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Abstract

Myosins are a superfamily of actin-based molecular motor proteins, which hydrolyze ATP and 

generate various forms of eukaryotic motility and muscle contraction. Myosin light chain 20 

(MLC20) is small ring around the neck region of heavy chain of myosins. Phosphorylation of 

MLC20 is thought to play a key role in regulation of smooth muscle contraction. Calcium- and 

calmodulin-dependent myosin light chain kinase (MLCK) is considered the primary regulator of 

MLC20 phosphorylation. However, several observations in smooth muscle contraction cannot be 

explained by the mode of phosphorylation. By performing a series of experiments in vitro and in 

vivo, we report here MLCK-independent MLC20 phosphorylation. Gene expression study reveals 

that expression of MLCK in smooth muscles is inconsistent with MLC20 phosphorylation at 

Ser19. None of inactivating calmodulin/MLCK, depriving of calcium and silencing MLCK 

expression by siRNA blocks effectively the phosphorylation of MLC20 at Ser19. In addition, by 

overexpressing active human MAP (mitogen-activated protein)-ERK kinase kinase-1 (MEKK1) 

and blocking its downstream messengers, we have demonstrated a new regulatory system of MLC 

phosphorylation via MEKK1, which downregulates Ser19 phosphorylation of MLC20 through its 

downstream molecules, p38, JNK, and ERK in human bladder smooth muscle cells.
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Introduction

Cell motility or muscle contraction is a complex process that requires interaction of 

numerous reactions and coordinated regulation. One of two major contractile proteins is 

myosin. Myosins are a large superfamily of motor proteins, which bind and hydrolyze ATP, 

interact with actin filaments and ultimately produce force for cell migration and muscle 

contraction [Mermall et al., 1998]. Structurally, a myosin molecule contains two parts: (1) 

heavy chain(s) that consists of a highly conserved globular head domain, which includes 

ATP- and actin-binding sites, and a tail domain, which anchors and positions the globular 

head for actin interaction; (2) 20-kilodolton MLC20 that wraps around neck region of 

myosin heavy chain. Understanding how these contractile proteins are regulated is important 

not only for insight into muscle-related physiological and pathological processes, such as 

muscle contraction, blood pressure/flow, food propulsion, airway constriction, and uterine 

contraction, but also for comprehending cell-motility-related events such as cell migration 

[Jay et al., 1995], apoptosis [Fazal et al., 2005], embryogenesis [Royou et al., 2004], neurite 

outgrowth [Amano et al., 1998; Bridgman et al., 2001], wound healing, cancer metastasis 

[Betapudi et al., 2006], cytokinesis, phagocytosis, and secretion. Phosphorylation of MLC20 

initiates the actomyosin interaction and is believed to play critical roles in regulating muscle 

contraction and cell motility [Perrie et al., 1973; Adelstein, 1983; Sweeney and Stull, 1990; 

Gallagher et al., 1997; Xia et al., 1998; Johnson and Lapadat, 2002; Szczesna et al., 2002]. 

MLCK is believed to be the primary regulator of phosphorylation of MLC20 [Sweeney et 

al., 1993; Somlyo and Somlyo, 1994; Smith et al., 1999; Hatch et al., 2001]. It is a calcium- 

and calmodulin-dependent enzyme and requires the calcium-calmodulin complex for its 

activity [Gallagher et al., 1997]. However, several studies suggest calcium- [Ozaki et al., 

1987a,b; Suematsu et al., 1991; McFawn et al., 2003; Formigli et al., 2004] and MLCK-

independent phosphorylation of MLC20 [Emmert et al., 2004]. Isometric contraction and 

MLC20 phosphorylation were also observed in embryo fibroblasts, which contain no 

detectable MLCK [Emmert et al., 2004]. The present study demonstrates that MLC20 may 

be phosphorylated in the absence of MLCK or active MLCK-calmodulin complex.

The biological process of cell migration is similar to that of muscle cell contraction. This 

similarity led us to hypothesize that MAP kinase pathway is involved in regulation of 

activation of contractile molecules. MAP kinase signaling pathways are evolutionally well 

conserved and regulate a large number of physiological processes, including cell 

proliferation, differentiation, migration, development, immune function, stress responses, 

and apoptosis [Chang and Karin, 2001; Pearson et al., 2001; Johnson and Lapadat, 2002; 

Zhang et al., 2003]. MAP kinases also respond to extracellular chemical and physical 

stresses, thereby controlling cell survival and adaptation to environments. In this article, we 

test our hypothesis and describe a role of MAP kinase pathway in the regulation of MLCK-

independent phosphorylation of MLC20.

