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Rap1A Modulates Store-Operated Calcium Entry 
in the Lung Endothelium: A Novel Mechanism 
Controlling NFAT-Mediated Vascular Inflammation 
and Permeability
Ramoji Kosuru, Olivier Romito, Guru Prasad Sharma, Francesca Ferraresso, Behshid Ghadrdoost Nakhchi, Kai Yang ,  
Tadanori Mammoto, Akiko Mammoto, Christian J. Kastrup , David X. Zhang, Paul H. Goldspink , Mohamed Trebak ,  
Magdalena Chrzanowska

BACKGROUND: Store-operated calcium entry mediated by STIM (stromal interaction molecule)-1–Orai1 (calcium release-
activated calcium modulator 1) is essential in endothelial cell (EC) functions, affecting signaling, NFAT (nuclear factor for 
activated T cells)-induced transcription, and metabolic programs. While the small GTPase Rap1 (Ras-proximate-1) isoforms, 
including the predominant Rap1B, are known for their role in cadherin-mediated adhesion, EC deletion of Rap1A after birth 
uniquely disrupts lung endothelial barrier function. Here, we elucidate the specific mechanisms by which Rap1A modulates 
lung vascular integrity and inflammation.

METHODS: The role of EC Rap1A in lung inflammation and permeability was examined using in vitro and in vivo approaches.

RESULTS: We explored Ca2+ signaling in human ECs following siRNA-mediated knockdown of Rap1A or Rap1B. Rap1A 
knockdown, unlike Rap1B, significantly increased store-operated calcium entry in response to a GPCR (G-protein–
coupled receptor) agonist, ATP (500 µmol/L), or thapsigargin (250 nmol/L). This enhancement was attenuated by Orai1 
channel blockers 10 µmol/L BTP2 (N-[4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-
carboxamide), 10 µmol/L GSK-7975A, and 5 µmol/L Gd3+. Whole-cell patch clamp measurements revealed enhanced Ca2+ 
release-activated Ca2+ current density in siRap1A ECs. Rap1A depletion in ECs led to increased NFAT1 nuclear translocation 
and activity and elevated levels of proinflammatory cytokines (CXCL1 [C-X-C motif chemokine ligand 1], CXCL11 [C-X-C 
motif chemokine 11], CCL5 [chemokine (C-C motif) ligand 5], and IL-6 [interleukin-6]). Notably, reducing Orai1 expression 
in siRap1A ECs normalized store-operated calcium entry, NFAT activity, and endothelial hyperpermeability in vitro. EC-
specific Rap1A knockout (Rap1AiΔEC) mice displayed an inflammatory lung phenotype with increased lung permeability and 
inflammation markers, along with higher Orai1 expression. Delivery of siRNA against Orai1 to lung endothelium using lipid 
nanoparticles effectively normalized Orai1 levels in lung ECs, consequently reducing hyperpermeability and inflammation in 
Rap1AiΔEC mice.

CONCLUSIONS: Our findings uncover a novel role of Rap1A in regulating Orai1-mediated Ca2+ entry and expression, crucial 
for NFAT-mediated transcription and endothelial inflammation. This study distinguishes the unique function of Rap1A from 
that of the predominant Rap1B isoform and highlights the importance of normalizing Orai1 expression in maintaining lung 
vascular integrity and modulating endothelial functions.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Lung inflammatory diseases such as pneumonia and 
chronic obstructive pulmonary disease are responsible 
for >3.2 million deaths every year, the third leading 

cause of death worldwide.1 Underlying the lung inflamma-
tory diseases is the endothelial proinflammatory pheno-
type, promoting the development of acute endothelialitis in 
the pulmonary microcirculation complicated by abnormal 
vasoconstrictor responses, luminal plugging by inflam-
matory cells, and intravascular thrombosis.2–4 Therefore, 
effective intervention targeting lung endothelial cells (ECs) 
would be of fundamental significance for the treatment of 
respiratory diseases. Currently, no such approaches tar-
geting lung ECs exist to combat lung inflammation.

See accompanying editorial on page 2288

Endothelial Ca2+ homeostasis is essential for angiogen-
esis, permeability, and NO release and primarily involves 
store-operated Ca2+ entry (SOCE) via highly Ca2+-selective 
Ca2+ release-activated Ca2+ (CRAC) channels, the most 
ubiquitous Ca2+ entry pathway in nonexcitable cells like 
ECs.5–13 Agonist-induced endothelial stimulation activates 
GPCRs (G-protein–coupled receptors) or RTKs (receptor 
tyrosine kinases), triggering inositol 1,4,5-triphosphate–
induced Ca2+ release from intracellular stores and subse-
quent endoplasmic reticulum (ER) Ca2+ depletion.14 This 
causes the Ca2+-sensing ER-resident STIM (stromal inter-
action molecules) to translocate to ER-plasma membrane 
junctions, thus trapping and activating plasma membrane 

CRAC channels encoded by Orai (calcium release-acti-
vated calcium modulator 1) channels.15–21

SOCE not only replenishes depleted ER Ca2+ but also 
initiates signaling and transcriptional activities influencing 
physiological functions.20–22 However, prolonged CRAC 
activity can cause Ca2+ overload and apoptosis.23 Both 
loss- and gain-of-function mutations in either Orai1 or 
STIM1 lead to altered Ca2+ influx and subsequent activa-
tion of NFAT (nuclear factor for activated T cells), result-
ing in a spectrum of immune and muscular diseases.24,25 
Moreover, dysregulated SOCE has been implicated in 
endothelial inflammation through the upregulation of NFAT-
mediated transcription and proinflammatory cytokine pro-
duction.22,26–32 Additionally, the nonselective cation channels 
of the transient receptor potential canonical family are also 
involved in Ca2+ entry in ECs.33–38 Despite being originally 
involved in SOCE in earlier studies,39,40 transient receptor 
potential canonical channels have been shown to operate 
independently of store depletion.41,42 While the importance 
of SOCE in maintaining EC homeostasis is well recog-
nized,12 and several potential CRAC channel modifiers have 
been identified,18 the specific mechanisms by which SOCE 
is regulated in ECs remain to be fully elucidated.

Rap1A (Ras-proximate-1) and Rap1B, 2 highly 
homologous Rap1 isoforms, are key to vascular homeo-
stasis.43 Initially recognized for cellular adhesion modula-
tion,44 Rap1 promotes VE-cadherin adhesion in ECs in 
vitro.45,46 Constitutive endothelial deletion of both iso-
forms disrupts the vascular barrier and normal cardiovas-
cular development.47 Although Rap1 activation promotes 
barrier function during inflammation,48 postnatal EC-
Rap1 deletion does not markedly affect vascular barriers 
in most vascular beds, suggesting its nonessential role 
in maintaining cadherin-based junctions.46 However, lung 
vascular permeability specifically occurs in EC-Rap1A 
KO mice, but not in EC-Rap1B knockouts,46 hinting 
that Rap1A’s unique functions in the lung are possibly 

Nonstandard Abbreviations and Acronyms

BALF bronchoalveolar lavage fluid
CCL2 chemokine (C-C motif) ligand 2
CCL5 chemokine (C-C motif) ligand 5
CRAC Ca2+ release-activated Ca2+

EC endothelial cell
ECIS electrical cell impedance sensing
eNOS endothelial NO synthase
ER endoplasmic reticulum
GPCR G-protein–coupled receptor
hCAEC human coronary artery endothelial cell
hMVEC  human lung microvascular endothelial 

cell
IL-6 interleukin-6
LNP lipid nanoparticle
NFAT nuclear factor for activated T cells
PLCβ phospholipase Cβ
RTK receptor tyrosine kinase
SERCA sarcoplasmic/ER Ca2+-ATPase
SOCE store-operated calcium entry
STIM stromal interaction molecule
VEGF vascular endothelial growth factor

Highlights

• Rap1A (Ras-proximate-1) deficiency in ECs leads 
to elevated store-operated calcium entry through 
upregulation of Orai1 (calcium release-activated 
calcium modulator 1) channel expression.

• Consequently, with elevated store-operated cal-
cium entry, NFAT activity is elevated, contributing 
to increased inflammatory cytokine expression in 
Rap1A-deficient pulmonary ECs.

