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Abstract
Increased endothelial permeability leads to excessive exudation of plasma proteins and 
leukocytes in the interstitium, which characterizes several vascular diseases including 
acute lung injury. The myosin light chain kinase long (MYLK-L) isoform is canoni-
cally known to regulate the endothelial permeability by phosphorylating myosin light 
chain (MLC-P). Compared to the short MYLK isoform, MYLK-L contains an addi-
tional stretch of ~919 amino acid at the N-terminus of unknown function. We show 
that thapsigargin and thrombin-induced SOCE was markedly reduced in Mylk-L–/– en-
dothelial cells (EC) or MYLK-L-depleted human EC. These agonists also failed to 
increase endothelial permeability in MYLK-L-depleted EC and Mylk-L–/– lungs, thus 
demonstrating the novel role of MYLK-L-induced SOCE in increasing vascular perme-
ability. MYLK-L augmented SOCE by increasing endoplasmic reticulum (ER)-plasma 
membrane (PM) junctions and STIM1 translocation to these junctions. Transduction 
of N-MYLK domain (amino acids 1-919 devoid of catalytic activity) into Mylk-L–/– 
EC rescued SOCE to the level seen in control EC in a STIM1-dependent manner. 
N-MYLK-induced SOCE augmented endothelial permeability without MLC-P via an 
actin-binding motif, DVRGLL. Liposomal-mediated delivery of N-MYLK mutant but 
not ∆DVRGLL-N-MYLK mutant in Mylk-L–/– mice rescued vascular permeability in-
crease in response to endotoxin, indicating that targeting of DVRGLL motif within 
MYLK-L may limit SOCE-induced vascular hyperpermeability.
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1  |   INTRODUCTION

Vascular endothelium has the pivotal task of dynamically 
restricting the passage of macromolecules and inflamma-
tory cells to underlying tissue in order to maintain tissue 
homeostasis. Permeability increasing mediators disrupt the 
endothelial barrier function in part by inducing phosphory-
lating myosin light chains (MLC) which in turn trigger ac-
tin-myosin-mediated endothelial contraction.1-3 Increased 
endothelial permeability can lead to excessive exudation 
of plasma proteins and leukocytes in the interstitium, the 
hallmark of several vascular diseases including acute respi-
ratory distress syndrome, ischemia/reperfusion injury, and 
atherosclerosis.4-7

Myosin light chain kinase1 (MYLK1) gene encodes 
short (108-130  kDa) and long (~220  kDa) isoforms of 
MYLK which phosphorylate MLC.8-10 MYLK-L is ex-
pressed in various non-muscle cells including endothelial 
cells (EC) and regulates the endothelial permeability in re-
sponse to permeability increasing mediators such as throm-
bin or LPS.5,11-16 Hence, mice lacking MYLK-L globally 
were protected from several vascular diseases such as 
sepsis, acute lung injury (ALI), and atherosclerosis.6,16-19 
However, Tie2-Cre-mediated deletion of MYLK-L in en-
dothelium of the mice failed to suppress LPS-induced lung 
vascular hyperpermeability.20 These findings indicate that 
MYLK-L may have a complex role in regulating the vascu-
lar permeability.

Structurally, MYLK-L contains all the domains that are 
present in the short smooth muscle MYLK isoform, but in 
addition, has a unique stretch of ~919-amino acid N-terminal 
domain that contains consensus sites for phosphorylation by 
multiple protein kinases,2,8,9,18,21 as well as additional ac-
tin-binding domains.22,23  N-terminal domain of MYLK-L 
also contains the sites for genetic variations known as sin-
gle-nucleotide polymorphism (SNP) that are associated with 
the vascular diseases.24-26 Surprisingly, studies to date have 
mostly focused on MYLK-L induction of MLC phosphory-
lation as the primary permeability-increasing process in EC, 
while the unique role of the N-terminal domain of MYLK-L 
in regulating the endothelial permeability remains largely 
unexplored.

An increase in intracellular Ca2+ is required for the 
activation of diverse signaling pathways including activa-
tion of the MYLK activity that culminate in the disruption 
of the endothelial barrier.2,27-30 Permeability-increasing 
agonists increase intracellular Ca2+ by depleting the en-
doplasmic reticulum (ER) store, followed by Ca2+ entry 
through plasma membrane (PM) channels referred to as 
store-operated Ca2+ entry (SOCE).29,31-34 Stromal inter-
action molecule 1 (STIM1) senses Ca2+ gradients in the 
ER27,35-37 and assembles into higher-order oligomers 
known as puncta upon ER-Ca2+ depletion. These puncta 

are formed at discrete sites called ER-PM junctions where 
STIM1 interacts with plasmalemmal Ca2+ channels such as 
Orai1/TRPC1 to activate SOCE.35,38,39 Evidence also links 
MYLK-L to modulation of Ca2+ entry but the mechanisms 
remain largely unknown.40 In this study, we demonstrate 
that the MYLK-L through its N-terminal domain medi-
ates SOCE which then induces vascular hyperpermeabil-
ity. This domain stabilizes ER-PM junctions and SOCE 
through DVRGLL motif independent of MYLK-L catalytic 
activity. Our findings established previously unknown role 
of the N-MYLK-DVRGLL motif in inducing lung edema 
formation in response to the endotoxin, LPS. Disruption of 
this domain in MYLK-L may be regarded as a therapeutic 
approach to limit the SOCE-mediated increase in endothe-
lial permeability in ALI.

