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Abstract
Dysregulation of Ca2+ signaling and homeostasis has
been linked to the development of ADPKD through
aberrant functioning of the polycystins. In this study,
we investigated the role of the polycystins in
modulating Ca2+ signaling. Expression of full-length
PC1 in MDCK cells inhibited intracellular Ca2+ release
in response to ATP when compared to control cells.
This phenotype correlated with reduced interaction
of endogenous PC2 and IP3R in PC1-containing cells.
We also found that endogenous STIM1 also
interacted with the IP3R, and this interaction was
enhanced by PC1 expression. Increased interaction
between STIM1 and IP3R inhibited Ca2+ release. PC1
regulates intracellular Ca2+ release and the interaction
of PC2-IP3R-STIM1 through the PI3K/Akt signaling
pathway. Inhibition of the PI3K/Akt pathway in PC1
containing cells restored intracellular Ca2+ release,
increased the interaction between PC2 and IP3R and
disrupted the STIM1-IP3R complex. Conversely,
activation of the PI3K/Akt signaling pathway by HGF

in control MDCK cells gave the reverse effects. It
reduced the release of Ca2+ to levels comparable to
the PC1 cells, inhibited the association PC2 and IP3R,
and increased the interaction between STIM and IP3R.
Overall, our studies provide a potential mechanism
for the modulation of intracellular Ca2+ signaling by
the polycystins.

Introduction

Autosomal Dominant Polycystic Kidney disease
(ADPKD), caused by mutations in either PKD1 and
PKD2, is characterized by formation of fluid-filled cysts
in kidney tubules [1]. Development of cysts, interferes
with normal kidney function and eventually leads to kidney
failure [2]. About 85% of ADPKD cases are caused by
mutations in the PKD1 gene, whereas the remaining 15%
are caused by mutations in the PKD2 gene [3]. The PKD1
gene, encodes a transmembrane protein Polycystin-1
(PC1), and PKD2 gene encodes another membrane
protein called Polycystin-2 (PC2) [4, 5]. Currently,
molecular mechanisms of how mutations in either of these
genes can cause development of fluid-filled cysts in the
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kidney are still not well understood. However, the clinical
course resulting from mutations in either PC1 or 2 is similar
suggesting that both proteins function in a common
pathway. Possible treatment for the disease is mainly to
inhibit enlargement of the existing cysts, but does not
prevent new cystogenesis. Therefore understanding the
function of PC1 and PC2 in the normal kidney tubules is
important for the development of a more effective
treatment of ADPKD.

PC1 is a large transmembrane protein that has 4302
amino acids and 11 transmembrane domains. PC1 has a
long extracellular N terminal domain compared to the
intracellular C-terminus [6]. It is hypothesized that the
N-terminal domain of PC1 is involved in fluid flow sensing,
whereas the C-terminal domain containing the coiled-coil
domain is important for signaling and interaction with other
proteins, such as PC2 [7-9]. PC1 can be found at the
cell-cell junction, plasma membrane, primary cilia, and
also the endoplasmic reticulum (ER) [8, 10-12].

PC2 is a smaller transmembrane protein than PC1.
It has 968 amino acids with 6 transmembrane domains.
Its N-and C-terminal domains are intracellular. This
protein is similar to other members of the transient
receptor potential (TRP) channel family of proteins [13].
As with other TRP proteins, PC2 functions as a cation
channel. PC2 is located in the ER, where it modulates
the functioning of IP3R [14, 15]. PC2 interacts with inositol
1,4,5 triphosphate (IP3R) to prolong the IP3-induced Ca2+

release [16]. PC2 is also located both at the plasma
membrane and at the primary cilia, where it participates
in flow-dependent Ca2+ signaling [8, 12].

While function of PC2 is more clearly defined, the
precise function of PC1 in Ca2+ homeostasis is still elusive.
Patch clamp and other electrophysiology studies suggest
that PC1 does not by itself function as a cation channel
[8, 17]. However, since mutations of either PC1 or PC2
cause the same phenotype, and alterations of Ca2+

homeostasis has been observed in ADPKD cells [18],
one might hypothesize that PC1 can also regulate
intracellular Ca2+ signaling. Indeed we showed that PC1
inhibits ER Ca2+ release by binding to IP3R [11]. We also
showed that PC1 can bind to stromal interaction molecule
1 (STIM1), sequestering it to the ER membrane and
inhibiting store operated Ca2+ entry (SOCE) [19]. Thus,
PC1 modulates intracellular Ca2+ signaling by binding to
key elements well known to be involved both in receptor-
mediated Ca2+ release and SOCE.

Given that both PC1 and 2 can modulate pathways
involved in Ca2+ homeostasis, the question arises regarding
of how malfunctioning proteins in ADPKD cause

aberrations in intracellular Ca2+ and lead to cyst
formation? Increased cell proliferation is associated with
cyst growth [2], and frequently increases in intracellular
Ca2+ result in enhanced cell proliferation [20]. For example
expression of the C-terminus of PC1 enhanced cell
proliferation of HEK293 cells through an increase in
intracellular Ca2+ release [21]. Whereas, inhibition of
receptor-mediated-increases in intracellular Ca2+ due to
loss of PC2 in ADPKD lymphoblastoid cells actually
dampens cell proliferation [22]. However, some studies
have shown otherwise that the steady state levels of
intracellular Ca2+ are lower in cyst cells a condition that
is associated with an increase in cell proliferation when
stimulated with cyclic adenosine monophsophate (cAMP)
[23, 24]. Furthermore, another study shows when cyst
cells were treated with a Ca2+ ionophore to increase
intracellular Ca2+, the ability of cAMP to inhibit cell
proliferation was restored [25]. How both high and low
intracellular Ca2+ can result in enhanced cell proliferation
in ADPKD cells is still an open question. Clearly
maintenance of intracellular Ca2+ homeostasis is important
for normal tubule development. In this study, we
investigated how the polycystins work together to
modulate Ca2+ signaling.

