AC3
to elevate cAMP. AC3 is particularly relevant because it is associated
with the primary cilium, particularly in the sensory system [26]. Fur-
thermore, AC3 is normally expressed in renal epithelium [27]. Thus,
our published data have prompted a shift in our understanding of the
role of AC3 in ADPKD.

1.5. Role of STIM1

The ER is a major storage area for Ca2+ and plays a key role in
signal transduction [28]. ER Ca2+ is tightly regulated [50] and one of
the key factors in sensing ER calcium is STIM1. When STIM1 senses a
reduction in ER Ca2+, it is translocated to the plasma membrane, where
it activates store-operated Ca2+ entry (SOCE), increasing the movement
of Ca2+ into the cell via Ca2+ release-activated Ca2+ channel mod-
ulator protein 1 (Orai1), and perhaps other Ca2+ channels [28]. The
Ca2+ that enters the cytosol is then returned to the ER via the sarco/ER
Ca2+-ATPase (SERCA) Ca2+ pump [29]. It has been suggested that
enhanced levels of STIM1 and excessive influx of Ca2+ contribute to the
growth of certain cancers [20,22,30].

We have shown previously that PC1 binds to the IP3R and

sequesters STIM1 in the ER [25,31] reducing Ca2+-dependent cell
signaling. In the absence of PC1 STIM1 is located primarily at the
plasma membrane where it tonically increases SOCE [25]. We have
created a renal-specific STIM1-knockout mouse that is normal in all
respects except that it cannot concentrate its urine, pointing to a key
role for STIM1 in the ability of the mice to regulated water balance
[32].

Having uncovered a role for STIM1 in renal physiology and in view
of the need to understand more about the role of Ca2+ in ADPKD, we
conducted the present study in mice and cellular models of ADPKD. It is
important to note that strategies are needed to restore normal Ca2+

metabolism in ADPKD patients in specific organs where ADPKD mal-
functions, without affecting Ca2+ metabolism throughout the entire
body.

2. Methods

2.1. Cell culture and reagents

pkd1-null (PN) and control heterozygous (PH) cells were cultured as
previously described [18,19]. PN and PH cells were grown in 10-cm
culture dishes under permissive conditions (33 °C), with ɣ-interferon in
the culture medium. Cells were then transferred to non-permissive
conditions at 37 °C in ɣ-interferon-free culture medium and evaluated
at full confluency. Forskolin (#11018), IBMX (I5879), 2APB (D9754)
were purchased from Sigma; W7 was purchased from Tocris (#0369);
adenylate cyclase 3 (SC588) and Ezrin (SC58758), PC2 (Sc28331),
HSP27 (SC13132), HSP70 (SC66048), STIM1 (SC6889), IP3R-I/II/III
(SC3777518) and β-actin (SC47778) were purchased from Santa Cruz
Biotech, TX,USA. HSP90 (ADI-SPA-830F) was purchased from Enzo Life
Sciences, NY,USA. AC6 (GTX47798) was purchased from GeneTex, Ir-
vine, CA, USA.

2.2. Mouse strain and treatment

All animal use complied with the guiding principles of the Johns
Hopkins University Institutional Animal Care and Use Committee, and
the protocols for this work were approved by this Committee. Pkd1fl/
fl;Pax8rtTA;TetO-cre mice on a C57BL/6 background [33] were provided
by the Baltimore PKD Center and used to test the steady-state protein
levels of STIM1. Mice of both sexes were used in this study. Pkd1fl/
fl;Pax8rtTA;TetO-cre mice were injected IP with doxycycline resuspended
in sterile water (4 μg of doxycycline/g body weight) on postnatal day
(PND) 11, PND12, and PND13. This treatment produces very rapid and
aggressive cyst growth [34,35]. On PND21, the mice were euthanized.

2.3. Western blotting

Cells cultured, harvested and processed as previously described
[36]. In brief, the cells were solubilized in lysis buffer (150mM Tris-HCl
[pH 7.4] with 50mM NaCl, 1% NP40, and Halt protease inhibitor)
(Thermo Scientific, #78438). The cell lysates were centrifuged at
10,000×g for 10min at 4 °C to pellet insoluble material, and the su-
pernatants were collected. The protein concentrations were measured
with a Bio-Rad Protein Assay (Biorad, #500–0006), and the super-
natants were then denatured in 2× Laemmli buffer at 37 °C for 20min
and run on 3–8% SDS-PAGE gels (Thermo Scientific, #EA03785) before
transfer to a polyvinylidene fluoride membrane (Bio-Rad). The mem-
branes were incubated with primary antibodies overnight and then
washed with TBS-Tween 20 buffer. An HRP-conjugated secondary an-
tibody from GE Healthcare (NA934V; 1:10,000) was incubated with the
membranes for 1h, and then ECL Prime (GE Healthcare) was used for
detection on film from Denville Scientific (E3018). The membranes
were then stripped using Restore Western blot buffer (Pierce, VWR) and
reprobed for protein loading controls.
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2.4. cAMP assay