Materials and Methods

Tissue and Cell Sample Preparation

Substrain 129 mice were killed by cervical dislocation and samples of aorta, bladder, heart, 

large and small intestines, skeletal muscle, stomach, and uterus were immediately collected 
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to ice-cold PBS. Connective tissues were removed. After washed twice with 1× PBS, about 

0.2 g of tissues were homogenized in ice-cold lysis buffer by precooled glass homogenizers. 

The lysis buffer consists of 50 mM Tris, 300 mM NaCl, 3 mM EGTA, 0.1 mM sodium 

orthovanadate, 10% glycerol v/v, 1% NP-40 v/v, and 0.3% SDS w/v, pH 7.6. Protease and 

phosphatase inhibitor cocktails (Sigma Co., Germany) were added before use (except for 

special indication). For cell lysate preparation, culture dishes were put on ice, and cells were 

immediately washed once with cold 1× PBS. Ice-cold lysis buffer was added onto dishes. 

Then, cells were scraped into cold 1.5 ml centrifuge tubes with cell scrapers. The 

homogenized tissues or cultured cells were rotated at 4°C for 30 min, followed by 14,000 

rpm spin in desktop centrifuge at 4°C for 15 min. All reagents and tools were precooled on 

ice and always kept on ice during the procedure. Only fresh tissue or cell lysates were used 

for experiments. Total protein concentration was measured by Pierce Protein Assay 

Reagents. All experiments conducted with these animals and cells are based on Chinese 

laws.

Adenovirus Preparation

To generate adenovirus to express MEKK1, a HA-tagged 4.9-kb DNA fragment containing 

the cDNA for human wild-type MEKK1 was cloned at downstream of cytomegalovirus 

(CMV) promoter of pAdtrack, which has a separate GFP expression cassette. To prepare 

MEKK1-containing viral DNA, the shuttle vector was recombined with adenoviral DNA in 

bacteria. Then, recombinant adenoviral plasmid was used to produce adenovirus in 

packaging cells as described previously [He et al., 1998]. Control adenovirus was prepared 

in the same procedure but human MEKK1 was replaced by LacZ (β-galactosidase). 

Following the similar procedure, we also prepared Rho A-(L63) and GFP-containing control 

adenoviruses. After amplification, viruses were titrated by agarose overlay plaque assay.

Human Smooth Muscle Cell Culture and Transient Transfection

Human bladder smooth muscle cells (hBSM) were isolated from peri-cancer tissue of a 

bladder cancer patient. The cells have all the biochemical characteristics of smooth muscle 

cells, including expression of h-caldesmon, smooth muscle-specific actin, and myosin (not 

shown). Cells that were passaged less than seven times were used for experiments. hBSM 

cells were maintained in M199 (Invitrogen Corp., Carlsbad, CA) supplemented with 10% 

fetal calf serum at 37°C in humidified atmosphere of 5% CO2-95% air. Cells were 

dissociated by brief trypsinization and subculture.

The cells were seeded in six-well plates at a density of about 0.3 × 105 cells for transient 

transfection of MLCK siRNA (Santa Cruz, CA). Then, transfection was performed with 

cells at 40 to 50% confluence (estimated by scanning the cultures using an inverted phase 

microscope) by Lipofectamine following the manufacturer’s protocol. Briefly, 

Lipofectamine 2000 was diluted in serum-free M199 medium (6 μl/250 μl) and incubated at 

room temperature for 5 min. The siRNA was diluted in serum-free M199 medium (250 μ) 

and added to the Lipofectamine 2000 mixture at indicated concentration. The incubation was 

continued for additional 20 min at room temperature. Medium in six-well plates was 

replaced by 1.1 ml of fresh serum-free M199 medium, and siRNA-Lipofectamine 2000 
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mixture was added to cultures. The cells were harvested for Western blotting 48 h after 

transfection.