Materials and Methods

Materials
Monoclonal antibodies recognizing STIM1 and IP3R-3

were purchased from BD Biosciences (San Jose, CA), polyclonal
antibody against STIM1 was from Sigma (St. Louis, MO).
Monoclonal antibody for PC1 (7E12), monoclonal and
polyclonal antibodies for PC2 were all from Santa Cruz
Biotechnology (Santa Cruz, CA). Monoclonal antibody against
p-Akt and total Akt were purchased from Cell Signaling
Technology. Protein A/G agarose beads were purchased from
Santa Cruz Biotechnology. Hepatocyte growth factor was from
Biomol. LY294002 was from Cell Signaling Technology, and
wortmannin was purchased from Sigma. Both ionomycin and
thapsigargin (TG) were purchased from Invitrogen, ATP
(adenosine triphosphate) was from Sigma. The fluorescent Ca2+

indicator, Fura-2/AM was from Invitrogen. Plasmid STIM1-YFP
was a gift from Dr. Paul Worley’s lab, while PKD1-GFP, R4227X
plasmids, and antibody to PC1 (LRR) were gifts from Dr. Gregory
Germino’s group.

Cell culture and transfections
Stable MDCK cell lines were a gift from Dr. Gregory

Germino lab (Johns Hopkins, Baltimore). The cells were cultured
as described previously [26]. M1 cells were cultured in
Dulbecco’s modified Eagle’s medium/F-12 (DMEM/F-12)
supplemented with 10% fetal bovine serum and 5% Penicilin/
Streptomycin. For transfection, cells were split and grown until
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confluence. One or two days after confluence, cells were
transfected with various amounts of DNA with Lipofectamine
2000 (Invitrogen). Transfection procedure was carried out
according to the manufacturer’s instructions. Cells were then
harvested and assayed 24-48 hrs after transfection.

Adenoviral infection
Cells were grown until confluent and completely polarized.

Adenovirus stock was diluted in the regular cell medium to
achieve a final concentration of 50 m.o.i.(multiplicities of
infection). Cells were then harvested or assayed two days after
the infection.

PI3K-HGF assay
For PI3K inhibitors and HGF treatment, cells were cultured

until confluent and polarized. Cells were then serum-starved
two hours before treatment. PI3K inhibitors (15 µM LY294002
and 50 nM wortmannin) and 5 ng/ml of HGF were added into
the media without serum for the treatment. Cells were incubated
overnight before analyzing.

Western blot and co-IP
For western blot, cells were harvested and lysed with

lysis buffer (composition: 50 mM NaCl, 150 mM Tris-HCl, 1%
Nonidet P-40, 10% glycerol, pH 7.4, protease inhibitor was added

Fig. 1. Expression of PC1 decreases the PC2 and IP3R
interaction. A. Expression of full-length PC1 in MDCK stable
cell line. PC1 antibody was able to pull down full-length PC1
only in MDCK+PC1 cells but not in control cells, MDCK –
PC1. B. LEFT BLOTS: Co-immunoprecepitation of endogenous
IP3R and Polycystin 2 by PC2 antibody. Note that there was
more IP3R pulled down in control cells without PC1 expression
(MDCK–PC1). RIGHT GRAPH: Densitometry analysis for the
co-immunoprecipitation experiments (MDCK + PC1 n=5 and
MDCK – PC1 n=5). Density of the co-immunoprecipitated IP3R
was normalized against density of the immunoprecipitated PC2.
The resulting ratio for control cells without PC1 expression
was considered 1, whereas the ratio for PC1 cells was normalized
against the ratio from control cells to calculate the final value.
Asterisk indicate significance between the two groups
(student’s t-test, p<0.001). C. LEFT: Transient transfection of
PC1 (M1-PKD1GFP) inhibited pull-down of endogenous IP3R
in M-1 cells, while control (M1-GFP) and mutant PC1 (M1-
R4227X) did not. RIGHT: Densitometry analysis of the co-
immunoprecipitation (GFP n=4; PKD1GFP n=4, R4227X n=4)
showed a reduction of the PC2-IP3R association in PC1-
transfected M-1 cells (M1-PKD1GFP). The ratio for GFP-
transfected cell was considered 1, while the ratios for the other
groups were normalized against the GFP cells. Asterisks
indicates the significance between PKD1GFP group and control
(student’s t-test, p<0.05). D. Co-immunoprecipitation of
endogenous IP3R by PC2 antibody in MDCK stable cell lines
after treatment with Thapsigargin (TG) and high extracellular
Ca2+ (10 mM Ca2+). LOWER PANEL: The graphs show the densitometry analysis of the co-immunoprecipitation. The data is the
average of three independent experiments. Asterisk indicates statistical significance in the treatment groups (TG and 10 mM Ca2+)
against control (student’s t-test, p<0.05) in each cell line. The ratio for MDCK cells without treatment was considered 1, while the
ratios for the treatment groups were normalized against this group.