PN and PH cells were maintained in Dulbecco's modified Eagle's
medium/Ham's F-12 (DMEM/F12) medium supplemented with 3% FBS
and ɣ-interferon (5 U/ml; Sigma-Aldrich) at 33 °C and 5% CO2 and
plated in a 6-well plate for 24 h. The cells were then changed into ɣ-
interferon-free medium and maintained at 37 °C for 4 days before being
used in the experiment. cAMP levels were measured with a direct cAMP
Enzyme Immunoassay Kit (Sigma-Aldrich, #CA200) according to the
manufacturer's protocol. The results are expressed as pmole/ml.
Statistical analysis was performed using a two-tailed Student's t-test.

2.5. Fura-2 Ca2+ imaging assay

PN cells were maintained in DMEM/F12 medium supplemented
with 3% FBS and ɣ-interferon (5 U/ml; Sigma-Aldrich) at 33 °C and 5%
CO2 and plated in 35×10-mm cell culture dishes for 24 h. The cells
were then changed into ɣ-interferon-free medium and maintained at
37 °C for 4 days. Confluent cells were treated with 2-ABP (10 μM) or
DMSO for 16 h before being used in the experiment. On Day 5, the cells
were washed three times in imaging buffer (20mM HEPES with
126mM NaCl, 4.5mM KCl, 2 mM MgCl2, and 10mM glucose at
pH 7.4), then loaded with the cell permeant acetoxymethyl (AM) ester
of the calcium indicator Fura-2 (Fura-2/AM) at 37 °C for 60min. Fura-
2/AM was first dissolved in 1mg/ml pluronic/DMSO and then diluted
to 5 μM in imaging buffer containing 2mM CaCl2 or calcium free
imaging buffer in case of no calcium experiments. They were placed on
the stage of a Zeiss inverted microscope equipped with a Sutter Lambda
10–2 controller and filter wheel assembly. For ATP stimulation ex-
periments, the cells were exposed to 100 μM ATP diluted in the imaging
buffer. A Zeiss FluorArc mercury lamp was used to excite the cells at
340 and 380 nm, and the emission response was measured at 510 nm.
Cell fluorescence was measured in response to excitation for 1000ms at
340 nm and 200ms at 380 nm once every 4 s. Image acquisition, image
analysis, and filter wheel control were performed using IPLab software.

2.6. siRNA knockdown of STIM1

PN cells were cultured as described above. They were seeded onto
six-well culture plates and grown to 50–60% confluence in complete
growth medium at 33 °C. They were then transferred to non-permissive
conditions at 37 °C, in ɣ-interferon- and antibiotic-free culture medium.
Mouse STIM1 siRNA or scrambled siRNA (Origene#SR419122) was
transfected into the cells using Lipofectamine 2000 reagent
(Invitrogen), according to the manufacturer's instructions, for various
periods of time and using various siRNA concentrations. The 72-h time
incubation time and 1-nM concentration provided the best knockdown
of STIM1 protein expression and were used in subsequent experiments.

3. Results

3.1. PC1 regulates STIM and the IP3R

To understand the role of STIM1 in ADPKD, we utilized a model
ADPKD cell line as described above [18,19]. We chose this cell line
because the PH cells, containing PC1, and the PN, the PC1 null cells,
originated from the same clone. Thus, they are from the same genetic
background. All the cells are of proximal tubule origin [19]. To un-
derstand its role in ADPKD, we first measured the steady-state levels of
STIM1 (Fig. 1A, B) in PN vs PH cells. Interestingly, there was a nearly
15-fold higher levels of resting levels of STIM1 in PN cells as compared
to PH cells. To verify that this phenomenon was indeed of relevance to
ADPKD, we harvested kidneys from mice representing a mouse model
of ADPKD, the pkd1fl/fl;Pax8rtTA;TetO-cre mouse. These mice have an
inducible TetO-cre with a floxed pkd1 gene. When they are treated with
doxycycline, the functional product of the pkd1 gene is knocked out,

resulting in a very aggressive model of PKD, with numerous cysts ap-
pearing in both the kidney cortex and medulla at 3 weeks of age [35].
Pkd1fl/fl;Pax8rtTA;TetO-cre mice were injected daily from PND11 to
PND13 with doxycycline or DMSO (as a control). Kidneys were har-
vested on PND21, and STIM1 protein levels were assessed. It is note-
worthy that we saw an approximately 2-fold higher level of STIM1 in
the kidneys injected with doxycycline than in the untreated animals
(Fig. 1C, D). Aggressive cyst formation was noted in the kidneys from
the mice that received doxycycline.