Viral Infection and Chemical Treatments

When cell confluence reached about 80%, M199 medium was replaced by 1 ml for 3.5-cm 

plates or 4 ml for 10-cm plates with fresh medium. Adenoviruses were added onto cells 

directly and mixed. Dishes were kept in CO2 culture incubator and rocked once every 15 

min. After 1 h, additional growth medium was supplied to normal level. Three days after 

infection (except for special indication), cells were harvested for Western blotting. Briefly, 

dishes were put on ice and medium was removed. Cells were washed with ice-cold 1× PBS 

and lysis buffer was added onto cells. Immediately, cells were scraped into precooled 1.5 ml 

centrifuge tubes by cell scrapers. The cells with lysis buffer were rotated at 4°C for 30 min. 

Cell pellets were spun down at 14,000 rpm at 4°C for 10 min. Total protein concentration in 

supernatant was measured with Pierce Protein Assay Reagents.

For chemical treatments, medium was replaced by M199 that contained same concentration 

of DMSO v/v as other chemical treatments in control plates. Chemicals solved in DMSO 

were added into dishes at indicated concentration and mixed well by rocking plates. Plates 

were put back into incubator for additional 40 min. Then, cells were harvested following the 

procedure above for Western blotting. All inhibitory peptides, MAPK inhibitors, and 

Y27632 were purchased from EMD Chemicals Inc, NJ. PKC inhibitor G1918 and activator 

PMA were obtained from Sigma Co, MO.

Cell Permeabilization

The hBSM cells were permeabilized as described [Vandermerwe et al., 1989; Riedinger et 

al., 2005] with slight modification. Briefly, hBSM cells were washed twice (once briefly, 

once for 10 min) with buffer I (140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 8.3 

mM glucose, 20 mM Hepes, and 0.1% BSA w/v; pH 7.4), and then once with Ca2+-free 

buffer I for 5 min at 37°C on a slowly rocking shaker. Cells were then permeabilized by 

incubation in permeabilization buffer (140 mM sodium propionate, 4 mM KCl; 25 mM 

sodium Pipes, 0.1% BSA w/v; 3 ug/ml alfa-toxin, 0.5 mM EGTA, 6 mM MgCl2, and 5 mM 

ATP, pH 6.6) for 10 min at 37°C on a slowly rocking shaker. Alfa toxin was purchased from 

Sigma Co, MO.

Western Blotting

Indicated certain amount of protein was loaded onto 10% PAGE-SDS gels, which was 

subjected to electrophoresis in running buffer (BioRad Co., Hercules, CA). Then, proteins 

were transferred overnight to Immobilon-P Transfer Membrane (Millipore Co., MA. Cat. 

IPVH00010) by semidry transfer machine. After being blocked in 5% milk in TBST buffer 

(25 mM Tris, 140 mM NaCl, 3 mM KCl, pH 7.4 and 0.1% Tween 20 v/v was added before 

use) for 1 h, membranes were incubated with primary antibodies plus actin antibody (as a 

loading control) for 1-h shake at room temperature or overnight at 4°C. Membranes were 

washed three times (5 min each) by TBST buffer, followed by 1-h incubation with secondary 

antibodies at room temperature. Then, membranes were developed by ECL Western Blotting 

Detection Reagents (GE Healthcare, NJ). The signal was detected by Fujifilm Luminescent 
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Image Analyzer LAS-3000 (Fuji Corp., CT). Antibodies against p-MLC20, MLCK, p-p38, 

and actin were from Sigma Co, MO. Rho A antibody was purchased from Santa Cruz Co, 

CA. The antibody against p-MLC20 bind to the Ser19 site. Antibody against p-ERK was a 

product of EMD Chemicals Inc, NJ. Horseradish peroxidase-linked second antibodies were 

from GE Healthcare UK Limited. MLC20 (Ser-1) antibody was a gift from Dr. Xianggui 

Chen at Xinhua University.

The intensity of a blot band was evaluated from images using Adobe Photoshop as described 

previously [Ge S, 2004]. Briefly, a highest quality digital TIF image of each blot membrane 

was created using Fujifilm Luminescent Image Analyzer LAS-3000. To quantify relative 

amount of protein on images, the mean pixel intensity of individual bands was determined 

using Adobe Photoshop. To obtain a mean pixel intensity value corresponding solely to 

specific protein immunoreactivity, a background noise value of pixel size (equal to that used 

to outline protein bands and selected from an irrelevant area of the images) was subtracted 

from each protein value. Corrected mean pixel intensity values were used to calculate 

relative protein amount for each band.

