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Abstract: Disruption of the endothelium leads to increased permeability, allowing extravasation of macro-
molecules and other solutes from blood vessels. Calcium entry through a calcium-selective, store-operated
calcium (SOC) channel, I, contributes to barrier disruption. An understanding of the mechanisms sur-
rounding the regulation of I, is far from complete. We show that the calcium/calmodulin-activated phos-
phatase calcineurin (CN) plays a role in regulation of SOC entry, possibly through the dephosphorylation of
stromal interaction molecule 1 (STIM1). Phosphorylation has been implicated as a regulatory mechanism
of activity for a number of canonical transient receptor potential (TRPC) and SOC channels, including I,
Our results show that STIM1 phosphorylation increases in pulmonary artery endothelial cells (PAECs) upon
activation of SOC entry. However, the phosphatases involved in STIM1 dephosphorylation are unknown. We
found that a CN inhibitor (calcineurin inhibitory peptide [CIP]) increases the phosphorylation pattern of
STIM1. Using a fura 2-acetoxymethyl ester approach to measure cytosolic calcium in PAECs, we found that
CIP decreases SOC entry following thapsigargin treatment in PAECs. Luciferase assays indicate that thap-
sigargin induces activation of CN activity and confirm inhibition of CN activity by CIP in PAECs. Also, I, is
significantly attenuated in whole-cell patch-clamp studies of PAECs treated with CIP. Finally, PAECs pre-
treated with CIP exhibit decreased interendothelial cell gap formation in response to thapsigargin-induced
SOC entry, as compared to control cells. Taken together, our data show that CN contributes to the phosphor-
ylation status of STIM1, which is important in regulation of endothelial SOC entry and I, activity.
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INTRODUCTION

Calcium signaling mediates a number of cellular events,
and in many nonexcitable cells, store-operated calcium
(SOC) entry represents the major calcium event for sig-
naling. In the SOC entry process, depletion of endoplas-
mic reticulum (ER) calcium stores leads to calcium entry
across the plasma membrane through SOC channels (as
reviewed previously'?). Calcium entry through these chan-
nels factors largely in calcium signaling cascades in both
physiological and disease states.

The calcium-activated Ca®* current, or Icgac, Was one
of the first SOC currents studied. The Icgrac is a small,
calcium-selective, inwardly rectifying current originally
found in mast cells." Since its discovery, a number of

SOC currents have been described in a variety of cell
types. Pulmonary artery endothelial cells (PAECs) exhibit
a calcium-selective SOC entry current termed Isoc, also
found in other endothelial cells and a number of addi-
tional cell types, including epithelial cells and myo-
cytes.? Activation of Isoc in PAECs leads to formation of
interendothelial cell gaps and disruption of the endothe-
lial cell barrier.>*

Insight into the regulation of the Isoc channel re-
mains elusive, as the complete molecular makeup of the
Isoc channel is still under investigation. The current
paradigm is that the channel is made up of mammalian
homologs of the canonical transient receptor potential
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(TRPC) protein subfamily (reviewed by Cioffi et al.*). In
particular, TRPC family members 1, 3, 4, and 5 have
been implicated as potential SOC channel subunits, and
at least TRPC1 and TRPC4 are part of the Isoc channel
structure,”® with the TRPC4 C-terminus interacting with
protein 4.1 close to the putative channel pore.” As well,
Orail, which makes up the Icgac channel,®' constitu-
tively interacts with TRPC4 (and potentially TRPC1, after
SOC activation) of the Isoc channel.’ Here, Orail is re-
sponsible for the calcium selectivity of the channel.'!

Activation of the Isoc channel allows for influx of cal-
cium, whereas inactivation restricts calcium entry via chan-
nel closure. It is now known that the region encompassing
the protein 4.1 binding site and the adjacent proline-rich
region on the TRPC4 subunit is essential for Isoc channel
activation.” Conversely, while it is known that Isoc chan-
nel inactivation is both phosphorylation and calcium de-
pendent,lz'14 the molecular details of that process, includ-
ing the identity of kinases and phosphatases and their
targets, have not been determined. An understanding not
only of the targets but also of the enzymes and signaling
pathways involved is imperative for the larger picture of
Isoc regulation.

Calcineurin (CN), also known as protein phosphatase
2B (PP2B), is a calcium/calmodulin-activated serine-
threonine phosphatase. In this heterodimeric phospha-
tase, the A subunit contains the catalytic activity and 3
regulatory domains: the CN B subunit binding site, the
calmodulin-binding domain, and the autoinhibitory do-
main (reviewed by Rusnak and Mertz'®). The CN B sub-
unit is responsible for calcium binding via 4 calcium-
binding EF-hand motifs.'® The autoinhibitory domain
binds in the active site in the absence of calcium and cal-
modulin. CN is implicated in the regulation of some cal-
cium channels. CN is shown to be associated with the ino-
sitol triphosphate (InsP;) and ryanodine receptors and is
suggested to modulate calcium flux via its phosphatase
activity.17 In addition, CN is found as a subunit of a mul-
tiprotein complex on TRPC6 channels of neuronal PC12
cells.'”® Traditionally, CN is thought to be activated by
influxes of extracellular calcium into the cell. However,
recently it was shown that the calcium released from in-
tracellular stores via thapsigargin treatment is sufficient
to activate CN in cardiomyocyes.'® As well, Kar et al.*
showed that CN-dependent signaling is activated by cal-
cium microdomains in HEK293 cells.