• Normalizing Orai1 expression in siRap1A ECs res-
cues elevated store-operated calcium entry and EC 
permeability.

• Elevated basal lung permeability and inflammation in 
Rap1AiΔEC mice are normalized by lipid nanoparticle 
delivery of siOrai1 to lung ECs in Rap1AiΔEC mice, 
suggesting Orai1 as potential therapeutic target for 
pulmonary conditions associated with EC dysfunction.

https://www.ahajournals.org/doi/10.1161/ATVBAHA.124.321812
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mediated through the C-terminal region of Rap1 that is 
slightly different in Rap1B.45,49

While not essential for maintaining cell-cell adhesion, 
Rap1 is crucial for eNOS (endothelial NO synthase)-
derived NO production with distinct phenotypes in EC-
specific Rap1A and Rap1B knockout mice.50–52 Notably, 
Rap1A uniquely supports Ca2+-dependent eNOS regu-
lation,52 leading to the hypothesis that disrupted Ca2+ 
signaling in Rap1A-deficient ECs may underlie lung vas-
cular barrier defects in EC-Rap1A KO (Rap1AiΔEC) mice.

Herein, taking advantage of Rap1AiΔEC mice and RNA 
silencing, we probed the distinct roles of Rap1 isoforms 
in Ca2+ signaling and endothelial inflammation. Our find-
ings reveal divergent functions of Rap1A and Rap1B 
in agonist-induced SOCE. Rap1A notably limits Orai1 
channel expression and activity, thus acting as a rheostat 
by dampening endothelial Ca2+ signaling and preventing 
excessive NFAT activation and subsequent inflammation. 
Our study uncovers a novel function of Rap1A in endo-
thelial Ca2+ signaling and a novel mechanism of lung 
endothelial barrier regulation.

MATERIALS AND METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Cell Culture and Transfection
Human lung microvascular ECs (hMVECs) and human coronary 
artery ECs (hCAECs) were obtained from Lonza (Walkersville, 
MD). We have previously shown that human umbilical vein ECs, 
human pulmonary artery ECs, and human dermal microvascular 
ECs all signal through STIM1 and Orai1 in the same manner.12,53,54 
Here, we used hCAECs for calcium measurements, as they show 
more reliable Ca2+ signals. We used hMVECs for NFAT nuclear 
translocation assay, NFAT luciferase assay, cytokine array, and 
electrical cell impedance sensing (ECIS) assay due to their physi-
ological relevance for lung permeability and inflammation stud-
ies. hMVECs and hCAECs were cultured in full growth medium 
(EGM-2 MV [endothelial growth medium-2 microvascular]; 
Lonza) at 37 °C in a humidified incubator with 5% CO2. All cells 
between passages 4 and 8 were used for all in vitro experiments. 
Forty percent to 50% confluent EC monolayers were transfected 
with 50 nmol/L Rap1A, 50 nmol/L Rap1B siGENOME siRNA 
pool, or with nontargeting siRNA pool (Dharmacon) complexed 
with lipofectamine 2000 (0.5 g/mL; Invitrogen) for 6 hours in 1× 
OPTIMEM and cultured for an additional 30 hours in complete 
EGM-2 MV culture medium at 37 °C. After 24 hours of siRap1A 
knockdown, the ECs were further transfected with 2 nmol/L 
Orai1 siRNA (Dharmacon) and cultured for an additional 12 
hours before performing functional analysis.

Ca2+ Measurements
Ca2+ measurements in ECs were performed using a previously 
published protocol.55,56 siControl and siRap1A hCAECs were 
seeded onto round 35-mm glass bottom petri dishes (FluoroDish) 

24 hours before imaging at a concentration of 50×103 cells. The 
cells were incubated and loaded with the ratiometric Ca2+ indica-
tor Fura-2 AM (Fura-2-acetoxymethyl ester; 2 µmol/L; Molecular 
Probes) in a HEPES-buffered saline solution containing 120 
mmol/L NaCl, 5.4 mmol/L KCl, 0.8 mmol/L MgCl2, 1 mmol/L 
CaCl2, 20 mmol/L HEPES, and 10 mmol/L D-glucose, at pH 
7.4 for 30 minutes at room temperature. Following Fura-2 load-
ing, cells were washed 3× with HEPES-buffered saline solution 
and mounted on a fluorescence microscope (Nikon TE200). 
Fura-2 fluorescence was measured every 2 s by excitation at 340 
and 380 nm using a fast shutter wheel (LambdaDG-4; Sutter 
Instruments), and the emission at 510 nm was collected through 
a 20× fluorescence objective. Fluorescence data were collected 
from individual cells on a pixel-by-pixel basis and processed using 
the Metafluor software (Universal Imaging). At least 450 cells 
from 3 independent experiments were analyzed. All cytosolic Ca2+ 
concentrations are presented as the ratio of F340/F380.

We used Ca2+ add-back protocol to record Ca2+ release from 
the ER and Ca2+ entry from the extracellular medium separately. 
First, we stimulated the ECs with ATP (500 µmol/L) or thap-
sigargin (250 nmol/L) in the presence of zero Ca2+ HEPES-
buffered saline solution buffer to record Ca2+ release from the 
ER. When the F340/F380 ratio reached the basal level, we intro-
duced 2 mmol/L Ca2+ HEPES-buffered saline solution buffer 
containing ATP or thapsigargin to record Ca2+ entry. hCAECs 
were stimulated with ATP for 10 to 12 minutes or thapsigargin 
for 8 to 10 minutes, as indicated in individual fluorescence plots. 
Ca2+ channel blockers, BTP2 (N-[4-[3,5-bis(trifluoromethyl)-1H-
pyrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-carboxamide; 
10 µmol/L), GSK-7975A (10 µmol/L), and Gd3+ (5 µmol/L) 
were added at the peak height of Ca2+ entry for 2 minutes. ATP 
and Gd3+ were diluted in water, whereas thapsigargin and GSK-
7975A were diluted in 10% dimethyl sulfoxide.

Patch Clamp Electrophysiology
Whole-cell patch clamp recordings were performed with 
Axopatch 200B and Digidata 1440A (Molecular Devices) 
as described previously.12 Experiments were monitored 
with pCLAMP10, and the analysis was performed using 
the Clampfit 10.1 software (https://www.moleculardevices.
com). Patch pipettes (2–5 MΩ) were pulled from borosilicate 
glass capillaries (World Precision Instruments) with a P-1000 
Flaming/Brown micropipette puller (Sutter Instruments) and 
were filled with pipette solution of the following composi-
tion: 150 mmol/L Cs-methanesulfonate, 20 mmol/L BAPTA 
(1,2-bis(o-aminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic acid)
a, 8 mmol/L MgCl2, and 10 mmol/L HEPES (pH adjusted to 
7.2 with CsOH). Before recordings, hCAEC transfected cells 
were trypsinized and seeded in bottom glass coverslips for 30 
minutes, allowing cell adhesion. To improve the seal stability, 
3 µmol/L nimodipine was added in the bath solution contain-
ing 105 mmol/L Na-methanesulfonate, 10 mmol/L CsCl, 1.2 
mmol/L MgSO4, 20 mmol/L Ca2+, 10 mmol/L D-glucose, 
and 10 mmol/L HEPES (pH adjusted to 7.4 using NaOH). 
We selected exclusively cells with a tight seal (>3 GΩ) and 
small series resistance (<8 MΩ) to perform the recordings. The 
cells were maintained at a holding potential of 0 mV before 
stimulation with a voltage ramp from −150 to +50 mV (last-
ing 800 ms, applied every 3 s). To amplify Ca2+ current during 
experiments, the bath solution was switched to a divalent-free 

https://www.moleculardevices.com
https://www.moleculardevices.com
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solution containing 135 mmol/L Na-methanesulfonate,  
10 mmol/L HEDTA (N-(2-hydroxyethyl)ethylenediaminetriacetic  
acid), 1 mmol/L EDTA, and 10 mmol/L HEPES (pH adjusted 
at 7.4 with HCl).