before using). After incubating on ice for 30 mins, cells were
then spun down for 15 mins at 14,000 x g at 4°C to remove the
insoluble material. Supernatant of the samples were collected.
Sample concentration was measured with the BCA reagent,
and denatured in 2x Laemmli buffer at 42°C for 30 mins. Samples
were then run in SDS-PAGE gel before transferring to
polyvinylidene fluoride membrane. For co-IP experiments,
samples were obtained as in the western blot assay (lysis buffer
composition: 50 mM NaCl, 150 mM Tris-HCl, 0.1% Nonidet P-
40, 10% glycerol, pH 7.4, protease inhibitor was added before
using), monoclonal antibody to either PC2 or STIM1 was added
to the samples afterwards and allowed to rotate overnight.
Protein A/G agarose beads were then added the next day before
rotating for 2 additional hours. The beads were collected by
centrifugation and washed three times with phosphate buffer
solution (PBS). After the final wash, the collected beads were
resuspended in the 2x sample buffer (equal volume of sample
buffer was added to the sample) and incubated at 42°C for 30
mins for the immunoblot assay. For TG and Ca2+ addition
experiments, cells were treated with either 1 µM TG or 10 mM
extracellular Ca2+ for 10 mins before lysing.

Fura-2 Ca2+ imaging assay
Fura-2 ratiometric imaging assay was performed as

described previously [11]. Cells were bathed in zero Ca2+ ringer’s
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buffer, with composition as follow: 120 mM NaCl, 5 mM KCl, 2
mM MgCl2, 1 mM EGTA, 10 mM HEPES (pH adjusted to 7.4
with NaOH). 100 µM of ATP was given through perfusion
system with the ATP stock was previously dissolved in the
same Ringer’s buffer. For ionomycin experiment, 2 µM iono-
mycin was added directly to the cells on the coverslip during
the recording without disturbing the recording process. Image
acquisition and analysis were done with the IPLab software.

Results

Both PC1 and ER Ca2+ modulate the interaction
of PC2 and IP3R
Previously, our lab showed that PC2 is present in

the ER and interacts with IP3R [16]. To extend this
observation, here we addressed whether PC1 plays any
role in modulating the interaction between PC2 and IP3R.
To address this question, we used a previously described
MDCK cell line [27] that stably expresses full-length PC1
(Fig. 1A). This cell line contains PC2 and IP3R type 3
endogenously. We first confirmed that PC2 does indeed
interact with IP3R in MDCK cells, as reported previously.
However, the results also demonstrate a significant
reduction in the interaction between endogenous PC2 and
IP3R in PC1-expressing cells (Fig. 1B; PC1 cell
MDCK+PC1 in comparison to control cells MDCK-PC1).
The same result was also seen in different clones of this
stable cell line [26] (data not shown). We further
confirmed the observation by transiently transfecting GFP-
tagged PC1 into M1 cells, a cell line derived from mouse
collecting duct [28] Similar to MDCK stable cell lines,
expression of full-length PC1 in M1 cells also reduced
the interaction of endogenous PC2 and IP3R compared
to the GFP-transfected cells (Fig. 1C). In contrast
expression of the disease-causing mutation of PC1,
R4227X, which destroys the coiled-coil domain and the
C-terminus tail, did not interfere with interaction between
endogenous PC2 and IP3R in M1 cells (Fig. 1C).

Because we observed previously that PC2 prolongs
the t1/2 of the Ca2+ release from the ER, we asked whether
the interaction of PC2 with IP3R also depends on the
level of intracellular Ca2+. Treatment with thapsigargin
(TG) that depletes ER Ca2+ stores by blocking the Sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA) pump [29]
increased the association of endogenous PC2 to IP3R
specifically in PC1 cells, while addition of 10 mM Ca2+ in
regular medium to prevent ER Ca2+ depletion [30] reduced
the interaction in cells without PC1 (Fig . 1D). We also
validated the results with different clones of the stable
cell line (data not shown). Taken together, we conclude
that expression of full-length PC1 and intracellular Ca2+

level modulate the interaction of PC2 and IP3R. In
addition, the C-terminus of PC1 is important in mediating
inhibition of the interaction of PC2 and IP3R.

Fig. 2. Expression of PC1 enhances the association of STIM1
and IP3R. A. LEFT BLOT: Western blot shows co-
immunoprecipitation of endogenous IP3R by STIM1 antibody
in PC1 (MDCK+PC1) and control (MDCK-PC1) cells. There
were more IP3R being pulled down by STIM1 antibody in PC1
cells compared to control cells. RIGHT BLOT: Transient
transfection of PC1 into M-1 cells (M1-PKD1GFP) increased
STIM1-IP3R co-immunoprecipitation, whereas transfection of
GFP (M1-GFP) and PC1 mutant plasmids (M1-R4227X) did not
increase the STIM1-IP3R interaction. LOWER PANEL:
Densitometry analysis of STIM1-IP3R co-immunoprecipitation
in MDCK stable cell line (left graph), and in M1 cell line (right
graph). The data is the average of three sets of independent
experiments. Asterisk indicates significance between PC1 cells
and control (student’s t-test, p<0.001). For M-1, asterisk shows
statistical significance between GFP and R4227X-transfected
cells when compared to PKD1GFP (p<0.005, student’s t-test).
B. Western blot shows co-immunoprecipitation of endogenous
IP3R by STIM1 antibody after treatment with TG and high
extracellular Ca2+. LOWER PANEL: The graphs show the
densitometry analysis of the co-immunoprecipitation. The data
is the average of three sets of experiments. Asterisk indicates
significance between the treatment groups (TG and 10 mM
Ca2+) and control (student’s t-test, p<0.05) in each cell line. The
ratio for MDCK cells without treatment (ctrl) was considered 1,
while the ratios for the treatment groups were normalized against
the ctrl.
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PC1 expression increases the interaction of
STIM1 and IP3R
We were intrigued by the observation that the

interaction of PC2 and IP3R is regulated by ER Ca2+

because both PC2 and IP3R have their Ca2+ sensors, the
EF-hand, on their cytoplasmic side [31, 32]. Another ER
protein, STIM1, has been shown to act as an ER Ca2+

sensor. When ER Ca2+ is low, STIM1 translocates near
to the plasma membrane and activates the store-operated
Ca2+ channel. In addition, STIM1 has its EF-hand domain
on the ER luminal side [33], therefore, it serves as a good
candidate for the ER Ca2+ sensor that regulates the PC2-
IP3R interaction.