While it is known that Isoc channel inactivation is
phosphorylation dependent, the phosphorylation target or
targets of Isoc have yet to be elucidated. A potential tar-
get in PAECs is stromal interaction molecule 1 (STIM1),
an 85-kDa calcium sensor. STIM1 is phosphorylated at
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several serine and threonine residues,?'** and its phos-
phorylation is linked to regulation of SOC entry, includ-
ing inactivation of SOC entry.?**?* STIM1 initiates SOC
entry by oligomerizing into puncta at the ER and join-
ing the plasma membrane-bound SOC channels through
interaction with Orail following calcium depletion (re-
viewed by Wu et al.?®). That STIM1 may be a functionally
important target is supported by studies showing that
STIM1 interacts with TRPC1/4 to regulate SOC entry.”’
Further, Orail interacts with TRPC4 in the endogenous
Isoc channel to control activation and calcium selectiv-
ity.!" In the CRAC channel, STIM1 interacts directly with
Orail to allow calcium entry (reviewed by Hewavitharana
et al.”®).

Here, we sought to determine whether CN plays a
role in SOC entry and Isoc regulation in PAECs. Using
a cell-permeable calcineurin inhibitory peptide (CIP) that
mimics the autoinhibitory domain of CN,%%3% we found
that CN inhibition reduces global SOC entry and at-
tenuates Isoc. In addition, using small interfering RNA
(siRNA) knockdown, we show that STIM1 is necessary
for SOC entry in PAECs. Finally, we found that STIM1 is
phosphorylated upon thapsigargin-induced store deple-
tion and that CN inhibition increases the phosphoryla-
tion profile of STIM1 in thapsigargin-stimulated PAECs.

METHODS

Reagents

Reagents were obtained from Sigma unless noted below.
Cell culture medium, penicillin, and streptomycin were
obtained from Life Technologies (Grand Island, NY). Heat-
inactivated fetal bovine serum (FBS) was purchased from
Cell Generation (Fort Collins, CO). Pan-CN A antibody
was obtained from Cell Signaling (Boston, MA). Monoclo-
nal antibody to P-actin was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), and STIM1 monoclonal
antibody was obtained from BD Biosciences (San Jose,
CA). Goat anti-rabbit-HRP (horseradish peroxidase) and
goat anti-mouse-HRP secondary antibodies were obtained
from Thermo Scientific (Pittsburgh, PA). Cell-permeable
CIP was purchased from EMD Millipore (Billerica, MA),
and Superfect transfection reagent was purchased from
QIAGEN (Valencia, CA). Monolight luciferase reagents
were from BD Biosciences. The IL-2/NFAT (nuclear factor
of activated T cells) luciferase reporter has been previously
described.*® The bicinchonic acid (BCA) protein assay kit
was obtained from Thermo Scientific (Rockford, IL).

Cell culture
PAECs were isolated and cultured with a method de-
scribed by Creighton et al.>* Cells were grown in DMEM
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(Dulbecco’s Modified Eagle Medium) high glucose, sup-
plemented with 10% FBS, 50 U/mL penicillin G, and
0.05 mg/mL streptomycin.

Immunocytochemistry

PAEC monolayers were fixed and permeabilized with
90% ice-cold methanol in phosphate-buffered saline, and
cells were blocked with 10% normal goat serum, 0.1%
BSA, and 20 mM glycine in Hanks’s buffered salt solution
(HBSS) for 1 hour. Primary antibody to pan-CN A was
added at a 1:100 dilution at 4°C overnight. >FITC (fluo-
rescein isothiocyanate)-conjugated secondary antibody was
used at a 1:100 dilution for 1 hour at room temperature.
Fluorescent images were obtained with a Leica TCS SP2
confocal laser scanning microscope fitted with a 63x water
immersion objective.

