
ABSTRACT 

OTT, LAURA ELIZABETH. The Role of Myristoylated Alanine-Rich C-Kinase Substrate 
(MARCKS) in Cell Migration. (Under the direction of Dr. Samuel Jones and Dr. Jeffrey Yoder). 

 

Neutrophils are a pivotal component of the host response to invading pathogens as they 

efficiently migrate into inflamed tissue to destroy pathogens and recruit other members of the 

immune response.  However, exacerbated neutrophil migration has been linked to the 

pathophysiology of chronic inflammatory diseases.  Further, fibroblast migration is crucial to the 

process of wound healing and like neutrophils; excessive fibroblast migration also contributes to 

various diseases, including cancer.  Therefore, inhibiting the migration of these cells is the focus 

of many therapeutic strategies for the treatment of a variety of diseases.   

Our purpose was to identify potential targets for combating neutrophil and fibroblast 

migration.  Previously, a role for myristoylated alanine-rich C-kinase substrate (MARCKS) has 

been established in the regulation of neutrophil migration in vitro.  A myristoylated peptide 

corresponding to the first 24 amino acids of MARCKS (MANS peptide) results in decreased 

neutrophil adhesion and migration, identifying the amino-terminus of MARCKS as a regulator of 

MARCKS function.  Further, this data provides evidence for targeting MARCKS function as a 

therapeutic approach for combating diseases associated with excessive cell migration.  Thus, 

herein we sought to (1) determine if fibroblast migration is regulated by MARCKS function by 

utilizing the MANS peptide, (2) determine what aspect(s) of the MANS peptide are involved in 

regulating cell migration, and (3) determine the role of MARCKS in regulating in vivo neutrophil 

migration.   



Our results demonstrate that MARCKS is involved in the regulation of fibroblast 

migration as MANS peptide treatment results in decreased fibroblast migration and chemotaxis.  

A genetic structure function analysis in fibroblasts reveals that MANS is targeted to cell 

membranes, presumably through amino-terminal myristoylation, whereas unmyristoylated 

MANS is localized to the cytosol.  However, myristoylation of the MANS peptide is not 

involved in MANS peptide mediated inhibition of fibroblast migration.  Further, we identify that 

zebrafish express two MARCKS paralogs (Marcksa and Marcksb), both of which are 

homologous to MARCKS expressed in other vertebrate species.  Both Marcksa and Marcksb are 

involved in the normal development of zebrafish, which supports previous research 

demonstrating a role for MARCKS in mammalian and Xenopus laevis development.  Utilizing a 

transgenic zebrafish line (MPO:GFP), in which green fluorescent protein (GFP) is expressed 

under the neutrophil specific myeoloperoxidase (MPO) promoter, we demonstrate that 

MARCKS deficient zebrafish have a decreased number of neutrophils relative to control 

animals.  However, the neutrophils of MARCKS deficient zebrafish are still capable of 

migrating, as determined by similar total distance and velocity traveled.  Interestingly, we do 

observe a trend for decreased directed migration in Marcksb deficient animals, indicating that 

further investigation into the role of MARCKS during in vivo neutrophil migration is warranted. 

Taken together, we demonstrate a role for MARCKS in regulating the migration of 

neutrophils and fibroblasts and provide evidence that MARCKS is a potential therapeutic target 

for the treatment of diseases associated with exacerbated cell migration, including inflammatory 

diseases and cancer.  
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INTRODUCTION 

 

Infiltration of neutrophils into tissue is essential for the processes of inflammation.  

Neutrophils efficiently migrate into inflamed tissue and kill invading pathogens by 

phagocytosis and oxidative burst, the release of bactericidal enzymes and neutrophil 

extracellular traps (NETs).  However, during chronic inflammation, neutrophils play a role in 

tissue damage by migrating into tissues and releasing many of the toxic mediators involved 

in the killing of invading pathogens.  Further, neutrophil transepithelial migration of mucosal 

epithelium occurs during chronic inflammation of the gastrointestinal and respiratory tracts 

resulting in decreased barrier function (54, 55, 61, 63, 67, 84).  Fibroblasts are mesenchymal 

cells involved in the process of wound healing as they migrate into wounds and synthesize 

extracellular matrix proteins that are essential for tissue repair (112-115).  However, like 

neutrophils, excessive fibroblast migration has been linked to the pathophysiology of various 

diseases, including cancer (119).  Thus, given that the migration of neutrophils and 

fibroblasts has been shown to contribute to disease, identifying novel targets to inhibit their 

migration has become the focus for various therapeutic strategies. 

