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Sp1-mediated nonmuscle myosin light chain kinase expression
and enhanced activity in vascular endothelial growth factor-
induced vascular permeability
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Abstract: Despite the important role played by the nonmuscle isoform of myosin light chain kinase (nmMLCK) in vascular barrier
regulation and the implication of both nmMLCK and vascular endothelial growth factor (VEGF) in the pathogenesis of acute respiratory
distress syndrome (ARDS), the role played by nmMLCK in VEGF-induced vascular permeability is poorly understood. In this study, the
role played by nmMLCK in VEGF-induced vascular hyperpermeability was investigated. Human lung endothelial cell barrier integrity in
response to VEGF is examined in both the absence and the presence of nmMLCK small interfering RNAs. Levels of nmMLCK messenger
RNA (mRNA), protein, and promoter activity expression were monitored after VEGF stimulation in lung endothelial cells. nmMYLK pro-
moter activity was assessed using nmMYLK promoter luciferase reporter constructs with a series of nested deletions. nmMYLK transcrip-
tional regulation was further characterized by examination of a key transcriptional factor. nmMLCK plays an important role in VEGF-
induced permeability. We found that activation of the VEGF signaling pathway in lung endothelial cells increases MYLK gene product at
both mRNA and protein levels. Increased nmMLCK mRNA and protein expression is a result of increased nmMYLK promoter activity,
regulated in part by binding of the Spl transcription factor on triggering by the VEGF signaling pathway. Taken together, these findings
suggest that MYLK is an important ARDS candidate gene and a therapeutic target that is highly influenced by excessive VEGF concentra-
tions in the inflamed lung.
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Acute respiratory distress syndrome (ARDS) is an inflammatory
lung disease characterized by diffuse alveolar infiltration, hypox-
emia, respiratory failure, and death due to multiorgan failure. Mor-
tality rates in ARDS, the most severe clinical form of acute lung
injury, are up to 60% of patients admitted," with ~150,000-200,000
ARDS cases per year in the United States.” Furthermore, ARDS
constitutes a major healthcare burden in the United States due to
intensive and often prolonged intensive care unit hospitalizations. In
addition to these epidemiologic studies, race and sex differences in
ARDS deaths in the United States over the past several decades have
clearly demonstrated an increase in incidence and mortality due to
sepsis and acute lung injury in African Americans and Latinos com-
pared with non-Latino whites,>* highlighting the contribution of ge-
netic components in disease susceptibility and severity.”'?

Increased lung vascular permeability is a major pathobiologic
feature of ARDS and drives morbidity and mortality. At a mecha-
nistic level, increased gaps between lung endothelium are directly
related to the extent of lung fluid imbalance and lung edema. The

nonmuscle isoform of myosin light chain kinase (nmMLCK) is an
important component of endothelial cell (EC) gatekeeping machin-
ery, as nmMLCK regulates actin cytoskeleton rearrangements and
contraction."”> nmMLCK is a calcium/calmodulin (Ca**/CAM)-
dependent serine/threonine kinase, and its major function is to phos-
phorylate myosin light chain (MLC). The MYLK gene, located on
3q21, encodes three proteins (nonmuscle MLCK, smooth muscle
MLCK, and telokin) via three independent promoters. The nmMYLK
promoter, or the promoter specific to nmMLCK, regulates the full-
length (210-kDa) nonmuscle MLCK protein isoform. The nmMLCK
isoform is primarily expressed in nonmuscle tissues, including ECs.
Phosphorylation of MLC at Thr'* and Ser'”> by nmMLCK drives as-
sembly of actin monomers into polymers or stress fibers and further
signals the contraction of actin stress fibers. The important role
played by nmMLCK during vascular barrier regulation has been
highlighted in vivo; MYLK '~ mice have been shown to be pro-
tected from both lipopolysaccharide (LPS)-induced lung injury'®
and ventilator-induced lung injury (VILI),'” whereas genetically
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engineered MYLK “/* transgenic mice, in which overexpression of
nmMLCK is restricted to the vascular endothelium, experience in-
creased LPS-induced lung injury.'® In addition, up-regulation of
the nmMLCK isoform is observed in lung tissues obtained from
asthmatic patients where asthma is characterized by chronic inflam-
mation of the airway,' underscoring the important role played by
nmMLCK in various inflammatory lung diseases.>”'*"?