Western blot analysis

Whole-cell lysates were made with radio immunoprecipi-
tation assay (RIPA) lysis buffer (Boston Bioproducts, Ash-
land, MA) plus 1% of 10x protease inhibitor cocktail. Cell
membrane/cytoskeleton extractions were performed as
described by Cioffi et al.,” modified from the methods of
Lockwich et al.*® Briefly, confluent PAEC monolayers
were lysed in hypotonic buffer (0.1 M Tris chloride [pH
8.0], 1 mM MgCl,, 10% protease inhibitor cocktail [10x,
Sigma]), and pelleted at 3000 g (24 minutes, 4°C). Cell
pellets were resuspended in sucrose buffer (10 mM Tris
base [pH 7.4], 250 mM sucrose, 0.9 mM dithiothreitol,
10% protease inhibitor cocktail) and subjected to Dounce
homogenization. The homogenized samples were spun
at 3000 g for 17 minutes at 4°C, and the resultant super-
natant was collected and centrifuged at 50,000 g (30 min-
utes, 4°C). Octylglucoside/potassium iodide (KI) extrac-
tion buffer (50 mM Tris base [pH 7.5], 150 mM NaCl,
5.2 mM EDTA (ethylenediaminetetraacetic acid), 50 mM
octylglucoside, 100 mM KI, 10% protease inhibitor cock-
tail) was then used to extract the pellet. The final centrifu-
gation (145,000 g, 50 minutes, 4°C) resolved two fractions:
a pellet fraction, consisting of the cytoskeletal proteins
and any protein strongly attached to them, and the super-
natant fraction, containing the dissolved phospholipids,
plasma membrane proteins, and any protein strongly at-
tached to them. Whole-cell lysates and detergent ex-
tractions were subjected to electrophoresis on 4%-12%
bis-tris gels (Invitrogen) and transferred to nitrocellulose
membranes at 350 mA. Membranes were incubated with
primary antibodies overnight at 4°C and then with appro-
priate HRP-conjugated secondary antibodies for 1 hour.
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Chemiluminescence detection of proteins was visualized
using either Supersignal West Pico or West Femto chemi-
luminescent substrates (Thermo Scientific, Waltham,
MA).

Ca®* measurements and patch-clamp electrophysiology
PAECs were seeded onto 35-mm glass coverslips and grown
to confluence. Changes in intracellular calcium levels were
determined as previously described* using the fluorophore
fura 2-acetoxymethyl ester (Fura 2/AM; Life Technologies,
Grand Island, NY). Transmembrane currents were mea-
sured using conventional whole-cell voltage-clamp configu-
ration as previously described.>>”''*® Briefly, transmem-
brane currents in single, electrically isolated cells were
measured with an EPC-9 amplifier (HEKA Elektronik, Lam-
brecht/Pfalz, Germany). Pulse+PulseFit software (ver. 8.5,
HEKA Elektronik) was used to generate the voltage stim-
uli and to acquire the current signals, which were filtered at
2.9 kHz. The currents were evoked by step depolarization
(i-e., 200-millisecond testing pulses ranging from —100 to
+60 mV in 20-mV increments) from a holding potential
of 0 mV; currents were measured as the mean value of
the current amplitude during the last 20 milliseconds of
each step. The standard pipette solution contained (in
mmol/L) 130 N-methyl-D-glucamine, 10 Hepes, 2 Mg**-
ATP (adenosine triphosphate), 1 N-phenylanthranilicacid,
0.1 5-nitro-2-(3-phenylpropylamino)benzoic acid, 2 EGTA
(ethylene glycol tetraacetic acid), and 1 Ca(OH), (pH 7.2,
adjusted with methane sulfonic acid); the free [Ca*']
was estimated as 100 nmol/L, as calculated by the CaBuf
program (G. Droogmans, fip://ftp.cc.kuleuven.ac.be/pub
/droogmans/cabuf.zip). To examine Ca** currents, the bath
(external) solution contained (in mmol/L) 120 aspartic acid,
5 Ca(OH),, 5 CaCl,, 10 Hepes, and 0.5 3,4-diaminopyridine
(pH 7.4, adjusted with tetraethylammonium hydroxide).
All solutions were adjusted to 290-300 mOsm with su-
crose. Recording pipettes were made of hemo capillaries
(Warner Instrument, Hamden, CT), pulled by a 2-stage
puller (PC-10; Narishige, Tokyo), and heat-polished with a
microforge (MF-200; World Precision Instruments, Sara-
sota, FL). Pipette resistance was in the range of 3-5 MQ
when filled with the standard pipette solution. All of the
experiments were performed at room temperature (22°-
25°C). Data are expressed as mean + SEM for the num-
ber of cells (n) in which whole-cell patch-clamp recordings
were obtained.

Co-immunoprecipitation
Immunoprecipitation experiments were performed using
the Pierce Co-Immunoprecipitation Kit (Thermo Fisher



Scientific, Rockford, IL) following manufacturer’s instruc-
tions. In brief, TRPC4 antibody was covalently attached to
activated agarose beads using sodium cyanoborohydride.
Whole-cell lysate was rotated with antibody-coupled beads
overnight at 4°C. Input pass-through was collected, and
beads were washed. Proteins were eluted from beads with
a 1% sodium dodecylsulfate (SDS) treatment for 5 min-
utes, repeated twice. Protein eluates were then subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblot analysis for phosphoserine immuno-
reactivity.