Reverse Transcription Quantitative Polymerase 
Chain Reaction
Total RNA was extracted from siControl and siRap1A ECs using 
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. The quantity and quality of extracted RNA were evaluated 
using NanoDrop spectrophotometer (Thermo Fisher Scientific). 
Then, cDNA was prepared from purified RNA using Omniscript 
RT Kit (Qiagen) according to the manufacturer’s instructions. 
Reaction products were stored at −20 °C until the analysis. 
Primers were acquired from Integrated DNA Technologies (Table 
S1). QuantStudio 6 Flex and SYBR GREEN (both from Applied 
Biosystems) were used to conduct the real-time qPCR (quanti-
tative polymerase chain reaction). Samples were analyzed using 
the following protocol: initial denaturation at 95 °C for 20 s, 40 
cycles of amplification including denaturation at 95 °C for 1 s, 
then primer annealing at 60 °C for 20 s, and extension steps at 
95 °C for 15 s. Transcript fold change was calculated relative to 
the siControl and normalized to β-actin using the ΔΔCt method.57

Western Blotting
Orai1 protein expression in ECs and lung tissues was assessed 
by Western blotting. Tris-glycine 4% to 12% gradient gels were 
used to resolve cell lysates and blotted onto nitrocellulose 
membranes as described previously.58 The following antibodies 
were used for Western blot analysis: antibodies against Orai1 
(1:1000; Sigma-Aldrich; No. O8264), Rap1A/Rap1B (1:1000; 
Cell Signaling Technologies; No. 2399), and β-actin (1:1000; 
Santa Cruz Biotechnology; No. sc-47778). Horseradish  
peroxidase-conjugated secondary antibodies (1:10 000) fol-
lowed by chemiluminescence detection using the Amersham 
Imager 600 analysis software (GE Healthcare) were used 
for densitometry. Blanked values (following subtraction of the 
corresponding empty well lane value) were normalized within 
each experiment and used to calculate fold change in protein 
expression between Rap1A-deficient and control conditions.

Surface Orai1 Abundance Determination by 
Flow Cytometry
After 36 hours of transfection, siControl, siRap1A, and 
siRap1A+siOrai1 (2 nmol/L) transfected cells were lifted 
by Trypsin-EDTA, washed with PBS, and incubated with 7- 
aminoactinomycin D for 30 minutes on ice in the dark. For sur-
face staining, ECs were incubated for 60 minutes at 37 °C with 
anti-Orai1 primary antibody (1:200; Abcam; No. ab111960), 
followed by 488A-labeled anti-rabbit secondary antibody 
(1:250; Cell Signaling Technology; No. 4412) for 30 minutes  
(37 °C). The cells were washed, resuspended with FACS  
(fluorescence-activated cell sorting) buffer, and analyzed using 
the FACS Calibur flow cytometer (BD Biosciences).

Analysis of NFAT Nuclear Translocation by 
Confocal Microscopy
hMVECs were plated onto fibronectin-coated (2.5 µg/mL) cov-
erslips in a 6-well plate at a density of 3×105 cells per well and 

transfected with 50 nmol/L Rap1A siGENOME siRNA pool or 
with nontargeting siRNA pool (Dharmacon) for 6 hours in the 
OPTIMEM media. Cells were then cultured in complete EGM-2 
MV culture medium. After 30 hours, siControl and siRap1A cells 
were stimulated with thrombin (1 U/mL) for 20 minutes in the 
presence of 2 mmol/L Ca2+ in the media. For NFAT inhibition, 
hMVECs were pretreated in the ECs with calcineurin inhibi-
tor (FK-506; 1 µmol/L; diluted in 10% dimethyl sulfoxide) 30 
minutes before thrombin stimulation. After stimulation, ECs were 
fixed in 4% paraformaldehyde and permeabilized using 0.3% 
Triton X-100. Then, coverslips were blocked with 5% BSA and 
stained overnight at 4 °C with an anti-NFAT1 antibody (1:50; 
Cell Signaling Technology; No. 4389S), followed by rabbit sec-
ondary antibody conjugated with Alexa Fluor 488 (1:1000; Cell 
Signaling Technology; No. 4412) for 2 hours at room temperature. 
DAPI (4ʹ,6-diamidino-2-phenylindole) and phalloidin Texas Red 
(Invitrogen; No. T7471) were used to stain nuclei and cytoskel-
eton, respectively. Fluorescent images were acquired with a Zeiss 
laser scanning confocal microscope using the 100× objective 
lenses. NFAT1 nuclear translocation was measured by determin-
ing the nucleus-to-cytosolic ratio of the NFAT fluorescence inten-
sity. Quantitation for each condition was performed by counting 
cells in 5 randomly chosen fields (a total of 15 cells per group).

NFAT Luciferase Activity
hMVECs were transfected with siRNA targeting Rap1A, Orai1, 
or a nontargeting control using lipofectamine 2000. After 24 
hours, these cells were further transfected with a Renilla lucifer-
ase plasmid (pRL TK; Promega; No. E2241) alone or together 
with a plasmid encoding NFAT luciferase reporter (Addgene; 
No. 10959). Following an additional 24 hours, cells were 
exposed to 1 U/mL thrombin for 20 minutes. NFAT activity was 
assessed in cell lysates using a (firefly) Luciferase assay with 
the Dual-Luciferase Reporter Assay Kit (Promega; No. E2920) 
and then normalized to Renilla luciferase activity.

Cytokine Array
Proinflammatory cytokines in supernatants of siControl and 
siRap1A hMVECs were detected using a Proteome Profiler 
Human Cytokine Array kit (R&D Systems, Inc; catalog No. 
ARY005B), following the manufacturer’s protocol. Supernatants 
of siControl and siRap1A hMVECs were collected after 36 
hours of siRNA transfection and pooled, with 3 replicates per 
condition, and incubated with human cytokine array membrane. 
The chemiluminescence signal intensities were detected using 
Amersham Imager 680 (GE Health Care). Densitometry was 
performed with the Image J software.

Animal Model
All mouse procedures were performed according to the 
Medical College of Wisconsin Institutional Animal Use and Care 
Committee. Generation of EC-specific Rap1A-knockout mice 
(Cadh5[PAC]-CreERT2+/0; Rap1Af/f Rap1B+/+; Rap1AiΔEC) on 
the C57Bl/6J background was previously described.51 We used 
both male and female mice. Animals were fed the PicoLab labo-
ratory rodent diet 5L0D containing crude protein (23%), crude 
fat (4.5%), and crude fiber (6%). Tamoxifen in peanut oil (100 µg 
IP) was injected into 1-week-old postnatal mice for 5 consecu-
tive days to generate inducible Rap1AiΔEC mice, in which Rap1A is 
deleted in ECs. Cadh5-Cre-negative mice, or mice injected with 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
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carrier oil only, were used as controls. The data from each sex 
were first analyzed separately for each condition to determine 
whether sex was a determinant in the context of experiments. We 
found there was no difference between sex groups, and the data 
for males and females were combined to improve power.

Lipid Nanoparticle siOrai1 Preparation and 
Treatment
siRNA sequences targeting Orai1 (siOrai1) were designed, 
and an siRNA targeting luciferase was used as a negative con-
trol (siLuc). siRNA sequences were synthesized by Integrated 
DNA Therapeutics and encapsulated in lipid nanoparticle 
(LNP) as previously described.59 Briefly, siRNAs were dis-
solved in sodium acetate (pH 4) and combined with a lipid 
solution at an amine-to-phosphate ratio of 3. The LNP con-
sisted of an ionizable cationic lipid, ALC-0315, and 3 helper 
lipids: cholesterol, DSPC (distearoylphosphatidylcholine), and 
PEG-DMG (1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene  
glycol-2000) at a 50:38.5:10:1.5% molar ratio (Avanti Lipids). 
The LNPs were dialyzed against Dulbecco PBS at pH 7.4 in 500-
fold volume excess. Cholesterol content was measured using 
the Cholesterol E Assay Kit (Wako Chemicals, Mountain View, 
CA), and RiboGreen assay (Quant-IT Ribogreen RNA Assay Kit; 
Thermo Fisher) was performed to determine mRNA concentra-
tion and encapsulation efficiency. siRNA-LNPs were diluted to 
0.5 mg/mL in PBS (pH 7.4) and stored at 4 °C before injection. 
Mice were injected with LNP-siOrai1 and LNP-siLuc with 5 mg 
siRNA per kg body weight (mg/kg). A dose of 1 mg/kg siRNA is 
standard for inducing knockdown of mRNAs expressed in hepa-
tocytes using siRNA-LNPs in mice, but the higher dose (5 mg/
kg) applied in these experiments was used to ensure a greater 
biodistribution to target the endothelium.60 Seven days post-
injection, mice were euthanized, and the lungs were collected.