2  |   MATERIALS AND METHODS

2.1  |  Materials

Human Pulmonary endothelial cells (HPAEC) (Cat. No. 
CC-2585), Human Umbilical Vascular endothelial cells 
(HUVEC) (Cat. No. C2517A), endothelial growth me-
dium (EBM-2) (Cat. No. CC-3162), nucleofector kit (Cat. 
No. VPB-1002), and electroporation system were obtained 
from Lonza, Allendale, NJ, USA. FuGENE (Cat. No. 
E2311). FuGENE transfection reagent was procured from 
Promega, Madison, WI 53711 USA. Anti-Alexa Fluor 568 
and −488, CD45.1 (clone 30F11) (Cat. No. 11-0451), and 
Actin (BA3R) (Cat. No. MA5-15739) antibodies were ob-
tained from Thermo Fisher, Waltham, MA, USA. CD31 
(Cat. No. 102410) anti-body was procured from BioLegend, 
San Diego, CA, USA. Anti-MYLK antibodies A-10 (Cat. 
No. SC-515020), which recognizes N-terminus of MYLK-L 
and A8, which recognizes both long and short isoforms of 
MYLK (Cat. No. SC- 365352), respectively, were from 
Santa Cruz Biotechnology, Dallas, TX, USA. Protein A-HRP 
was from Milipore Sigma (Cat. No,18-160). Anti-STIM1 
(Cat. No. 4916; Cat. No. sc-79106) and anti-GFP (Cat. No. 
SC- 9996; D4.1Cat. No. 2956S) antibodies were from Santa 
Cruz Biotechnology or Cell Signaling, Danvers, MA, USA. 
Thapsigargin (Cat. No. 586005), was purchased from EMD 
Millipore, MA, USA. Thrombin (Cat. No. T4393), colla-
genase (Cat. No. 10103578001), and Lipopolysaccharide 
(Cat. No. 2880, 2630) were purchased from Sigma Aldrich, 
St. Louis, MO 63178, USA. Fura 2-AM (Cat. No. F1221), 
Prolong gold anti-fade (Cat. No. P36934) and Dyna beads 
(Cat. No. 11155D) were purchased from Invitrogen, 
Carlsbad, CA, USA. Paraformaldehyde was purchased from 
Fisher Scientific, Hampton, NH, USA. Scrambled (Cat. No. 
D-001810-01-05) and MYLK siRNA were custom made 
from Dharmacon, Lafayette, CO, USA.
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2.2  |  Experimental animals

Animal studies were approved by the Institutional Animal 
Care and Use Committee (IACUC) of University of Illinois 
(UIC). Mylk-L−/− mice breeding pair in a C57Blk/6J back-
ground was obtained from M. Watterson (Northwestern 
University, Chicago, IL).17 Mice colonies were maintained 
at pathogen-free animal housing facility at the University of 
Illinois at Chicago (UIC). C57Blk/6J mice initially acquired 
from The Jackson Laboratory and bred at UIC were used as 
wild-type (WT) controls. All experiments were performed on 
8- to 10-week-old mice.

2.3  |  Fluorescence-activated cell sorting

Mice transducing indicated cDNA were euthanized after 
48 hours of transduction, followed by exposure of the tho-
racic cavity. Five milliliter of cold PBS was then injected via 
the right ventricle to flush the blood from the lungs. Lung 
tissues were minced and enzymatically digested with 1 mg/
mL collagenase A (Roche, New York, NY) for 50 minutes at 
37°C. Digested tissue was passed through a 75-μm nylon fil-
ter to obtain single-cell suspensions. The red blood cells were 
lysed, and cell suspension was washed with FACS buffer. 
Cells were re-suspended in one milliliter of FACS buffer 
and incubated with Fc blocking antibody for 10 minutes, to 
prevent binding of nonspecific FcγRIII/II. Cells were then 
labeled with indicated anti-mouse antibodies (as a cocktail of 
1:100 dilution of anti-CD31, and anti-CD45), for 1 hour on 
ice. Samples were washed and resuspended in FACS buffer 
to a concentration of one million cells/mL and sorted.28 
Sorted cells lysates were then immunoblotted using anti-GFP 
antibody to determine the level of protein expression.

2.4  |  Cell culture

HPAEC and HUVEC were cultured in complete EBM2 
medium in a T-75 flask coated with 0.1% gelatin and sup-
plemented with 10% fetal bovine serum (FBS). Cells were 
maintained at 37°C in a humidified atmosphere of 5% CO2 
and 95% air until they formed a confluent monolayer.41 
Cells were detached using 0.05% Trypsin containing 0.02% 
EDTA and plated on 100 mm dishes. Mouse lung endothelial 
cells (MLECs) were isolated as described.28 Briefly, blood-
free mouse lungs were minced, digested with collagenase at 
37°C for 45 minutes, triturated, and centrifuged at 3000 rpm. 
Cell suspension was incubated with PECAM-1-coated Dyna 
beads for an hour after which ECs were magnetically sorted. 
Isolated EC were plated on fibronectin coated T-25 flask and 
cultured with DMEM containing endothelial growth supple-
ment till confluent. EC were detached using 0.05% Trypsin 

containing 0.02% EDTA and plated on coverslips or dishes as 
required for experiments.