Immunoprecipitation and Immune Complex Kinase Assay

Tissue lysate of 150 μg total protein was incubated with monoclonal antibody of 15 μg 

protein by rotating at 4°C for 2 h. Then, 150 μl Protein A agarose beads was added to the 

mix and continued to rotate at 4°C for additional 1 h. Beads were washed three times with 

ice-cold 1× PBS and one time with ice-cold 1× kinase assay buffer. Kinase buffer contained 

20 mM Tris, 10 mM MgCl2, 200 μM ATP, and 1 mM DTT, pH 7.5. Immune complex kinase 

assay was performed as previously described [Ichijo et al., 1997; Cherkasova, 2006]. The 

complex beads were added into smooth muscle extracts. The reaction was performed in 

kinase buffer at 30°C for 1 h. Tubes were mixed once every 10 min by brief vortex. Then, 

reaction was stopped by 5× SDS-sample loading buffer for SDS-PAGE gel and Western 

blotting.

Results

MLC20 Phosphorylation Is Inconsistent With MLCK in Smooth Muscles

MLCK is widely expressed in variety of animals and tissues, such as bovine smooth muscle 

[Kobayashi et al., 1992], rat skeletal muscle [Roush et al., 1988], mouse cardiac muscle 

[Herring et al., 2000], human brain [Potier et al., 1995], and chicken embryo fibroblasts 

[Watterson et al., 1995]. By Western blotting, we examined MLCK expression and level of 

MLC20 phosphorylation in different smooth muscle tissues of mice. Notably, the level of 

MLCK in smooth muscles was not consistent with MLC20 phosphorylation (Fig. 1). In 

addition, Fig. 1 shows that MLC20 phosphorylation occurred in the absence of MLCK in 

aorta and large intestine smooth muscles from the first and third mice.

Immunoprecipitated MLCK Does Not Initiate Phosphorylation of MLC20 in Tissue Extracts

Using monoclonal MLCK antibody, we precipitated MLCK from fresh high-MLCK bladder 

smooth muscle. The antibody-MLCK immunocomplex was mixed with freshly prepared 

small intestine extracts containing low levels of MLCK and MLC20 phosphorylation 

Deng et al. Page 5

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(without phosphatase inhibitors) for a kinase assay. The results showed that the 

immunoprecipitated MLCK did not trigger phosphorylation of MLC20 (Fig. 2A).

In contrast, the freshly isolated tissue extracts (Fig. 2A, extract 2) containing low levels of 

MLCK but high level of phosphor-MLC20 phosphorylation, when added to the extracts (Fig. 

2A, line 3, extract 1) containing low-MLCK and low-phosphor-MLC20, displayed a 

synergistic MLC20 phosphorylation (Figs. 2A and 2D). These results suggest that additional 

factors rather than MLCK in low-MLCK tissue induced MLC20 phosphorylation.

Neither Calmodulin Nor MLCK Inhibitors Block MLC20 Phosphorylation

Calmodulin is a ubiquitous, calcium-binding protein that is widely believed to be necessary 

for MLCK catalysis activity. We used calmodulin [Torok et al., 1998] and MLCK [Lukas et 

al., 1999] inhibitory peptides to block calmodulin and MLCK in alfa-toxin-permeabilized 

cells. To leave enough time for inhibition, cells were incubated with inhibitory peptides in 

CO2 incubator for 3 h. We found that neither calmodulin nor MLCK inhibitors caused a 

significant decrease in MLC20 phosphorylation (Fig. 2B). The inhibitors also failed to block 

MLC20 phosphorylation catalyzed by tissue extract 2, which contained high basal levels of 

phosphor-MLC20 (Fig. 2C).

Phosphorylation of MLC20 Is Ca2+- and Calmodulin-Independent

To investigate further the role of MLCK in MLC20 phosphorylation, hBSM cells were 

washed with PBS containing 20 mM EGTA and incubated with medium 199 containing 20 

mM EGTA for 2 h to deprive calcium of cells. Then, cells were harvested for Western 

blotting. The results show that calcium depriving did not block the phosphorylation of 

MLC20 (Fig. 2B).

siRNA-Mediated MLCK Knockdown Does Not Affect Phosphorylation of MLC20

To confirm the data above, we transfected siRNA (Santa Cruz, CA) against human MLCK 

into human bladder smooth muscle (hBSM) cells to silence MLCK expression. The Western 

blots show that phosphorylation level of MLC20 was not altered (Fig. 3A).