BAL Collection
Mice were anesthetized, and dissection was performed to 
expose trachea. An 18-mm gauze catheter was inserted into 
the trachea and knotted with suture tightly. One milliliter PBS 
was gently injected into the lung, aspirate was collected in a 
15-mL tube and centrifuged the BAL (bronchoalveolar lavage) 
at 2000 rpm, 4 °C for 10 minutes. Supernatant was collected 
and protein content was estimated using the Pierce BCA pro-
tein assay kit (catalog No. 23227; Thermo Scientific). The 
remaining cell pellet was suspended in PBS, and cell count 
was performed using hemocytometer. IL-6 (interleukin-6) 
concentrations were determined using mouse IL-6 ELISA kit 
(catalog No. DY406-05; R&D Systems). Twelve Rap1AiΔEC 
mice and 6 littermate controls were used for analysis. Among 
12 Rap1AiΔEC mice, 6 Rap1AiΔEC mice received siLuc LNP and 
other 6 Rap1AiΔEC mice received siOrai1 LNP.

Measurement of Pulmonary Edema
Mice were anesthetized, and dissection was performed to 
expose the trachea. The lung wet-to-dry ratio was used to 
evaluate the severity of pulmonary edema.61,62 The lungs 
were removed, and the wet weight measured. The lungs were 
then placed in an incubator at 65 °C for 72 hours and the dry 
weight obtained. Twenty Rap1AiΔEC mice and 10 littermate 
controls were used for analysis. Among 20 Rap1AiΔEC mice,  

10 Rap1AiΔEC mice received siLuc LNP and other 10 Rap1AiΔEC 
mice received siOrai1 LNP.

Isolation of Primary Mouse Lung ECs and 
Analysis of Myeloid Cell Populations
Mice were anesthetized using ketamine (100 mg/kg IP) and 
xylazine (10 mg/kg IP). Twelve Rap1AiΔEC mice and 6 littermate 
controls were used for analysis. Among 12 Rap1AiΔEC mice, 6 
Rap1AiΔEC mice received siLuc LNP and other 6 Rap1AiΔEC mice 
received siOrai1 LNP. Mouse lung ECs were isolated from WT_
siLuc LNP, Rap1AiΔEC mice_siLuc LNP, and Rap1AiΔEC mice_siO-
rai1 LNP groups of mice as we previously described.63 Briefly, 
lung tissues were cut into small pieces using surgical scissors and 
digested with collagenase A (5 mL, 1 mg/mL) for 30 minutes at 
37 °C. The tissue suspension was filtered through a 70-µm cell 
strainer (Falcon) and centrifuged (400g, 5 minutes) at room tem-
perature to obtain a cell pellet. The cell pellet was resuspended in 
3 mL of 0.1% BSA/PBS and incubated with anti-mouse CD31 
antibody–conjugated Dynabeads at room temperature for 12 
minutes. After bead incubation was complete, the cell suspen-
sion was mounted on the magnetic particle concentrator to iso-
late lung ECs, while the resulting supernatant was used for the 
analysis of myeloid cell frequency by flow cytometry. Trypan blue 
was used to count cells, and live/dead staining was performed 
using 7-aminoactinomycin D. Approximately 1×106 cells were 
fixed with 1.5% paraformaldehyde and subjected to a 6-color 
staining procedure at a 1:100 dilution. The following antibodies 
were used to identify myeloid cells in the lung tissue: CD45-
APC/Cy7, Ly6C-FITC, Ly6G-PE, CD11b-BV605, F4/80-PE/
Cy7, and Gr1-APC. The collected flow cytometry data were ana-
lyzed using the FACS Calibur flow cytometer (BD Biosciences).

Electrical Cell Impedance Sensing
EC barrier function was measured using ECIS in early passage 
hMVECs transfected with 50 nmol/L pooled siRNAs for 36 
hours. The cells were seeded onto fibronectin-coated (5 µg/mL) 
8W10E+ ECIS arrays (Applied Biophysics, MA) and allowed to 
reach confluency before being treated with thrombin at 0.5 U/
mL. After 24 hours of siRap1A knockdown, the ECs were further 
transfected with 2 nmol/L Orai1 siRNA and cultured for an addi-
tional 12 hours before barrier function assessment. The ECIS 
readings were analyzed at an alternating current frequency of 
4000 Hz, which is commonly used to assess changes in barrier 
performance. The baseline barrier was measured and set for a 
minimum of 60 minutes using the multiple frequency/time set-
ting, and the behavior of cell impedance (Z, Rb) was monitored 
using the ECIS-1600 R system (Applied Biophysics, Troy, NY).46 
hMVECs were exposed to the thrombin (0.5 U/mL) and the 
impedance data for each well recorded at 40-s intervals during 
the whole analysis period. The impedance data were normalized 
(Zʹ) by dividing the impedance values after adding test com-
pounds by the impedance values before adding the compounds, 
using the following formula: Zʹ(t)=Zsample(t)/Zsample(t0). The 
term Zsample(t0) represents the impedance magnitude right 
before introducing test chemicals to the cell population.

Statistical Analysis
Statistical analyses were performed using R, version 4.3.2 (R 
Foundation for Statistical Computing), and GraphPad Prism, 
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version 9.5.1 (GraphPad Software). Graphs were generated 
using GraphPad Prism, version 9.5.1, and graphs represent 
mean values and SD. Data were assessed for normal distribu-
tion and homoscedasticity using the Levine test. The Student 
t test with Welch correction was used to measure statistical 
significance between 2 groups. For comparisons of >2 groups, 
1-way ANOVA and 2-way ANOVA with Tukey multiple com-
parisons post hoc test were used. When data were not normally 
distributed, the Mann-Whitney U test or Wilcoxon rank-sum test 
was used to test whether there was a significant difference 
between 2 groups. For comparisons involving ≥3 groups, the 
Kruskal-Wallis test was used to calculate the overall P value. 
If the overall P value was significant, indicating that at least 
2 groups differed significantly, post hoc pairwise comparisons 
were conducted using the Wilcoxon rank-sum test, with the 
Bonferroni correction applied to address the issue of multiple 
testing. In cases when the sample size was too small to per-
form the Wilcoxon rank-sum test, the Welch 2-sample t test 
was used for comparing siControl and siRap1A, accounting for 
unequal variances among the groups. All statistical tests were 
2 sided, and a P value of <0.05 was considered statistically 
significant.

RESULTS
Rap1A Restricts Agonist-Induced Ca2+ Influx
To determine the potential contribution of Rap1 to the 
regulation of Ca2+ signaling in hCAECs, we examined the 
effect of Rap1 knockdown with siRNA on ATP-evoked 
Ca2+ mobilization in hCAECs loaded with 2 µmol/L 
Fura-2 AM, a ratiometric Ca2+ indicator. ATP acts via 
the purinergic receptor (P2Y), a GPCR that couples to 
PLCβ (phospholipase Cβ) activation, and inositol 1,4,5- 
triphosphate–mediated Ca2+ release from the ER stores. 
In control ECs transfected with a control siRNA (siCon-
trol) and bathed in nominally Ca2+-free external solu-
tions, ATP induced a significant Ca2+ release from the 
ER followed by a relatively modest Ca2+ influx across the 
plasma membrane when 2 mmol/L Ca2+ was restored to 
the extracellular bath solution (Figure 1A). Knockdown of 
Rap1A and Rap1B with a pan siRNA (siRap1) resulted in 
a small decrease in Ca2+ release compared with siControl 
cells (2.99±1.06 versus 3.14±1.32, respectively). How-
ever, subsequent Ca2+ entry was significantly increased 
in siRap1A versus siControl hCAECs (2.77±1.34 versus 
1.07±0.36; Figure 1A). To determine that this effect of 
siRap1 on Ca2+ entry is specifically mediated through 
SOCE, we used thapsigargin, a specific inhibitor of the 
SERCA (sarcoplasmic/ER Ca2+-ATPase), which trig-
gers SOCE through passive store depletion, bypassing 
inositol 1,4,5-triphosphate production.64 SERCAs are 
evolutionarily ancient Ca2+ pumps located in the ER/AR 
and expressed by all cells, including ECs. SERCA pro-
teins are the products of 3 genes, of which SERCA2a 
and SERCA3 are expressed in ECs,65–67 whereas SER-
CA2b is the principal isoform in the smooth muscle.65 
While thapsigargin induced Ca2+ entry in both siControl 

ECs and siRap1 ECs, Ca2+ entry was significantly higher 
in hCAECs with Rap1 knockdown versus siControl 
(5.01±0.80 versus 2.51±0.32, respectively; Figure 1B). 
These findings demonstrate that while Rap1 knockdown 
leads to a small reduction in Ca2+ release from the ER, it 
significantly enhances agonist-induced SOCE.

