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Endothelial Cell Myosin Light Chain Kinase (MLCK)
Regulates TNFa-Induced NFkB Activity

Raj Wadgaonkar, Laura Linz-McGillem, Ari L. Zaiman, and Joe G.N. Garcia*

Division of Pulmonary and Critical Care Medicine, Department of Medicine,
The Johns Hopkins University School of Medicine, Baltimore, Maryland

Abstract Tumor necrosis factor (TNFa-) generates both apoptotic and survival signals with endothelial cell (EC)
survival dependent on nuclear factor kappa-B (NFkB) activation, a regulator of anti-apoptotic genes. We previously
demonstrated that increased EC contractility, rearrangement of the actin cytoskeleton, and increased myosin light chain
(MLC) phosphorylation occurs as a consequence of TNFa-induced activation of ECMLCkinase (ECMLCK) and is required
for bovine lung EC apoptosis. As the association between MLCK and pro-survival signals such as NFkB activation is
unknown, we studied the role of MLCK in the regulation of NFkB-dependent transactivation in bovine pulmonary artery
EC. Both TNFa-induced increase in NFkB dependent transactivation measured by NFkB luciferase reporter assay
(� fivefold) and nuclear translocation of NFkB were significantly inhibited by MLCK-selective inhibitors, KT5926 (60%
inhibition of luciferase activity) and ML7 (50% decrease). Furthermore, our data revealed that inhibition of MLCK
attenuated the TNFa-induced IkB phosphorylation, translocation of p65, NFkB-DNA binding, and NFkB transcriptional
activity. Molecular approaches to either reduce EC MLCK expression (AdV EC MLCK antisense construct) or to reduce
kinase activity (kinase-dead ECMLCKATPdelmutant) produced similar attenuation of the TNFa-inducedNFkB response.
In contrast, a constitutively active MLCK mutant (EC MLCK1745) enhanced TNFa-induced luciferase activity. Together,
these novel observations indicate that TNFa-induced cytoskeletal rearrangement driven byMLCK activity is necessary for
TNFa-dependent NFkB activation and amplification of pro-survival signals. J. Cell. Biochem. 94: 351–364, 2005.
� 2004 Wiley-Liss, Inc.
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Endothelial cells respond to a diverse array
of extracellular stimuli that direct prolifera-
tion, growth arrest, differentiation, or apoptosis
[Schwartz and Ross, 1984; Wysolmerski and
Lagunoff, 1990; Robaye et al., 1991; Pober,
2002]. Ligation of two surface receptors, p55
TNFR1 and p75 TNFR2, by tumor necrosis
factor (TNFa-) elicits diverse biological effects

with activation of mitogen-activated protein
kinase (MAP kinase) cascades, c-jun amino
terminal kinase (JNK), phosphatidylinositol 3-
kinase [PI3 kinase], Rac-like small GTPases,
and several transcription factors including
nuclear factor kappa B (NFkB), and ATF2
(activating transcription factor 2) [Tartaglia
and Goeddel, 1992; Chen and Goeddel, 2002].
TNFR-1 activation is associated principally
with signaling that can result in either apopto-
sis or activation of the transcription factor
NFkB as a crucial protective factor against
apoptosis [Slowik et al., 1997; Wang et al.,
1998]. Activation of TNFR1 leads to the recruit-
ment of TNFR1-associated death domain pro-
tein (TRADD), receptor-interacting protein, and
TNFR-associated factor-2 (TRAF2) [Tartaglia
et al., 1991, 1993]. The additional recruitment
of the Fas-associated death domain protein
(FADD/MORT1) to form a death-inducing sig-
naling complex (DISC) is required, initiating
apoptosis through recruitment and activation of
procaspase-8 (FLICE/MACH/Mch5) [Baker and
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Reddy, 1998; Lee and Collins, 2001]. Auto-
activation of the initiator caspase, caspase-8,
occurs upon oligomerization following its
recruitment to FADD [Medema et al., 1997]
and is a key step in the execution of the death
receptor pathway for apoptosis.

TNFR1-induced NFkB activation, a recur-
rent event in many cell types, leads to either
inflammatory or pro-survival signaling [Beg
and Baltimore, 1996]. Several studies have
shown that activation of NFkB is required for
endothelial cell survival after withdrawal of
growth factors and exposure to TNFa, which is
again consistent with TNFa induction of both
apoptotic and survival pathways. The suppres-
sion of apoptosis by NFkB depends on induction
of number of genes whose products inhibit
apoptosis [Gosh and Karin, 2002], but the
mechanism to turn off these responses to induce
apoptosis is not known. For example, in B-
lymphocytes, the cell type in which NFkB was
originally identified, engagement of cell surface
IgM activates NFkB and inhibits apoptosis
[Schwartz and Ross, 1984]. In addition, mice
lackingRelA, one of theNF-kB familymembers,
exhibit embryonic lethality (day 10) due to
massive hepatic apoptosis [Beg et al., 1995].
However, NFkB activation does not universally
confer a clear survival advantage, and a pro-
apoptotic role of NFkB has been observed in
many cell types [reviewed in refs. Beg and
Baltimore, 1996; Lee and Collins, 2001]. Thus,
the role of NFkB in programmed cell death may
be context sensitive.