We then tested whether STIM1 is involved in
regulating the PC2-IP3R interaction. We first confirmed
that the STIM1 antibody indeed could pull down
endogenous IP3R. Interestingly, the data showed an
increased association of STIM1 and IP3R in PC1-
expressing cells (Fig. 2A). Thus, we hypothesized that
PC1 expression increased the interaction of STIM1 and
IP3R. We tested this hypothesis by transiently transfecting
full-length PC1 into M-1 cells. The data showed an
increase of the STIM1 and IP3R interaction, in comparison
to control GFP transfection. Again, transfection of the
PC1 mutant, R4227X, did not enhance the ability of
STIM1 to pull down IP3R (Fig. 2A, right blot). Thus, similar

Fig. 3. PC2 competes with STIM1 for forming a complex with
IP3R. A. TOP BLOTS: Western blot shows co-immuno-
precipitation of endogenous PC2 by STIM1 antibody in MDCK
stable cell line. STIM1 antibody did not pull-down PC2 both in
PC1 and control cells. BOTTOM BLOTS: Co-immunopre-
cipitation of endogenous STIM1 by PC2 antibody. PC2 antibody
did not pull-down STIM1 both in PC1-containing and control
cells. B. Western blot shows co-immunoprecipitation of
endogenous IP3R by STIM1 antibody in PC1 cells. Infection of
PC2 adenovirus reduced IP3R pulldown by STIM1 antibody,
while GFP infection did not. LOWER PANEL: The graph shows
the densitometry analysis of the co-immunoprecipitation
experiments. Asterisk indicates statistical significance between
the two groups (student’s t-test, p<0.005). The data represents
three set of independent experiments. The ratio for GFP
adenovirus group was considered 1, and the ratio for PKD2
adenovirus group was normalized against this group. C. The
blot shows co-immunoprecipitation of endogenous IP3R by
PC2 antibody in control cells. Transfection of STIM1 plasmid
reduced co-immunoprecipitation of IP3R by PC2 antibody, while
PC2 still pulled-down IP3R in the GFP-transfected cells. LOWER
PANEL: Densitometry analysis of the co-immunoprecipitation.
The data is the average of three sets of experiments. Asterisk
indicates statistical significance between the two marked groups
(student’s t-test, p<0.001). The ratio for GFP-transfected group
was considered 1, and the ratio for STIM1-transfected group
was normalized against this group.

to PC2, the C-terminus of PC1 is also important in
regulating the interaction of STIM1 and IP3R, although
in the reverse way. Finally, we observed that the
interaction between endogenous STIM1 and IP3R was
also regulated by ER Ca2+, however in a manner opposite
to what occurs when PC2 and IP3R interact. Depletion
of the ER Ca2+ stores with TG decreased the interaction
of STIM1 with IP3R in PC1 cells, while addition of high
extracellular Ca2+ increased the STIM-IP3R complex in
control cells without PC1 expression (Fig. 2B). Overall,
we found that STIM1 interacts with IP3R, and this
interaction is enhanced by PC1 expression.

PC2 and STIM1 compete for IP3R
Up to this point, our data showed that the amount of

ER Ca2+ regulates interactions between PC2-IP3R and
STIM-IP3R in the opposite way and that expression of
PC1 increased the interaction of STIM1 and IP3R but
reduced the association of PC2 with IP3R. We wondered
whether STIM1 and PC2 actually compete to interact
with IP3R. We first addressed whether PC2 and STIM1

Regulation of ER Ca2+ Release by Polycystin-1 Cell Physiol Biochem 2011;27:715-726
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can also make a complex. Co-immunoprecipitation of PC2
by STIM1 antibodies failed to pull-down PC2, and PC2
antibody could not pull down STIM1 (Fig. 3A). These
results showed that binding of PC2 and STIM1 as
detected by this pull-down assay does not occur, although
both can interact with IP3R. To further confirm the
competition of both proteins for the IP3R, we over
expressed either STIM1 or PC2 to see whether over
expression of one of the proteins disrupts the other
protein’s interaction with the IP3R. Indeed, we found that
over expression of PC2 by adenovirus infection in PC1-
expressing MDCK cells disrupted the endogenous
association of STIM1 and IP3R. There was less pull-
down of endogenous IP3R by STIM1 in PC2-infected
cells (MDCK+PC1 AdPkd2) in comparison to GFP-
infected cells (MDCK+PC1 AdGFP) (Fig. 3B). Similarly,
transfection of STIM1-YFP plasmid into control MDCK
cells (MDCK-PC1 STIM1) also reduced pull down of
endogenous IP3R by PC2 antibodies, which suggests
interference in the ability of PC2 to interact with IP3R
(Fig. 3C). Thus, these results further establish that PC2
and STIM1 compete for interaction with IP3R.