2.5  |  Generation of constructs

A full length GFP-tagged mouse MYLK-L (WT-MYLK-L) 
plasmid was generously provided by Dr. Patricia Gallagher 
(School of Medicine, Indiana University).10 Other con-
structs, m-cherry-STIM1; YFP-MAPPER and YFP-ESYT-3 
were provided by Dr. Jen Liou, Department of Physiology, 
University of Texas Southwestern Medical Center, Dallas, 
TX,35,42,43 FL-MYLK plasmid was cloned into EYFP vec-
tor. To do so, PCR primers were designed to amplify YFP 
from YFP plasmid, pYFP-C1, cat #632524, Clontech, with 
flanking restriction sites, 5ʹ- AgeI and 3ʹ- NotI. The PCR 
fragment was digested with 5ʹ- AgeI and 3ʹ- NotI. The vec-
tor. The digested PCR fragment was then ligated to the 
digested vector. N-MYLK; C-MYLK; ∆DVRGLL-N-
MYLK, ∆DVRGLL-DFRDLL-N-MYLK, and FL-MYLK-
∆DVRGLL mutants were generated from full-length MYLK 
cDNA using the following PCR primers: 5ʹ-GACGACC
TGAAGGACATCCCAGCCGAGCAG-3ʹ MYLKL-end 
-N-terminal-F and 5ʹ-CTGCTCGGCTGGGATGTCCTT
CAGGTCGTC-3ʹ MYLKL-end -N-terminal-R; 5ʹ- ATT
ACATCTAGATCACTCCTCCTCCTCCTC-3ʹ MYLKL-
end -C-terminal-F and 5ʹ- ATTACAGGTACCATGGA
TTTCCGCGCCAAC-3ʹ MYLKL-end -C-terminal-R; 
5ʹ- CCGTCTCTTTTCTCCGTCTTCCTCCTC-3ʹ 
hMYLKL-end -N-terminal-delDVRGLL-F and 5ʹ- 
G A C G G A G A A A A G A G A C G G G T G G A G A C C - 3 ʹ 
hMYLKL-end -N-terminal-DELDVRGLL-R; 5ʹ- GGG
CAGCTGGGAAAGAAGGTGAGCACCAAGACC-3ʹ 
hMYLKL-end -N-terminal-delDFRDLL-F sub cloned into 
pEGFP-N1 vector from Clontech via. Briefly, PCR primers 
were designed with flanking restriction sites, 5ʹ-XhoI and 3ʹ- 
BamHI, to amplify the full length Orai1. The PCR fragment 
was then digested 5ʹ- XhoI and 3ʹ- BamHI and ligated to the 
vector pAmCyan-N1 also digested at the same sites 5ʹ- XhoI 
and 3ʹ- BamHI. In the primers, the bold and italicized base 
pairs indicated restriction sites while the underlined base 
pairs indicated the mutated amino acid. The final PCR prod-
uct “c” was then digested with XhoI and BamHI and ligated 
to pEYFP-N1 vector also digested with the same restric-
tion enzymes to generate the resulting plasmid pEYFP-N1-
STIM1mutants. The ligated reactions were transformed 
into DH5α Subcloning Effiency Competent Cells (Thermo 
Fisher Scientific, Grand Island, NY). The transformed cells 
were plated onto LB plates supplemented with 25 μg/mL 
Kanamycin (Thermo Fisher). After overnight incubation at 
37°C, single colonies were cultured in LB with 25 μg/mL 
Kanamycin overnight. Plasmid DNA was obtained using 
GeneJet Plasmid Miniprep kit (Thermo Fisher Scientific) and 
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analyzed by restriction digestion to confirm the correct size 
of the vector (pEYFP-N1) and insert (MYLK). Further am-
plification of the plasmid DNA was done using NucleoBond 
Xtra Midi Kit (Clontech Laboratories, Mountain View, CA). 
The resulting plasmid was verified for DNA purity and iden-
tity by DNA quantification, gel analysis, and sequencing 
analysis.

2.6  |  MYLK-L siRNA

Three sequences between nucleotides 1428 and 1634 
was custom designed to target MYLK-L expression. 
Target sequence #1; NNGGACUGCGCUGUUAUUGA; 
#2; NNGUGGAAAGGGCUUGCCGUGA; #3; and 
NNUGGGCAGCCACUCCAGUAC. Sequence #3 was 
found to deplete maximally MYLK-L and was used as the 
MYLK-L siRNA for remaining study.

2.7  |  Transfection of cells

Transfection of cDNA in HPAEC, HUVEC or mouse EC 
were done as described previously using FuGene (Promega) 
or Amaxa electroporation (Lonza).28,41,44 cDNA (50 ng) or 
25 nM siRNAs were transfected into HPAEC or HUVEC. In 
experiments requiring co-transfection with siRNAs as well 
with cDNA, siRNA were transduced using Santacruz trans-
fection reagent or Amaxa electroporation and after 24 hours 
cells were transfected with cDNA using FuGENE transfection 
reagents according to the manufacturer's protocol. Confluent 
monolayers were incubated in EBM2 basal medium supple-
mented with 0.1% FBS for 1 hour before stimulation with 
thapsigargin or thrombin. HPAEC were used between pas-
sages 5 and 7.

2.8  |  Cytosolic Ca2+ measurements

An increase in intracellular Ca2+ was measured using the 
Ca2+-sensitive fluorescent dye Fura 2-AM as described.28,44 
Briefly, HPAE or mouse lung EC were transfected with in-
dicated constructs for 24 hours or siRNA for 48 hours, re-
spectively. After respective transfection times, cells were 
serum deprived for 1 hour. They were then loaded with Fura 
2-AM dye for 20 minutes, rinsed three times with Ca2+ free 
HBSS media and placed on the stage of an Axiovert 35 mi-
croscope (Carl Zeiss MicroImaging, Inc) equipped with a 
40× plan-Neofluar objective (NA 1.30 oil). Only YFP trans-
fected cells were selected for Ca2+ measurement. In each 
experiment, at least 4-5 YFP-tagged cells were imaged for 
Ca2+ analysis.

2.9  |  Immunoblotting

Cell or lung tissue were lysed in modified radioimmunopre-
cipitation buffer (50 mM Tris, pH 7.4, 1% deoxycholic acid, 
150 mM NaCl, 0.25 mM EDTA, pH 8.0, 0.5% Nonidet P-40, 
0.1% SDS, 1 mM NaF, 1 mM sodium orthovanadate,1 mM 
phenylmethylsulfonyl fluoride, and 2  g/mL of (leupeptin, 
aprotinin, and pepstatin A) on ice for 20 minutes. In some ex-
periments cell lysates were directly prepared using Laemmli 
buffer.

For assessing MYLK fragmentation following LPS-
induced lung injury, WT, or MYLK null lungs obtained with-
out or with LPS were homogenized in RIPA buffer. Lysates 
containing equal amounts of protein were then treated with 
DTT (10 mM) and mercaptoethanol supplemented in 2X 
Laemmli buffer. Membranes were immunoblotted with 
MYLK antibody raised against N-terminus (A10) followed 
by Protein A-HRP secondary antibody.

2.10  |  Assessment of STIM1 puncta 
formation and ER-PM junctions

Cells were electroporated with control or MYLK-L siRNA 
along with YFP-STIM1 or GFP-MAPPER or ESYT3-GFP 
cDNA and seeded on 35  mm glass bottom dishes (Nunc) 
as described.44 After 48 hours post transfection, cells were 
serum starved in basal media supplemented with 0.1% FBS 
for 1 hour followed by rinsing with PBS. Images were taken 
first in Ca2+ containing buffer followed by Ca2+ and Mg2+ 
free buffer. After few images, cells were treated with 2 μM 
thapsigargin and imaged every 5  seconds for 20 to 30 cy-
cles at 37°C. All confocal images were obtained with a pin-
hole setting of 1 Airy Unit using a Zeiss LSM 880 inverted 
laser scanning system equipped with a heated stage (Warner 
Instruments), Plan-Apochromat 63×/1.4 NA oil immersion 
objective, an Argon (λ  =  458, 488, 514  nm) and diode-
pumped solid-state laser (λ = 561 nm), two photomultiplier 
tubes, and Gallium arsenide phosphide detector. For EYFP-
Stim1, 488 nm or 514 nm illumination was provided by an 
Argon laser and emission was selected with a 530-600 nm 
bandpass filter.