One such target is myristoylated alanine-rich C-kinase substrate (MARCKS), a 

protein kinase C (PKC) and calmodulin substrate capable of regulating actin dynamics.  

MARCKS binds to cell membranes via its myristoylated amino-terminus and electrostatic 

interactions between the basic effector domain of MARCKS and the acidic phospholipids of 

the plasma membrane.  PKC phosphorylation or calmodulin binding results in the complete  
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dissociation of MARCKS from cell membranes and subsequent localization to the cytosol.  

In the cytosol, MARCKS is dephosphorylated by various protein phosphatases, allowing for 

MARCKS to return to and associate with the plasma membrane.  The exact mechanism by 

which MARCKS regulates actin dynamics is not completely understood, however MARCKS 

has been shown to cross-link filamentous actin (F-actin) as well as regulate 

phosphatidylinositol 4, 5-bisphosphate (PIP2) signaling.  Thus, MARCKS has been shown to 

be involved in various cell processes, including cell migration (133, 134). 

Previously, we have demonstrated a role for MARCKS in the regulation of in vitro 

neutrophil migration by utilizing a cell permeable myristoylated peptide corresponding to the 

first 24 amino acids of MARCKS (MANS), which has been shown to disrupt MARCKS 

function (143).  MANS peptide treatment results in decreased neutrophil chemotaxis towards 

a variety of chemoattractants as well as decreased β2-integrin dependent adhesion (142).  

MANS peptide treatment also results in decreased leukocyte degranulation, mucin secretion 

in the airway epithelium and inhibited mesenchymal stem cell chemotaxis (141, 143, 256).  

These results suggest that the amino-terminus of MARCKS is involved in the regulation of 

MARCKS function, although the exact mechanism by which the MANS peptide regulates 

MARCKS function is not completely understood.  Further, these results suggest that 

targeting MARCKS is a potential therapeutic approach for the treatment of various diseases 

in which excessive cell migration is involved.   

However, to further confirm our previous results demonstrating a role for MARCKS 

in neutrophil migration, an in vivo model for cell migration is required.  Unfortunately,  
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utilizing the typical mouse model to study MARCKS function in vivo is not feasible because 

targeted disruption of the MARCKS gene in mice is embryonic lethal (236). Recently, 

however, transgenic zebrafish models have been utilized for studying in vivo migration of 

neutrophils (100-102).  With numerous options for the method to inhibit gene expression in 

zebrafish, they have become an excellent replacement for the mouse model to study the role 

of various proteins in cell migration in vivo.   

 

Thus, the central hypothesis to be tested herein is that MARCKS function is required 

for fibroblast migration in vitro and neutrophil migration in vivo.  

 

Specific Aims: 

1.  To determine if fibroblast migration is regulated by MARCKS. 

2. To determine if amino-terminal myristoylation of MANS is involved in the regulation 

of fibroblast migration. 

3. To determine if MARCKS is involved in the embryonic development of zebrafish. 

4. To determine if MARCKS is involved in the migration of neutrophils in vivo. 
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CHAPTER 1: LITERATURE REVIEW 

 

A. Neutrophil Migration 

 

Neutrophils are to the immune system what the Special Operations forces are to the 

United States Military.  Neutrophils are fast and efficient migratory cells and are thus first to 

be recruited into combat.  Neutrophils begin the initial assault by engulfing pathogens and 

releasing strategic enzymes and mediators that weaken the enemy and recruit other members 

of the immune system to ultimately destroy the opposition.  Given that neutrophils are short 

lived cells that die via apoptosis (or programmed cell suicide) and never return to the blood 

stream; some may rather compare neutrophils to Japanese kamikaze fighters during World 

War II.  However, neutrophils are such a pivotal component of the immune system that 

without them the organism that they serve are at grave danger, similar to how the special 

operations forces are essential to the protection of the United States citizens. 