The exact signaling mechanisms that result in enhanced nmMLCK
expression and activation are poorly understood. Vascular endothe-
lial growth factor (VEGF) is a proangiogenic glycoprotein that is
essential for a variety of cellular processes, including angiogenesis,
cell proliferation, and cell migration.”**> VEGF, originally named
vascular permeability factor for its profound effects on vascular bar-
rier function, was discovered as a tumor-secreted protein that led to

2426 and is

venular hyperpermeability to circulating macromolecules
known to increase lung EC permeability.>” Since its discovery, VEGF
has been implicated in a wide range of inflammatory diseases, in-
cluding pulmonary inflammation, such as ARDS, VILI, fibrosis, and
asthma.**

While VEGF plays a critical role in organogenesis,”*>* its expres-
sion in lungs persists into adulthood and remains the predominant
source of VEGF in adults.***® Given the physiological role played
by VEGF in lung maintenance and homeostasis, the involvement of
VEGF in the pathogenesis of ARDS has been well investigated.®*"**
Several studies have shown that VEGF is present at higher levels in
the plasma of ARDS patients than non-ARDS patients®>*’

as phase-dependent increases in VEGF levels during the initial stage

as well

of ARDS.*® In addition, single-nucleotide polymorphisms (SNPs) in
VEGFA are associated with high ARDS mortality rates.>

Despite the important role played by nmMLCK in vascular bar-
rier regulation and the implication of both nmMLCK and VEGF in
the pathogenesis of ARDS, the role played by nmMLCK in VEGEF-
induced vascular permeability is poorly understood. In this study,
the role played by nmMLCK in VEGF-induced vascular hyperper-
meability was investigated, and nmMLCK was found to play an im-
portant role in increasing VEGF-induced permeability via increased
nmMYLK promoter activity, messenger RNA (mRNA) and protein
expression, and enzymatic activity. In addition, the nmMYLK pro-
moter is partially regulated by activation of the Sp1 transcription fac-
tor upon triggering of the VEGF signaling pathway. Taken together,
these findings suggest that MYLK is an important ARDS candidate
gene and a therapeutic target that is highly influenced by excessive
VEGF expression and activity in the inflamed lung,

METHODS

Reagents

Human recombinant VEGF165 was obtained from Sigma-Aldrich
(St. Louis, MO). All other reagents were obtained from Sigma-
Aldrich unless otherwise noted. Antibodies were obtained as fol-
lows: Texas Red phalloidin from Life Technologies (Grand Island,
NY); nmMLCK (A20) and Spl from Santa Cruz Biotechnology
(Santa Cruz, CA); and anti-diphosphorylated MLC and pan-MLC
from Cell Signaling (Danvers, MA).
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Cell culture and transfections

Human pulmonary artery ECs (Lonza, Walkersville, MD) were cul-
tured as described elsewhere.** Small interfering RNAs (siRNAs)
were obtained from Dharmacon (Lafayette, CO; firefly luciferase
siCONTROL#2, human nmMLCK custom siRNA sequence GGAAA-
GAGGUGACCAAUGUUU, and human Spl [6667] TARGETplus
siRNA) and transfected into lung ECs using siPORTAmine (Dhar-
macon; silencing, 3 days; final concentration, 100 nM). The enhanced
green fluorescent protein (EGFP)-tagged nmMLCK (wild-type iso-
form 1; hereafter, EGFP-nmMLCK) mammalian expression vector
was constructed as described elsewhere.*"**> The EGFP-nmMLCK
(5 ug/mL concentration for 24 hours) and all nmMYLK promoter
constructs (5 ug/mL concentration for 24 hours; generation details
are provided below) were transfected into lung ECs using Xfect
(Clontech, Mountain View, CA) before stimulations were conducted
as detailed in individual experiments.

Transendothelial electrical resistance (TER)

TER measurements were performed using an electrical cell-substrate
impedance sensing system (Applied Biophysics, Troy, NY), as de-
scribed elsewhere.*> TER values from each microelectrode were
pooled as discrete time points and plotted versus time as the mean +
SEM.

Immunofluorescence

Lung ECs were immunostained and imaged as described else-
where.*! Fluorescence was as follows: blue, 461 nm (nuclei); red,
565 nm (F-actin); and green, 509 nm (EGFP-nmMLCK).

Western blotting

Lung EC protein was isolated and blotted as described elsewhere.**
Band intensity was quantified using Image], normalized to f-actin
or glyceraldehyde-3-phosphate dehydrogenase control, and expressed
as arbitrary units.