NFAT luciferase reporter gene assays

PAECs were plated at a density of 1 x 10° cells/well in 6-
well dishes. Approximately 24 hours later, cells were
transfected with 2 pg DNA/well of the IL-2 NFAT reporter
gene’’ via Superfect transfection reagent in complete me-
dium for 3 hours. Cells were washed, fresh medium was
added, and cells were incubated for an additional 18-24
hours. Cells were then pretreated with 50 uM CIP or ve-
hicle for 1 hour, followed by treatment with 1 uM thap-
sigargin for 7 hours with or without CIP, and harvested in
300 pL ice-cold Monolight lysis buffer (BD Biosciences).
Luciferase activity was measured with a Monolight 2010
luminometer (Analytical Luminescence Laboratory, San
Diego, CA). Results were normalized to total protein con-
centration of lysates, as measured with the Thermo Scien-
tific BCA protein assay.

STIM1 siRNA knockdown

For knockdown of STIM1 in PAECs, siRNA to the target
sequence 5-TTCGGTTGTCGAAGGAGGTAA-3' of the
rat STIM1 gene (NM_001108496) was purchased from
QIAGEN. PAECs were grown to ~30-40% confluency,
and siRNA to STIM1 or scrambled siRNA was introduced
to cells via HiPerFect transfection reagent (QIAGEN) in
serum- and antibiotic-free medium. After 3 hours, com-
plete medium was added, cells were incubated with siRNA
at a final concentration of 20 nM for 72 hours, and intra-
cellular [Ca**] was measured. Knockdown efficiency was
validated by Western blot.

Time-lapse microscopy

PAECs were grown on 35-mm glass coverslips to conflu-
ence and imaged in 2 mM Ca** HBSS every 5 seconds for
30 minutes with a Zeiss Axiovert D-1 microscope fitted with
a 40x oil immersion objective. Thapsigargin was added at
approximately frame 12 (1 minute), and time-lapse photog-
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raphy continued for an additional ~348 frames (29 addi-
tional minutes). Representative photographs are shown at
frame 0 and frame 300 (Fig. 7).

Statistical analysis

Statistical analysis was performed using GraphPad, ver-
sion 5.0, software (San Diego, CA). Comparisons between
multiple groups were performed with a one-way ANOVA
and Newman-Keuls multiple-comparison post hoc test.
Comparisons between two groups were analyzed with a
Student’s T test. Values were considered significantly dif-
ferent when P < 0.05.

RESULTS

CN is expressed in PAECs

To determine whether CN is present in PAECs, whole-cell
lysates were made and Western blots were performed. By
use of a pan-CN A antibody, CN was found to be expressed

in PAECs (Fig. 1A). CN has been shown to be present
37,40

both in the cytosol*’* and at the membrane of a vari-

Figure 1. Localization of calcineurin (CN) in pulmonary artery
endothelial cells (PAECs). A, Western blot analysis of CN in
whole-cells lysates of PAECs. Whole-cell lysates of PAECs were
run on 4%-12% bis-tris gels, transferred onto nitrocellulose,
and subjected to Western blot analysis with antibody to pan-
CN A. A ~57-kDa band corresponding to CN A was observed.
B, Immunoblot showing CN in supernatant detergent-extracted
membrane fraction using octylglucoside/KI. CN A was found
in the membrane fraction of PAECs. C, Immunocytochemical
staining for CN in PAECs. Fluorescent images were obtained
with a Leica TCS SP2 confocal laser scanning microscope fitted
with a 63x water immersion objective. Arrows highlight mem-
brane localization of positive CN staining. D, Enlarged detail of
cell-cell border staining in C.
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ety of cell types. For CN to play a significant role in the
regulation of the Isoc channel in PAECs, it follows that at
least part of the CN population localizes to the cell mem-
brane. To test this, we prepared membrane-cytoskeletal
fractions of PAECs.” These fractions were then extracted
with octylglucosidase in the presence of KI. Ocytlgluco-
sidase is used to solubilize the plasma membrane includ-
ing caveolae, and KI is used to cleave membrane proteins
from the cytoskeleton such that the cytoskeleton resolves
in the pellet fraction and membrane proteins are found in
the supernatant fraction. Conversely, the supernatant frac-
tion retains membrane and tightly associated proteins. CN
resolved in the supernatant fraction of PAECs (Fig. 1B),
indicating that CN complexes with the membrane or
membrane proteins. Finally, to confirm our fractionation
results, we performed immunocytochemistry on PAECs.
Cells were fixed and permeabilized before staining with
CN antibody, and confocal images were acquired. We
found that there is strong membrane staining for CN at
cell-cell borders (Fig. 1C, 1D), consistent with our mem-
brane fractionation data.