 

1. Neutrophil Diapedesis 

 

Diapedesis is a coordinated multi-step process in which neutrophils emigrate from 

circulating blood (usually postcapillary venules) into inflamed tissue.  There are four steps to 

diapedesis: capture, rolling, arrest and transmigration.  Two classes of cell adhesion 

molecules (CAMs), selectins and β2-integrins, are responsible for mediating neutrophil 

diapedesis (1-3). 
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Selectins are transmembrane glycoproteins expressed on inflamed endothelial cells (E- 

and P-selectin), platelets (P-selectin) and leukocytes (L-selectin).  All three members of the 

selectin family recognize the sialylated Lewis X (sLe
x
) antigen found on membrane 

glycoproteins as well as P-selectin glycoprotein ligand-1 (PSGL-1) (3-5).  L-selectin is 

expressed throughout myeloid differentiation and is expressed by the majority of 

unstimulated neutrophils in circulation.  Upon activation of neutrophils, L-selectin is shed by 

endoproteolytic cleavage, resulting in functional soluble L-selectin present at high levels in 

plasma and shedding of L-selectin results in the activation of additional adhesion molecules 

on the surface of neutrophils.  Soluble L-selectin is thought to be a buffer to prevent 

neutrophil diapedesis at sites of subacute inflammation and elevated levels of soluble L-

selectin have been found in the plasma of patients suffering from sepsis or Acquired Immune 

Defficiency Syndrome (AIDS) (4, 6).   P-selectin is constitutively found within Weibel-

Palade bodies of endothelial cells and various pro-inflammatory mediators (histamine, 

complement fragments and cytokines) mediate the mobilization of P-selectin to the surface of 

endothelial cells.  P-selectin expression on the cell surface of endothelial cells is for a 

relatively short period of time (minutes) and thus involved in mediating early neutrophil-

endothelial interactions.  E-selectin expression is rapidly induced by stimulation of 

endothelial cells with pro-inflammatory mediators, including tumor necrosis factor-α  

(TNFα), interleukin-1β (IL-1β), and lipopolysaccharide (LPS) and is involved in mediating 

later neutrophil-endothelial interactions (4).    
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After the initial capture event, which is mediated by selectins, neutrophils are activated 

and begin to roll along the endothelium.  Both capture and rolling of neutrophils on the 

endothelium occur under the shear stress conditions of blood flow and studies have revealed 

that shear stress is required for both L- and P-selectin mediated neutrophil rolling (1, 7, 8).  

Activation of neutrophils is mediated by both selectin binding and chemoattractants, such as 

interleukin-8 (IL-8), platelet activating factor (PAF), and leukotriene B4 (LTB4) (9-11) which 

signal through seven-transmembrane G-protein-coupled receptors (GPCRs) (12).  Activation 

of neutrophils through GPCRs and/or signaling through selectins result in the activation of 

intracellular signaling pathways that lead to β2-integrin activation, specifically leukocyte 

function-associated antigen-1 (LFA-1 or αLβ2 or CD11a/CD18) and macrophage antigen-1 

(Mac-1 or αMβ2 or CD11b/CD18).  Neutrophil-endothelial interactions involving both L- and 

E-selectin activate β2-integrins in a mechanism involving the p38 mitogen-activated protein 

kinase (MAPK) pathway (13, 14).  The β2-integrins, LFA-1 and Mac-1, are also involved in 

neutrophil rolling along the endothelium where LFA-1 is involved in earlier stages of rolling 

and Mac-1 is involved mediating slow rolling (1, 15).    