Promoter plasmid generation and

luciferase promoter assay

The nmMYLK promoter region was synthesized by GenScript (Pis-
cataway, NJ) and cloned into pGL3-Basic vector (Promega, Madison,
WI). This region of DNA included 2,535 bp of sequence upstream of
the nmMYLK promoter (NM_053025.3) located on chromosome
3q21, containing 2,431 bp of 3’ untranslated region, 97 bp of exon 1,
and 7 bp of intron 1. To create promoter deletion constructs, a series
of primers was designed to amplify each length (—2,441, —2,111,
—-1,751, —1,471, —1,211, —831, —420, —271, —220, and —118 relative
to the transcription start site). Luciferase promoter assays were
performed as described elsewhere."!

mRNA extraction, complementary DNA (cDNA) syn-
thesis, quantitative polymerase chain reaction (qPCR),
and chromatin immunoprecipitation (ChIP) analysis
mRNA was isolated from lung ECs using RNA isolation kits (Pro-
mega). cDNA was synthesized using the High-Capacity cDNA Re-



verse Transcription Kit (Applied Biosystems, Foster City, CA). mRNA
expression was measured using qPCR (1 xL of cDNA mixed with 2x
SYBR Select Master Mix [Applied Biosystems] and 500 nM forward
and reverse primers). qQPCR was performed using iCycler (Bio-Rad,
Hercules, CA; 50°C for 2 minutes, 95°C for 2 minutes, and 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute). ChIP analysis of
DNA bound to Spl protein complexes was performed using the EZ-

Pulmonary Circulation Volume 5 Number 4 December 2015 | 709
1.1
1.0-Jg, R —
| g :. Yy Yo
\v
094 =
T
7 :":;.
o i“! ‘::::
| iy J_J_J_L_Lw

Magna ChIP assay (Millipore, Billerica, MA).

In silico promoter analysis
Genomatix software (Munich, Germany; http://www.genomatix.de)
was used to predict transcription factor binding motifs on nmMYLK
core promoter (—2,500 to 0). Sites were computationally predicted
with predefined transcription factor binding modules*>*®

moter Module Library (Genomatix).

in the Pro-

Statistical analysis
Analysis of variance tests were used for all comparisons. Statistical
significance was defined as P < 0.05.

RESULTS

Dependence of VEGF-induced increased lung

vascular permeability on nmMLCK

Disruption of lung EC barrier integrity was assessed using TER, a
highly sensitive measurement of EC barrier integrity. VEGF stimu-
lation (5-200 ng/mL) induced dose- and time-dependent reduction
in TER (Fig. 1), indicating lung EC barrier permeability. VEGF
stimulated time-dependent formation of actin stress fibers, a hall-
mark of loss of EC integrity, within lung ECs (Fig. 24). Overexpres-
sion of nmMLCK, an essential component of endothelial barrier
regulatory machinery, in lung ECs resulted in colocalization of
nmMLCK along VEGF-induced stress fibers (Fig. 24). In addition,
nmMLCK enzymatic activity, as indicated by phosphorylation of its
substrate MLC, is increased where MLC Thr'* and Ser!'®
phorylated in a time-dependent manner after VEGF stimulation
(Fig. 2B). TER measurement of lung ECs transfected with nmMLCK
siRNA demonstrates an attenuation of VEGF-induced barrier dis-
ruption compared with control siRNA (Fig. 2C), highlighting the
role played by nmMLCK in exacerbating the loss of barrier integrity
caused by VEGF.