Two Rap1 isoforms are expressed in ECs, Rap1A and 
Rap1B, which share 95% amino acid sequence identity, 
yet have a differential effect on Ca2+-dependent signal-
ing in ECs.52 While Rap1B is the predominant isoform,46 
Rap1A uniquely mitigates Ca2+-dependent signaling.52 To 
understand the isoform-specific roles of Rap1 in SOCE, 
we determined the effects of siRNA specifically target-
ing the Rap1A isoform (siRap1A; Figure S1A) on Ca2+ 
mobilization in ECs in response to thapsigargin. Similar 
to the results obtained with pan siRap1 knockdown (Fig-
ure 1B), specific knockdown of the Rap1A isoform alone 
potentiated thapsigargin-induced SOCE compared with 
siControl (Figure 1C). Interestingly, specific knockdown 
of the more predominant Rap1B isoform did not alter 
SOCE (Figure 1C; Figure S1B). These data suggest that 
the Rap1A isoform uniquely and specifically restricts 
SOCE in hCAECs.

Enhanced SOCE by Rap1A Knockdown 
Is Inhibited With Classical CRAC Channel 
Blockers
To determine whether the upregulated store depletion–
induced Ca2+ entry upon knockdown of Rap1A is medi-
ated by CRAC channels encoded by Orai proteins, we 
examined the impact of 2 widely used CRAC channel 
inhibitors, GSK-7975A and BTP2.68 10 µmol/L BTP2 
and 10 µmol/L GSK-7975A blocked thapsigargin-
induced Ca2+ influx in both siControl and siRap1A ECs 
(Figure 2A and 2B), suggesting that this Ca2+ entry is 
indeed mediated by SOCE and Orai channels. We also 
examined the ability of low concentration of the lantha-
nide, gadolinium (5 µmol/L Gd3+), to inhibit SOCE. At this 
relatively low concentration, Gd3+ is a specific Orai chan-
nel inhibitor.68 We found that Ca2+ influx was blocked by 
5 µmol/L Gd3+ in response to physiological and phar-
macological stimulation with thrombin and thapsigar-
gin, respectively (Figure 2C and 2D), further implicating 
Orai1 channels in this pathway.

Rap1A Knockdown Leads to Enhanced CRAC 
Channel Current Density in ECs
To provide biophysical evidence that Orai channel 
activity is indeed increased in response to Rap1A 
silencing, we transfected hCAECs with either siControl 
or siRap1A and measured ICRAC using the whole-cell 
patch clamp technique as described previously.12,68,69 
After break-in, ER Ca2+ store depletion necessary to 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
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activate ICRAC is induced by dialysis of cells through the 
patch pipette with a solution containing 20 mmol/L 
BAPTA. Currents are elicited by voltage ramps from 
−150 to +50 mV from a holding potential of 0 mV 
(Figure 3A and 3B). Due to the small size of native 
ICRAC, in ECs in particular,12 we used short pulses of 
divalent-free bath solutions to allow Na+ ions to per-
meate through CRAC channels, hence amplifying the 
current. This results in an inward Na+ ICRAC in both 
siControl and siRap1A ECs that shows the typical 
depotentiation in divalent-free solutions (Figure 3C 
through 3F) with inwardly rectifying current/voltage 
relationship (Figure 3G). The current/voltage curves 
show that ICRAC current density (pA/pF) increases by 
≈3-fold after Rap1A silencing in hCAECs (hCAEC 
siControl: 2.33±0.56 pA/pF versus hCAEC siRap1a: 

6.07±1.67 pA/pF; Figure 3G and 3H). Thus, Rap1A 
controls CRAC current density in ECs.

Partial Knockdown of Orai1 Rescues the 
Enhanced Ca2+ Entry in siRap1A ECs
The increased SOCE observed in siRap1A hCAECs 
was effectively inhibited by Orai1 inhibitors (Figure 2A 
through 2C), indicating a modulatory role of Rap1A on 
Orai1 channels. Furthermore, direct measurement of 
CRAC currents demonstrated increased CRAC cur-
rent density (Figure 3G and 3H). To determine whether 
increased Orai1 channel expression may be responsible 
for increased Ca2+ entry in the absence of Rap1A, we 
measured Orai1 mRNA and protein abundance in siR-
ap1A and siControl hCAECs. Orai1 mRNA expression 

Figure 1. Rap1A (Ras-proximate-1) 
restricts agonist-induced Ca2+ influx 
in human coronary artery endothelial 
cells (hCAECs).
A, Elevated ATP-induced Ca2+ entry and 
slightly decreased Ca2+ release in siRap1A 
hCAECs. B, Rap1 limits thapsigargin (Tg)-
induced Ca2+ entry in hCAECs. C, Rap1A, 
but not Rap1B, limits Tg-induced Ca2+ 
entry in hCAECs. Left, Representative 
fluorescence 340/380 ratio plots of 
individual hCAECs loaded with Fura-2/
AM (Fura-2-acetoxymethyl ester) Ca2+ 
indicator and stimulated with 500 µmol/L 
ATP or 250 nM Tg in the absence and 
presence of 2 mmol/L external Ca2+. 
Right, Maximum fluorescence ratios for 
Ca2+ release and Ca2+ entry were plotted. 
Statistical analysis was performed using 
the Wilcoxon rank-sum test. C, Bonferroni 
correction applied to address the issue 
of multiple comparison (n=150 cells per 
experiment; 3 independent experiments).
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was significantly increased in the absence of Rap1A 
(Figure 4A; Figure S1A). We next measured protein 
expression of the 2 Orai1 isoforms, the 33-kDa Orai1α 
and the 23-kDa Orai1β, that arise from alternative trans-
lation initiation from methionine 64 in Orai1α. Both iso-
forms of Orai1 are functionally similar and support SOCE 
and CRAC current (Icrac).

70,71 The analysis of total cellular 
protein by Western blotting revealed that the expres-
sion of Orai1 α and β isoforms was elevated in siRap1A 
hCAECs compared with siControl hCAECs (Figure 4B). 
Densitometry measurements indicate lower total Rap1 
content in siRap1A ECs (0.62±0.08 Rap1/actin) versus 
siControl (0.79 Rap1/actin), indicating Rap1A knock-
down (Figure 4B). We expect only a small change in total 
Rap1, as Rap1A is the less dominant Rap1 isoform in 
ECs.46 Flow cytometry analysis of surface protein expres-
sion also revealed elevated levels of Orai1 in siRap1A 

versus siControl hCAECs (Figure 4C). Therefore, it is 
likely that enhanced Orai1 expression is responsible for 
increased SOCE in Rap1A-deficient hCAECs.