Given that STIM1 was upregulated in PN cells when compared to PH
cells, we silenced STIM1 using siRNA in order to begin to address the
role of STIM1 in ADPKD. STIMI levels could be reduced effectively by
using this approach (Fig. 1E, F); they were reduced by approximately
85%.

Next, we determined the steady state levels of IP3R in the same mice
kidneys depicted in Fig. 1C-D. Interestingly, inducing cyst formation by
applying doxycycline to knockout PC1, causes a 5-fold increase in the
steady state levels of the IP3R (Fig. 2A). This indicates that key proteins
involved in Ca2+ signaling in cells such as STIM1 and IP3R [28]are
upregulated in ADPKD kidneys. On the other hand, there is no differ-
ence in expression in PN vs PH cells (Fig. 2B). Fig. 2C shows that si-
lencing STIM1 in PN cells has no effect on IP3R protein expression. In
contrast, 2-aminoethyl diphenyl borate (2-APB) which is known to be a
non-specific modulator of SOCE and ER Ca2+ release [37] did cause an
approximately 20% reduction in IP3R protein levels.

3.2. Knockdown of STIM1 reduces cyst size

One of the key questions that we needed to address was whether
STIM1 plays a role in cyst growth. To answer this question, we grew PH
and PN cells in 3D culture and measured the size of the cysts that
formed. Fig. 3 shows that in PH cells no cysts developed. In contrast,
large cysts developed in PN cells, as observed after 15–18 days in cul-
ture. PN cells were used in all subsequent experiments. As expected, the
cysts grew larger when the mice were treated with the adenylyl cyclase
activator forskolin, indicating that the cyst growth is indeed cAMP-
dependent, as shown previously [38]. Knocking down STIM1 with
siRNA inhibited cyst growth by ~58% when the cysts were viewed at
18 days. This is an important finding, in that it shows that when the
cysts are treated at 11 days of culture, when cysts are already growing,
knocking down STIM1 arrests their development. The inhibition of cyst
growth was partially overcome when the cells with STIM1 knockdown
were also treated with forskolin. Next, we applied 2-APB. Fig. 3 shows
that 2-APB application inhibited cyst growth to a greater magnitude
then STIM1 silencing. Forskolin treatment caused a further dramatic
inhibition of cyst growth when applied with 2-APB. These data suggest
that maneuvers that affect Ca2+ metabolism such as STIM1 silencing
and 2-APB reduce cyst growth.

3.3. SOCE is elevated in PC1 null cells

As mentioned above, STIM1 plays a major role in the regulation of
Ca2+ [39]. In order to explore the role of STIM1 in regulating Ca2+ in
renal cells, we measured intracellular Ca2+ (Fig. 4A) using Fura2 as we
had done previously [31]. As a first step, we evaluated the impact of
PC1 on SOCE by removing Ca2+ from the extracellular solution. As
shown in Fig. 4A&B there is as expected a small decrease in intracellular
Ca2+. We treated the cells with thapsigargin, a specific inhibitor of the
SERCA pump that, when applied, allows Ca2+ to leak out of the ER
through independent Ca2+-permeable pathways [40]. Note that the
increase in intracellular Ca2+ induced by thapsigargin Fig. 4 A&C was
larger in PN vs PH cells as we showed previously [41]. Adding thap-
sigargin in the absence of extracellular Ca2+ is well-known to activate
SOCE [42]. Fig. 4 A&D shows a large transient increase in intracellular
Ca2+ following an abrupt increase in extracellular Ca2+ to 5mM which
indicates Ca2+ entry across the plasma membrane. Note again that
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SOCE is much high in PN vs PH cells suggesting that a functional PC1
inhibits SOCE [25].

3.4. Knockdown of STIM1 reduces Ca2+ release

We first treated the cells with ATP, which causes an increase in
intracellular Ca2+. As we had observed previously in MDCK cells [31],
exposing the cells to ATP causes a transient increase in intracellular
Ca2+ over basal levels (Fig. 5A-C). Silencing STIM1 had no effect on
intracellular Ca2+, nor did it affect the Ca2+ transient induced by ATP.
Given that purinergic receptors are themselves Ca2+ channels in the
plasma membrane [43], the observation that the magnitude of the ATP-
induced increase Ca2+ was unchanged can most likely be explained by
the similar basal Ca2+ levels before and after STIM1 silencing. We next
applied 2-APB, which produced a response, identical to that of
knocking down STIM1. There was no change in either resting Ca2+ or
in the ATP-induced increase in intracellular Ca2+ (Fig. 5D-F).