Together, the data above suggest the existence of a MLCK-independent mechanism in the 

regulation of MLC20 phosphorylation in smooth muscle cells.

MLC20 Phosphorylation Is Regulated to a Great Extent by MAP Kinase Pathway

HA-tagged-human MEKK1 was overexpressed in hBSM cells by adenovirus bearing 

MEKK1. Overexpression of MEKK1 was confirmed by antibody against HA in Western 

blotting analysis (Fig. 3B). Active human MEKK1 induced the phosphorylation of its 

downstream effectors (i.e., JNK1/2, ERK1, and p38) (Figs. 3C–3E). Then, we examined 

whether MEKK1 was sufficient to regulate phosphorylation of MLC20. Three days after 

hBSM cells were infected with MEKK1-containing adenovirus, cells were harvested for cell 

lysate. To our surprise, MEKK1 overexpression caused a dose-dependent decrease in 

phosphorylation of MLC20 (Fig. 3F).
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MAP Kinase Inhibitors Neutralize the Inhibition of MEKK1 on Phosphorylation of MLC20

To investigate further whether the downstream effectors of MEKK1 is involved in MLC20 

phosphorylation, the hBSM cells infected by MEKK1-containing adenovirus were treated by 

the MAP kinase inhibitors, SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), and ERK 

inhibitor for 40 min. Western blotting analysis shows that all the MAP kinase inhibitors 

prevented partly MEKK1-mediated decrease of MLC20 phosphorylation (Fig. 4A). This 

suggests the inhibitory effect of MEKK1 on MLC20 phosphorylation was mediated through 

its downstream MAPKs, p38, JNK, and ERK.

Calmodulin and MLCK Inhibitors Do Not Affect the Inducement of MAP Kinase Inhibitors 
on Phosphorylation of MLC20

To test whether calmodulin and MCLK are involved in the phosphorylation MLC20 induced 

by MAP kinase inhibitors, we treated permeabilized cells with inhibitory peptides for 3 h to 

inactivate calmodulin and MLCK. Then, cells were exposed to MAP kinase inhibitors for 40 

min. An increase of MLC20 phosphorylation was observed in calmodulin- and MLCK-

inhibitor-treated cells. The results indicate that calmodulin and MLCK are not involved in 

the MLC20 phosphorylation induced by MAP kinase inhibitors (Fig. 4B).

MAP Kinase Inhibitors Induce Phosphorylation of MLC20

In addition, we tested the effects of MAP kinase inhibitors on MLC20 phosphorylation in 

hBSM cells. Forty minutes after exposed to MAP kinase inhibitors, cells were harvested for 

Western blotting. MAP kinase inhibitors increased phosphorylation of MLC20 in a dose-

dependent manner (Figs. 5B–5D).

MLC20 Phosphorylation Is Not Necessary for Cell Migration

To explore the relationship between the MLC20 phosphorylation and muscle contraction, we 

infected BSM cells with adenovirus that expresses both MEKK1 and GFP. In previous study, 

we have demonstrated MEKK1 overexpression inhibits phosphorylation of MLC20 (Figs. 

3F and 4). GFP-fluorescent cells, which expressed MEKK1, still migrated cross the scratch 

wound by a pipette tip (Fig. 6).

Rho-Rho kinase has been reported to activator of MLC20 [Amano et al., 1996]. In previous 

experiments, we observed that overexpression of Rho A induced keratinocyte migration in 

serum- and cytokine-free medium (not shown). In this study, we examined the effects of 

inhibitors of Rho kinase, PKC and p38 on migration of cultured BSM cells by in vitro 

wound assay. Cells were planted to 24-well plates. Twenty four hours later, the cells were 

infected with adenovirus bearing Rho A (20 pfu/cell). Two days after viral infection, a 

scratch wound was created on cell surface in the middle of each well with a micropipette tip 

and cells were immediately incubated with 2% FBS M199 that containing Rho A, PKC and 

p38 inhibitors. Then, cell migration was photographed at 0, 6, and 20 h. We did not find 

stimulation of overexpressed Rho A for BSM cell migration because the untreated cells 

moved across the wound quickly as Rho A-overexpressing cells in serum-free M199. 