Inhibition of CN attenuates SOC entry in PAECs

A CIP mimicking the autoinhibitory domain of CN has
proven to be a useful tool for the study of CN interac-
tions and signaling.”*?* To determine whether CN inhi-
bition affects global SOC entry, we used a Fura 2/AM
approach. PAECs were loaded with Fura 2/AM, washed,
and then treated with 50 uM CIP or vehicle control in
2 mM Ca?* buffer for 1 hour. After the incubation, buffer
was replaced with low-Ca®* buffer and 50 uM CIP or vehi-
cle control. ER Ca”* release was initiated by treatment
with thapsigargin, and SOC entry was revealed by addi-
tion of 2 mM Ca®*. While calcium release was unchanged
between treatments, PAECs treated with CIP exhibited an
attenuated SOC entry, compared with untreated cells
(Fig. 2A).

Isoc is decreased in cells treated with CIP

Because Fura 2/AM measures global calcium entry but
does not differentiate between SOC entry channels, we
used electrophysiology to measure the Isoc directly. Be-
cause global SOC entry is reduced in cells treated with
CIP, we sought to determine whether CIP specifically af-
fects Isoc in PAECs. Cells were pretreated with CIP for
1-2 hours, and CIP was added to the patch pipette in a
whole-cell voltage-clamp configuration. Cells were held at
0 mV and stepped from —100 to +100 mV for 200 mil-
liseconds. Compared with control cells, PAECs treated

Vasauskas et al.

Low Ca2*

>
N
s

2 mM Ca%*

Thapsigargin

/380
&

Control

- CIP

Ratio 340

T T T T T 1
0 200 400 600 800 1000 1200

Time (sec)
B. 1(pA)
S mo®
——tr v V(mV)
v;o i -5* [:i*- 20 60
* %0 20
L - Control (n=5)

u CIP (n=5)

Figure 2. Calcineurin inhibitory peptide (CIP) attenuates store-
operated calcium (SOC) entry and decreases Isoc in pulmonary
artery endothelial cells (PAECs). A, PAECs were loaded with
Fura 2/AM (fura 2-acetoxymethyl ester) and pretreated with
50 uM CIP or vehicle alone for 1 hour, and changes in intracel-
lular [Ca®*] were measured. SOC entry was revealed by thapsi-
gargin treatment in low-Ca®* buffer. Upon 2 mM Ca®* add-back,
CIP-treated PAECs exhibited a decreased SOC (red tracing) com-
pared to controls (black tracing). Each tracing represents mean +
SEM of at least 4 experiments with 2 regions of interest of 10—
20 cells for each. B, Single cells were pretreated with CIP for
1-2 hours and examined in a whole-cell patch-clamp configura-
tion with CIP added to the patch pipette. The Isoc channel was
activated by thapsigargin in the patch pipette. Cells were held
at 0 mV and stepped from —100 to +100 mV for 200 milli-
seconds. CIP treatment attenuated Isoc at all negative testing
potentials, as compared to control cells. Asterisk indicates sig-
nificant differences from control cells.

with CIP displayed a significantly attenuated Isoc at all
negative testing potentials (Fig. 2B).

CN inhibition reduces thapsigargin-induced

CN activity in PAECs

To determine whether CIP attenuates CN activity in
PAECs, we used an interleukin-2/nuclear factor of acti-
vated T cells (IL-2/NFAT) luciferase reporter assay that
measures CN-specific phosphatase activity.*> PAECs ex-
pressing the reporter gene were stimulated with thap-
sigargin, and luciferase activity was measured. Our re-
sults show that PAECs possess CN activity that increases
upon thapsigargin treatment. This CN-specific phospha-
tase activity is significantly reduced in CIP-treated PAECs
(Fig. 3).



An ~85-kDa protein corresponding to STIM1 is

phosphorylated upon thapsigargin treatment in PAECs
To uncover phosphorylation changes in response to ER
store depletion, PAECs were treated with thapsigargin for
1 or 5 minutes or left untreated. Whole-cell lysates were
immediately prepared following each thapsigargin treat-
ment, and Western blot analysis was performed. Using a
monoclonal phosphoserine antibody, a prominent band
was observed at ~85 kDa that increased following thapsi-
gargin treatment (Fig. 4A). On a separate membrane, we
also probed for STIM1 and observed a band at ~85 kDa
(Fig. 4A). Next, immunoprecipitation experiments were
performed. PAECs were treated + thapsigargin for 1 min-
ute, whole-cell lysates were collected, and STIM1 was im-
munoprecipitated. SDS-PAGE and Western blots were run
on immunoprecipitate elutions and probed with phospho-
serine antibody. We resolved a phosphospecific band at
85 kDa (Fig. 4B), indicating that the immunoprecipitated
STIM1 was phosphorylated upon thapsigargin treatment.
Because thapsigargin is an irreversible inhibitor, we also
examined phosphorylation in PAECs after thrombin treat-
ment over time. Thrombin, a receptor-mediated inflamma-
tory agonist, activates SOC entry via Ins(1,4,5)P;-dependent
Ca®* release and allows for reuptake of calcium into the
ER.*! PAECs were treated with thrombin for 1, 5, 7, and
10 minutes, and whole-cell lysates were made. We found
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Figure 3. Calcineurin inhibitory peptide (CIP) reduces thap-
sigargin (TG)-induced calcineurin (CN) activity in pulmo-
nary artery endothelial cells (PAECs). PAECs were transiently
transfected with a nuclear factor of activated T cells (NFAT)-
responsive luciferase reporter plasmid, an indicator of CN
phosphatase activity. CN activity is shown as relative light units
(RLU) of luciferase normalized to total protein. CN activity in-
creased upon TG treatment, and this increase was attenuated
in CIP-treated cells. Each bar represents the mean + SEM of at
least 3 independent experiments. Asterisk indicates significant
differences from TG-treated cells.
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that activation of SOC entry in PAECs by thrombin induced
phosphorylation of an ~85-kDa protein that then decreased
over time (Fig. 4C). Taken together, these data suggest that
STIM1 is phosphorylated immediately following SOC en-
try and then dephosphorylated within minutes, likely to
prepare the channel for reactivation.