Next, we addressed the effect of STIM1 on ER Ca2+ release. Fig. 6A-

B shows again that intracellular Ca2+ is higher in PN vs PH cells and
that there is no effect of STIM1 silencing on resting Ca2+. Fig. 6 A&C
shows that thapsigargin induce ER Ca2+ release is higher in PN vs. PH
cells as we showed previously [41]. Importantly knockdown of STIM1
reduced the thapsigargin-induced release of Ca2+ from the ER in the PN
cells to levels near to those observed in PH cells. Likewise, 2-APB had a
similar dramatic effect. 2APB considerably slowed the thapsigargin-
induced release of Ca2+ from the ER. Our data suggest that both STIM1
knockdown and 2-APB operate via a similar mechanism that alters the
transport of Ca2+ across the ER membrane.

3.5. STIM1 silencing affects the protein levels of AC6, AC3 and PC2

To further explore the role of STIM1 in cyst formation, we next
determined the steady-state protein levels of two Ca2+-dependent
adenylyl cyclases, AC3 and AC6. AC3 is activated by increasing in-
tracellular Ca2+ via Ca2+-calmodulin [44], whereas AC6 is inhibited at
higher Ca2+ [23]. Our western blots showed that both AC3 and AC6

Fig. 1. A-B). Steady State Levels of STIM1: Western blot showing expression of STIM1 in PN and PH cells. Note that STIM1 protein expression is 15 fold higher in PN
vs. PH cells B) Columns represent averages± standard errors of the STIM1expression in PN and PH cells. Experiment was repeated 6 times. C–D) STIM1 expression in
pkd1fl/fl;Pax8rta;TetO-cre mice. C) Representative image is of PN21 kidney tissue isolated from mice with no cysts (ND= pkd1Δneo mouse not induced with dox-
ycycline) and following treatment with doxycycline injected intraperitoneally (4 μg of doxycycline/g body weight) on postnatal days 11, 12, and 13. D) Columns
represent averages± standard errors (N=3). Note that STIM1 levels increase when the animals are treated with doxycycline to induce the PC1 null phenotype. E–F).
STIM1 Silencing. Mouse STIM1siRNA or scrambled siRNA (Orgene#SR419122) was transfected into cells using Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer's instructions for various periods of time and concentrations. Note that the 3 nM concentration and 72 h time point showed better knockdown of
STIM1. Columns represent averages± standard errors of the STIM1 expression. Experiment was repeated 4 times. All data were analyzed by non-parametric t-test.
*P < .05, **P < .01, ****P < .0001.
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were expressed in these cells (Fig. 7A, B). Knocking down STIM1 in-
creased the steady-state levels of AC3 and reduced those of AC6. The
data in total suggest that knocking down STIM1 can alter the protein
expression of these two adenylyl cyclases but to a small extent.

We also determined whether changes occurred in PC2 protein ex-
pression. The first thing to notice is that PC2 expression is approxi-
mately 2-fold higher in PN (PC1-null) vs PH cells (Fig. 7C). This is not
surprising in light of our previous work which showed that functional
PC1 downregulates the expression of PC2 via aggresomal degradative
pathways [36]. What is surprising is the downregulation of PC2 levels
when either 2-APB is applied or STIM1 silenced (Fig. 7D lower left
panel). This could suggest that these experimental maneuvers may
mimic the role of PC1 by promoting the degradation of PC2 but more
experiments will be needed to show this conclusively. Fig. 7D, lower
right panel also shows that 2-APB treatment does not affect the protein
expression of STIM1.

3.6. Knockdown of STIM1 reduces cAMP levels

We observed (Fig. 1, above) a nearly 15 fold increase in STIM1 in
PN cells over the level in PH cells. To determine whether the large
amount of STIM1 present in the PN cells plays a role in increasing cAMP
levels, we examined the role of STIM1 in regulating cAMP levels. Our
data show (Fig. 8A) that cAMP levels were higher in PN cells containing
STIM1 than in PH cells in which STIM1 was silenced.