Studies have revealed that neutrophil arrest on the endothelium is dependent on β2-

integrin mediated binding to its ligands.  LFA-1 binding to inter-cellular adhesion molecule 1 

(ICAM-1) is responsible for arrest of neutrophils on the endothelium.  ICAM-1 is an 

immunoglobulin superfamily ligand that is constitutively expressed at low levels on  

endothelial cells with upregulated expression observed upon IL-1β and TNFα stimulation (1, 

16, 17).  Integrin activation is rapidly triggered by chemokine signaling through GPCRs,  
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which is an example of inside-out signaling.  Briefly, endothelial bound chemoattractants 

activate the GPCR and signals to LFA-1 via Gβγ triggering of phospholipase C (PLC).  PLC 

cleaves phosphatidylinositol 4, 5-bisphosphate (PIP2) into inositol 1, 4, 5-trisphosphate (IP3) 

and diacylglycerol (DAG), which activates guanine nucleotide exchange factors which target 

small GTPases.   Eventually talin, a cytoskeletal protein, is activated and mediates a 

conformational change in LFA-1, in which it goes from its inactive, low-affinity folded 

conformation to its active, unfolded and extended high-affinity conformation.  LFA-1 is then 

capable of binding to ICAM-1, which further signals integrin activation via outside-in 

activation.  Force exerted by the ICAM-1/LFA-1 interaction as well as shear stress from 

blood circulation results in further cleavage of PIP2 and activation of talin resulting in 

stabilization of activated LFA-1.  The Src family kinases are also involved in mediating 

outside-in signaling during LFA-1/ICAM-1 mediated neutrophil arrest and LFA-1/ICAM-1 

interaction results in increased filamentous actin (F-actin) expression in neutrophils (1, 17-

19). 

Once neutrophils have arrested on the endothelium, they then begin the transmigration 

process of diapedesis in a manner that is dependent largely on Mac-1.  The first step in 

transmigration is neutrophil crawling along the endothelium, which is performed so that the 

cell can find a preferential site to transmigrate (1, 20).  Neutrophils transmigrate the 

endothelium by one of two routes: paracellular or transcellular.  For the paracelluar route,  

Mac-1 interacts with ICAM-1 during neutrophil crawling resulting in increased intracellular 

Ca
2+ 

concentrations and the activation of p38 MAPK and Rho GTPases in endothelial cells.   
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This results in myosin contraction and the opening of the endothelial cell junctions.  Once the 

endothelial cell junction is open, both LFA-1 and Mac-1 can interact with endothelial 

junctional molecules to transmigrate the endothelium.  Specifically, LFA-1 can interact with 

junctional adhesion molecule A (JAM-A) and ICAM-1 and -2 while Mac-1 interacts with 

JAM-C and ICAM-1 and -2 (21-24).  The immunologlobulin superfamily member platelet 

endothelial cell adhesion molecule 1 (PECAM-1 or CD31) and the glycoprotein CD99 are 

molecules expressed by both neutrophils and endothelial cells.  PECAM-1 or CD99 on 

neutrophils interacts with PECAM-1 or CD99, respectively, that are present in the cell-cell 

junctions of the endothelium (2, 23).  Therefore, during paracellular endothelial migration, 

neutrophil β2-integrins, as well as other ligands, interact with endothelial cell junction 

molecules to migrate between the endothelial cells.   

Until recently, paracellular migration was considered to be the only mechanism by which 

neutrophils transmigrate the endothelium.  However, neutrophils can also transmigrate via a 

transcellular route, which was first demonstrated by Feng, et al (25).  This study showed that 

adherent neutrophils project cytoplasmic processes into the endothelial cells in areas where 

the endothelial cells are thin.  Electron micrograph studies revealed that the neutrophils were 

in fact transmigrating the endothelium via a transcellular route (25).  Further in vitro studies 

have revealed that neutrophils utilize vesiculo-vacuolar organelles (VVOs) as a passage way 

to transmigrate the endothelium.  VVOs are specialized endothelial organelles that form  

when ICAM-1 coated caveolae link together forming a channel for the neutrophil to 

transmigrate through (1, 26). Although evidence of in vivo VVO formation has yet to be  
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shown, it has been estimated that approximately 5-20% of neutrophils undergo transcellular 

migration in models utilizing cytokine activated human umbilical vein endothelial cells 

(HUVECs) (1).   

Once neutrophils have transmigrated the endothelium, they have to transmigrate the 

endothelial cell basement membrane (a meshwork of laminins and collagen proteins) as well 

as pericytes before they can start migrating towards the inflamed tissue that they have been 

recruited to (1).  Endothelial transmigration of neutrophils can trigger the activation of 

molecules that aid in neutrophil migration through the basement membrane and pericytes.  