There is increasing evidence that cytoskeletal
proteinsmayparticipate in the regulation of cell
survival and apoptosis. TNFa- induces a tran-
sient increase in intracellular calcium, leading
to endothelial cell contractility, formation of
intercellular gaps through rearrangement of
the actin cytoskeleton, and profound vascular
leakiness [Goldblum et al., 1993; Wojciak-
Stotard et al., 1998]. Increase in Ca2þ-depen-
dentmyosin light chain kinase (MLCK) activity
is a key event in activation of the EC contrac-
tile apparatus and subsequent shape change
[Garcia et al., 1995] via enhanced MLC phos-
phorylation. Furthermore activation of this
multifunctional enzyme [Mills et al., 1998] is
required for membrane blebbing in specific
models of apoptosis induced by serum depriva-
tion, TNF mediated DNA fragmentation in the
tumor cell line U937 [Wright et al., 1997] and
facilitates endothelial cell apoptosis [Petrache

et al., 2001]. Using pharmacological inhibitors,
antisense approach, and a MLCK kinase dead
mutant, we recently demonstrated that TNFa-
induced changes in the endothelial cytoskeleton
mediated by MLC phosphorylation are critical
for themorphological changes that occur during
caspase activation [Petrache et al., 2003].

The aim of the present study was to investi-
gate the relationship between NFkB activation
and the TNFa-induced cytoskeleton changes
which are driven byECMLCK,with the specific
hypothesis that EC MLCK modulates TNFa-
induced endothelial gene expression in part by
regulating the activation and translocation of
NFkB. Using complementary pharmacological
and molecular approaches we studied the role
of MLCK on NFkB-dependent transactivation
function in bovine pulmonary artery EC acti-
vated by TNFa. Our results demonstrate EC
MLCK as a critical participant in NFkB-depen-
dent transactivation, suggesting that cytoske-
letal rearrangement may be necessary for
TNFa-induced nuclear gene expression.

MATERIALS AND METHODS

Endothelial Cell Cultures and Reagents

Bovine pulmonary artery endothelial cells
(BPAEC) were purchased from Vec-Technolo-
gies (Rensselaer, NY) and cultured in MCDB
medium (Biofluids, Rockville, MD) containing
2 mM sodium bicarbonate (pH 7.3), 2 mM
glutamine, non-essential amino acids, 2 U/ml
heparin, 1 mg/ml hydrocortisone, 10% fetal
bovine serum, 10 ng/ml epidermal growth
factor, 15mg/ml endothelial cell growth supple-
ment, and 1% antibiotics (penicillin, streptomy-
cin, fungizone). NFkB antibodies are from
Rockland Scientific, Gilbertsville, PA), AP-2,
Erk1/2 antibodies are from Santa Cruz Biotech
(CA). V5 epitope monoclonal antibody was pur-
chased from Invitrogen Corporation (Carlsbad,
CA). Total MLC andMLCK antibodies are from
Sigma Chemical (St. Louis, MO). TNFa was
purchased from Endogen (Woburn, MA) and
used at 20 ng/ml concentration. Texas red-X
phalloidin and secondary antibodies conjugated
to immunofluorescent dyes were purchased
from Molecular Probes Inc. (Eugene, OR). IkB
and phospho-IkB antibodies were purchased
from New England Biolabs (Beverly, MA).
MLCK inhibitors were purchased from Sigma
Chemical Company (St. Louis, MO). Unless
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specified, reagents were obtained from Sigma
Chemical Company.

MLCK Constructs and Deletion Mutants

The deletionmutants ECMLCK1745 and EC
MLCKATPdel were generated from the full-
length EC MLCK1 as previously described
[Wadgaonkar et al., 2003]. ECMLCK1745 lacks
the carboxyl-terminal amino acids #1745–1914,
encoding the autoinhibitory domains of the
protein, resulting in a weakly constitutively
activated mutant [Petrache et al., 2003;
Wadgaonkar et al., 2003]. EC MLCK-ATPdel
lacks amino acids #1580–1607 which reside
within the catalytic core of the enzyme and
includes the ATP binding site, resulting in a
kinase-deadmutation. Both constructions were
cloned into pcDNA3.1/V5/TOPO (Invitrogen
Corporation), thereby introducing a V5 epitope
tag at the carboxyl-terminal ends [Wadgaonkar
et al., 2003]. In addition to thesemutants, these
studies utilized a recombinant adenovirus con-
struct encoding the 50 2.8 kb fragment of EC
MLCK1 cDNA in reverse orientation (Ad.GFP-
AS MLCK) generated in the pAdTrack CMV
shuttle vector as previously described [Petrache
et al., 2003]. The initial 50 2.8 kb fragment of
EC MLCK1 was removed by digesting pFas-
BAC/MLCK1 with KpnI, blunting the end site
with Klenow, followed by digestion with EagI.
This 2.8 kb fragment was isolated and cloned
with NotI and EcoRV. After confirmation and
purification, the plasmidwas cutwithPmeI and
transformed into BJ5183 containing pAdeasy1.
Recombinant viruses were isolated on kanamy-
cin plates and verified by restriction analysis.
Purified viruses used at the concentration of
30 MOI/ml and as described in Petrache et al.
[2003].