Because CIP reduced global CN activity of PAECs in
response to thapsigargin, we next looked at CN-dependent
phosphorylation changes of membrane proteins in PAECs.
PAECs were treated with thapsigargin at the 0- and 5-
minute time points and harvested for membrane/cytoskel-
eton preparation as described in “Methods,” and Western
blot analysis was performed with a phosphoserine-specific
antibody. The prominent phosphoserine-reactive band at
~85 kDa increased in intensity upon thapsigargin treat-
ment (Fig. 5A). Treatment of PAECs with CIP changed
the phosphorylation profile of this band (Fig. 5A). In the
presence of CIP, the ~85-kDa band was more intense at
0 and 5 minutes in the thapsigargin treatment, as com-
pared with that in the non-CIP-treated cells. An increase in
phosphorylation after thapsigargin treatment was evident
in the non-CIP-treated cells. However, this increase was
not seen in the CIP-treated cells, as baseline phosphoryla-
tion was high, perhaps because phosphorylation sites were
saturated because of the inhibitor. Indeed, densitometry
analysis of independent membrane preparations showed
that cells treated with CIP did not exhibit an increase in
phosphorylation in response to thapsigargin at 85 kDa, as
compared to control cells (Fig. 5B). Taken together, these
data suggest a role for CN in the regulation of thapsigargin-
induced SOC entry.

STIM1 knockdown attenuates SOC entry in PAECs

Our data show that inhibition of CN attenuates SOC en-
try in PAECs, that STIM1 is phosphorylated upon SOC
activation by thapsigargin, and that CN inhibition aug-
ments the phosphorylation of STIM1. To investigate
whether CN is acting on STIM1 in SOC entry in PAECs,
we used an siRNA approach to reduce the expression of
STIM1 and treated cells with or without CIP. Cells were
treated with siRNA to STIM1 or a scrambled-siRNA con-
trol for at least 72 hours, then treated with or without
CIP for 1 hour, and SOC entry was measured. STIM1
expression was reduced by more than half (Fig. 6A, 6B).
Treatment with thapsigargin revealed no difference in
calcium release between groups, while STIM1 siRNA-
treated cells exhibited attenuated SOC entry, compared to
those treated with the scrambled control (Fig. 6C, 6D).
Importantly, there was no difference in SOC entry be-
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Figure 4. Stromal interaction molecule 1 (STIM1) is phosphorylated in pulmonary artery endothelial cell (PAECs). A, Western blot
analysis of phosphoserine-immunoreactive proteins in whole-cell lysates of PAECs. Whole-cell lysates of PAECs treated with and
without thapsigargin (+TG and —TG, respectively) for 1, 3, and 5 minutes were run on 4%-12% bis-tris gels, transferred onto
nitrocellulose, and subjected to Western blot analysis with antibody to phosphoserine residues. An ~85-kDa band was observed that
was increased upon TG treatment. Actin is shown as loading control. Below, independent immunoblot of whole-cell lysates,
showing STIM1 immunoreactivity at ~85 kDa by use of a polyclonal antibody to STIM1. B, STIM1 was immunoprecipitated from
PAEC whole-cell lysates, subjected to Western blot analysis, and probed for phosphoserine immunoreactivity. A band corre-
sponding to phospho-STIM1 at ~85 kDa was observed. E1, elution, STIM1 immunoprecipitate. C, Western blot analysis of
phosphoserine-immunoreactive proteins in whole-cell lysates of PAECs treated with or without thrombin (+Th and —Th, respec-
tively) for 1, 3, 5, 7, and 10 minutes and run on 4%-12% bis-tris gels, transferred onto nitrocellulose, and subjected to Western
blot analysis with antibody to phosphoserine residues. Actin is shown as loading control.

tween control or CIP-treated cells and STIM1 siRNA-and-
CIP-treated cells. These data suggest that CN contributes
to regulation of STIM1 endothelial SOC entry.