To tease this effect out further, we applied forskolin, which activates
adenylyl cyclases directly [24]; as expected, we saw a large increase in
cAMP levels. These data confirmed that the enhanced growth in

forskolin-treated cysts depicted in Fig. 3 was indeed caused by in-
creased cAMP levels. Silencing STIM1 reduced the forskolin-dependent
increases in cAMP, suggesting that STIM1 could be having an effect on
the maximum ability of adenylyl cyclases to generate cAMP in these
cells.

Both the rate of production of cAMP via adenylyl cyclase and the
rate of degradation by phosphodiesterase [45] determine the steady-
state levels of cAMP in cells. To evaluate the role of phosphodiesterase,
we applied the non-selective phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX). IBMX by itself increased cAMP levels, which
were then further increased by the addition of forskolin plus IBMX.
However, the stimulation of cAMP by forskolin was not significantly
different in the presence of IBMX than it was in the absence of IBMX,
indicating that phosphodiesterases do not contribute to the magnitude
of the cAMP levels we observe under our experimental conditions.

To begin to address the role of Ca2+ in the STIM1-dependent de-
crease in cAMP, we applied the calmodulin inhibitor [7,8] W7. W7 on
its own reduced cAMP levels when applied at 50 μM (Fig. 8B). The level
of reduction was the same when W7 was applied in combination with
STIM1 knockdown, suggesting that STIM1 and calmodulin act via a
similar pathway.

4. Discussion

4.1. STIM1 and IP3R

Herein we show that STIM1 levels are elevated by almost 15-fold in
a mouse-cell model of ADPKD derived from proximal tubules and 2-fold

Fig. 2. Steady State Levels of IP3R: (A) IP3R expression in pkd1fl/fl;Pax8rta;TetO-cre mice. Representative image is of PN21 kidney tissue isolated from mice with no
cysts (pkd1Δneo mouse not induced with doxycycline) and following treatment with doxycycline injected intraperitoneally (4 μg of doxycycline/g body weight) on
postnatal days 11, 12, and 13. Columns represent averages± standard errors (N= 3). Note that IP3R levels increase when the animals are treated with doxycycline
to induce the PC1 null phenotype. (B) Western blot showing expression of IP3R in PN and PH cells. Note that there is no difference in IP3R protein expression in PH vs.
PN cells Columns represent averages± standard errors of the IP3R expression in PN and PH cells. Experiment was repeated 6 times. (C). STIM1 Silencing and 2-APB
treatment. Cells were treated STIM1siRNA or scrambled siRNA. Columns represent averages± standard errors of the STIM1 expression. Experiment was repeated 4
times. All data were analyzed by non-parametric t-test. *P < .05. ****P < .0001. Note that 2-APB treatment reduced IP3R expression to a small extent.
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in kidneys from an inducible pkd−/− mouse model. We also show that
the protein levels of the IP3R are upregulated by 5 fold in cystic vs.
normal kidneys. To define the role of elevated STIM1 in supporting cyst
growth, we knocked down STIM1 with siRNAi. Cysts from PN cells were
grown in 3D culture and allowed to form cysts for 11 days. Importantly,
in this experiment, the growth of the cysts was accelerated by forskolin,
which increases cAMP levels, thus verifying the central role of cAMP in
stimulating cyst growth in ADPKD [38]. siRNA was applied on Days
11–14. After knockdown under these conditions, we saw an approxi-
mately 50% reduction in cyst size. Because siRNA was applied to 3D
culture medium and therefore may not have produced uniform
knockdown of STIM1 in all cells, we chose to inhibit the STIM1
pathway with 2-APB. Application of 2-APB reduced the cyst size

by> 95%, demonstrating definitively that elevated STIM1 clearly
supports cyst growth. These data are important because they suggest
that ADPKD cells may share some characteristics with tumor cells in
regard to cell proliferation and elevated STIM1.

4.2. STIM1 knockdown targets ER Ca2+ movement

Misregulation of Ca2+ is associated with cyst formation in ADPKD
[13], with some investigators reporting that disruption of Ca2+ sig-
naling is the primary event that supports increased cyst growth [14].
Several studies have shown that a reduction in the function of either
PC1 or PC2 leads to dysregulation of Ca2+ signaling (see [9] for a re-
view). We show here that neither STIM1 knockdown nor the

Fig. 3. Cysts growth in pkd1−/− mouse derived proximal tubule cells. Cells were treated with Control (opti-MEM), Lipo –control (transfection reagent control), RNA
control, STIM1 siRNA 3 nM. SiRNA treated once on Day 11. Pics were taken on Day 18th. Columns represent mean ± SEM (n=6–10). Average cyst from control
group was considered 100%, and the rest of the cysts were compared with this cyst.**P < .01, ****P < .0001.