Transient Transfection Assays

Endothelial monolayers were seeded (2�
105 cells per well) in six-well plates and were
transfected by Fugene transfection method
(Roche, NJ) with a total of 6 mg of DNA/well to
transfect in triplicate. The EC were cotrans-
fected with a luciferase reporter gene construct
(1 mg/well) regulated by either a E-selectin pro-
moter or by five copies of the consensus se-
quence of the NF-kB DNA binding site [(NFkB)
5-Luc] (Stratagene). Control cells were cotrans-
fected with cytomegalovirus early promoter
driven beta-galactosidase gene (CMV bgal)
and the data normalized to the activity of a

cotransfected CMV-bgal. Cell lysates were pre-
pared for luciferase and -galactosidase (�bgal)
activity assays as per the manufacturer’s ins-
tructions 24–48 h after transfection (Promega,
Madison, WI).

Cytoplasmic and Nuclear Cell
Extract Preparation

Cytoplasmic and nuclear extracts were pre-
pared using amodifiedmethod byDignam et al.
[1983] and described earlier. After incubation
withTNFa, the cells werewashedwithPBS and
transferred to sterile 1.5 ml microcentrifuge
tubes and placed on ice. The packed cell pellet
was resuspended in 100 ml of solution A [10 mM
HEPES, 1.5 mM MgCl2, 10 mM KCl, and
0.5 mM dithiothreitol (DTT)] and a protease
inhibitor cocktail [100 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride, 1 mg/ml pepstatin A,
3 mg/ml trans-epoxy succinyl-L-leucylamido-(4-
guanidino)butane, 4 mg/ml bestatin, 10 mg/ml
leupeptin, and 3 mg/ml aprotinin, all from
Sigma] and was placed on ice for 10 min.
Nonidet-40 (BoehringerMannheim, Indianapo-
lis, IN) was added to all cells at a final con-
centration of 0.6%, and the cells were gently
agitated to disrupt the cell membrane. The
nuclei were pelleted by centrifugation for 3 min
at 500� g. The supernatant containing the cyto-
solic extract was transferred to a new micro-
centrifuge tube and centrifuged for 10 min at
18,000� g. The supernatant was collected, as-
sayed for total protein content by the Bio-Rad
protein assay, immediately frozen in liquid
nitrogen, and stored at �708C. The nuclear
pellet was washed with 500 ml of solution A and
transferred to a 0.5mlmicrocentrifuge tube and
centrifuged; packed nuclei were resuspended in
20ml of solutionB (20mMHEPES, 20%glycerol,
1.5mMMgCl2, 0.2mMEDTA,0.5mMDTT, and
protease inhibitor cocktail) and placed on a
rocker at 48C for 1 h to extract the nuclear pro-
teins. The samples were centrifuged for 10 min
at 18,000� g, and the supernatantwas collected
and assayed for total protein content by the Bio-
Rad protein assay, immediately frozen in liquid
nitrogen, and stored at �708C.

Immunoprecipitation and Western Blotting

For immunoblot analysis, cells were washed
with PBS, scraped directly into ice-cold lysis
buffer (0.2%NP-40, 10mMMOPS,pH7.0, 5mM
EDTA, 0.5 mM EGTA, 1 mM DTT, 50 mM
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MgCl2, 100mMNaCl, 1�protease inhibitormix
[RocheDiagnostics, Indianapolis, IN] and 1mM
PMSF), and centrifuged at 48C for 5 min at
16,000� g. SDS–PAGE sample buffer was
added to the supernatant, which was boiled
and immediately loaded onto a 4–12% gradient
SDS–polyacrylamide gel for electrophoresis
[Laemmli, 1970]. Proteins were transferred to
nitrocelluloseand reactedwithantibodies toV5,
MLC, MLCK, and MLC-diphospho antibodies
[Garcia et al., 1995]. Western analysis of NFkB
and AP2 protein levels was also performed on
nuclear extracts and cytoplasmic proteins.
Smooth muscle MLC and MLCK (K36) mono-
clonal antibodies were obtained from Sigma
(St. Louis, MO). To detect the MLC phosphor-
ylation, a well characterized polyclonal anti-
body directed against diphosphorylatedMLCat
Ser19 and Thr18 were used [Petrache et al.,
2001]. Immunoreactive proteins were detected
using the ECL chemiluminescent detection
system (Amersham Pharmacia Biotech, Pis-
cataway, NJ). To measure the relative amounts
of the full length, and deletion mutants of
MLCK and MLC in cells, autoradiograms were
scanned on aMolecularDynamics densitometer
and quantified using the program ImageQuant
v. 5.0.

Electrophoretic Mobility Shift Assay (EMSA)

The probe utilized in the EMSA experiments
was a 24 bp double-stranded construct of NF-kB
consensus binding sequence (50-AGGGACTT-
TCCGCTGGGACTTTCC-30). End labeling was
performed by T4 kinase in the presence of [32P]
ATP. Labeled oligonucleotides were purified
on a Sephadex G-50 column (Amersham Bio-
sciences, Inc.). An aliquot of 5 mg of nuclear
protein was incubated with the labeled double-
stranded probe (�50,000 cpm) in the presence
of 5 mg of nonspecific blocker, poly (dI-dC)
in binding buffer (10 mM Tris-HCl, pH 7.5,
100mMNaCl, 1mMEDTA, 0.2%Nonidet P-40,
and 0.5 mM dithiothreitol) at 258C for 20 min.
Specific competition was performed by adding
100 ng of unlabeled double-stranded oligonu-
cleotide, whereas for nonspecific competition,
100 ng of unlabeled double-stranded mutant
oligonucleotide (50-AGCTCAATCTCCCTGGG-
ACTTTCC-30) (that does not bind NF-kB) was
added. The mixture was separated by electro-
phoresis on a 5% polyacrylamide gel in 1� Tris
glycine EDTA buffer. Gels were vacuum-dried
and subjected to autoradiography and Phos-

phorImager (Molecular Dynamics, Piscataway,
NJ) analysis.