ER Ca2+ release is altered depending upon
whether STIM1 or PC2 is associated with the IP3R
Since PC1 affects interaction of PC2 and IP3R, we

then asked whether it also affects release of Ca2+ from
the ER. To answer this question we treated the cells with
adenosine triphosphate (ATP). ATP induces a release of
Ca2+ in MDCK cells through activation of a purinergic
receptor in the plasma membrane. Downstream signaling
produces IP3 which activates the IP3R [34]. We
conducted experiments in the absence of extracellular
Ca2+ so that when the cells are stimulated with ATP, most
of the increase in cytoplasmic Ca2+ comes from Ca2+

released through the IP3R in the ER. The data showed
that intracellular Ca2+ release following ATP-stimulation
was significantly smaller in the cells containing PC1 (Fig.
4A). To rule out the possibility that the reduced release
of Ca2+ was caused by alterations in the level of Ca2+

within the ER, we measured the response to the Ca2+

ionophore, ionomycin, in the absence of extracellular Ca2+.
We chose to use ionomycin because Weber et al. already
showed by using the same cell line that the TG response
was smaller in PC1 cells due to a smaller ER Ca2+ leak.
Direct measurements of ER Ca2+ with Mag-Fura 2 by
this group did not show any difference in ER Ca2+ level
despite a change in the leak rate [35]. In line with their
result, the response to ionomycin was similar in control
and PC1-expressing cells ( sup. Fig. 1A). This suggests

Fig. 4. Expression of PC1 inhibits ER Ca2+ release by
increasing the STIM1-IP3R interaction and disrupting the
PC2-IP3R interaction. A. Representative traces of intracellular
Ca2+ release in response to 100 µM ATP in PC1-expressing
and control MDCK cells. PC1 cells showed a reduction of
Ca2+ release after stimulation with ATP. LEFT GRAPH:
The graph summarizes the average amplitude of ER Ca2+ release
in response to ATP. Asterisk indicates significance between
the two groups (student’s t-test, p<0.001, MDCK+PC1
n=7, MDCK – PC1 n=7). B. The graph summarizes the
average amplitude of ER Ca2+ release after addition of ATP in
PC2-infected cells compared to GFP-infected cells.
Infection of PC2 adenovirus in PC1 cells restored the amplitude
of ER Ca2+ release in response to ATP. Asterisk indicates
significance between the two indicated groups (student’s
t-test, p<0.001, MDCK-PC1 AdGFP n=7, MDCK-PC1
AdPkd2 n=6, MDCK+PC1 AdGFP n=6, MDCK+ PC1 AdPkd2
n=5). BOTTOM PANEL: Western blot shows an
increase of co-immunoprecipitation of endogenous IP3R by
PC2 antibody in PC1 cells after infection with PC2 adenovirus.
C. The graph shows the average amplitude of ER Ca2+ release
in response to ATP after transfection with STIM1-YFP
plasmid.Transfection of STIM1 significantly reduced
ATP-induced Ca2+ release in control MDCK cells. Asterisk
indicates statistical significance between the two marked
groups (student’s t-test, p<0.001, MDCK-PC1GFP n=6,
MDCK-PC1 STIM1 n=6, MDCK+PC1 GFP n=5, MDCK+PC1
STIM1 n=6). BOTTOM PANEL: The blot shows an increase
of co-immunoprecipitation of endogenous IP3R by STIM1
antibody in control cells after transfection with STIM1
plasmid.

Santoso/Cebotaru/GugginoCell Physiol Biochem 2011;27:715-726
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that the reduced ability of ATP to increase intracellular
Ca2+ in PC1 cells was not due to a change in the amount
of Ca2+ in the ER, but rather due to changes in IP3R-
mediated Ca2+ release from the ER.

To address whether PC1’s reduction of Ca2+ release
through the IP3R was caused by disruption of the
association of PC2 and IP3R, we over expressed PC2 by
adenoviral infection, and measured intracellular Ca2+

release stimulated by ATP. Overexpression of PC2
rescued the association of PC2 with IP3R especially in
PC1-expressing cells (Fig. 4B). The transient peak of
the ATP-mediated increase in Ca2+ was significantly bigger
in PC2 –infected cells compared to control, which was
infected with GFP adenovirus. Again, we measured the
ionomycin response in the GFP- and PKD2- infected-
PC1 cells, and we found that there was no significant
difference between the two groups (sup. Fig. 1B, left
graph). Therefore, our results are consistent with the
previous observations that expression of PC2 enhances
intracellular Ca2+ release from the ER [15, 16].
Furthermore we confirm the recent finding that the
interaction of PC2 with IP3R is important in facilitating
the release of Ca2+ from the ER [36].