are phos-

Increased nmMLCK gene and protein

expression due to VEGF stimulation

We previously demonstrated that nmMLCK expression is up-
regulated in asthmatic lung tissues in both preclinical mouse models
and human patients;19 therefore, we further examined whether VEGF
stimulation regulates expression of nmMLCK in lung ECs. After
VEGF stimulation, lung ECs demonstrated an approximate fivefold
increase in nmMLCK mRNA expression (Fig. 3A). nmMLCK pro-
tein expression also increased significantly after VEGF stimulation
(Fig. 3B). In addition, transfection of the full-length 2.5-kb nmMYLK
promoter (—2.5 kb/=2,562 bp) construct in lung ECs followed by
VEGF stimulation resulted in significantly increased nmMYLK pro-
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Figure 1. Dose- and time-dependent loss of endothelial cell (EC)
barrier integrity due to vascular endothelial growth factor (VEGF).
Lung ECs were plated on gold microelectrodes for transendothelial
electrical resistance (TER) measurements and stimulated at time =
0 with phosphate-buffered saline vehicle (black), 5 ng/mL VEGF
(red), 50 ng/mL VEGF (yellow), 100 ng/mL VEGF (green), or 200
ng/mL VEGF (blue). The TER tracings represent resistance (£2)
measurements over time (normalized to 1), where decreased resis-
tance indicates increased permeability. Three independent TER ex-
periments were performed, with representative TER tracings shown.
Rapid cytoskeletal changes were monitored in all subsequent experi-
ments at earlier time points (5 minutes to 6 hours), while long-term
promoter activity and messenger RNA or protein levels were mon-
itored at 24 hours to allow for transcriptional and translational
changes. Veh: vehicle.

moter activity compared with that in unstimulated lung ECs (Fig. 3C).
The combined data on increased expression of mRNA and protein
levels as well as promoter activity confirm the overall increase in
MYLK gene activation by VEGF in lung ECs.

Transcriptional regulation of the

nmMYLK promoter by VEGF

On the basis of the findings that nmMYLK promoter activity is
dramatically increased upon VEGF stimulation in lung ECs, we
sought to determine the mechanisms of nmMYLK promoter up-
regulation by VEGF stimulation. Utilizing in silico bioinformatics
software (Genomatix) to assess predicted transcription factor bind-
ing motifs in the nmMYLK promoter, potential transcription bind-
ing factors for the nmMYLK promoter were identified. Among the
total of >750 motifs predicted, 36 transcription factors were identi-
fied that are implicated with or known to be associated with the
VEGF pathway (Fig. 4A). To determine the smaller region of the
promoter that is critical for promoter activation in response to
VEGEF, various lengths of nmMYLK promoter fragments were cloned
in front of the luciferase gene in a pGL3-Basic vector lacking eukary-
otic promoter elements (Fig. 4B), and the promoter activity of the
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Figure 2. Dependence of VEGF-induced permeability on nmMLCK. A, Enhanced green fluorescent protein (EGFP)-tagged nmMLCK
(EGFP-nmMLCK) was overexpressed42 in lung endothelial cells (ECs) and then challenged with vehicle or VEGF (100 ng/mL) for 5 or
30 minutes. EGFP-nmMLCK (green) initially migrates to the cell periphery (5 minutes), which is followed by translocation and co-
localization with VEGF-induced actin stress fibers (red) at 30 minutes. Three independent experiments were performed, with represen-
tative images shown. B, Confluent lung ECs were stimulated with vehicle or VEGF (100 ng/mL) for 1, 3, 6, or 24 hours. Western blot
analysis was conducted with phospho-myosin light chain (MLC-pp; specific for Thr'* and Ser'®), pan-MLC, and pan-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies as indicated. Increased MLC phosphorylation after VEGF stimulation peaks at 1 hour.
Three independent experiments were performed, with representative blots shown. C, Lung ECs were plated on gold microelectrodes for
transendothelial electrical resistance (TER) measurements prior to nmMLCK silencing by means of small interfering RNAs (siRNA).
Lung ECs were next stimulated with vehicle or VEGF (100 ng/mL, 24 hours). VEGF-induced EC barrier disruption was significantly
attenuated by nmMLCK siRNA (sinmMLCK) but not by control siRNA (siCONT). Inset shows Western blot demonstrating nmMLCK
protein silencing. Four independent TER experiments were performed, with pooled data represented as bar graphs. *P < 0.05 versus

control siRNA. nmMLCK: nonmuscle isoform of myosin light chain kinase; VEGF: vascular endothelial growth factor; Veh: vehicle.

various fragments were analyzed using a luciferase reporter assay.
The full-length 2.5-kb promoter fragment increased the relative lu-
ciferase activity (luciferase/renilla) by approximately threefold in
the presence of VEGF compared with that in untreated lung ECs
(Fig. 4B). However, while the 0.4-kb fragment significantly increased
relative luciferase activity after VEGF stimulation (Fig. 4B), further
deletion of the promoter to a 0.3-kb fragment showed a loss of rel-
ative luciferase activity induced by VEGF (Fig. 4B). These results
indicate that VEGF stimulation in lung ECs causes an increase in
nmMYLK promoter activity and that the critical VEGF-responsive
sequence lies between —450 and —331 bp from MYLK exon 1.