Inhibitor of Rho kinase did not block the BSM cell migration in three independent 

experiments but G1918 and PD 98059 (PKC and MEK1 inhibitors) block cell migration 

(Fig. 7).
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Both PKC and Rho Kinase Induce MLC20 Phosphorylation

Rho A-bearing adenovirus and PMA were used to activate Rho kinase and PKC, 

respectively. In contrast, Y27632 and G1918 were used to inhibit their activity. Two days 

after viral infection, cells were exposed to the chemicals for 40 min and then harvested for 

Western blotting. Both inhibitors of Rho kinase inhibitor Y27632 and PKC G1918 inhibited 

phosphorylation level of MLC20 (Fig. 8).

Discussion

The phosphorylation/dephosphorylation of MLC20 is thought to a key event in the 

regulation of smooth muscle contraction and other myosin-based cellular activities; hence, 

molecules that regulate MLC20 phosphorylation are considered the primary determinant of 

muscle contraction and cell migration. In addition, it is believed that Ca2+ binds to 

calmodulin, and that Ca2+-calmodulin complex with catalytic subunit of MLCK activates 

enzyme to phosphorylate serine at position of 19 on MLC20 [Hartshorne, 1987]. However, 

Ca2+ concentration does not always parallel the degree of MLC phosphorylation and 

contraction [Morgan and Morgan, 1984; Kanaide, 1999; Hirano et al., 2003]. When the 

extent of MLC phosphorylation or force of contraction induced by agonist stimulation is 

higher than that caused by a depolarization induced increase in the Ca2+ concentration, this 

is called Ca2+-sensitization [Somlyo and Somlyo, 1994]. Our data did not show any effect of 

EGTA on MLC20 phosphorylation. This suggests calcium-independent phosphorylation of 

BSM cells.

We initially focused on regulation of expression of MLCK by cell signaling to explore 

regulation of smooth muscle contraction. After we observed inconsistency between MLCK 

level and MLC20 phosphorylation, we extended our research to another—the relationship 

between MLCK and MLC20 phosphorylation. Several lines of evidences deriving from our 

experiments support the notion that MLC20 phosphorylation is regulated by a MLCK-

independent manner. First, the level of MLC20 phosphorylation of smooth muscle tissues is 

inconsistent with MLCK level. Smooth muscle tissues that do not have detectable MLCK 

have a high level of MLC20 phosphorylation. To the contrary, some smooth muscles have 

high levels of MLCK but MLC20 is not phosphorylated (Fig. 1). Second, MLCK 

immunoprecipitated from smooth muscle does not activate MLC20 phosphorylation in low-

MLCK and high-MLC20 tissue. Third, MLC20 phosphorylation is accepted as Ca2+ 

independent. In this study, EGTA, a Ca2+ chelator, does not block phosphorylation of 

MLC20 effectively. Fourth, calmodulin inhibitor (RRKWQKTGHAVRAIGRL) [Torok and 

Trentham, 1994; Torok et al., 1998] and MLCK inhibitor (RKKY-KYRRK) [Lukas et al., 

1999] do not affect phosphorylation of MLC20. Fifth, siRNA-mediated MLCK knockdown 

does not decrease MLC20 phosphorylation. In addition, tissue extract without detectable 

MLCK induces phosphorylation of MLC20 from the smooth muscle, which has low 

phosphorylation level of MLC20.

MLC20 is expressed at a similar level in different smooth muscle tissues and hBSM cells. 

We noticed that MLC20 was phosphorylated completely after tissue lysates containing 

phosphatase inhibitor were stored at −80°C for several days and thawed several times. All 

these frozen lysates had similar levels of p-MLC20 after storage. In this study, although we 
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did not measure the total MLC20 in tissues and cells using special antibody against total 

MLC20, we observed a similar expression level of MLC20 in these tissues (not shown).

MAP kinase (MAPK) cascades are composed of MAPKK kinases (MAPKKKs), MAPK 

kinases (MAPKKs), and MAP kinases (MAPKs). MAP kinases are regulated by 

phosphorylation cascades. This study shows for the first time that the phosphorylation of 

MLC20 is downregulated to a large extent by MAP kinase pathway. Several data support the 

conclusion above. First, adenovirus-mediated over-expression of MEKK1 inhibits 

phosphorylation of MLC20 in a dose-dependent manner. MEKK1, an important member of 

MAPKKK, is a large protein that activates substrates, such as MKKs and MEKs. MEKK1 

has binding sites for multiple components of MAP kinase modules. For instance, MEKK1 

can bind directly to JNK [Xu and Cobb, 1997; Xia et al., 1998] and ERK [Karandikar et al., 