An example is PECAM-1 mediated mobilization of α6β1 integrins from intracellular stores to 

the membrane of neutrophils.  The integrin α6β1 is the main leuckoyte receptor for laminin 

and thus is key for mediating neutrophil migration through the endothelial basement 

membrane (27).  Further, neutrophil membrane bound enzymes, such as matrix 

metalloproteinases and neutrophil elastase, have been hypothesized to aid in degrading the 

type IV collagen network of the basement membrane allowing the neutrophil to migrate (1, 

28).  Neutrophils then transmigrate the pericytes, which are cells that form a network around 

endothelial cells.  The pericyte network is discontinuous and large gaps between pericytes 

exist, which are the regions where neutrophils migrate through (1).  Once neutrophils migrate 

past the basement membrane and pericytes, they are able to migrate to the source of 

inflammation.   
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2.  Neutrophil chemotaxis 

 

Chemotaxis is defined as directed migration of a cell towards a chemical point source, 

which differs from chemokinesis or random cell migration.  For neutrophils, the chemical 

point sources or chemoattractants signal through chemoattractant receptors, which are seven 

transmembrane GPCRs.  The GPCRs responsible for chemotaxis are of the Gi and G12/13 

families which activate signals at the front and rear of the cell, respectively (29).  These 

signals lead to pseudopod formation and polarization of the leading edge and contraction of 

the uropod or trailing edge of the cell, resulting in locomotion of the cell along the 

chemoattractant gradient being sensed (30).     

For Gi chemokine receptors, chemoattractant binding results in a conformational 

change in the receptor leading to exchange of GDP for GTP in the α subunit and dissociation 

of the βγ subunits.  The βγ subunit is responsible for activating the phosphoinositide 3-kinase 

(PI3K) pathway and PI3K localizes to the leading edge.  The PI3K pathway is responsible for 

phosphorylating the membrane phosphoinostide PIP2 generating phosphatidylinositol (3, 4, 

5)-trisphosphate (PIP3), which goes on to activate protein kinase B (PKB)/AKT and the 

GTPases Rac and Cdc42.  PKB/AKT localizes to the leading edge while Rac and Cdc42 

activate the Wiskott-Aldrich syndrome protein (WASP) family of proteins, which are F-actin 

nucleation promoting factors involved in activating the F-actin nucleation Arp2/3 complex.  

Ultimately, localized F-actin polymerization results in the extension of a leading edge 

pseudopod.   Polarization occurs when multiple pseudopods form at the leading edge  
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resulting in extension towards the chemoattractant point source with simultaneous 

contraction of the sides and trailing edge of the cell.  Trailing edge contraction occurs 

through the activation of Rho GTPases, which are downstream of G12/13 GPCRs.  The α 

subunit of G12/13 directs Rho GTPases to the rear of the cell and results in the activation and 

rear localization of phosphatase and tensin homolog (PTEN).  PTEN is a protein phosphatase 

responsible for the conversion of PIP3 to PIP2, thus inhibiting PI3K and PKB/AKT signaling.  

Further, RhoA activation of Rho-stimulated kinase (ROCK) and myosin light chain kinase 

(MLCK) results in activation of myosin II through phosphorylation of myosin light chain 

(MLC) and uropod contraction (1, 29-35). 

Neutrophil chemoattractants include the chemokines IL-8 (CXCL-8), macrophage 

inflammatory protein-1a and -2 (MIP-1a or CCL3; MIP-2 or CXCL2) and CXCL-1 (Groα) as 

well as the non-chemokine chemoattractants PAF, LTB4, fMLP and C5a (9-11, 36-41).  A 

recent hierarchy for neutrophil chemoattractants has been established.  Chemoattractants 

produced in the vicinity of infection, fMLP and C5a (termed end stage chemoattractants), 

dominate neutrophil chemotaxis compared to IL-8, MIP-2 and LTB4 (intermediary 

chemoattractants) (42-44).  The end stage chemoattractants induce a signaling event that is 

dependent on the p38 MAPK pathway in mediating neutrophil chemotaxis whereas the 

intermediary chemoattractants induce a signaling event dependent upon PI3K signaling (43).  