Immunofluorescence Microscopy

Endothelial cells were grown on coverslips
and subsequently transfected with the epitope-
tagged EC MLCK deletion mutants or empty
vector using transfection protocol detailed
above. Cells were fixed 48 h after transfection
in 4% formaldehyde in PBS for 15 min at room
temperature. Transfected cells were permeabi-
lized according to the method described earlier
[Wadgaonkar et al., 2003]. Cells were washed
with ice cold PBS and permeabilized for 10 min
with ice cold 10 mM Tris-HCl, pH 7.0, 60 mM
KCl, 125 mM sucrose, and 0.05% Triton X-100.
Cells were washed three times with ice-cold
PBS containing 0.1% tween 20 (PBST). Permea-
bilized and fixed cells were blocked in PBST
containing 2% BSA for 1hr and incubated with
V5 or MLC-diphospha antibody for 2 h at room
temperature. V5 antibody was diluted 1:100
andMLC-diphosphaantibodywasdiluted 5:100
in PBS containing 2% BSA. For secondary anti-
body same conditions were used for primary
antibody. Goat anti-mouse IgG-FITC labeled
secondary antibody was used (1:1,000) against
V5 monoclonal antibody. After rinsing the cells
in an excess PBS, cover slips were mounted in
Pro-Long Antifade (Molecular Probes, Eugene,
OR). Images were acquired using Image Analy-
sis software with an FKI 1000 interline 12-bit,
cooled CCD camera mounted on an Olympus
IX70 microscope with a PlanApo 60�, 1.4 N.A.
objective (Olympus) and HiQ band pass filters
(Chroma Technology Corp.). Images were
processed using Adobe Photoshop1 software
(Adobe Systems).

RESULTS

Effect of EC MLCK Pharmacologic Inhibitors
on TNFa-Induced NFkB Transactivation

To characterize the signal transduction path-
ways modulating cytoskeletal assembly and
the NFkB-induced gene expression which fol-
lows TNFa challenge, we examined the effect of
MLCK activation on NFkB transactivation
function. Initial experiments examined the
NFkB transactivation function by transfect-
ing a promoter construct containing multiple
NFkB binding sites driving a luciferase ex-
pression vector. TNFa-induced a fivefold in-
crease in luciferase gene expression which was
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significantly reduced (50–60%) by two MLCK
selective kinase inhibitors (KT5926 [Nakanishi
et al., 1990] and ML7 [Saitoh et al., 1987]) sug-
gesting that MLCK activity is required for
TNFa-induced NFkB transactivation (Fig. 1A).
To confirm this observation, we utilized similar
pharmacologic inhibition of ECMLCK to assess
themodulation of TNFa-induced increase of the
authentic E-selectin promoter (Fig. 1B). Again,

reduction inMLCKkinase activity significantly
inhibited E-selectin driven luciferase expres-
sion after TNF challenge. As a negative control,
we studied the effect of MLCK inhibitors on the
p21WAF1 promoter (Fig. 1C) and failed to
observe inhibition of p53-dependent p21WAFI
activation. BPAE cells transfected with p53 did
not show significant increase in TNF induced
p21 WAF1 luciferase activity. This suggests

Fig. 1. Effect of MLCK inhibition on TNFa- induced NFkB
luciferase and E-selectin expression. Panels A–B: Bovine
pulmonary artery EC cells transfected with NFkB or E-selectin
luciferase and CMV-beta galactosidase (beta-gal) expression
vectors were treated with MLCK inhibitors KT5926 (1 nM) and
ML7 (100 nM) for 1 h and treated with TNFa (20 ng/ml) for 6 h.
Results represent normalized values for beta gal activity, fold
inductionof three independent experiments.Values are ofmeans

of � SEM of triplicate determinations. For statistical analysis,
TNFa treated sample (*) compared with MLCK inhibitor treated
(**) samples and least significant difference multiple-range test
was applied and randomized one way analysis of variants were
determined (P< 0.05%). Panel C: Bovine EC cells cotransfected
with wild type p53 (25 ng) and p21WAF1 luciferase expression
vectors treated with TNFa, KT5926 and ML7.
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that MLCK inhibition specifically blocked the
TNF-mediated NFkB activation further sug-
gesting requirement of MLCK activation in
NFkB transactivation function.