Another thing we noticed was when we
overexpressed PC2 in PC1 cells the interaction of STIM1
and IP3R was disrupted (Fig. 3B). To take this one step
further we investigated whether the association of STIM1
and IP3R also has functional consequences as is the case
for the PC2-IP3R interaction. STIM1 is widely known as
a sensor of luminal ER Ca2+. STIM1 translocates from
the ER-PM junction to activate SOCE at the plasma
membrane when the level of ER Ca2+ drops [33].
However, whether STIM1 functions in the basal condition,
when ER Ca2+ is not depleted, is still not known yet. We
over expressed STIM1 in control and PC1-expressing
MDCK cells and measured the release of Ca2+ stimulated
by ATP in the absence of extracellular Ca2+. Transient
transfection of STIM1-YFP cDNA into control cells with
the purpose of increasing the STIM1-IP3R interaction
significantly reduced ATP-mediated-intracellular Ca2+

release to a level similar to PC1-expressing cells (Fig.
4C). This reduction was not due to pre-emptied ER Ca2+,
since the Ca2+ responses from ionomycin in both GFP
and STIM1-transfected cells were similar (sup. Fig. 1B,
right graph). Meanwhile, PC1-expressing cells did not
show any significant reduction of the Ca2+ response to
ATP when transfected with STIM1. Taken together, our
results suggest that STIM1, by competing with PC2 for
binding to IP3R, also has a functional effect opposite to
that of PC2. PC2’s interaction with the IP3R increases

Fig. 5. Inhibition of the PI3K/Akt pathway in the PC1
cells increases ER Ca2+ release. A. Representative traces of
ER Ca2+ release in response to ATP in PC1 cells that have been
treated with PI3K inhibitors. Inhibition of the PI3K pathway
restored ER Ca2+ release in response to ATP. RIGHT PANEL:
Histogram shows the average amplitude of ER Ca2+ release
in response to ATP in PC1 cells after inhibition of the PI3K
pathway. Asterisk indicates statistical significance between
treatment groups (LY or W) against the control (student’s
t-test, p<0.001, MDCK+ PC1 ctrl n=7, MDCK+PC1 LY
n=6, MDCK+PC1 W n=6). B. The blots display co-immuno-
precipitation of endogenous IP3R by PC2 antibody (left blot)
and by STIM1 antibody (right blot) in PC1 cells that were
treated with PI3K inhibitors. Inhibition of the PI3K pathway
in the PC1 cells restored PC2-IP3R pulldown and inhibited
STIM1-IP3R co-immunoprecipitation. LOWER PANEL: The
graphs show the densitometry analysis of co-immuno-
precipitation of PC2 and IP3R (left graph) and STIM1 and
IP3R (right graph). The ratio for the ctrl group was considered
1, and the ratios for the treatment group were normalized
against control. The data is the average of three sets of
experiments. Asterisk indicates significance between treatment
group and control (student’s t-test, p<0.05). C. Histogram
shows the average amplitude of intracellular Ca2+ release in
response to ATP in control cells that were treated with
PI3K inhibitors (MDCK-PC1ctrl n=7, MDCK-PC1 LY
n=7, MDCK-PC1 W n=6). Inhibition of the PI3K pathway in
control cells also inhibited the increase in intracellular
Ca2+ induced by ATP. Asterisk indicates statistical
significance between the treatment group against control
(student’s t-test, p<0.005). RIGHT PANEL: Immunoblot
shows reduction in co-immunoprecipitation of endogenous
IP3R by PC2 antibody in control MDCK cells after treatment
with LY294002.
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ER Ca2+ release, whereas STIM1-IP3R inhibits it perhaps
by directly inhibiting Ca2+ release or strengthening the
interaction of PC1 with IP3R.

The PI3K/Akt signaling regulates ER Ca2+ release
and interactions between PC2, IP3R and STIM
In PC1-containing cells, Akt phosphorylation is

greater compared to control, suggesting that the PI3K/
Akt pathway is already activated (Fig. 6C, Ser 473-Akt).
In order to investigate the effect of activation of the PI3K/
Akt pathway in PC1 cells, we inhibited this signaling
pathway by exposing the cells to PI3K inhibitors,
LY294002 and wortmannin. The inhibition restored
intracellular Ca2+ release induced by ATP (Fig. 5A),
whereas the ionomycin response were similar in all groups
(sup. Fig. 1C, top panel). Furthermore, we also saw that
treatment with LY294002 enhanced the interaction of PC2
and IP3R, and inhibited the STIM1-IP3R complex (Fig.
5B). On the other hand, treatment of cells without PC1
with PI3K inhibitor showed a reduction of ER Ca2+ release
in response to ATP and a decrease in the PC2 and IP3R
interaction (Fig. 5C). This result was actually consistent
with a previous study showing that inhibition of the PI3K
pathway caused a reduction of Ca2+ released from the
ER [37]. Our data also show that increased release of
ER Ca2+, caused by inhibition of the PI3K pathway, was
specific only to PC1 cells.

Similarly, activation of the PI3K/Akt pathway
by hepatocyte growth factor (HGF) in control cells
reduced the ATP-induced Ca2+ release (Fig. 6A). Again,
this reduction was not caused by ER Ca2+ depletion,
as the ionomycin response in cells treated with HGF
was similar to control (Sup Fig. 1C, bottom panel).
Addition of HGF into the cell culture medium in control
cells reduced the PC2-IP3R complex and increased
the interaction of STIM1 and IP3R (Fig. 6B). Interestingly,
a recent study by Mangos et al. demonstrates similar
results, where they show that either depletion of ER Ca2+

or inhibition of the PI3K pathway causes the same
phenotype as knocking down the polycystins in the
zebrafish model [38]. In our study, we saw that either
high ER Ca2+ or activation of the PI3K pathway mimicked
the PC1 phenotype.