Both neutrophil chemokinesis and chemotaxis are regulated by type I PI3Ks (β and γ).  

Inhibition of PI3Kγ significantly reduces LTB44 and fMLP mediated β2-integrin adhesion 

and neutrophil influx to the respiratory mucosa upon LPS exposure (45, 46).  Further,  
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inhibition of either PI3Kβ or PI3Kγ results in the inability of neutrophils to polarize (46, 47).  

Pharmacological inhibition of the p38 MAPK pathway in neutrophils results in decreased 

neutrophil migration towards LTB4 and fMLP as well as inhibited neutrophil polarization 

towards LTB4 and PAF (48-50).  Besides being involved in neutrophil migration, both the 

PI3K and p38 MAPK pathways are also involved in regulating IL-8 production (51-53). 

 Neutrophil’s “job” is to migrate to the source of bacterial infection and kill the 

bacteria by phagocytosis, release of antimicrobial mediators, production of neutrophil 

extracellular traps (NETs), and to recruit and activate other immune cells (54, 55).  However, 

neutrophils can also contribute to the pathophysiology of chronic inflammatory diseases.  

Neutrophils are quickly recruited to sites of inflammation such as to the kidneys of patients 

suffering from glomerulonephritis and to the joints of patients suffering from rheumatoid 

arthritis (56, 57).  Recent studies have revealed that blocking CXCR2 may be suitable 

therapeutic for treating rheumatoid arthritis.  CXCR2 is the chemoattractant receptor on 

neutrophils that recognize CXCL1, MIP-2α and CXCL5, all chemokines involved in 

neutrophil migration.  In a model for autoantibody induced arthritis, CXCR2
-/-

 mice have 

decreased neutrophil migration into the joints compared to littermate controls (57). Further, 

neutrophil migration to inflammatory sites can be induced by immune complexes through the 

activation of C5a (58) or by interacting with neutrophil Fcγ receptors (FcγRs; CD16) (59).  In 

a mouse model of immune complex mediated disease, symptoms were diminished by 

administering a CD16-Ig decoy, blocking neutrophil FcγRs and resulting in decreased 

neutrophil migration (60).  Neutrophils can also exacerbate intestinal disease by releasing the  
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enzymes elastase and proteinase-3.  Both of these enzymes can activate protease activated 

receptor (PAR) -1 and -2 on epithelial cells, resulting in decreased epithelial barrier function 

(61).  Although neutrophil migration into inflamed and/or damaged tissue is critical to 

combating the source of inflammation, excessive neutrophil migration into chronically 

inflamed tissue often exacerbates disease.  Therefore, the identification of novel targets to 

combat neutrophil migration may offer future therapeutic options for the treatment of these 

diseases.  

 

3. Neutrophil transepithelial migration 

 

Neutrophil migration into mucosal tissue has been attributed to the pathophysiology 

of many diseases, including inflammatory bowel disease (IBD), Salmonellosis and ischemia 

reperfusion injury in the gastrointestinal tract (62-64) as well as chronic obstructive 

pulmonary disease (COPD) in the respiratory tract (65).  During gastrointestinal 

inflammation, intestinal epithelial cells secrete IL-8 basolaterally, resulting in the recruitment 

of neutrophils to the sub-mucosa (66, 67).  Subsequently, luminal fMLP guides neutrophils to 

undergo transepithelial migration (TEM) in the basolateral to apical direction (63, 67).  

Multiple studies have been performed by Charles Parkos, Sean Colgan and James Madara, 

who have elegantly described the molecular mechanisms of neutrophil TEM (63, 67-72).  

This group of researchers developed a method for studying neutrophil TEM using polarized 

monolayers of T84 cells, a human colonic intestinal cell line, that are grown in either a  
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conventional (apical to basolateral direction) or inverted (the physiologically relevant 

basolateral to apical direction) manner on permeable transwell inserts.  The inserts are placed 

into the well of a tissue culture plate with a chemoattractant in the bottom chamber and cells 

in the upper chamber.  This model is designed to study two aspects: neutrophil migration 

across the epithelial monolayer and the permeability and barrier function of the T84 

monolayer by electrical parameters.  Studies with this model have revealed a correlation 

between the number of transmigrated neutrophils and the barrier function showing in higher 

numbers of transmigrated neutrophils correlate directly with lower transepithelial electrical 

resistance and thus decreased barrier function (68).             