Fig. 4. Intracellular Ca2+ in PN vs. PH cells. A) Representative traces of intracellular Ca2+ release in response to Thapsigargin (TG) in PN or PH cells. Cells were kept
in zero Ca2+ for approximately one hour prior to the imaging experiment to induce SOCE and subsequently treated with 5mM Ca2+ for the time indicated.
Intracellular Ca2+ (F340/F380) levels obtained by ratiometric Fura-2 AM analysis of PN/PH cells. B) Graph summarizes resting calcium levels. C) Summarizes the
average spike amplitude of Ca2+ release in response to TG in absence of extracellular calcium. D) Summarizes the average spike amplitude of Ca2+ release in
response to 5mM extracellular Ca2+ in presence of TG. Amplitude was measured as standard deviation of signal base to peak fluorescence ratio. Asterisk indicates
significance between the two groups. *P < .05 **P < .01, ****P < .0001 (n=4–5).
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application of 2-APB has any effect on resting intracellular Ca2+ or on
the increase of intracellular Ca2+ produced by ATP application in PN
cells.

ATP stimulates both P2X and P2Y types of purinergic receptors
which increase intracellular Ca2+ [43,46]. The former are non-selective
Ca2+ channels, which cause an increase in intracellular Ca2+ directly.
Whereas the latter are G-protein coupled and increase intracellular
Ca2+ via IP3R [46]. Both P2X and P2Y receptor subtypes are present in
proximal tubules and in cystic kidneys [47]. The question here is; which
type in the PN cells does ATP stimulate? Schwiebert and collaborators
[47] investigated the pattern of changes in intracellular Ca2+ induced
by each of these receptors. They observed that when they stimulated
P2Y receptors the induced increase in intracellular Ca2+ was transient
similar to what we observed previously when we applied ATP to MDCK
cells [31]. On the other hand, when they stimulated P2X receptors a
sustained increase in intracellular Ca2+ was observed similar to what
we observed in Fig. 5 suggesting that our data is generated by a P2X
response. The observation that the magnitude of the increase in in-
tracellular Ca2+ induced by ATP also does not change following ap-
plication of 2-APB or silencing STIM1 is also consistent with P2X re-
ceptor movement of Ca2+. As observed in Fig. 5, there is no change in
the resting levels of intracellular Ca2+ when PN cells are treated with 2-
APB or when STIM1 is silenced thus the gradient for Ca2+ to move into

the cells is unchanged. Because the gradient is unchanged by these
experimental maneuvers, when P2X receptors are activated, the in-
crease in intracellular Ca2+ induced by ATP would also be the same,
consistent with what we observed in Fig. 5. Interestingly, in a previous
study, we exposed PN cells to histone deacetylase 6 (HDAC6) inhibitors,
which resulted in a decrease in resting intracellular Ca2+ [48]. Con-
sistent with increased gradient for Ca2+ to enter the cells, the increase
in intracellular Ca2+ induced by ATP was larger when HDAC6 was
inhibited vs. untreated cells, again consistent with the movement of
Ca2+ via P2X receptors.

In sharp contrast, we did see a large increase in SOCE in PN (PC1
null cells) vs PH (PC1 containing). Given the SOCE is a component of
Ca2+ signaling [28], the data are consistent with enhanced Ca2+ sig-
naling in cyst producing cells. Both STIM1 knockdown and the appli-
cation of 2-APB had a profound effect on the release of Ca2+ from the
ER that was induced by thapsigargin. Thapsigargin inhibits the SERCA
pump [49]; therefore, the magnitude of the release of Ca2+ from the ER
depends on the Ca2+ gradient between the lumen of the ER and the
permeability of the ER membrane for Ca2+, the latter is facilitated by
the IP3R [50]which is itself elevated in cystic mice. STIM1 is the sensor
that monitors Ca2+ within the lumen of the ER and regulates SOCE
[28]. Thus, STIM1 knockdown would be expected to limit the ability of
the cell to replenish ER Ca2+ [51].