2000]. In addition, endogenous MEKK1 colocalizes with α-actinin in stress fibers and on 

microtubules [Christerson et al., 1999]. Second, SB203580 (p38 inhibitor), SP600125 (JNK 

inhibitor), and ERK inhibitors increase phosphorylation of MLC20 in hBSM cells by 

inactivating endogenous MAPKs (p38, JNK, and ERK). Third, SB203580, SP600125, and 

ERK inhibitor counteract the role of exogenous MEKK1 in inhibition of MLC20 

phosphorylation. MEKK1 inhibits MLC20 phosphorylation through p38, JNK, and ERK.

One potential problem with MAPKs being regulators of MLC20 phosphorylation is how the 

messenger molecules, p38, JNK, and ERK result in the same biological effect—inhibition of 

MLC20 phosphorylation. Several mechanisms can be speculated for regulation of MLC 

phosphorylation by MAP kinase pathway. One possibility is that p38, JNK, and ERK or 

their downstream molecules have a common effector or substrate. The effector activated in 

series leads to inhibition of phosphorylation of MLC20. The assumption is based largely on 

that MAPKs (p38, JNK, and ERK) have common effectors, such as Elk-1. This remains to 

be established. Another possibility is that these three MAPKs have similar functions in 

regulating MLC20 phosphorylation. This speculation is based on their similar or related role 

in various physiological processes [Xia et al., 1995; Chuang et al., 2000; Zhan et al., 2003]. 

Fortunately, the level of MLC20 phosphorylation has been regulable under the control of 

MAP kinase pathway regardless of the mechanisms involved in signal transduction.

Researchers reported myosin phosphorylation-independent contraction of smooth muscle 

[Oishi et al., 1991; Sato et al., 1992; Kishi et al., 2000; Seasholtz, 2003]. Recently, a study in 

cultured smooth muscle cells shows that MLC20 phosphorylation is not obligatory for the 

smooth muscle to contract [Nakamura et al., 2008]. Our data support this notion that 

phosphorylation of MLC20 is not necessary for BSM cell migration.

In summary, we describe a MLCK-independent phosphorylation of MLC20 in smooth 

muscle. MLC20 phosphorylation is downregulated to a great extent by MAP kinase 

pathway. MEKK1 decreases phosphorylation of MLC20 through activating its downstream 

molecules, p38, JNK, and ERK.
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The corrected proof of this article was published online as an EarlyView Article on 18 August 2010. Several 
changes have been made subsequently. Specifically, Dr. Samuel Chacko and Mary John have withdrawn as 
coauthors; references to grant support provided by Dr. Chacko have been removed; institutional references to the 
University of Pennsylvania have been removed; and a limited amount of the data (an estimated 5%), which was 
performed while Dr. Deng was at the University of Pennsylvania, have been withdrawn. This work was repeated in 
Dr. Deng’s own laboratory under the same experimental conditions. This notice is included in the online and print 
versions of the article to indicate that these revisions have been implemented and are now published.
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Fig. 1. Inconsistence between expression of MLCK and phosphorylation of MLC20 in mouse 
smooth muscles
Western blotting shows inconsistency between MLCK level and phosphorylation of MLC20 

in smooth muscles from one female and two male mice. *Large and small intestines; 

†MLCK; ‡phosphor-MLC20.
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Fig. 2. None of MLCK, inhibitory peptides of calmodulin, or MLCK and EGTA affects MLC20 
phosphorylation
(A) Immunoprecipitated MLCK from 100 μg tissue was added to tissue extract 1 containing 

low −p-MLC20 and MLCK (Line 2). The immunocomplex beads containing MLCK from 

50 μg tissue was loaded onto line 4. Reaction was stopped after 1-h incubation at 30°C by 

loading buffer and reaction mixture was loaded onto SDS-PAGE gel. Antibodies against p-

MLC20 and actin were used to detect membranes. Western blotting shows that 

immunoprecipitated MLCK did not trigger phosphorylation of MLC20 in tissue extract 1 

containing low phosphor-MLC20 (p-MLC20) and low MLCK (Line 2). However, 4 μg 

extract 2 containing high p-MLC20 and no detectable MLCK phosphorylated MLC20 (line 