TIRF (total internal reflection fluorescence) microscopy 
was performed using an CFI Apo TIRF 100×/1.49 objective 
on a spinning-disk confocal and TIRF system built around 
a Ti-E Perfect Focus microscope (Zeiss) with an HQ2 cam-
era and an EM camera (c9100-13; Hamamatsu) controlled 
by Micro-Manager software.45 Images were acquired every 
5 seconds for 20-30 cycle after thapsigargin stimulation.

To determine GFP-STIM1 or GFP-MAPPER or GFP-
ESYT3 puncta, images of cells expressing GFP was back-
ground subtracted and subjected to Fourier transformation 
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with a high-pass filter to create binary-like images. The trans-
formed images were subjected to threshold analysis to obtain 
the total number of puncta.

2.11  |  Assessment of lung vascular 
permeability

Mice were exposed to nebulized LPS. Lung edema and 
Evans blue-conjugated albumin (EBA) (20  mg/kg) influx 
across lung parenchyma were determined as indices of vas-
cular permeability, as described previously.28,29,44 Briefly, 
EBA (20 mg/kg) was injected retro-orbitally 30 minutes be-
fore euthanizing the mice. Blood was obtained from the right 
ventricle of the heart into heparinized syringes, and plasma 
was separated. Lungs were homogenized. Lung lysates and 
plasma were incubated with two volumes of formamide for 
18 hours at 55 to 60°C, then centrifuged at 5000 g for 30 min-
utes. The optical density of the supernatant was determined 
spectrophotometrically at 620 nm (Evans blue) and 740 nm 
(hemoglobin correction). EBA extravasation was calculated 
as EBA influx in lung vs that in plasma. For lung edema for-
mation, left lungs from the same mice used for Evans blue 
albumin extravasation were excised and completely dried in 
a 60°C oven overnight for calculation of lung wet-dry ratio.

2.12  |  Liposomal delivery of cDNA for 
rescue experiments

Cationic liposomes were made using a mixture of dimethyl-
dioctadecyl-ammonium bromide and cholesterol in chlo-
roform, as described previously.28,41,44 Vector or indicated 
MYLK-cDNA (50 µg) were mixed with 100 µl of liposomes. 
Liposomes encapsulating cDNA were injected into mouse 
vasculature via retroorbital injection. After 48 hours, mouse 
lungs were used for determining lung vascular permeability. 
EC from lungs receiving cDNA were sorted as above to as-
sess the expression of MYLK.

2.13  |  Image processing and data analysis

The 16-bit images were analyzed with and morphometric 
data were obtained using Fiji (Image J; National Institutes 
of Health) image-processing software, and results were as-
sessed for statistical significance by two-way ANOVA with 
Bonferroni test (for mean ± SD). Automated identification of 
GFP-STIM1, GFP-MAPPER, and GFP-ESYT3 puncta was 
performed using ImageJ 1.49. Individual images were con-
verted into 8-bit and puncta were identified by a threshold set 
via a mixture model, to create a mask image. Using the mask 
images, the number of STIM1-GFP, GFP-MAPPER, and 

GFP-ESYT3 puncta were scored with automatic “Analyze 
Particles” algorithm of ImageJ software and using cluster 
size of 3-100 pixels and circularity 1.0-3.0. The data were 
expressed as the number of puncta per cell and the size range 
was set to ~0.5× to 2× the area of selected puncta. An indi-
vidual data point were performed using GraphPad Prism 6.

2.14  |  Statistical analysis

Statistical differences among groups were assessed using 
a one-way ANOVA followed by paired two tailed t test. A 
value of P < .05 was considered statistically significant.

3  |   RESULTS

3.1  |  MYLK-L increases vascular 
permeability by controlling store-operated 
Ca2+ entry (SOCE)

We first addressed the possible role of MYLK-L in regu-
lating SOCE in EC. We sorted EC from WT and MYLK-L 
null lungs and using antibody raised against N-terminus of 
MYLK , confirmed that fresh endothelium of WT lungs ex-
presses long isoform of MYLK (MYLK-210) (Figure S1A). 
This form was not visible in EC from Mylk-L–/– lungs 
(Figure S1A). Fura2-labeled EC were stimulated with throm-
bin which depletes the ER Ca2+ store via the protease ac-
tivating receptor 1 (PAR1)-phospholipase C pathway.29,31,44 
For comparison, we used thapsigargin to deplete the ER Ca2+ 
store and induce SOCE independent of activation of ligand-
coupled receptors or second messenger systems.29,31,46 We 
observed that, under Ca2+-free bath conditions, EC isolated 
from lungs of either WT or Mylk-L–/– mice showed a simi-
lar increase in intracellular Ca2+due to ER Ca2+ release in 
response to either thrombin or thapsigargin (Figure 1A-D). 
However, loss of MYLK-L significantly reduced Ca2+ entry 
induced upon re-addition of Ca2+ (Figure 1A-D). This func-
tion of MYLK-L was specific to SOCE because stimulation 
of EC with OAG, a cell-permeable analog of DAG that acti-
vates receptor operated Ca2+ channels (ROC),28,47,48 induced 
Ca2+ entry to the same extent in both WT and MYLK-L defi-
cient ECs (Figure S1B,C).

To further corroborate the role of MYLK-L in regulat-
ing SOCE, we depleted MYLK-L in HPAEC using siRNA 
and stimulated them with thrombin or thapsigargin. In these 
experiments, a unique 207-base pair sequence between nu-
cleotides 1428 and 1634, was used to design a MYLK-L-
specific targeting siRNA. Sequence “C” was most effective 
in depleting MYLK-L (Figure  S1D). Immunoblotting with 
anti-MYLK antibody which recognize both long and short 
isoforms of MYLK further confirmed that MYLK-L siRNA 
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depleted 220 kDa MYLK-L isoform but not the other MYLK 
isoforms (Figure S1E). Like mouse EC, depletion of MYLK-L 
in human EC suppressed SOCE (Figure  1E-H), suggesting 
that MYLK-L is required for full activation of SOCE.