To examine the physiological significance of increased 
Orai1 expression on enhanced Ca2+ entry in siRap1A 
hCAECs, we attempted a partial knockdown of Orai1 in 
siRap1A hCAECs to normalize Orai1 protein expression 
to control levels. We found that transfecting siRap1A 
hCAECs with 2 nmol/L of a pool of Orai1 siRNA (siO-
rai1) resulted in normalized Orai1 mRNA level in siRap1A 
hCAECs, comparable to siControl hCAECs (Figure 4A). 
Furthermore, this partial knockdown of Orai1 resulted in 
normalized Orai1 protein expression in siRap1A hCAECs 
(Figure 4B and 4C). Functionally, partial Orai1 knock-
down in siRap1A ECs significantly reduced thapsigargin-
induced SOCE in siRap1A hCAECs to levels near those 
observed in siControl hCAECs (Figure 4D). This result 

Figure 2. Rap1A (Ras-proximate-1) controls Orai1 (calcium release-activated calcium modulator 1) activity.
A through C, siRap1A-induced increase in store-operated calcium entry (SOCE) is sensitive to Orai1 inhibitors: (A) 10 µmol/L BTP2 (N-[4-
[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-carboxamide), (B) 10 µmol/L GSK-7975A, and (C and D) 5 µmol/L 
Gd3+. Inhibitors were introduced at the peak of Ca2+ entry to suppress it. Ca2+ fluorescence measurements in individual siControl and siRap1A 
human coronary artery endothelial cells (hCAECs) stimulated with 250 nmol/L Tg or 1 U/mL thrombin were performed as in Figure 1. Maximum 
fluorescence ratios were plotted. The Kruskal-Wallis test was used to calculate the overall P value and, the post hoc pairwise comparisons 
were conducted using the Wilcoxon rank-sum test, with the Bonferroni correction for multiple comparison (n=100 cells per experiment; 3 
independent experiments).

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
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suggests that Rap1A restricts agonist-induced SOCE 
through inhibiting Orai1 gene expression.

Rap1A Restricts Thrombin-Induced NFAT 
Activation in hMVECs
Elevated SOCE in siRap1A ECs led us to investigate 
the activation of nuclear factor of activated T cells 
(NFAT), a Ca2+-sensitive transcription factor specifically 
activated downstream CRAC/Orai1 channel activity in 
nonexcitable cells. The activity and nuclear transloca-
tion of NFAT are regulated by its phosphorylation status. 
Phosphorylated NFAT under basal conditions is local-
ized in the cytoplasm. Increased Ca2+ levels through 
enhanced SOCE activity cause the activation of the 
phosphatase calcineurin (calmodulin-dependent ser-
ine/threonine phosphatase), which dephosphorylates 
NFAT, exposing a hidden nuclear localization signal and 
causing its nuclear translocation to control gene tran-
scription.26,72 hMVECs express all 5 isoforms of NFAT: 

NFAT1 (NFATc2), NFAT2 (NFATc1), NFAT3 (NFATc4), 
NFAT4 (NFATc3), and NFAT5 (NFATc5)73 (Figure S2). 
Rap1A knockdown in ECs lead to increased expression 
of NFAT1, NFAT2, and NFAT4 (Figure S2). To determine 
whether enhanced SOCE in the absence of Rap1A in 
ECs leads to enhanced NFAT activation, we assessed 
NFAT nuclear translocation in siRap1A hMVECs in 
response to thrombin stimulation. Under basal conditions, 
native NFAT1 detected by immunofluorescence staining 
was found predominantly in the cytoplasm in siControl 
and siRap1A hMVECs (Figure 5A, top and fourth rows, 
respectively, and Figure 5B) with an average nuclear 
intensity of 0.00±0.353. Thrombin stimulation (1 U/
mL, 20 minutes)–induced translocation of NFAT1 to the 
nucleus as determined by the fold increase of nuclear 
intensity is 1.0815±0.528 (Figure 5A, second row, 
and Figure 5B). Interestingly, thrombin-induced nuclear 
translocation of NFAT1 was significantly increased in 
siRap1A hMVECs compared with siControl hMVECs, 
with a fold change of 2.086±0.781 (Figure 5A, fifth 

Figure 3. Rap1A (Ras-proximate-1) silencing increases Ca2+ release-activated Ca2+ (CRAC) current density in human coronary 
artery endothelial cells (hCAECs).
A, Whole-cell configuration of the patch clamp technique allowing the recording of ICRAC. After break-in with a pipette solution containing 20 
mmol/L BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic acid) to deplete the endoplasmic reticulum (ER) stores and activate Orai 
(calcium release-activated calcium modulator 1) channels, ICRAC develops. This current is small, which necessitated current amplification through 
the use of pulses of divalent-free (DVF) solutions. This Na+ ICRAC shows the typical depotentiation in DVF solutions. B, Voltage ramp protocol 
used to measure ICRAC in hCAECs after dialysis with 20 mmol/L BAPTA in the patch pipette solution to deplete the ER stores. C, and D, 
Representative current measured in DVF solutions at −100 mV in hCAECs transfected with either siControl or siRap1a for 48 hours. E, and F, 
Time course of ICRAC activation in hCAECs transfected with either siControl or siRap1A taken at −100 mV in DVF solutions. G, Representative 
I-V curves of Na+ ICRAC, in hCAECs transfected with either siControl or siRap1a. H, Na+ ICRAC density measured at −100 mV in both hCAEC 
siControl (n=8) and hCAEC siRap1a (n=8; Mann-Whitney U test; P=0.021).

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
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row, and Figure 5B). The calcineurin inhibitor FK-506 
(1 µmol/L) effectively prevented the enhanced nuclear 
translocation of NFAT1 in both siControl and siRap1A 
hMVECs, reducing them to basal prethrombin stimula-
tion levels (Figure 5A, sixth row, and Figure 5B). This 
finding indicates that Rap1A plays a role in inhibiting the 
calcineurin/NFAT pathway in ECs.

To gain further evidence that Rap1A suppresses NFAT 
activation in ECs, we used NFAT luciferase assay in siR-
ap1A and siControl hMVECs. While under basal condi-
tions NFAT activity was similar in siControl and siRap1A 
ECs, thrombin stimulation led to significantly increased 
NFAT activity in siRap1A hMVECs compared with siCon-
trol hMVECs, with a fold change of 1.55±0.081 (Fig-
ure 5D). The calcineurin inhibitor FK-506 effectively 
inhibited the enhanced NFAT luciferase activity in both 

siControl and siRap1A hMVECs (Figure 5D). Further-
more, partial knockdown of Orai1 in siRap1A hMVECs 
also effectively normalized the elevated NFAT activity to 
the control level (Figure 5E). Combined, these findings 
support the role of Rap1A in the suppression of NFAT 
activity by restricting Orai1 expression.

Rap1A Restricts NFAT-Mediated 
Proinflammatory Transcription in hMVECs
Activated NFAT, together with other transcription fac-
tors (eg, activator protein 1 [Fos/Jun]), drives the tran-
scription of inflammatory cytokines.72 Excessive NFAT 
activation is associated with inflammation in ECs.74,75 
The increased thrombin stimulated NFAT nuclear trans-
location in siRap1A hMVECs compared with siControl 

Figure 4. Partial knockdown of Orai1 (calcium release-activated calcium modulator 1) rescues excessive Ca2+ entry in siRap1A 
human coronary artery endothelial cells (hCAECs).
A, Enhanced Orai1 gene and (B and C) protein expression in siRap1A hCAECs is normalized to siControl level by partial knockdown of 
Orai1 (2 nmol/L). A, qPCR (quantitative polymerase chain reaction) analysis (n=3 biological replicates). B, Representative Western blots and 
densitometry calculations of Orai1 normalized to actin were plotted (n=6 biological replicates). Densitometry values of Rap1 (Ras-proximate-1) 
normalized to actin were provided within the parenthesis. C, Histogram of cell surface Orai1 abundance measured by flow cytometry in 
siControl, siRap1A, and siRap1A+siOrai1 (2 nmol/L) hCAECs was plotted. Arithmetic mean of the surface Orai1 fluorescence intensity was 
compared between experimental groups (n=4 independent experiments). D, Ca2+ measurements in individual siControl and siRap1A hCAECs 
were performed as in Figure 1 (n=150 cells per experiment; 3 independent experiments). Statistical significance was measured using 1-way 
ANOVA with Tukey multiple comparisons post hoc test (A–C) and Kruskal-Wallis with Wilcoxon rank-sum post hoc test, with the Bonferroni 
correction for multiple comparison (D).
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hMVECs led us to hypothesize that the absence of 
Rap1A in ECs may enhance NFAT’s proinflammatory 
transcription activity. Therefore, we used a cytokine 
array to measure the levels of cytokines in siControl 
and siRap1A hMVEC supernatants. While CCL2 (che-
mokine [C-C motif] ligand 2), a key cytokine involved in 
recruiting of monocytes/macrophages, was decreased 
in siRap1A ECs, other inflammatory cytokines, CCL5 
(chemokine [C-C motif] ligand 5) and CXCL11 (C-X-C 
motif chemokine 11), were significantly upregulated in 
siRap1A supernatants compared with those from siCon-
trol hMVECs (Figure 6A and 6B). These results indicate 
that Rap1A deficiency may lead to an inflammatory 
state in ECs.