On the basis of transcription factor binding motif predictions
and the identification of a critical VEGF-responsive region of the
nmMYLK promoter, the binding of a predicted transcription fac-
tor, Spl, on the nmMYLK promoter between —450 and —331 bp
was examined using the ChIP technique (Fig. 54). Spl is a ubiq-

uitously expressed C2H2-type zinc finger DNA-binding transcrip-
tion factor that is involved in such biological processes as cell growth,
differentiation, apoptosis, angiogenesis, and immune response.*’ Spl
recognizes the sequence aactgGGGCggtgcagg and has a high affinity
for GC-rich sequences. ChIP analysis using an Spl antibody demon-
strated enrichment of a nmMYLK promoter fragment containing
Sp1 binding sites from VEGF-treated lung ECs compared with that
in control cells (Fig. 5B). ChIP analysis using a negative control
immunoglobulin G antibody resulted in negligible enrichment of
nmMYLK promoter sequence with or without VEGF (Fig. 5B).

The importance of Spl in EC barrier integrity was validated by
the fact that silencing Sp1 by means of siRNA significantly attenu-
ated VEGF-induced increases in nmMLCK mRNA expression in
lung ECs (Fig. 5C). In addition, silencing Sp1 by means of siRNA
significantly attenuated VEGF-induced vascular permeability in lung
ECs by TER measurements (Fig. 5D). Taken together, these results
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Figure 3. Increase in nmMLCK messenger RNA (mRNA) and protein levels and in nmMYLK promoter activity due to vascular
endothelial growth factor (VEGF). Confluent lung endothelial cells (ECs) treated with VEGF (100 ng/mL, 24 hours) showed a marked
increase in nmMLCK mRNA levels (A) compared with vehicle, and confluent lung ECs treated with VEGF (100 ng/mL, 24 hours) also
showed a marked increase in nmMLCK protein levels (B) compared with vehicle. Three independent experiments were performed, with bar
graphs representing fold change in pooled densitometry measurements. *P < 0.05 versus vehicle. C, Full-length nmMYLK promoter
(nmMYLK-Luc, —2.5 kb/—2,562 bp) and pGL3 control luciferase constructs were overexpressed in lung ECs and then treated with VEGF
(100 ng/mL) for 24 hours. VEGF dramatically increased nmMYLK promoter activity compared with the pGL3 control construct, as detected
by luciferase reporter activity. Three independent experiments were performed, with bar graphs representing pooled promoter activity
readings as relative light units (RLU). *P < 0.05 versus vehicle nmMYLK-Luc. GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
nmMLCK: nonmuscle isoform of myosin light chain kinase; Veh: vehicle.

confirm that Spl binds to the critical region of nmMYLK pro-
moter and that Spl increases VEGF-induced vascular permeability
by increasing expression of nmMLCK.

DISCUSSION

Despite efforts to improve our understanding of the development of
various pulmonary inflammatory diseases such as ARDS, the molec-
ular mechanisms underlying these pathophysiologies remain un-
clear. The regulation of vascular permeability is a well-orchestrated
process in maintaining fluid homeostasis that requires finely tuned
responses to various physiological stimuli. ECs form a tight cell mono-
layer lining the inner vessel, and this wall is the key gatekeeper
separating the bloodstream and tissue interstitium.**** Failure to
maintain such regulation leads to detrimental inflammation in lungs
and development of conditions such as ARDS, VILI, and asthma. In
an effort to better understand the etiology of pulmonary inflamma-
tion and to develop novel pharmacotherapies, our group previously
used genomic-intensive approaches to identify potential ARDS- and
VILI-susceptibility candidate genes®>* and identified the MYLK
gene as a candidate gene for sepsis-associated and trauma-associated
ARDS.>'® Our previous in vivo studies in an LPS-induced lung in-
jury model demonstrated that nmMLCK-dependent MLC phosphor-
ylation resulted in increased actomyosin contraction and reorgani-
zation within ECs, leading to disruption of vascular barrier integrity”
and subsequently causing alveolar flooding and profound vascular
leakage.”*® Consistent with the highly multifunctional nature of
the MYLK gene product in inflammation, our group has also previ-