Effect of EC MLCK Mutants on
NFkB Transactivation

To confirm the significance of NFkB regula-
tion by MLCK suggested by pharmacologic
inhibitor studies, we utilized complementary
molecular approaches. The EC MLCK mutant,
EC MLCK1745 (Fig. 2A), lacks the calmodulin-
binding site, autoinhibitory domain, and the
myosin- binding domain within the C-terminal
segment (AA# 1745–1914) [Wadgaonkar et al.,
2003], and contains a V5 epitope tag at the C-
terminus. A second EC MLCK mutant was
constructed with the ATP binding site (1580–
1617 aa) selectively deleted and fused with V5
epitope to generate EC MLCKATPdel [Wad-
gaonkar et al., 2003]. Immunofluorescent as-
sessment of the V5 staining in endothelial cells
expressing MLCK1745 showed enhanced MLC
phosphorylation compared to the neighboring
untransfected cells (Fig. 2B) with more than
80% of the MLCK1745 transfected cells showed
this response. In contrast, staining in ATPdel
mutant transfected cells after TNF treatment
failed to demonstrate MLC phosphorylation
and organized stress fibers with diffuse epitope

staining observed throughout the cytoplasm
(Fig. 2C).

We next studied the effect of the EC MLCK
mutants on NFkB-dependent transactivation
function and found that EC MLCK1745 trans-
fected cells showed significant enhancement in
NFkB luciferase activity after TNFa treatment,
whereas basal level of promoter activity was
not changed. Consistent with the evolving role
of MLCK, endothelial cells transfected with
MLCKATPdel mutant showed significant inhi-
bition of TNF-induced luciferase activity again
suggesting that reducingMLCK activity affects
the NFkB dependent transactivation function
(Fig. 3A). To further understand the essential
role of MLCK, we studied the dose-dependent
response of MLCK mutant on NFkB lucifer-
ase activity. EC MLCK1745 showed increased
TNFa response to upregulateNFkBactivity but
EC MLCKATPdel significantly attenuated the
TNFa dependent NFkB activation (Fig. 3B).
These results clearly establish a role of EC
MLCK in NFkB activation.

To complement the results obtained with the
EC MLCKATPdel mutant in TNFa-induced
NFkB transactivation, we next reduced endo-
genous endothelial ECMLCK expression using
adenoviral vector expressing antisense MLCK
(2.8 kb, AdVMLCKAS). Using this construct we
have earlier shown that MLCK expression and

Fig. 2. Effect of MLCK mutants on stress fibers and MLC
phosphorlyation. A: Schematic representation of the EC MLCK
constructs used showing full-length EC MLCK1, the EC MLCK-
ATPdel construct with V5 tag that lacks the ATP binding
domain and functions as a dominant-negative enzyme, and
the EC MLCK-1745 with V5 tag construct in which the auto-
inhibitory domains have been deleted, rendering a consti-
tutively active mutant. B: Endothelial cells overexpressing EC
MLCK-1745 V5 (yellow arrow). Photomicrographs of endothe-
lial cells stained for anti-V5 antibody (green) and MLC

phosphorylation (red) and visualized with fluorescent micro-
scopy. Nontransfected cells in control conditions are shown by
the blue arrow. Areas of colocalization appear yellow. C: BPAE
cells transfected with V5-epitope tagged ECMLCKATPdel ex-
pressionvector (yellowarrow), 48hpost transfection treatedwith
TNFa for 1 h and fixed. Immuno-stained using V5 specific
monoclonal (green) and MLC diphospho rabbit polyclonal
antibodies (red). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 2. (Continued )
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MLC phosphorylation can be completely block-
ed [Petrache et al., 2003]. Adenoviral AdV
MLCKAS expressing cells further transfected
with the NFkB luciferase expression vector and
cells were grown for 36 h. Cells were treated
with TNFa for 6 h, starting 36 h post-trans-
fection. Total cell extracts were prepared for
luciferase activity and were immunoblotted
with actin antibody for non-specific inhibition
of other cytoskeletal proteins in all infected
cells. Compared to empty vector adenovirus and
GFP adenovirus infected cells, AdVMLCKAS
infected cells showed significant inhibition of
NFkB dependent luciferase activity (Fig. 4).
These observations clearly demonstrate the
necessary involvement of MLCK in TNFa-
induced NFkB activation response.

To check the effect ofTNFa on translocation of
NFkB into the nucleus in a time dependent
manner, the bovine endothelial cells were
treated with TNFa for 1 h fixed, incubated with

p65 subunit of NFkB specific antibody, and
analyzed by immunofluorescence microscopy.
Figure 5A showed that TNFa- induces enhanc-
ed stress fiber formation along with transloca-
tion of p65 into nucleus. In non-treated cells, the
majority of p65 staining resided in the cyto-
plasm and p65 accumulated in the nucleus after
TNFa-treatment. To examine whether ML7
inhibits the TNFa-induced p65 translocation,
the cells were pretreated with ML7 for 1 h and
further treated with TNFa for 1 h. The data
indicated that TNFa-induced stress fiber
assembly and p65 translocation was inhibit-
ed by ML7 treatment. To further investigate
whether TNFa-induced p65 translocation is
MLCK dependent, we analyzed the p65 trans-
location at the protein level from nuclear and
cytoplasmic fractions. The levels of nuclear p65
in these fractions were analyzed by Western
blot analysis using anti-p65 antibody (Fig. 5B).
In the control untreated cells, minimal p65 was