To confirm the inflammatory state in Rap1A-deficient  
ECs, we assessed the levels of the NFAT-dependent 
cytokine IL-6, a known marker of inflammation.76 
Thrombin, generated in response to vascular injury 
and inflammation, physiologically contributes to lung 

permeability and inflammation. Thrombin treatment (1 
U/mL, 0–12 hours) induced IL-6 expression in both 
siControl and siRap1A hMVECs, with siRap1A hMVECs 
showing a significant elevation in IL-6 levels compared 
with siControl hMVECs after 12 hours of stimulation 
(Figure 6C). The increase in IL-6 expression was atten-
uated by the calcineurin inhibitor FK-506, (Figure 6D), 
indicating it is NFAT dependent and suggesting that 
Rap1A limits NFAT-mediated proinflammatory tran-
scription in ECs.

Elevated Vascular Permeability in Rap1A-
Deficient Pulmonary ECs Is Orai1 Dependent
Previous studies have proposed a link between dysregu-
lated STIM1/Orai1 expression or SOCE and increased 
pulmonary endothelial permeability.27,53,77–83 To explore 
the role of Orai1-dependent increase in SOCE in 
hMVECs with reduced Rap1A expression, we used ECIS 

Figure 5. Rap1A (Ras-proximate-1) restricts thrombin-induced nuclear factor for activated T cells (NFAT) activity in human lung 
microvascular endothelial cells (hMVECs).
A, Confocal fluorescence microscopy images of NFAT in siControl and siRap1A hMVECs stimulated with thrombin (1 U/mL, 20 minutes) in 
the presence or absence of calcineurin inhibitor (FK-506). NFAT1 antibody (green), DAPI (4ʹ,6-diamidino-2-phenylindole; blue), and phalloidin 
(Texas red) were used to stain NFAT1, nucleus, and actin cytoskeleton, respectively. Arrows indicate nuclear NFAT. B, Enlarged images 
indicated by arrows in A. C, Fold change of nuclear intensity of NFAT vs siControl is shown (n>15 independent experiments). D, Luciferase 
reporter assay in siControl and siRap1A transfected hMVECs treated with 1 U/mL thrombin in the presence or absence of FK-506 (n=9). 
E, Luciferase reporter assay in siControl and siRap1A+siOrai1 2 nM transfected hMVECs treated with or without 1 U/mL thrombin (n=9 
biological replicates). Two-way ANOVA with Tukey multiple comparisons post hoc test was applied to measure the statistical significance.
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to measure EC cell-cell adhesion.54,84 We compared 
monolayers of control ECs, Rap1A-deficient ECs, and 
Rap1A-deficient ECs with partial knockdown of Orai1. 
After thrombin exposure, we measured the resistance 
of cell-cell contacts to current flow (Rb). As expected, 
thrombin (0.5 U/mL) induced a rapid and reversible 
decrease in resistivity in siControl hMVECs, represent-
ing transient increased permeability in siControl hMVECs 
(Figure 7A, black dots). This response was amplified in 
Rap1A-deficient cells, aligning with responses to VEGF 
(vascular endothelial growth factor) observed in previ-
ous studies46 (Figure 7A, red squares). Notably, normal-
izing Orai1 expression in siRap1A hMVECs mitigated 
the thrombin-induced permeability, suggesting a return 
toward normal permeability levels by normalizing Ca2+ 
entry and the Ca2+-dependent inflammatory response 
(Figure 7A, green triangles).

In vivo, Rap1A deletion in ECs resulted in elevated 
lung wet/dry ratio, indicative of enhanced vascular per-
meability and subsequent pulmonary edema (Figure 7B). 
This finding aligns with our previous reports on increased 
permeability associated with Rap1A deletion.46 To assess 
whether the in vivo Rap1A deletion mirrors the in vitro 
effect on Orai1 expression, we compared Orai1 levels 
in lung ECs from control and Rap1AiΔEC mice. Increased 
Orai1 transcript and protein levels were evident in the 
ECs from Rap1AiΔEC lungs (Figure 7C and 7D). Conse-
quently, we used LNPs that have tropism for both liver 

and endothelium59 containing siOrai1 (siOrai1-LNP) in 
Rap1AiΔEC mice to explore the physiological impact on 
the lung vascular barrier. Treatment with siOrai1-LNP 
effectively normalized Orai1 expression in Rap1AiΔEC 
mice (Figure 7C and 7D, green triangles) and reduced 
lung edema (Figure 7B, green triangles), indicating that 
Rap1A modulates the pulmonary vascular barrier both in 
vitro and in vivo by regulating Orai1 expression.

Normalizing Endothelial Orai1 Mitigates 
Inflammation in Rap1AiΔEC Mice
The proinflammatory phenotype in Rap1A-deficient ECs 
prompted an investigation into inflammatory markers in 
Rap1AiΔEC mice. We observed increased protein levels 
and cell counts (Figure 7E), as well as heightened IL-6 
levels (Figure 7F), in the bronchoalveolar lavage fluid 
(BALF) in Rap1AiΔEC mice compared with controls. The 
BALF protein and lung wet/dry ratio alterations serve 
as functional indicators of EC activation associated 
with enhanced vascular permeability, which leads to the 
development of pulmonary lung edema.85 This finding 
suggests that an elevated inflammatory phenotype, like 
that seen in vitro, is associated with increased vascular 
permeability in the lungs of Rap1AiΔEC mice.

We reasoned that this inflammation stems from 
enhanced SOCE-dependent overactivation of NFAT 
and increase in cytokine production in lung ECs. To test 