As SOCE-induced increase in intracellular Ca2+ leads to 
microvascular hyperpermeability,29,31,44,49,50 we determined 
the role of MYLK-L-regulated SOCE in increasing vascular 
permeability. Thus, we treated WT or MYLK-L null mice 
with PAR1 agonist peptide or thapsigargin and determined 
wet-dry lung ratio and albumin accumulation in the lungs. We 
found that both PAR1 peptide and thapsigargin significantly 
increased lung vascular permeability; however, this response 
was not observed in Mylk-L–/– lungs (Figures 2A,B and S1F). 
We also determined transendothelial electrical resistance 

(TEER) across endothelial monolayer in control and MYLK-
L-depleted EC and found that MYLK-L-depleted EC showed 
markedly suppressed barrier dysfunction both by thrombin 
and thapsigargin (Figure  2C,D). Together, these findings 
demonstrate that MYLK-L-mediated SOCE activity contrib-
utes in increasing endothelial permeability.

3.2  |  MYLK-L depletion impaired STIM1 
puncta formation

STIM1 puncta formation is required to couple ER Ca2+ de-
pletion with activation of SOCE channels such as Orai1 or 
TRPC1 at PM.38,39,51 Therefore, we investigated whether 

F I G U R E  1   MYLK-L augments store-operated Ca2+ entry. A-E, Changes in intracellular Ca2+ concentration in response to thrombin (A-B) 
or thapsigargin (C-D) in EC isolated from WT or Mylk-l−/− lungs. The representative Fura2-AM 340/380 traces in A and C shows a mean Ca2+ 
response from 10-15 EC within a single experiment. Plots in B and D shows mean ± SD of changes in intracellular Ca2+ as reflected by 340:380 
ratio from 3-4 individual experiments. ***, P < .001 compared to thrombin or thapsigargin stimulated MYLK-L null EC following re-addition of 2 
mM Ca2+. E-H, HPAEC were transfected with scrambled or MYLK-L “C” siRNA and changes in intracellular Ca2+ concentration was determined 
in control or MYLK-L-depleted HPAECs following 50 nM thrombin (E-F) or 2 μM thapsigargin (G-H) stimulation. The representative Fura2-AM 
340/380 traces are shown in panels E and G while F and J depict a mean Ca2+ response from 10-15 ECs in a field within a single experiment. Plots 
(F and H) shows mean ± SD of changes in intracellular Ca2+ from 3-4 individual experiments ***, P < .001 compared to thrombin or thapsigargin 
stimulated MYLK-L-depleted (siMYLK) EC following re-addition of 2 mM Ca2+.

(A)

(D)

(G) (H)

(E) (F)

(B) (C)
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MYLK-L regulated STIM1 puncta formation. For imaging 
studies, we used human umbilical vein EC (HUVEC) which 
have similar expression of MYLK as HPAEC (Figure S1G) 
but have higher transfection efficiency. We observed forma-
tion of STIM1 puncta at PM in control EC following thap-
sigargin stimulation (Figure 3A,B). Depletion of MYLK-L, 
however, markedly suppressed-induced STIM1 puncta for-
mation (Figures 3A,B and S1H). Furthermore, these results 
were confirmed in experiments using TIRF microscopy 
(Figure 3C,D), a method allowing selective illumination of 
fluorescent probes within ~100 nm of the PM.52 These re-
sults demonstrate that MYLK-L is required for formation or 
stabilization of STIM1 puncta. We, however, did not observe 
any differences in the expression levels of STIM1 and Orai1 
in MYLK-L-depleted cells (Figure S1I).

3.3  |  MYLK-L increases ER-PM junctions

Studies show that STIM1 accumulates at ER-PM junc-
tions.27,35 Therefore, we tested whether MYLK-L-induced 
STIM1 puncta formation via regulating ER-PM junctions. 
Using TIRF microscopy, we compared the number of ER-PM 
junctions in control and MYLK-L-depleted EC for both 

membrane-anchored peripheral ER marker known MAPPER, 
which selectively labels ER-PM junctions,51,53 and the ex-
tended synaptogamin protein-3 (ESYT-3), which tethers the 
ER to the PM independent of ER depletion.51,53,54 Interestingly, 
the numbers of both MAPPER- and E-SYT3-positive junctions 
were significantly reduced in MYLK-L-depleted ECs com-
pared to control ECs under basal conditions (Figure 4A-D). 
Since MAPPER- and E-SYT3-positive ER-PM junctions were 
not increased after thapsigargin stimulation, that is, insensi-
tive to ER Ca2+ concentration, we concluded that MYLK-L is 
required for stabilization of ER-PM junctions. Therefore, our 
data indicate that MYLK-L maximally activates SOCE by or-
ganizing STIM1 puncta at ER-PM junctions.

3.4  |  MLCK-L augments SOCE through 
N-terminus

MYLK-L has an additional unique stretch of ~919 amino acid 
at the N-terminus not present in smooth or short MYLK iso-
form.8,9,23 Thus, we sought to investigate whether MYLK-L 
regulated SOCE through this stretch. We generated two frag-
ments of full-length MYLK-L (FL-MYLK), the N-terminus 
mutant containing amino acids 1-919 (hereafter, N-MYLK) and 

F I G U R E  2   MYLK-L-induced store-operated Ca2+ entry increases endothelial permeability. A and B, WT or Mylk-l–/– mice received 
vehicle (-), PAR1 agonist peptide or thapsigargin (1 mg/kg body weight) iv and after 30 minutes lung edema (A) or transendothelial albumin was 
quantified. The plot shows individual values along with mean and SD. ***, P < .001 compared to vehicle injected WT mice and MYLK null mice 
after without or with indicated agonists injection. n = 4-6 mice per group. C and D, HPAECs seeded on gold-plated electrodes were transfected 
with scrambled or MYLK-L “C” siRNA and endothelial barrier function was determined by measuring transendothelial electrical resistance 
(TEER) in real time in naive monolayers following 50 nM thrombin (C) or 2 μM thapsigargin (D) stimulation. Plot shows mean ± SD of alteration 
in TEER from 3-4 individual experiments ***, P < .001 compared to MYLK-L-depleted (siMYLK) ECs.