3). (B) Permeabilized hBSM cells were treated with calmodulin and MLCK inhibitory 

peptides (1000 nM each) for 3 h. EGTA (20 mM) was incubated with cells for 2 h. Cells 

were harvested for Western blotting and mixture of antibodies for p-MLC20 and actin was 

used to detected membranes. No significant inhibition on MLC20 phosphorylation was 

observed. (C) CaM and MLCK inhibitors did not inhibit MLC20 phosphorylation when they 

were incubated with smooth muscle extracts. (D) Small amount of high p-MLC20 without 

detectable MLCK tissue catalyzed MLC20 phosphorylation in low p-MLC20 and MLCK 

tissue extract. *CaM or MLCK inhibitor.
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Fig. 3. siRNA-mediated knockdown of MLCK does not affect MLC20 phosphorylation but 
adenovirus-mediated MEKK1 over-expression activates downstream messengers and thereby 
inhibits MLC20 phosphorylation
(A) siRNA against MLCK was introduced to hBSM cells by transfection. Cells were 

harvested for Western blotting. MLCK, actin and phosphorylated MLC20 were detected 

with antibodies. (B) Overexpression of HA-tagged MEKK1 in hBSM cells was detected by 

HA antibody. (C–E) Overexpressed MEKK1 activated its downstream molecules, JNK1/2, 

ERK1, and p38. (F) MEKK1 inhibited MLC20 phosphorylation in a dose-dependent manner 

in hBSM cells. *Plaque-forming units. Here, it stands for pfu per cell. † and ‡ phosphor-

ERK1/2 and phosphor–p38.
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Fig. 4. MAP kinase inhibitors counteract the inhibition of MEKK1 on MLC20 phosphorylation
(A) Three days after adenovirus infection (90 pfu/cell), MEKK1-adenovirus-infected cells 

were incubated with SB (30 μM), SP (30 μM), and ERK inhibitor (60 μM) for 40 min. Cells 

were harvested for Western blotting. Membranes were detected by antibodies against p-

MLC20 and actin. (B) Permeabilized cells were treated with 1000 nM of calmodulin and 

MLCK inhibitors for 3 h and then exposed to MAP kinase inhibitors for 40 min. Cell lysates 

were analyzed by Western blotting. Neither calmodulin or MLCK inhibitors affected the 

inducement of MAP kinase inhibitors on MLC20 phosphorylation.SB, SB 203580, a p38 

inhibitor; SP, SP600125, a JNK inhibitor; ERK in, ERK inhibitory peptide.
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Fig. 5. MAP kinase inhibitors increase MLC20 phosphorylation in hBSM cells
(A) Cells were incubated with 30 μM of SB and SP, and 60 μM ERK inhibitor for 40 min. 

Same volume of DMSO was used as vehicle control. (B–D) MAP inhibitors increased 

phosphorylation of MLC20 in dose-dependent manner. *ERK inhibitor.
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Fig. 6. Migration of cells expressing MEKK1
Two days after cells grown on 24-well plate were infected with MEKK- and GFP-containing 

adenovirus (30 pfu/cell), a scratch was made with a pipette tip in the middle of the well in a 

24-well plate. Pictures were taken at 14 h after wounding. The figure shows that fluorescent 

cells, which express MEKK1 that inhibits MLC20 phosphorylation, were migrating across 

the wound.

Deng et al. Page 19

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Effects of Rho A, PKC, and MAPK on BSM cell migration
Two days after infected by adenovirus (30 pfu/cell), a wound was made with a pipette tip in 

the middle of each well. The cells were kept in inhibitor-containing media for 24 h. Cell 

migration was photographed at 0, 6, and 20 h. Rho A, infected by Rho A-containing 

adenovirus (30 pfu/cell); Y27632, a specific inhibitor of Rho kinase (20 μM); G1918, PKC 

inhibitor (150 nM); PD, PD 98059, a MEK1 inhibitor (50 μM).
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Fig. 8. Effects of PKC and Rho A on MLC20 phosphorylation
(A) Rho A-containing adenovirus was tested by Western blotting. Two days after infected 

with control and Rho A-containing adenoviruses (20 pfu/cell), cells were harvested for 

Western blotting. Rho A and actin were detected by corresponding antibodies separately. (B) 

G1918, a PKC inhibitor (150 nM) resulted in decrease of MLC20 phosphorylation in 

cultured BSM cells. (C) Rho kinase inhibitor Y27632 (20 μM) inhibited MLC20 

phosphorylation at Ser19.
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