Figure 6. Elevated NFAT (nuclear factor for activated T cells)-dependent proinflammatory transcription in Rap1A  
(Ras-proximate-1)-deficient human lung microvascular endothelial cells (hMVECs).
A and B, Cytokine array profile of siControl and siRap1A hMVEC supernatants under basal conditions. A, Representative images of cytokine 
array. B, Densitometry values of indicated cytokines (n=2 independent experiments). C and D, Thrombin-induced IL (interleukin)-6 mRNA 
expression is NFAT dependent. C, Time course of thrombin-induced IL-6 expression. D, Analysis of gene expression of IL-6 in siControl and 
siRap1A hMVECs stimulated with thrombin for 12 hours in the presence or absence of FK-506 (n=3 biological replicates). Welch 2-sample 
t test with a Bonferroni correction for multiple testing (B and C) and 2-way ANOVA with Tukey multiple comparisons post hoc test (D) were 
applied to measure the statistical significance.
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Figure 7. Elevated vascular permeability and inflammation in Rap1A (Ras-proximate-1)-deficient pulmonary endothelial cells 
(ECs) is Orai1 (calcium release-activated calcium modulator 1) dependent.
A, Normalizing Orai1 expression normalizes thrombin-induced permeability of Rap1A-deficient human lung microvascular endothelial cell 
(hMVEC) monolayers. EC barrier function was measured using electric cell-substrate impedance sensing (ECIS) at an alternating current 
frequency of 4000 Hz. The normalized impedance at the peak of barrier disruption (*) (z) is plotted (n=6 biological replicates). P<0.0001. 
B through F, siOrai1 delivery to lung ECs by lipid nanoparticles (LNPs) normalizes lung permeability and reduces inflammation in Rap1AiΔEC 
mice. B, Lung wet-to-dry ratio, a measure of pulmonary edema, in control and Rap1AiΔEC mice with or without siOrai1 LNP treatment (n=10 
mice per each experimental group). Twenty Rap1AiΔEC mice and 10 littermate controls were used for analysis. Among 20 Rap1AiΔEC mice, 10 
Rap1AiΔEC mice received siLuc LNP and other 6 Rap1AiΔEC mice received siOrai1 LNP. C and D, siOrai1-LNPs normalize Orai1 mRNA C, and 
protein expression D, in Rap1AiΔEC lung ECs to the control (wild-type [WT]) levels. RT-qPCR (reverse transcription polymerase chain reaction; 
C) and Western blot (D) analysis of Orai1 gene expression in lung ECs from WT and Rap1AiΔEC in the presence or absence of LNP siOrai1 
treatment (n=6 mice per each experimental group). Western blot densitometry calculations of Orai1 levels normalized to actin are plotted 
(right; n=6 mice per each experimental group). Twelve Rap1AiΔEC mice and 6 littermate controls were used for analysis. Among 12 Rap1AiΔEC 
mice, 6 Rap1AiΔEC mice received siLuc LNP and other 6 Rap1AiΔEC mice received siOrai1 LNP. E through G, Quantification of protein content 
and cell numbers. E, IL (interleukin)-6 abundance measured by ELISA (F) and macrophage numbers, represented as a percentage of CD45+ 
cells, measured by flow cytometry (G) in BALF (bronchoalveolar lavage fluid) from control and Rap1AiΔEC mice with or without siOrai1 LNP 
treatment. IL-6 was determined by ELISA (n=6 mice per each experimental group). Twelve Rap1AiΔEC mice and 6 littermate controls were used 
for analysis. Among 12 Rap1AiΔEC mice, 6 Rap1AiΔEC mice received siLuc LNP and other 6 Rap1AiΔEC mice received siOrai1 LNP. One-way 
ANOVA with Tukey multiple comparisons post hoc test was applied to measure the statistical significance.
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this, we examined the impact of LNP-siOrai1 treatment, 
which normalizes Orai1 expression (Figure 7C and 7D) 
on lung inflammation. Results showed that normalizing 
Orai1 expression led to a reduction in lung inflammation, 
as indicated by decreased BAL protein and cell content 
(Figure 7E, green dots), reduced IL-6 levels (Figure 7F) 
and a decrease in macrophage numbers in Rap1AiΔEC 
mice (Figure 7G). There were no significant differ-
ences between the groups in myeloid suppressor cells, 
monocytes, and neutrophils (Figure S3). These findings 
underscore the critical role of Rap1A in modulating lung 
inflammation and permeability through Orai1 expression 
regulation.

DISCUSSION
Our study reveals a crucial role of Rap1A in controlling 
endothelial Ca2+ homeostasis, thereby limiting inflamma-
tion. Specifically, we demonstrate that the Rap1A isoform 
of Rap1 uniquely regulates endothelial SOCE, thus main-
taining EC Ca2+ balance. The distinctive control of SOCE 
by Rap1A is evidenced by enhanced CRAC current den-
sity in siRap1A ECs and the normalization of Ca2+ entry 
in siRap1A ECs using Orai1 channel blockers (5 µmol/L 
Gd3+, 10 µmol/L BTP2, and 10 µmol/L GSK-7975A) 
or knockdown of Orai1 using siRNA. This regulation is 
critical, as Rap1A deficiency in pulmonary ECs results 
in increased SOCE, elevated NFAT activation, and aug-
mented transcription of proinflammatory cytokines, partic-
ularly IL-6 in siRap1A ECs and BALF from Rap1iΔEC mice, 
suggesting a significant role in respiratory conditions like 
asthma and chronic obstructive pulmonary disease,86,87 
whose expression is regulated by NFAT.31,76,88,89 Addition-
ally, NFAT inhibition using FK-506 significantly reduced 
NFAT activity and IL-6 levels in siRap1A ECs to control 
levels. Normalizing Orai1 protein levels both in vitro and in 
vivo by LNP-mediated siOrai1 delivery effectively mitigates 
NFAT activity, lung inflammation, and hyperpermeability in 
Rap1AiΔEC mice. The study reveals a new regulatory role 
for the Rap1A-Orai1 signaling in maintaining pulmonary 
vascular barriers and controlling inflammation.

Complementing these insights, previous studies 
have highlighted Rap1’s role in restoring lung endothe-
lial barrier integrity and aiding recovery from acute lung 
injury,90,91 emphasizing Rap1’s effect on VE-cadherin and 
p120-catenin,48,90 and particularly Rap1A’s unique role91 
and its impact on proinflammatory signaling.92 Earlier 
research focused on Rap1’s adaptor function promot-
ing VE-cadherin adhesion and cell-cell junction integrity 
that likely contributes to developmental barrier defects in 
EC-Rap1 KO mice.44–47,93 The distinct function of Rap1A, 
especially in the pulmonary endothelium, as opposed 
to Rap1B,46 suggests a significant interplay between 
Rap1A and Orai1 in protecting the pulmonary endothe-
lial barrier. This model proposes that Rap1A limits Orai1 
expression to regulate Ca2+ entry and EC permeability.

The STIM1/Orai1 pathway has been implicated in the 
maintenance of the vascular barrier under various patho-
logical conditions.94–100 Previous studies indicated that 
STIM1, but not Orai1, is required for thrombin-mediated 
dermal microvascular EC permeability.53,83 One poten-
tial explanation for these seemingly opposite results is 
that Ca2+ entry through Orai1 itself does not contribute 
to thrombin-evoked EC permeability under control wild-
type conditions but that the increase in Orai1 due to 
Rap1A loss causes hyperpermeability through inflamma-
tion. Alternatively, the effects of Orai1 on EC hyperper-
meability could be specific to the lung over the systemic 
vasculature.

Using novel LNPs in an innovative therapeutic approach, 
we targeted elevated Orai1 expression in Rap1A-deficient 
pulmonary endothelium. This method effectively mitigated 
elevated SOCE, normalized endothelial permeability, and 
reduced both edema and inflammation in the lungs. The 
use of LNPs as a delivery mechanism enhances the speci-
ficity of the intervention, offering a promising therapeutic 
modality. These findings pave the way for further devel-
opment in treating various lung diseases, leveraging the 
potential of targeting the Rap1A-Orai1 pathway to reverse 
endothelial dysfunction and alleviate pathological symp-
toms in pulmonary conditions.

While our study establishes that Rap1A restricts 
Orai1 expression to control SOCE and NFAT activ-
ity, the exact mechanism underlying Orai1 upregulation 
following Rap1A knockout remains elusive. This is in 
contrast to the NFAT5-mediated regulation of Orai in 
megakaryocytes,101 as NFAT inhibition does not impede 
Orai1 upregulation in Rap1A KO, suggesting an alter-
native, non–NFAT-dependent pathway (R. Kosuru and 
M. Chrzanowska, unpublished data, 2023). In platelets, 
where Orai1 is crucial,102,103 Orai1 expression is modu-
lated by thrombin via translational mechanisms involving 
PI3K (phosphoinositide 3-kinase) and actin cytoskel-
eton, rather than transcriptionally.104,105 However, our 
unpublished data indicate that thrombin does not modify 
Orai1 expression in ECs. The upregulation might be an 
indirect consequence of integrin activation, as integrins 
are known targets of Rap1.44,106 For example, in asthma, 
integrin-β1 downregulation impacts Orai1, influencing 
airway smooth muscle and lung remodeling.107 Altered 
integrin-ECM interactions, such as those with collagen,108 
might potentially lead to Orai1 overexpression. How-
ever, considering that both isoforms activate integrins in 
ECs,109,110 this pathway might not be exclusive to Rap1A. 
Future research is needed to elucidate the transcriptional 
regulation mechanisms at play and determine whether 
Rap1A acutely controls Orai1 activity, thereby deepening 
our understanding of this critical signaling pathway.

In conclusion, our study contributes significant insights 
into the mechanism by which Rap1A modulates SOCE 
in the pulmonary endothelium. It highlights the essential 
role of Rap1A in maintaining endothelial barrier function 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.124.321458
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and restraining inflammation. The Rap1A-Orai1 signaling 
axis emerges as a promising therapeutic target for con-
ditions associated with vascular permeability, including 
sepsis and acute lung injury. This discovery offers new 
avenues for targeting inflammation-induced hyperper-
meability and related pathologies.
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