Fig. 3. EC MLCK mutants modulate TNF a induced NFkB ac-
tivity.A: Alongwith ECMLCKATPdel (500 ng) and ECMLCK1745
(500 ng), NFkB luciferase reporter was transfected to measure
the relative luciferase reporter activity.Transfectedcells after48h
treated with TNFa for 6 h and cell extracts were prepared
to measure the luciferase activity and for beta gal assay. Results
represent normalized values for beta-gal activity, fold induction
of three independent experiments. Values are means of �SEM
of triplicate determinations. For statistical analysis, MLCK1745
transfected cells compared with TNFa treated control,
MLCK1745 and MLCKATPdel transfected cells (*), the least
significant difference multiple-range test was applied and
randomized one way analysis of variance were determined,

P<0.05%. B: Dose dependent response of EC MLCK1745 and
ECMLCKATPdel onNFkB dependent transactivation. BPAE cells
transfectedwith ECMLCK1745 (1 and2mg) and ECMLCKATPdel
(1 and2mg)were inducedwith TNFa (20 ng/ml) and total extracts
were prepared to measure luciferase activity. Results represent
normalized values for beta-gal activity, fold induction of three
independent experiments. Values are means of �SEM of tripli-
cate determinations. For statistical analysis, TNFa treated control
empty vector transfected cells were compared with MLCK1745
transfected cells (*). TNFa treated cells were then further
compared with ATPdel transfected cells (**), the least significant
difference multiple-range test was applied and randomized one
way analysis of variants were determined, P<0.05%.
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localized in the nuclear extract, whereas in
the TNF-treated cells, 1.5 fold more p65 was
translocated to the nucleus. The p65 localized in
the nucleus was reduced when the cells were
pretreated with ML7 and then treated with
TNFa.

Mechanistic Examination of NFkB
Activation by MLCK

To determine whether MLCK involvement in
theTNFa-mediatedNFkB-dependent induction
of promoter activity corresponds to an increase
in NFkB-DNA binding, we performed electro-
phoretic mobility shift assays. Double stranded
NF-kB binding labeled probe was incubated
with nuclear extracts and non-specific compe-
titor DNA. Nuclear cell extracts treated with
TNFa formed two complexes, band #1 in
Figure 6A was the major complex formed after
TNFa treatment. In the cells treated with
MLCK inhibitor (ML7) significantly blocked
the TNFa-induced NFkB DNA binding activity

(Fig. 6A). We next performed supershift assays
with antibody specific for p65 subunit of
NFkB, which showed complete supershift of
the major complex (band #1). This suggest that
NFkB complexes in bovine lung endothelium
may be composed mainly of the p65 NFkB sub-
unit, an observation which indicates that a
molecular alteration of p65, rather than recruit-
ment of other RelA-family members to the com-
plex during MLCK dependent signaling may be
responsible for the difference seen in the NF-kB
complexes. These observation (s) suggest that
MLCK activation plays necessary role in NFkB
dependent DNA binding and transactivation.

Finally, as cytokine-inducedNFkBactivation
is mediated through site-specific phosphoryla-
tion and proteosomal degradation of IkBa, we
determined whether MLCK inhibition alters
the TNFa-induced IkB degradation as repre-
sented by IkB phosphorylation. After TNFa
challenge of EC pretreated with MLCK inhibi-
tor ML-7, were subjected to immunoprecipitate

Fig. 4. Inhibition of MLCK expression by antisense MLCK and
NFkB transactivation. A: Endothelial cells in control conditions
infected with empty vector (GFP-EV) or with antisense MLCK
(GFP ASMLCK) adeno-virus for 12 h and transfected with NFkB
reporter plasmid. Inhibition of MLCK expression and MLC
phosphorylation by antisense MLCK adeno-virus was tested
and described earlier (23). Cells were treated with TNFa for 6 h,
starting 36 h post- transfection. Total cell extracts were prepared
for luciferase activity and were immunoblotted with actin
antibody for equal protein concentrations in all lanes. Over-
expression of GFP-AS MLCK dramatically reduced TNFa

induced NFkB dependent transactivation. Actin levels were
monitored to show that viral infection does not cause total
attenuation of protein synthesis. ASMLCK infected cells are
compared with GFP-EV infected cells and total actin levels are
shown as an equal loading control. * represents significant
difference in fold expression change between control and GFP
AdV infected cells versus ASMLCK infected cells. For statistical
analysis, the least significant difference multiple-range test was
applied and randomized one way analysis of variants were
determined, P< 0.05%.
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Fig. 5. Effect of MLCK inhibition on NFkB nuclear transloca-
tion. A: Bovine endothelial monolayer were pre-treated with
ML7 or DMSO for 2 h, followed by treatment with TNFa for 1 h,
and fixed and stained with NFkB monoclonal antibody (green)
and Texas red actin phalloidin to show actin stress fibers (red).
TNFa treatment resulted in marked increase in stress fiber
formation while ML7 treatment appeared to reduce actin stress
fiber formation. B: Equal amounts of nuclear and cytoplasmic
extracts prepared after ML7 and TNFa treatment were separated
on SDS–PAGE and Western blotted for NFkB specific poly-