The above model has also revealed a critical role for Mac-1 (CD11b/CD18) in 

mediating neutrophil TEM.  CD11b and CD18 blocking antibodies interfere with the 

decreased transepithelial electrical resistance (TER) associated with neutrophil TEM.  

Furthermore, CD11b and CD18 blocking antibodies inhibit neutrophil migration across a T84 

monolayer in the presence of an fMLP gradient (68).  Studies have revealed that Mac-1 on 

neutrophils initially makes contact with fucosylated glycoproteins on the basolateral 

membrane of the epithelial cells (69, 70) and that this interaction increases the paracellular 

permeability of the intestinal monolayer independent of neutrophils undergoing TEM (71).  

This not only allows solutes and harmful bacteria to transverse the intestinal barrier but it 

also opens the epithelial tight junctions so that neutrophils can migrate in a paracellular 

manner.  Between epithelial cells, neutrophil Mac-1 interacts with JAM-C, which is protein 

associated with the cell-cell junctions of epithelial cells (72).   Further interaction between  
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neutrophil junctional adhesion molecule-like (JAML) and epithelial coxsackie and 

adenovirus receptor (CAR) is also involved in mediating neutrophil TEM (73).  An 

additional contact involving signal regulatory proteins (SIRPs) have also been hypothesized 

in mediating neutrophil transepithelial migration.  Antibody mediated ligation of SIRPβ1, a 

disulfide-linked homodimer expressed on neutrophils, results in enhanced neutrophil TEM in 

the presence of an fMLP gradient (74).  Further, interaction between neutrophil SIRPα and 

epithelial CD47 is also hypothesized to be involved in mediating neutrophil TEM with CD47 

being a membrane immunoglobulin superfamily member involved in mediating neutrophil 

TEM after the initial Mac-1 dependent basolateral adhesion event (67, 75).  Once neutrophils 

have migrated through the epithelial junction, they can interact with the apical membrane of 

epithelial cells.  Studies in the respiratory mucosa have revealed the requirement for ICAM-1 

in mediating neutrophil transepithelial migration, as demonstrated by decreased TEM in the 

presence of an ICAM-1 blocking antibody (76).  Inflammation of the intestinal barrier results 

in upregulation of ICAM-1 to the apical surface of epithelial cells and although there is no 

direct evidence, it is hypothesized that Mac-1 interacts with ICAM-1 on the apical surface of 

intestinal epithelial cells (67, 75).  Also at the apical membrane, neutrophil FcRs can interact 

with apical membrane ligands that are upregulated in inflamed intestinal cells (77).   

Neutrophil migration into mucosal tissue results in an assault on the source of the 

inflammation and during both Salmonella typhimurium and Shigella flexneri infections, 

neutrophils are signaled to undergo TEM of the intestinal epithelium (78).  SipA is an 

effector protein of the type III secretion system of S. typhimurium that elicits a  
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proinflammatory response resulting in elevated IL-8 production and neutrophil TEM (62, 79, 

80).  Transepithelial migration of neutrophils enhances the killing of S.typhimurium in a 

mechanism involving IL-6 produced by inflamed intestinal epithelial cells.  This enhanced 

killing is due to the neutrophil degranulation and extracellular release of myeloperoxidase 

and lactoferrin (81).  However, in many cases, exacerbated neutrophil TEM is associated 

with an increase in disease pathophysiology.  The tight junction protein occludin is 

downregulated in IBD patients, which may have a role in the increased paracellular 

permeability and neutrophil TEM associated with the disease (82).  Further, an upregulation 

of CD11b and CD18 on neutrophils is observed in ulcerative colitis patients (83) and 

neutrophils are capable of injuring both the intestinal and respiratory epithelium by the 

release of oxidants, defensins, elastase and matrix metalloproteinases (84).  Taken together, 

targeting the TEM of neutrophils into mucosal tissues during chronic inflammatory diseases 

is a therapeutic approach that many researchers and clinicians are interested in pursuing 

further for the treatment of inflammatory diseases of mucosal tissue.  