CN inhibition decreases thapsigargin-induced gap
formation in PAECs

Inhibition of CN by CIP decreased global calcium entry
and reduced Isoc. In order to examine the physiological
effects of CN inhibition on PAECs, we employed time-
lapse microscopy of PAECs treated with thapsigargin and
with or without CIP to determine whether thapsigargin
induced interendothelial cell gap formation in PAECs.
Figure 7A shows the PAEC monolayer before thapsigar-
gin treatment in the absence of CIP. Thapsigargin treat-

ment induced interendothelial cell gap formation in this
cell layer (Fig. 7B). In cells pretreated with CIP, however,
gap formation was reduced following thapsigargin stimu-
lation. Thus, CN inhibition reduces interendothelial cell
gap formation in PAECs.

DISCUSSION

Results from this study reveal that the calcium/calmodulin-
activated phosphatase CN is involved in the regulation of
SOC entry in PAECs. CN, which was originally identified
in bovine brain tissue,*” is a highly conserved phospha-
tase, and genes for both the CN A and CN B subunits are
present in all eukaryotic organisms (reviewed by Rusnak
and Mertz"®). CN is found in a wide array of mammalian
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Figure 5. Calcineurin inhibitory peptide (CIP) increases phos-
phorylation of stromal interaction molecule 1 (STIM1) in pul-
monary artery endothelial cells (PAECs). A, Western blot analy-
sis of CIP-treated cells. Supernatant octylglucoside/KI-extracted
membrane fractions of cells treated with or without 5-minute
thapsigargin (TG) treatment and with or without CIP and sub-
jected to Western blot analysis with antiphosphoserine antibody.
A phosphospecific band at ~85 kDa was observed that increased
in intensity with TG and/or CIP treatment. B, Western blot den-
sitometry results from A. Image] software was used to measure
the densitometry of bands. Data are represented as percent
change in phosphorylation, based on band density of TG-treated
cells or untreated cells. Each bar represents the mean + SEM of
2 independent membrane preparations. Asterisk indicates sig-
nificant difference from non-CIP-treated controls.

tissues and has a broad subcellular distribution, with a
long list of substrates and cellular functions."> Among
these, CN phosphatase activity is known to regulate a
number of ion channels in various cell types, for example,
voltage-gated Ca®* channels in the brain and L-type Ca**
channels in smooth muscle cells."®

Calcium entry through SOC channels across the plasma
membrane contributes significantly to endothelial bar-
rier disruption, and specifically, activation of the calcium-
selective Isoc channel leads to endothelial cell gap forma-
tion.> An understanding of the mechanisms surrounding
activation /inactivation of Isoc is far from complete. Tt is
known that inactivation of Isoc appears to be phosphoryla-
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tion dependent,'” yet the molecular details are unknown.
The Isoc channel is made up of at least TRPC4 and
TRPC1 subunits, and TRPC4 is necessary for proper func-
tion. The C-terminus of TRPC4 contains within it a num-
ber of sequences that may be involved in protein-protein in-
teractions. A number of these regions are homologous to
the C-termini of other TRPC proteins, including a proline-
rich region residing near the channel pore® and a more dis-
tal calmodulin/InsP; receptor binding site.** In addition,
TRPC4 and TRPC1 contain 2 calmodulin binding sites,
and calmodulin binding may be involved in inactivation of
TRPC1.1* In the Isoc channel, these sites may dock cal-
modulin in a “ready” position for CN activation, which re-
quires the binding of calcium and calmodulin (reviewed by
Rusnak and Mertz"?).

STIM1 can interact with TRPC1/4 to regulate endothe-
lial SOC entry.?” In the CRAC channel, STIM1 initiates
SOC entry via puncta formation at the ER membrane
and subsequent union with the plasma membrane-bound
SOC channels following calcium depletion (reviewed by
Wu et al.ZG). Further, it was recently shown that Orail
interacts with TRPC4 in the endogenous Isoc channel to
control activation and calcium selectivity.*® In the CRAC
channel, STIM1 interacts directly with Orail to allow cal-
cium entry (reviewed by Hewavitharana et al.?®). How-
ever, in the TRPC1/TRPC4 channel, Sundivakkam et al.”’
found that while STIM1 is necessary for proper channel
function, its interaction with Orail is not required. These
observations lead to questions as to the ternary complex
molecular arrangement of TRPC1/4-STIM1-Orail.