Finally, we also confirmed that there was no change
of endogenous expression of PC2, STIM1 and IP3R upon
treatment with PI3K inhibitors or HGF (Fig. 6C).
Therefore, any alterations of PC2-IP3R and STIM1
interactions were not caused by changes in protein
expression. From these observations, we conclude that
activation of the PI3K/Akt pathway increases the

Fig. 6. Activation of the PI3K/Akt pathway in the control
MDCK cells reduces ER Ca2+ release. A. Representative
traces of ATP-stimulated Ca2+ release in control cells treated
with HGF. RIGHT PANEL: The plot shows the average
amplitude of Ca2+ release in response to ATP in control
cells after treatment with HGF. HGF treatment inhibited
increase of intracellular Ca2+ stimulated by ATP in cells
without PC1. Asterisk indicates statistical significance
between the two groups (student’s t-test, p< 0.005, MDCK-
PC1 n=7, MDCK-PC1HGF n=7). B. The immunoblots show
HGF treatment in control cells reduced co-immunoprecipitation
of PC2 and IP3R (left blot) and increased co-immunoprecipitation
of STIM1 and IP3R (right blot). LOWER PANEL: The histograms
show the densitometry analysis of co-immunoprecipitation
of PC2 and IP3R (left) and STIM1 and IP3R (right). The ratio
for the non-treated group was considered 1, and ratio for the
HGF group was normalized against the non-treated group.
The data is the average of three sets of experiments, and
asterisk indicates significance between the two groups
(student’s t-test, p<0.05). C. Immunoblots show endogenous
expression of IP3R, PC2, STIM1, Ser473-Akt, and total Akt
in MDCK stable cell line after treatment with HGF, and
PI3K inhibitors. LOWER PANEL: The graphs summarize
the densitometry analysis of Akt activation after treatment of
control cells with HGF (left graph) and PC1 cells with
PI3K inhibitors (right graph). Asterisk indicates significance
between treatment groups compared to control (student’s
t-test, p<0.005, n=3 for all groups).
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Fig. 7. Proposed model. A. In the cell without PC1 expression,
the PI3K/Akt pathway is not active, and PC2 is retained in
the ER. Extracellular signals that activate the phospholipase
C (PLC) pathway induce production of IP3 to activate the
IP3R. Activation of the IP3R releases Ca2+ from within the ER
to cytosol. PC2, which is retained in the ER interacts with
IP3R and facilitates the release of Ca2+. Enhancement of
Ca2+ release by PC2-IP3R interaction eventually leads to
Ca2+ depletion in the ER and activation of the store-operated
Ca2+ influx (SOC). Blue arrow represents Ca2+ movement,
and orange arrow represents activation of inhibition (arrow
with flat head) of cellular activities. B. In the cell with
PC1 expression, the PI3K/Akt pathway is activated. This
signaling pathway leads to an increase of STIM1-IP3R
complex, reduction of the PC2-IP3R interaction in the ER, and
probably translocation of PC2 from the ER to the plasma
membrane. PC2 interacts with PC1 at the plasma membrane
to serve as a Ca2+ influx channel. Extracellular signals that
activate the PLC pathway induce production of IP3 to activate
the IP3R. Activation of the IP3R will stimulate Ca2+ release,
however, reduction of the PC2-IP3R interaction and increased
the association of STIM1-IP3R inhibit release of intracellular
Ca2+ that eventually keeps the Ca2+ level within the ER
high, and therefore inactivate the SOC.

interaction of PC1 and STIM1 with IP3R, reduces the
ability of PC2 to bind to IP3R, and therefore inhibits Ca2+

release from the ER.

Discussion

Previously, our group demonstrated that
PC2 interacts with IP3R to enhance the release of Ca2+

from the ER [16]. We then showed that PC1 also
complexes with the IP3R to suppress ER Ca2+ release
[11]. In addition, our group also subsequently described
how PC1 inhibits SOCE through interaction with
STIM1 to prevent its translocation to the ER-PM junction
[19]. These preceding studies show that two proteins,
whose malfunctions cause the same cyst phenotype, when
functioning individually have opposite effects on
intracellular Ca2+ homeostasis. It also gives a clue that
regulation of intracellular Ca2+ signaling is more
sophisticated than what was previously believed.

In our current work, we describe how expression
of PC1 and PC2 together regulates intracellular
Ca2+ homeostasis in mammalian cells. We show that
expression of full-length PC1 reduces the interaction
of PC2 and IP3R consistent with PC1’s ability to inhibit
the release of ER Ca2+. Furthermore, we found that
STIM1’s association with IP3R is increased by PC1.
Our results show that unlike PC1, direct binding of
PC2 to STIM1 cannot be detected using our pull
down assay. However, both PC2 and STIM1 do interact
with IP3R. Importantly by competing for interaction
with IP3R, PC2 disrupts the complex of STIM1 and IP3R.
We also showed that increasing the interaction
between STIM1 and IP3R in cells without PC1
significantly reduces ATP-mediated increases in
intracellular Ca2+. Our results suggest that STIM1 by
competing with PC2 for interaction with the IP3R
also has a functional effect opposite that of PC2. Thus,
in the absence of PC1, PC2 interacts with IP3R
to enhance Ca2+ release. The presence of PC1 disrupts
the complex by increasing STIM1’s interaction with
IP3R to inhibit Ca2+ release from the ER. It probably
also serves as a mechanism to sequester STIM1 to
the ER membrane and consequently inhibits SOCE [19]
(see Fig 7).