Fig. 5. ATP-induced changes in intracellular Ca2+ in PN cells treated with STIM1siRNA or with 2-APB. A) Representative traces of intracellular Ca+2 in response to
100 μM ATP in STIM1siRNA-PN cells. Inset shows the individual tracings of 340 and 380 nm. B) Graph summarizes the average resting levels of intracellular Ca+2. C)
Amplitude of Ca+2 release in response to ATP. (D) Representative traces of intracellular Ca+2 release in response to ATP (100 μM) in PN cells untreated and treated
with APB, 10 μM. E) Graph summarizes resting Ca2+ levels and F) graph summarizes the average spike amplitude of Ca2+ release in response to ATP. Note that
neither STIM1 silencing or 2-APB had any effect on the resting Ca+2 or ATP induced increased in intracellular Ca+2. Amplitude was measured as standard deviation
of signal base to peak Δf/f. Amplitude was measured as standard deviation of signal base to peak Δf/f. Asterisk indicates significance between the two groups
(student's t-test, n= 4–5). Measurements were made in standard Ca2+ solutions.
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Fig. 6. Thapsigargin-induced changes in intracellular Ca2+ in PH&PN cells and in PN cells treated with STIM1siRNA or with 2-APB. A) Representative traces of
intracellular Ca+2 release in response to 4 μM thapsigargin in PN/PH cells and in STIM1siRNA treated PN cells. B) Graph summarizes the average resting levels of
Ca+2. C) Amplitude of Ca+2 release in response to Thapsigargin. (D) Representative traces of intracellular Ca+2 release in response to thapsigargin in PN cells and
cells treated with APB, 10 μM. E) Graph summarizes resting Ca2+ levels and F) graph summarizes the average spike amplitude of Ca2+ release in response to
thapsigargin. Note that STIM1 silencing or 2-APB treatment in particular significantly reduced the thapsigargin-induced release of Ca+2 from the ER. Asterisk
indicates significance between the two groups (n=4–5). (student's t-test, **P < .01, ****P < .0001, n=4). Measurements were made in standard Ca2+ solutions.

Fig. 7. Protein levels of adenylyl cyclase 3, 6: A) Western blot showing expression of adenylate cyclase 3 (AC3) in PN and cells where STIM1 was knocked down (PN/
S cells). Columns represent averages± standard errors of the AC3 expression. B) Western blot showing expression of AC6 in PN and cells where STIM1 was knocked
down (PN/S cells). Columns represent averages± standard errors of the AC6 expression. C) Western blot showing expression of PC2 in PN&PH cells. Columns
represent averages± standard errors of the PC2 expression. D) Western blot showing expression of PC2 (left panel) and STIM1 (right panel) in PN where STIM1 was
knocked down (PN/S cells). Experiment was repeated for four times. Columns represent averages± standard errors of the AC3 expression. *P < .05, ** P < .01,
***P < .001, ****P < .0001. Data were analyzed by non parametric t-test. Note that STIM1 silencing increases the steady state protein expression of AC3 but
decreases that of AC6.
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2-APB has a complex effect on SOCE. For example, when STIM1
binds to the Ora1 channel, it forms puncta that represent concentrated
formations at the plasma membrane at which STIM1 and Ora1 interact.
2-APB, under certain circumstances, can either inhibit or promote
puncta formation [52]. Despite the uncertainty regarding this process,
it is clear here that 2-APB dramatically reduced the release of Ca2+

from the ER that is induced by thapsigargin, consistent with 2-APB
operating as an inhibitor.

4.3. STIM1 regulates the steady-state levels of PC2

We have shown previously that that full-length PC1 that interacts
with PC2 via a C-terminal coiled-coil domain regulates PC2 expression
in vivo and in vitro by down-regulating PC2 expression via autophagy
[36]. Thus, it is not suppressing, that PC2 protein levels are 2-fold
higher in PN vs PH cells. What is novel is that knocking down STIM1 or
application of 2-APB does indeed lower PC2 protein levels in PN cells
by approximately 75%. The question is whether STIM1 plays a role in
autophagy?

Interestingly, Jin and colleagues [53] studied the effect of STIM1 on
autophagy and epithelial-mesenchymal transition (EMT) in podocytes
in diabetic nephropathy. They found that, in podocytes cultured in the
serum of diabetic nephrotic rats, autophagy decreased, whereas EMT
increased and that both changes reverse after silencing STIM1. Inter-
estingly, in ADPKD autophagy is defective [54] and EMT enhanced [55]
in cystic kidneys. It will be interesting in future studies to see whether
STIM1 silencing can also restore autophagy and EMT towards normal in
ADPKD.