Pozo-Guisado et al.”? very recently showed that STIM1
is phosphorylated at Ser575, Ser608, and Ser621 by ERK
1/2 (extracellular signal-regulated kinases 1/2) during cal-
cium store depletion and suggested that the reversible
phosphorylation of STIM1 controls SOC entry. This group
found that phosphorylation at these sites actually pro-
motes SOC entry, which opposes data revealing that phos-
phorylation of STIM1 is responsible for the inactivation
of SOC entry.?”*® Sundivakkam et al.*> demonstrated
that in pulmonary microvascular endothelial cells, how-
ever, phosphorylation of STIM1 suppresses SOC entry.
This apparent discrepancy may be due to the phosphory-
lation of different residues on STIM1,*"** suggesting that
this is a very dynamic and complex regulation. Indeed,
STIM1 has also been shown to be modified by O-linked
N-acetylglucosamine (O-GlcNAc),*” a carbohydrate moi-
ety attached at serine and/or threonine residues that can
act as a nutrient and stress sensor.*® O-GlcNAcylation and
phosphorylation can often occur on the same serine or
threonine residues, requiring extensive crosstalk between
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Figure 6. Stromal interaction molecule 1 (STIM1) knockdown attenuates store-operated calcium (SOC) in pulmonary artery endothe-
lial cells (PAECs). PAECs were transfected with 20 nM siRNA (small interfering RNA) to knockdown STIM1 using HiPerFect
transfection reagent. Control cells received 20 nM scrambled (Scram) siRNA. A, Representative Western blots showing STIM1 levels
in PAECs with and without siRNA treatment. Actin is shown as loading control. B, Densitometry analysis of siRNA-treated PAECs.
An asterisk indicates significant differences from non-siRNA-treated control cells. C, Thapsigargin-induced SOC entry was decreased
in PAECs treated with siRNA- and CIP-treated cells. PAECs received 20 nM of siRNA to knockdown STIM1 for >72 hours (or
scrambled control). Cells were loaded with Fura 2/AM (fura 2-acetoxymethyl ester) and pretreated with 50 pM calcineurin inhibitory
peptide (CIP) or vehicle alone for 1 hour, and changes in intracellular [Ca**] were measured. SOC entry was initiated by thapsigargin
treatment in low-Ca®" buffer. Upon 2 mM Ca®* add-back, cells treated with siRNA to STIM1 exhibited decreased SOC (red tracing)
compared to controls (black tracing). CIP treatment had no effect on this decrease in SOC entry in STIM1 siRNA-treated cells (green
tracing). Each tracing represents the average of at least 3 experiments (mean + SEM) with 2 regions of interest of 10-20 cells for each.

D, Graphical representation of calcium tracings in C at peak SOC entry (600 seconds).

the two processes. Increased STIM1 O-GlcNAcylation was
shown to attenuate SOC entry in cardiomyocytes, and in-
terestingly, inhibition of O-GlcNAcylation increased phos-
phorylation of STIM1 in these cells.*” This highlights
the importance of identifying key signaling pathways, not
only in the phosphorylation of STIM1 but also in its de-
phosphorylation, as regulators of SOC entry.

Data suggest that inactivation of Isoc is phosphory-
lation dependent. In HSG (human submandibular gland)
cells, treatment with the potent protein kinase C inhibi-
tor staurosporine delayed inactivation of Isoc.'” Here, we
showed that STIM1, resolving at ~85 kDa, is phosphory-
lated upon thapsigargin treatment and that inhibition of
CN increases the phosphorylation of an ~85-kDa protein,
suggesting that STIM1 phosphorylation is regulated at
least in part by CN. We found that CN is expressed in
PAECs and can be found at the cell membrane, as ev-

idenced by Western blot analysis of membrane fraction
preparations and immunocytochemistry. That CN plays a
role in the regulation of endothelial SOC entry was sup-
ported by decreased global SOC entry and decreased Isoc
in CIP-treated PAECs. Finally, thapsigargin-induced gap
formation was decreased in PAECs pretreated with CIP.
These data have important clinical relevance in under-
standing mechanisms underlying endothelial health, es-
pecially in light of recent discoveries. Spiekerkoetter and
colleagues49 found that inhibition of CN activity, at least
in part, reversed aberrant bone morphogenic protein
receptor-2 (BMPR-2) signaling in PAECs from patients
with idiopathic pulmonary arterial hypertension (PAH)
and reversed severe PAH in a rat model of PAH.

In conclusion, our studies introduce CN as a regulator
of endothelial SOC entry in PAECs. While it is known
that the phosphorylation status of Isoc plays a role in its



Figure 7. Calcineurin inhibitory peptide (CIP) reduces
thapsigargin-induced intercellular gap formation in pulmonary
artery endothelial cells (PAECs). A, PAECs grown on glass cov-
erslips exhibit confluent monolayer at time 0. B, Thapsigargin
treatment induces intercellular gap formation, as denoted by ar-
rows. C, PAECs exhibit confluent monolayer after 1-hour pre-
treatment with 50 uM CIP. D, CIP-pretreated cells do not form
intercellular gaps after thapsigargin treatment.

inactivation, the signaling molecules important for this
dynamic phosphorylation have not been determined. Here
we show that CN is a phosphatase involved in the regu-
lation of Isoc. Further, we suggest that STIM1 is a princi-
pal target of CN. Future studies will investigate how
STIM1 interacts with TRPC4/TRPC1/Orail in PAECs
and whether STIM1 dephosphorylation by CN is regu-
lated by O-GlcNAcylation.
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