The question is whether these processes
are regulated. Involvement of the PI3K/Akt pathway
in tubulogenesis in MDCK cells has been discussed
in several studies [26, 39]. In addition, activation of
the PI3K/Akt pathway in MDCK cells is important for
cell resistance to apoptosis [26]. We were able to show
that inhibition of the PI3K/Akt pathway in PC1-expressing
cells relieves inhibition of ER Ca2+ release, restores
the interaction between PC2 and IP3R, and reduces the
ability of STIM1 and IP3R to associate. Meanwhile,

Regulation of ER Ca2+ Release by Polycystin-1 Cell Physiol Biochem 2011;27:715-726



724

activation of the PI3K/Akt pathway in cells without
PC1 inhibits the PC2-IP3R, and increases the
STIM1-IP3R interaction leading to a reduction of
intracellular Ca2+ release induced by ATP. Our results
are consistent with a previous study by Marchi et al.,
where they showed that activation of the Akt kinase
inhibits ER Ca2+ release in Hela cells [40]. They further
link this phenotype with cell protection from apoptosis
[40]. Several other reports also support a tight relationship
between activation of the PI3K/Akt pathway and
inhibition of apoptosis [41]. These data lead us to propose
that activation of the PI3K/Akt pathway modulates
the PC2, IP3R, and STIM1 interaction to regulate
intracellular Ca2+ release as a protection mechanism
against cell apoptosis.

Cysts cells are known to have aberrant signal
transduction and fluid secretion compared to the
normal renal tubules [2, 42, 43]. Fluid secretion driven
by chloride plays an important role in the maintenance
and enlargement of the cysts. Two pathways lead to
chloride secretion, one being ATP-stimulated chloride
secretion and the other CFTR [42, 44]. Activation of
purinergic receptors by ATP induces the release of
Ca2+ from the ER. The key mechanism for ATP-mediated
chloride secretion is intracellular Ca2+ release, which
in turn will active calcium-activated chloride channels
(CaCC) [34]. In fact, a truncated form of PC1 has
been shown to enhance ATP-stimulated chloride secretion
in the mouse collecting duct cells [44]. This corresponds
with our results where we saw that expression of
wild-type PC1 reduces intracellular Ca2+ release in
response to ATP.

Besides CaCC, CFTR is also involved in fluid
secretion in the cyst. CFTR is activated by cAMP,
which is also a cyst promoter [42]. Inhibition of CFTR
reduces cyst growth in both cell and animal models
providing convincing evidence that CFTR does indeed
play a role [45, 46]. MDCK cells which lack PC1 form
cysts which are dependent upon chloride secretion
but when PC1 is expressed in these cells, chloride
secretion in response to cAMP is inhibited. The exact
mechanism behind these changes is still not clear. Given
that the reduced cAMP-dependent chloride secretion
in PC1 cells was not caused by down regulation of
CFTR protein expression suggests that PC1 either
caused a change in the trafficking of CFTR to the plasma
membrane or altered the signal transduction pathway
leading to activation of CFTR [47]. Interestingly, a recent
report by Lefkimmiatis et al. describes how depletion
of ER Ca2+ leads to increased cAMP production. They

show that blockage of STIM1 translocation from the
ER to the plasma membrane reduced cAMP production
[48]. In relation to our results, we observed an increase
in the interaction between STIM1 and IP3R in PC1-
expressing cells, and a reduction of ER Ca2+ release
upon this binding. This would lead to maintenance of
high ER Ca2+ levels and consequently inhibition of
STIM1 translocation to the ER-PM junction. In addition,
our group also showed that PC1 expression impairs
STIM1 translocation to the ER-PM junction [19]. From
all these studies, we can speculate that the expression
of PC1 inhibits cAMP-dependent chloride secretion
in MDCK cells through a decrease in cAMP production
and eventually inhibits cyst growth itself.

Although our results suggest that inhibition of
ER Ca2+ release may be protective against cyst formation,
several other groups have reported that lower levels
of cytoplasmic Ca2+ increased cell proliferation [23-25].
One possible explanation for the difference is that
PC1 might inhibit Ca2+ release from the ER, but it
might also facilitate Ca2+ influx across the plasma
membrane, probably via PC2. Our lab previously
showed that PC1 promotes the trafficking of PC2 to
the plasma membrane where PC2 can function as a Ca2+

influx channel [8]. Another study with primary
cilia describes how PC1 complexes with PC2 in the
cilia membrane to allow extracellular Ca2+ to flow into
the cells [12]. Interestingly, it was reported that activation
of the PI3K pathway enhances trafficking of TRP-like
channels to the cell surface [49]. We found in the
present study that PC1 expression reduced the interaction
of PC2 and IP3R and this reduction was mediated by
the PI3K pathway. From our results and all these
preceding studies, we can hypothesize that expression
of PC1 activates the PI3K pathway to help trafficking
of PC2 to the cell surface, therefore reduces the ability
of PC2 to complex with IP3R in the ER. In addition,
PC1 by forming a complex with PC2 and functioning
at the plasma membrane and/or cilia membrane may
be the primary pathway for Ca2+ influx across the
plasma membrane in renal cells. In ADPKD with
mutations in PC1, interaction of PC2 with IP3R would
be increased to eventually cause ER Ca2+ depletion.
In ADPKD with mutations in PC2, the lack of function
of PC2 would reduce Ca2+ entry across the plasma
membrane and strengthen the interaction of PC1 and
STIM1 with IP3R, which eventually leads to low
intracellular Ca2+ in cyst cells. Thus, it is apparent
that expression and proper functioning of both PC1 and
PC2 are important for Ca2+ homeostasis both in the ER
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and in the cytoplasm. Maintenance of high ER Ca2+ is
important for normal cellular functions, such as protein
translation [50], processing [51], and proper hormonal
signaling [52]. It seems that the optimal concentration of
Ca2+ in the cytoplasm as well as within the ER must be
sustained to avoid cell over proliferation, apoptosis, and
increased of fluid secretion, all of which contribute to
cyst formation.
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