4.4. Reduced ER Ca2+ movement is associated with reduced cAMP levels

Although neither STIM1 knockdown nor 2-APB treatment produced
a change in resting Ca2+, the dramatic reduction in ER Ca2+ release
should affect Ca2+ signaling in the cells. In renal cells, there are two
types of adenylyl cyclases that respond to Ca2+, those activated by
Ca2+ and those that are inhibited by it [24]. Our western blots con-
firmed that the PN cells contain both AC3, which is activated by Ca2+

through Ca2+-calmodulin, and AC6, which is inhibited by Ca2+ [24].
Interestingly, the steady-state levels of both cyclases were affected by
STIM1 knockdown: AC3 levels increased significantly, whereas those of
AC6 decreased. Measurement of cAMP showed that STIM1 knockdown
reduced cAMP levels. The reduction was identical to that which oc-
curred following the inhibition of calmodulin with W7. The observation
that W7 and STIM1 knockdown were not synergistic suggests that
STIM1 is regulating AC3 via calmodulin. Thus, the reduction in cAMP
levels resulting from STIM1 knockdown is most likely the result of its
effect in reducing AC6 levels and its ability to reduce AC3 activity via a
calmodulin-dependent mechanism.

Here we did not see global changes in the intracellular Ca2+ in
response to either STIM1 knockdown or 2-APB treatment. However,
release of Ca2+ from the ER often occurs in the form of “puffs” or
“sparks” that form the basis for Ca2+ waves [56]. In the kidney, os-
cillations in intracellular Ca2+ are critical for the fusion of vesicles
containing AQP2 [7]. Thus, it is possible that localized transient re-
ductions in the release of Ca2+ from the ER spark the movement of PC2
from the ER to the plasma membrane.

We envision a vicious cycle in which PC2 located at the ER causes
excessive release of Ca2+ from the ER, coupled with increased SOCE
maintaining the ER Ca2+ stores. We have observed that STIM1 protein
levels are highly elevated in ADPKD cells, which would exacerbate this
cycle. We suggest further that the elevated STIM1 contributes to the
increased resting levels of cAMP via the fueling of cAMP-dependent cyst
growth by calmodulin-dependent AC3. Knocking down STIM1 or
treating cells with 2-APB breaks this cycle, reducing cAMP and reducing
cyst growth.

Interestingly, STIM1 silencing caused a decrease in forskolin- and
IBMX-dependent cAMP production; however, cAMP levels after STIM1
silencing in the presence of forskolin were still many times higher than
control levels. The fact that STIM1 still dramatically reduced cyst
growth in the presence of forskolin strongly suggests that STIM1 si-
lencing inhibits the ability of cAMP to stimulate cyst growth. In the
normal human kidney, signaling pathways that increase cAMP levels do
not stimulate cell growth (see [10]). In ADPKD, increases in cAMP
activate B-Raf, which in turn leads to an activation of ERK, turning on
cell proliferation in response to cAMP. Thus, one likely outcome of
STIM1 silencing is that it overrides the proliferation induced by cAMP
via ERK signal transduction.

4.5. Conclusion

One prevailing model for cyst growth is that Ca2+ restriction causes
cAMP-dependent activation of the B-Raf/mitogen-activated protein ki-
nase kinase (MEK)/extracellular signal-regulated kinase (ERK)
pathway, which results in increased cell growth [16]. We show here
that both STIM1 and IP3R are expressed at significantly higher protein
levels particularly in cystic mice kidneys compared to normal controls.
We also found that several key components of Ca2+ signaling are ele-
vated in PN (PC1 null) vs PH (PC1 containing) cells and propose that
elevated ER Ca2+ release is actually the key to fueling cyst growth. One
limitation of the study was that the studies were performed in mouse
and not in human cells. However, we have uncovered a novel ther-
apeutic pathway to inhibit cyst growth in ADPKD by lowering STIM1
levels, with the goal of restoring Ca2+ homeostasis which we expect
may help with the development of new treatment strategies for ADPKD.

Fig. 8. Steady State Levels of cAMP: A) At day five
confluent cells were treated with Forskolin (100 μM)
or IBMX (100 μM) for 30min before harvesting the
cells for assay. Cyclic AMP levels were measured
with a direct cAMP Enzyme immunoassay Kit based
on the manufacturer's protocol. Results are expressed
as pmole/ml. Columns represent averages± SEs.
*P < .05, ***P < .001, ****P < .0001. Statistical
analysis was performed using a 2-tailed Student t-
test. n=3–6: Note that forskolin causes a large in-
crease in cAMP. A smaller increase occurs with
IBMX. However, the increase induced by forskolin
alone is similar to that of IBMX plus forskolin. STIM1
silencing reduces the levels of cAMP compared to
untreated PN cells. Forskolin and IBMX increase

cAMP to a lesser extent when STIM1 is knocked down. B): At day four confluent cells were treated with W7 (50uM) for 16 h. Note that both STIM1 knockdown and
W7 treatment reduced cAMP levels about the same amount. Treating cells with W7 when STIM1 is silenced abolishes the W7 effect indicating that both are working
via a common pathway.
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