ously identified MYLK coding SNPs as risk variants in three asth-
matic populations of African descent (i.e., Chicago Collaborative
Study on the Genetics of Asthma [CSGA], Baltimore CSGA, and
Barbados).'®'® Furthermore, a recent study by Wang et al.'” dem-
onstrated that nonmuscle isoforms of MYLK gene products are up-
regulated during asthmatic inflammation. Taken together, these
studies underscore the importance of elucidating the exact func-
tional role played by nmMLCK in barrier regulation and inflamma-
tory lung injury. VEGF, originally named vascular permeability fac-
tor, also has profound effects on vascular permeability via junctional
protein structure remodeling and cytoskeleton reorganization. Sim-
ilar to nmMLCK, VEGEF has been associated with the pathophysiol-
ogy of ARDS and asthma.*"**

Despite the important role played by nmMLCK in vascular bar-
rier regulation and the implication of both nmMLCK and VEGF in
the pathogenesis of ARDS, the role played by nmMLCK in VEGF-
induced vascular permeability is poorly understood. In this study,
we initially sought to examine whether VEGF-induced vascular per-
meability is nmMLCK dependent by using an in vitro permeability
assay. Measurement of electrical resistance across the cultured lung
EC monolayer demonstrated VEGF-induced decreases in TER, indi-
cating disruption of vascular barrier and paracellular gap formation
between lung ECs. The formation of contractile actin stress fibers
was also observed in lung ECs treated with VEGF, in addition to
colocalization of overexpressed nmMLCK with stress fibers. Increased
enzymatic activity of nmMLCK after VEGF stimulation in lung ECs
was also indicated by phosphorylation of MLC on Thr'* and Ser."®
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Figure 4. nmMYLK promoter VEGF-associated transcription factor binding motif predictions and identification of a VEGF-responsive
nmMYLK promoter region. A, Schematic depiction of predicted transcription factor binding sites (using Genomatix software) on the
nmMYLK promoter (2.5 kb upstream of the transcription start site and noncoding exon 1). Thirty-six transcription factor binding modules
are shown on top. Red indicates known VEGF effectors. B, Full-length nmMYLK promoter (2.5 kb/=2,562 bp), nmMYLK promoter
fragments (—0.4 kb/—450 bp, —0.3 kb/—331 bp), and pGL3 control luciferase constructs were overexpressed in lung endothelial cells and
then treated with VEGF (100 ng/mL) for 24 hours. VEGF dramatically increases nmMYLK promoter activity in the 2.5-kb (full-length)
and 0.4-kb fragments compared with that in the pGL3 control construct, as detected by luciferase reporter activity. However, the 0.3-kb
fragment results in decreased luciferase activity compared with both the 2.5-kb (full-length) and the 0.4-kb fragment, indicating that the
critical region for nmMLCK transcription by VEGF is between —0.4 kb/—450 bp and —0.3 kb/—331 bp on the nmMYLK promoter. Three
independent experiments were performed, with bar graphs representing pooled promoter activity readings as relative light units (RLU). *P <

0.05 versus vehicle. TSS: transcription start site; VEGF: vascular endothelial growth factor; Veh: vehicle.

The important role played by nmMLCK in VEGF-induced vascular
permeability was highlighted when VEGF-induced vascular perme-
ability was attenuated in lung ECs in which nmMLCK was silenced.
These observations demonstrated that nmMLCK is in part responsi-
ble for deregulation of the EC barrier, corresponding with previous
findings of nmMLCK involvement in increasing vascular permeabil-
ity induced by several other known agonists.>” >

Recent studies have demonstrated that nmMLCK expression
levels are altered in affected tissues isolated from patients with pul-
monary inflammatory diseases, such as asthma.'® In addition, ab-
normal levels of VEGF have been implicated in a variety of pul-
monary inflammatory diseases, including ARDS and asthma.”>** On
the basis of these links between pulmonary inflammation, nmMLCK
expression levels, and VEGF, we sought to examine whether activa-