(A)

(C) (D)

(B)
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the C-terminus mutant containing amino acids 920-1951 that is 
similar to smooth muscle (or short) MYLK isoform (hereinaf-
ter, C-MYLK), and determined their roles in promoting SOCE 
(Figure 5A). We found a marked amplification of SOCE activ-
ity in response to either thrombin or thapsigargin in EC over-
expressing the N-MYLK mutant but not the C-MYLK mutant 
(Figures 5B-D and S2A,B). ECs overexpressing C-MYLK mu-
tant exhibited marked kinase activity as evident from increased 
level of MLC phosphorylation compared to cells expressing 
N-MYLK mutant or FL-MYLK (Figure S2C). These data indi-
cate that N-MYLK domain is necessary and enough to promote 
SOCE independent of kinase activity.

To establish the causal relationship between N-MYLK-
dependent formation of STIM1 puncta and the SOCE seen in 
Figure 4 and above, we assessed SOCE in STIM1-depleted 
EC transducing the N-MYLK mutant. Expression of the 
N-MYLK mutant in STIM1-depleted EC failed to augment 

SOCE to the level observed in control cells (Figure 5E-G) 
recapitulating our findings above that N-MYLK maximizes 
SOCE by organizing STIM1 puncta at ER-PM junctions.

3.5  |  DVRGLL actin-binding motif is 
required for MYLK-L augmentation of SOCE

Compared to short MYLK isoform, MYLK-L contains two 
additional motifs which regulate actin remodeling.22,23 The 
DVRGV (L)L (V is replaced by L in mouse) located between 
residues 868-873, and DFRDLL located between residues 895-
901 (Figure 6A). We deleted either both motifs or DVRGLL 
alone in full-length N-MYLK and delineated their roles in 
mediating SOCE activity (Figure 6A). We observed that the 
N-MYLK mutant lacking DVRGLL motif (ΔDVRGLL) 
failed to promote SOCE (Figures 6B,C and S2D), whereas the 

F I G U R E  3   MYLK-L depletion impairs STIM1 puncta formation. A and B, Live-cell confocal images of STIM1-GFP expressed in control 
(SiSc) or MYLK-L-depleted (SiMYLK) HUVEC before and after different times (min, right corner) post thapsigargin challenge. Inserts show 
enlarged part of the cell. Panel A shows a representative image while B shows quantification of STIM1 puncta. C and D, Analysis of STIM1 
puncta using TIRF live-cell images of STIM1-GFP expressed in control or MYLK-L-depleted HUVEC before and after different times (min, right 
corner) post thapsigargin challenge. Panel C shows a representative image while D shows quantification of STIM1 puncta. In A and C, the scale bar 
represents 10 µm. Plot shows mean ± SD of STIM1 puncta per cell from multiple cells (n > 5) from experiments that were repeated three times. **, 
P < .01 and ***, P < .001 compared to naïve siSc transfected ECs and naïve or stimulated MYLK-L-depleted EC.
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N-MYLK mutant lacking both the DVRGLL and DFRDLL 
motifs (ΔDVRGLL-DFRDLL) did not lead to further de-
crease in SOCE (Figures 6B,C and S2D). These data indicate 
that DVRGLL is required for MYLK-L-dependent activation 
of SOCE. Furthermore, transduction of the ∆DVRGLL-N-
MYLK mutant in MYLK-L-/-EC confirmed the requirement 
for the DVRGLL motif in activating SOCE (Figures 6D,E and 
S2E). Deletion of DVRGLL motif from full-length MYLK 
similarly suppressed SOCE (Figure S2F-H).

3.6  |  Transduction of MYLK-L N-terminus 
domain increases vascular permeability in 
lungs of Mylk-L–/– mice

To address the functional role of SOCE-induced by MYLK-L 
in regulating endothelial permeability in kinase independent 

manner, we determined the effect of thapsigargin on MLC 
phosphorylation and TEER in cells transducing NMYLK 
or ∆DVRGLL. We found that in control HPAECs thapsi-
gargin-induced MLC-phosphorylation within 2.5  minutes 
which remains higher than basal level till 5min (Figure S2I). 
Thapsigargin-induced MLC-phosphorylation was not al-
tered in ECs transducing either NMYLK or ∆DVRGLL 
(Figure 7A). However, we found that thapsigargin decreased 
TEER in N-MYLK-L mutant transducing ECs, which did not 
return to basal value during the 2-hour period (Figure 7B). 
Interestingly, thapsigargin transiently decreased TEER in 
∆DVRGLL transducing ECs, leading to rapid recovery of 
barrier function within 1  hour (Figure  7B) suggesting that 
DVRGLL motif-induced SOCE increased endothelial per-
meability independent of MLC-phosphorylation.

MYLK is a substrate for caspase, which cleaves MYLK 
into fragments containing active N-terminus.55 Thus, we used 

F I G U R E  4   MYLK-L promotes store-operated Ca2+ entry by stabilizing ER-PM junctions. A and B, Analysis of ER-PM junctions using TIRF 
live-cell imaging of GFP-ESYT3 in control or MYLK-L-depleted HUVEC before and at different times (min, top right corner) of thapsigargin 
challenge. Panel A shows a representative image while in B quantification of ER-PM junctions is shown. C and D, Analysis of ER-PM junctions 
using TIRF live-cell imaging of GFP-MAPPER in control or MYLK-L-depleted HUVEC before and at different times (min, top right corner) 
of thapsigargin challenge. Panel C shows a representative image while in D quantification of ER-PM junctions is shown. In A and C, the scale 
bar represents 10 µm. Plot shows mean ± SD of STIM1 puncta or ESYT3 puncta per cell from multiple cells (n > 5) from experiments that were 
repeated three times. ***, P < .001 compared to naïve or thapsigargin stimulated siSc transfected ECs.
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antibody raised against N terminus of MYLK-L to assess if 
LPS fragmented MYLK-L. LPS-treated lungs showed reduc-
tion in the intensity of 210 band and appearance of ~150, 100, 
85 kDa fragments not seen in control lungs (Figure S3). One of 
these fragments corresponds to molecular mass of N-MYLK 
(100  kDa). Importantly, none of these fragments were ab-
sent in naïve or LPS exposed MYLK null lungs (Figure S3). 
Based on these observations, we assessed if N-MYLK was 
functional in intact vessels of mice using endotoxin, LPS. 
We delivered GFP alone, N-MYLK-GFP or the ∆DVRGLL 
mutants conjugated to liposomes into vasculature of Mylk-l–/– 
mice and exposed these mice to LPS 48 hours later. As ex-
pected, LPS failed to increase lung vascular permeability in 