clonal antibody. Nuclear extract was blotted for AP-2 specific
monoclonal antibody as a control for p65 translocation.
Densitometric scanning obtained from three different experi-
ments were averaged and plotted to show the nuclear transloca-
tion of p65 after ML7 and TNFa treatment. Lane 1 is nuclear
extracts from control cells treated with DMSO, Lane 2 is nuclear
extracts from TNFa treated cells, Lane 3 is ML7 treated cells and
Lane 4 is nuclear extracts prepared from ML7 and TNFa treated
cells. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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with a total IkB specific antibody and Western
blotted with phospho-specific IkB (Ser32) anti-
body.We observed increasedphosphorylation of
IkB after TNFa treatment which was attenu-

ated by ML7 suggesting that IkBa degradation
was inhibited by MLCK inhibitors (Fig. 7A).
Time dependent degradation of total IkB level
was observed in TNFa treated cells but not in
ML7 pretreated cells (Fig. 7B). These experi-
ments clearly suggested that MLCK plays
significant role in TNFa-dependent induction
of NFkB activity.

DISCUSSION

This report provides a novel linkage between
MLCK activation, and NFkB-dependent tran-
scription, and E-selectin expression in TNFa-
challenged bovine lung endothelium. Current
concepts of TNF signaling indicates that TNF
ligation of the TNFR1 signaling complex leads
to NFkB activation via the phosphorylation,
ubiquitination, and subsequent degradation of
the cytoplasmic inhibitor of NFkB, IkB- [Read
et al., 1997] resulting in nuclear accumulation
of NFkB and induction of transcription of genes
related to inflammation and cell survival.
Concomitantly, the second set of TNFa-induced
events leads to activation of the JNK and p38
kinases, resulting in phosphorylation of ATF-2
and c-JUN [Levkau et al., 1998], pathways
which are rapidly activated and converge on the
E-selectin promoter to result in full cytokine
responsiveness of this gene. The third pathway
involving recruitment of death domain contain-
ing proteins leads to caspase activation and
subsequent apoptotic cell death [Jin et al., 2001;
Petrache et al., 2003]. The signaling molecules
which control the balance between all these
pathways are not well understood, but there is

Fig. 6. Effect of ML7 on TNFa-induced NFkB translocation.
Confluent BPAE cells were treatedwithML7 for 2 h and TNFa for
1 h followed by preparation of cytoplasmic and nuclear extracts.
A: Equal amounts of nuclear extracts were incubated with
labeled probe and EMSA was as described in Materials and
Methods. For supershift assay, p65 specific antibody was pre-
incubated with nuclear extract at room temperature for 10 min
andNF-kBDNA-bindingactivitywas analyzedby EMSA.Lane 1:
control unstimulated nuclear extract incubated with NF-kB
binding oligonucleotide, Lane 2: nuclear extract prepared from
TNFa stimulated cells, Lane 3, nuclear extracts prepared from
cells incubatedwithML7. Lane 4: nuclear extracts prepared from
cells pre-incubated with ML7 and treated with TNFa. Lane 5:
TNFa treated nuclear extracts pre-incubated with p65 specific
polyclonal antibody. B: Gel shift bands (band #1) from three
different EMSA experiments were averaged and plotted to study
theML7dependent inhibitionof TNF-induced specificbindingof
NFkB with NF-kB binding oligonucleotide. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Fig. 7. IkB phosphorylation after ML7 and TNFa treatment.
A: Confluent BPAE cells were treated with ML7 for 2 h and TNFa
(20 ng/ml) for various time points followed by preparation of
cytoplasmic and nuclear extracts. Cytoplasmic extracts were co-
immunoprecipitated using total IkB antibody as described in
Materials and Methods and Western blotted to probe with
phospho-IkB antibody. B: Total cytoplasmic extracts after ML7
and TNFa treatment for various time pointswereWestern blotted
for IkB degradation using total IkB antibody and for total ERK1/2
to show the equal loading.
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increased appreciation that the actin cytoske-
leton may participate in determining the cellu-
lar fate of TNF-challenged endothelium.

TNFa- triggers robustMLC phosphorylation-
dependent endothelial actin cytoskeletal rear-
rangement with intercellular gaps and stress
fiber formation [Goldblum et al., 1993], where
the molecular motor underlying actin cytoske-
letal changes myosin, an ATPase capable of
generating mechanical force by promoting
translational movement across the actin fibers
[Kamm and Stull, 1985]. Myosin II, the main
nonmuscle class ofmyosin, is regulated byMLC
phosphorylation catalyzed by MLCK. Recent
studies have shown that myosin II motor
activities activated by the conventional Ca2þ/
CaM-dependent MLCK has an essential role
in TNFa-induced apoptosis [Jin et al., 2001;
Petrache, 2003]. Involvement of MLCK in the
TNFa-induced apoptotic process occurs at two
different stages, [i] in trafficking of TNFR-1 to
the plasmamembrane whereMLCK dependent
MLC phosphorylation is involved in transloca-
tion of TNFR1 from Golgi to the plasma mem-
brane [Jin et al., 2001] and [ii] as a potential
direct target of caspase-3 cleavage [Petrache
et al., 2003].