tion of VEGF signaling has a direct effect on expression of nmMLCK
in pulmonary tissue under inflammation. We demonstrated that acti-
vation of the VEGF signaling pathway in lung ECs increases non-
muscle MYLK gene product at both mRNA and protein levels. This
increase in nmMLCK mRNA and protein expression is a result of
increased nmMYLK promoter activity. Further examination of the
nmMYLK promoter using truncated promoter constructs demon-
strated that the —0.4- to —0.3-kb region of the nmMYLK promoter
is important for VEGF-induced nmMYLK promoter activation.
Further in silico analysis of the nmMYLK promoter revealed the
presence of validated transcription factor binding sites for Sp1 within
the —0.4- to —0.3-kb region upstream of the nmMYLK promoter
transcription start site. The ubiquitous Spl transcription factor has
high affinity for GC-rich sequences on the genome, which coincides
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Figure 5. Alteration of VEGF-induced permeability by Spl regulation of the nmMYLK promoter. A, Schematic depiction of the nmMYLK
promoter, approximately 400 bp upstream of the transcription start site (TSS), with locations of potential transcription factor binding
sites, including putative Sp1 binding sites (red bars), indicated. The promoter region analyzed for Spl binding by chromatin immunopre-
cipitation (ChIP) analysis is indicated by the green line. B, Quantitative polymerase chain reaction was performed with primers specific to
the nmMYLK promoter region of interest, as indicated in A (green arrows). ChIP analysis using an Spl antibody demonstrated significant
enrichment of the nmMYLK promoter sequence containing Spl binding sites from VEGF-treated (100 ng/mL, 24 hours) lung endothelial
cells (ECs) compared with that in vehicle-treated cells (after normalization to the total chromatin input). ChIP analysis using a negative
control immunoglobulin G (IgG) antibody resulted in negligible enrichment of the nmMYLK promoter sequence, with or without VEGF.
Three independent experiments were performed, with bar graphs representing percent total chromatin input. *P < 0.05 versus vehicle.
C, Confluent lung ECs treated with VEGF (100 ng/mL, 24 hours) showed a marked increase in nonmuscle isoform of myosin light chain
kinase (nmMLCK) messenger RNA (mRNA) levels (compared with vehicle) that was attenuated with Spl silencing by means of small
interfering RNA (siRNA). Three independent experiments were performed, with bar graphs representing fold change in pooled densitom-
etry measurements. *P < 0.05 versus vehicle. D, Lung ECs were plated on gold microelectrodes for transendothelial electrical resistance
(TER) measurements before Spl was silenced by means of siRNA, and then lung ECs were stimulated with vehicle or VEGF (100 ng/mL,
24 hours). VEGF-induced barrier disruption was attenuated by Spl siRNA (siSpl) but not by control siRNA (siCONT). Four indepen-
dent TER experiments were performed, with pooled data represented as bar graphs. *P < 0.05 versus control siRNA. Inset shows Western
blot demonstrating Spl protein silencing for C and D. HPRT: hypoxanthineguanine phosphoribosyltransferase; VEGEF: vascular endo-
thelial growth factor; Veh: vehicle.

with the presence of CpG islands on nmMYLK promoter. Binding ined. Another transcription factor binding site for hepatocyte nu-

of the Sp1 transcription factor on nmMYLK promoter was validated
using ChIP technology, where VEGF stimulation of lung ECs in-
creased Spl transcription factor binding to the —0.4-kb (—450 bp) to
—0.3-kb (=331 bp) nmMYLK promoter region (predicted specifically
at —366 bp). Silencing of the Spl protein attenuated VEGF-induced
increased vascular permeability, suggesting that Sp1 plays a role as a
transcriptional activator of the nmMYLK promoter.

As Sp3 competitively binds to Spl transcriptional factor binding
sites, where they share the same consensus sequence, the role played
by Sp3 in nmMYLK promoter regulation should be further exam-

clear factor 1 (HNF1), although not known to be associated with the
VEGF pathway, was predicted to be located in the VEGF-responsive
region of the nmMYLK promoter and should be examined to de-
termine whether HNF1 also contributes to nmMYLK promoter reg-
ulation and subsequent VEGF-induced vascular permeability. Finally,
the nmMYLK promoter should be further examined for promoter
SNPs located in the VEGF-responsive region that may contribute
to increased VEGF levels in ARDS patients or increased suscepti-
bility of different populations to high levels of VEGF in the patho-
genesis of ARDS.
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In conclusion, these studies further detail the molecular mecha-

nisms behind VEGF-induced vascular permeability and the impor-

tant role that nmMLCK plays in regulating the vascular endothelial

barrier through nmMYLK promoter regulation and subsequent in-

creased nmMLCK expression. New insights into the regulation of

the

nmMYLK promoter via Spl transcription factor binding add a

novel target, in addition to nmMLCK, for future acute lung injury

therapeutic drug development.
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