MYLK-L null mice transducing the GFP vector. However, 
transduction of N-MYLK but not the ΔDVRGLL-N-MYLK 
mutant in MYLK-L null mice restored lung vascular perme-
ability in response to LPS to the level observed in WT mice 
(Figure 7C,D), suggesting that N-MYLK alone contributes to 
vascular leakage by activating SOCE.

4  |   DISCUSSION

Besides the catalytic domain that regulates the endothelial 
contractility MYLK-L contains an N-terminal domain of 
unknown function. Our study showed that the N-terminus 

F I G U R E  5   N-terminal domain of MLCK-L amplifies and sustains SOC activity. A, Schematic presentation of N- (1-919 aa; N-MYLK) and 
C- (920-1951 aa; C-MYLK) fragments of MYLK-L (FL-MYLK) cloned into an EYFP vector. B, Immunoblot showing expression of vector (YFP), 
C- or N-MYLK in HPAEC. HPAEC transducing indicated cDNA were lysed after 24 hours and expression of mutants was assessed using anti-GFP 
(which also detects YFP expression) antibody. Actin served as a loading control. C and D, Changes in intracellular Ca2+ concentration in response 
to thapsigargin in HPAEC expressing indicated MYLK-L fragments. Panel C shows a representative Fura-2AM 340/380 traces while D shows 
mean ± SD of intracellular Ca2+ 340/380 from 3-4 individual experiments. ***, P ≤ .001 compared to thapsigargin stimulated vector or C-MYLK 
expressing HPAEC post addition of 2mM calcium. E, Immunoblot of control or STIM1-depleted HPAEC transducing N-MYLK-L. HPAEC were 
first transfected with control or STIM1 siRNA. After 24 hours these cells were again transfected with N-MYLK was STIM1 and N-MYLK-L 
cDNA. Cells were then lysed after 48 hours and expression of indicated cDNA and STIM1 depletion was determined using indicated antibodies; 
anti-β-actin antibody was used as a loading control. F and G, Changes in intracellular Ca2+ concentration in response to thapsigargin in control and 
STIM1-depleted HPAEC expressing N-MYLK-L cDNA. Panel F shows representative 340/380 Fura2 traces while G shows mean ± SD of data 
from 3-4 individual experiments. ***, P ≤ .001 compared to thapsigargin stimulated control ECs or STIM1-depleted EC expressing N-MYLK post 
addition of 2 mM calcium.
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of MYLK-L promoted SOCE independent of the catalytic 
activity of the enzyme. We also demonstrated a novel role 
of the “DVRGLL” motif located within the N-terminus in 
inducing pulmonary edema in response to LPS. We showed 
that the DVRGLL motif within the N-terminus of MYLK-L 
increases ER-PM junctions enabling STIM1 puncta translo-
cation to these junctions and thereby augmentation of SOCE 
and lung injury.

MYLK-L belongs to the family of Ca2+-calmodulin-
dependent kinases. Under basal conditions, MYLK is au-
to-inhibited due to interaction of basic residues within 
the inhibitory domain of the enzyme with the acidic res-
idues within the catalytic core.56 A rise in cytosolic Ca2+ 
and calmodulin binding is required for conformational 
changes enabling activation of MYLK-L kinase and MLC 
phosphorylation which in turn can increase endothelial 

F I G U R E  6   MYLK-L promotes SOCE through DVRGLL actin-binding motif. A, Schematic representation of N-MYLK-L mutant or mutants 
lacking one (∆DVRGLL) or two (∆DVRGLL-DFRDLL) actin-binding motifs. B and C, Changes in intracellular Ca2+ concentration in response to 
thapsigargin in HPAEC expressing indicated mutants. Panel B shows representative Fura-2AM 340/380 traces while C shows mean ± SD from 3-4 
individual experiments. ***, P ≤ .001 compared to thapsigargin stimulated ∆DVRGLL or ∆DVRGLL-DFRDLL mutant expressing HPAECs post 
addition of 2mM calcium addition. D and E, Changes in intracellular Ca2+ concentration in response to thapsigargin in Mylk–/– lung EC expressing 
either ∆DVRGLL-N-MYLK or N-MYLK mutants. Panel D shows representative Fura-2AM 340/380 traces while E shows mean ± SD from 3-4 
individual dishes. ***, P ≤ .001 compared to thapsigargin stimulated vector or ∆DVRGLL mutant expressing MYLK-L null EC post addition of 
2mM calcium addition.
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permeability.30,31,49,57 The findings of the current studies 
revealed a novel kinase-independent function of MYLK-L 
in regulating SOCE and Ca2+ signaling in ECs. This func-
tion of MYLK-L required the unique N-terminal domain of 
MYLK-L. The ectopic expression of N-MYLK-L mutant 
markedly enhanced SOCE in ECs, whereas overexpression 
of the C-MYLK mutant (similar to short isoform of MYLK) 
had no effect even though C-MYLK mutant increased MLC 
phosphorylation. Furthermore, transduction of an N-MYLK 
mutant in MYLK-L deficient EC but not ∆DVRGLL-N-
MYLK mutant promoted SOCE to the level observed in 
WT-EC. We also showed that N-MYLK mutant increased 
SOCE and endothelial permeability without altering the in-
crease in MLC-phosphorylation. Further studies showed that 
loss of MYLK-L impaired vascular permeability responses 
to permeability increasing mediators such as thrombin and 
endotoxin as well as thapsigargin, consistent with published 
studies.6,16,17,19 A caveat is that these studies do not rule out 
if MYLK-L from other cell types compensated in regulat-
ing vascular permeability since Tie2-cre-mediated deletion 
of MYLK-L in mice did not alter LPS-induced lung vascular 

permeability.20 However, we showed that transduction of 
N-MYLK but not ∆DVRGLL-N-MYLK mutant in MYLK-
null mice rescued lung edema formation by LPS. Thus, our 
findings suggest that MYLK-L maximizes SOCE via the 
N-terminus domain leading to disruption of the EC barrier.