MLCK is the primary regulator of myosin II
ATPase activity, and in contrast to the majority
of Ser/Thr protein kinases, has a single, known
physiological substrate, the myosin II regula-
tory light chain 2 (MLC2). Phosphorylation of
MLC by MLCK leads directly to activation of
myosin II ATPase, subsequent force produc-
tion, and a variety of different stimuli including
nuclear signaling [Beg and Baldwin, 1993].
Involvement of MLCK in TNFR1 trafficking
suggested a direct linkage between MLCK-
dependent MLC phosphorylation and TNFa-
dependent cell signaling. We hypothesized that
if myosin II motor activities have a role in regu-
lating TNF-signaling, then regulation ofMLCK
mayalso affect TNFa-inducednuclear signaling
to activate NFkB dependent endothelial gene
expression. Using pharmacological inhibitors,
dominantnegativeMLCKkinaseand inhibition
of MLCK expression, we have shown that acti-
vation ofMLCK is necessary for the induction of
complete NFkB-dependent transactivation.

The IkB protein binds to NFkB subunit and
contains ankyrin repeats [Beg and Baldwin,
1993] that bind to the actin cytoskeleton, both
tethering the bound NFkB in the cytoplasm
and blocking the nuclear localization signal of

Fig. 8. Role of MLCK activation in biphasic TNFR1 signaling.
Interaction of TNF with its receptor TNFR1- triggers the MLCK
activation and cytoskeleton rearrangement. In the initial phase
(1) of TNF receptor assembly, which requires the recruitment of
TNFR1, TRADD, RIP, TRAF2, and c-IAP1 and triggers an NFkB
response, but does not initiate apoptosis. In the second phase (2),

depending upon NFkB induced gene expression and MLCK
inhibition by caspases, TNFR1 forms a complex which includes
FADD and procaspases-8 and -10, to initiate the apoptosis.
[Color figure canbe viewed in theonline issue,which is available
at www.interscience.wiley.com.]
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NFkB. The phosphorylation of two amino term-
inal serine residues in IkB leads to destruction
of IkB by proteosomes, with NFkB then translo-
cating to the nucleus [Verma and Stevenson,
1997]. Binding of IkB to the actin cytoskeleton
alone is suggestive of actin cytoskeleton invol-
vement in controlling NFkB activation, how-
ever, it is not clear how cytoskeletal changes
induced by TNFa contribute to the disruption
of IkB/NFkB complex. Our results indicate the
possibility of MLCK involvement upstream to
IkB/NFkB complex.
Molecular mechanisms of TNF-induced acti-

vation of prosurvival pathways (NF-kB, JNK)
have been well elucidated [Wadgaonkar and
Collins, 1999; Zhang et al., 2000; Baud and
Karin, 2001; Micheau and Tschopp, 2003],
however, the role of cytoskeleton changes and
its impact on cell survival or cell death remains
largelyunknown.Furthermore, the exactmech-
anism by which cytoskeleton reorganization
may influence the stability of nuclear NFkB is
entirely unknown. Recent report by Are et al.
[2000] demonstrated that the p65/RelA sub-
unit of NFkB can directly interact with actin-
containing structures and that a concentrated
accumulation of p65 was noted in focal contacts
and along stress fibers in normal fibroblasts.
The direct interaction of MLCK, as well as p65,
with microfilament cytoskeleton raises the
possibility that NFkB located on actin in the
inactive state may be released and translocated
to the nucleus after MLCK- dependent cytoske-
letonactivation.RecentlyMicheauandTschopp
[2003] proposed the TNFR complex recruitment
pathway in response to TNF ligation to the
TNFR in which TNFR preferentially recruits
the NFkB activating complex and protects the
cells from apoptosis. We agree with their model
but propose that MLCK activation is an earlier
step in the recruitment of the complex. Our
previous work [Petrache et al., 2003] and the
results presented in this paper support the
model outlined in Figure 8 in which TNFR1
stimulation leads to activation of an MLCK
dependent cytoskeletal rearrangement which
triggers the recruitment of TNFR1 binding pro-
teins including TRADD, TRAF2, adaptor pro-
tein RIP1, and many yet unknown proteins.
This transient assembly of TNFR1 complex
triggers the NFkB dependent signaling path-
way to induce expression of antiapoptotic pro-
teins, like cIAP1, caspase inhibitor FLIPL and
others. Interaction of anti-apoptotic proteins

with TNFR1 block the receptor from binding
to FADD and proapoptotic caspases. Under
normal cellular proliferation, MLCKmay act as
a scaffolding protein or by inducing cytoskeletal
changes activate the NFkB dependent survival
pathways. Under patho-physiological circum-
stances when MLCK becomes the target of
caspase cleavage, or in defective NFkB signal-
ing, or any conditions that reduces expression of
anti-apoptotic proteins like FLIPL and c-IAP1
results in the formation of FADD dependent
pro-apoptotic complexes on TNFR1. In our ex-
perimental setup with bovine endothelial cells,
although we observed TNF-induced NFkB ac-
tivation at an early stage, the antiapoptotic
response induced by NFkB was not sufficient to
rescue the cells from apoptosis at later stage.
Further we found that inhibition of NFkB was
sufficient to enhance the TNF induced apoptotic
response (manuscript in preparation) suggest-
ing a protective role of NFkB for survival. The
identification of a link betweenNFkBactivation
by MLCK dependent signaling pathway pro-
videsanothermechanistic relationshipbetween
the endothelial environment, nuclear gene ex-
pression, and early decisionmaking events con-
ferring specificity to induce survival against
apoptotic pathways.
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