Activation of SOCE requires coordinated integration be-
tween multiple pathways.31-34 Upon depletion of ER stores, 
STIM1 forms puncta that are redistributed to the ER-PM 
junctions for targeted activation of Orai1 and TRPC1/4 chan-
nels at the PM. In this context, several proteins including 
CRACR2A, STIMATE, SARAF, septins, and RASSF4 are 
known to regulate SOCE by regulating the STIM1 activ-
ity.51,58-60 Whereas STIM1 puncta formation may be modu-
lated by posttranslational modifications of STIM144,61-63 our 
findings demonstrated that the N-MYLK mutant, which lacks 
kinase activity, promoted SOCE in MYLK deficient EC, rul-
ing out the role of MYLK enzymatic activity in regulating 
STIM1 puncta. Notably, we showed MYLK-L functioned by 
forming ER-PM junctions since formation of all MAPPER- 
and E-SYT 3-positive ER-PM junctions were significantly 
compromised in MYLK-L-depleted cells. We speculate 

F I G U R E  7   N-MYLK rescues lung vascular permeability. A and B, HPAEC were transduced either with vector, NMYLK or ∆DVRGLL-N-
MYLK mutants and plated on either six well plates or TEER electrodes. After 24 hours, MLC phosphorylation (A) or endothelial barrier function 
(TEER) (B) was determined following stimulation with thapsigargin. MLC phosphorylation was determined using phosphor-MLC antibody 
at indicated times. Actin was used as a loading control. Data show mean ± SD from 3-4 individual experiments. ***, P ≤ .001 compared to 
∆DVRGLL-N-MYLK mutant expressing HPAEC. C and D, Pulmonary edema in Mylk-L–/– mice expressing YFP, N-MYLK, or ∆DVRGLL-N-
MYLK mutant following LPS exposure. (B) Immunoblot analysis with anti-GFP antibody shows expression of indicated mutants in lung EC. EC 
(CD31+/CD45-) were flow-sorted from lungs of mice expressing indicated mutants. n = 5 mice per group). ***, P ≤ .001 compared to unexposed 
WT mice or MYLK null mice expressing indicated cDNA after without or with LPS challenge.
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that through this function MYLK-L enables STIM1 redis-
tribution to PM followed by protracted SOCE influx under 
inflammatory conditions. While ER-PM junctions are not 
completely lost in MYLK-L-depleted ECs, these junctions 
are not sufficient for maximal STIM1 activation of SOCE. 
We also showed that N-MYLK failed to rescue SOCE in 
STIM1-depleted ECs demonstrating the STIM1 requirement 
for MYLK-L-dependent regulation of SOCE. Thus, our find-
ings demonstrate that MYLK-L has a crucial role in enhanc-
ing SOCE and does so by stabilizing ER-PM junctions and 
STIM1 redistribution at these junctions.

How DVRGLL motif in MYLK-N-terminus increased 
ER-PM junctions needs to parse out but some speculations 
can be made. Actin cytoskeletal remodeling can promote 
anchoring of subcellular organelles including the ER to the 
PM,43,64-66 which we surmise can promote ER-PM junction 
formation. Consistent with this concept, we showed that 
the actin-binding DVRGLL motif located in the N-terminal 
domain of MYLK-L is required for maximal SOCE. We 
showed that loss of the DVRGLL motif caused significant 
impairment of SOCE upon thapsigargin stimulation, in 
agreement with the proposed role of MYLK-L in EC. In 
addition, N-MYLK but not N-MYLK lacking DVRGLL 
rescued full activation of SOCE in EC isolated from 
Mylk-l–/– lungs. These findings suggest that the DVRGLL 
motif within MYLK-L serves as a scaffold to locally orga-
nize actin cytoskeleton remodeling at the sites of ER-PM 
junctions enabling distribution of STIM1 puncta and as-
sociated activation of SOCE. It is also possible that the 
DVRGLL may function via other actin crosslinking pro-
teins such as filamin-A, which is known to facilitate STIM1 
ER-PM junctions and thereby SOCE66-68

Studies show that caspases activated upon vascular injury 
cleaves MYLK-L into smaller constitutively active MYLK 
fragments.55 We showed that LPS-induced MYLK-L cleav-
age leading to generation of several N-terminus containing 
MYLK-L fragments including one which corresponds to 
N-MYLK-L in molecular mass. Further, we established here 
the critical role of the DVRGLL motif of N-MYLK-L in 
disrupting endothelial barrier function by enhancing SOCE. 
Strikingly, we showed that liposomal delivery of N-MYLK 
increased vascular permeability in MYLK-L null mice and 
this function of MYLK-L required an intact DVRGLL-motif. 
Adherens junctions (AJ) formed via complexes of VE-
cadherin and associated catenin proteins are required to es-
tablish the endothelial barrier.1-3 It is also known that SOCE 
can directly influence AJ via posttranslational modification 
of β- and p120-catenin proteins or VE-cadherin through tyro-
sine and serine/threonine kinases such as Src, protein kinase 
C, Rho kinase, and Src.1-3 Thus, it is possible that N-MYLK-
induced SOCE increases vascular permeability by altering 
the phosphorylation status of constituents of AJs.

Taken together, our data for the first time describe the here-
tofore unknown function of the actin-binding motif within 
the N-terminal domain of MYLK-L in regulating vascular 
permeability by augmenting SOCE through the formation of 
STIM1 puncta at ER-PM junctions. Our studies indicate that 
N-terminal domain reported here maximizes the increase in 
vascular permeability by placing Ca2+ entry upstream of ac-
tin-myosin contraction. In this sense, the DVRGLL motif in 
MYLK-L represents a novel target for treating vascular leak 
disorders such as ALI without compromising the contractile 
function of ECs.
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