 

4. The use of the zebrafish model to study neutrophil migration 

 

A new in vivo model for studying neutrophil migration has been established in which 

transparent zebrafish embryos are utilized.  Zebrafish (Danio rerio) are fresh water tropical 

fish belonging to the minnow family (Cyprinidae).  Zebrafish are becoming an increasingly 

popular model organism for biological sciences given that they are inexpensive to maintain  
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and can be easily bred with embryos that are transparent, develop external to the mother and 

have a short generation time.  Further, the zebrafish genome has been sequenced and 

techniques are available for easy gene manipulation and generation of transgenic lines.  

Although initially used as a developmental model, zebrafish are becoming increasingly 

popular as a model organism for the study of innate immune function (85, 86). 

Vertebrate hematopoiesis involves common myeloid progenitor cells giving rise to 

two separate cell lineages; the granulocyte/macrophage lineage and the 

erythrocyte/megakaryocyte lineage (87).  Transcription factors are key to regulating 

hematopoiesis in mammals and homologoues of many mammalian hematopoietic 

transcription factors have been identified in zebrafish (88, 89).  In mammals, primitive 

hematopoiesis occurs outside the embryo in the blood islands of the yolk sac and moves into 

the aorta-gonad-mesonephros region and the fetal liver while adult hematopoiesis occurs in 

the bone marrow (90-93).  In zebrafish, primitive hematopoiesis occurs in the intermediate 

cell mass (ICM), a region between the notochord and endoderm of the trunk (94).  There is 

evidence that primitive hematopoiesis also occurs in the paraxial mesoderm and posterior 

blood island, which is a small cluster of cells in the developing tail of zebrafish (95).   In 

adult zebrafish, hematopoiesis occurs in the kidney with some hematopoiesis also occurring 

in the spleen (96). 

 An analysis of hematopoietic tissue of adult zebrafish has revealed the presence of 

neutrophils along with basophils/eosinophils and macrophages, additional members of the 

myelolid family (39, 97).  Beyond two days post fertilization, the development of neutrophils  
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occurs within the caudal hematopoietic tissue (98, 99).  Like mammalian neutrophils, 

zebrafish neutrophils can be identified by the production of myeloperoxidase (MPO), an 

enzyme involved in respiratory burst.  The protein sequence of zebrafish MPO is 76.5% 

similar to human MPO, with 49.6% identical amino acids between the homologues.  The 

expression of MPO in zebrafish was analyzed by in situ hybridization and mpo mRNA is 

expressed 18 hours post fertilization and localized anteriorly spreading along the yolk sac.  

At three days post fertilization, mpo is expressed in the anterior yolk, the posterior ICM and 

posterior blood islands and at four days post fertilization, mpo is expressed throughout the 

embryo.  The adult kidney also contains mpo positive cells (95).   Studies have shown that 

neutrophils are recruited in response to tissue wounding in larval stage zebrafish embryos 

(96, 100) and thus a tail wounding model has been developed for the study of in vivo 

neutrophil migration.  The model is quite simple; three day post fertilization embryos are 

embedded in low melting point agarose containing Tricane (an aquatic species sedative) and 

the tails of the embryos are wounded with a 25-guage needle.  After incubation, the embryos 

are fixed and stained with a leukocyte peroxidase kit, which enables the visualization of 

MPO and the number of neutrophils that have migrated in proximity to the wound are 

quantified (101).     

There are limitations to the above approach in that live imaging of neutrophil migration 

cannot be obtained.  Live imaging of neutrophil migration is advantageous because it allows 

for the analysis of single larvae over time as well as the ability to determine multiple 

parameters such as total distance, velocity and direction of migration.  Thus, two transgenic  
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zebrafish lines have been developed in which expression of green fluorescent protein (GFP) 

is driven by the MPO promoter.  One transgenic line, produced by Huttenlocher and 

collegues, was generated by screening a P1 artificial chromosome clone (PAC) library for the 

zebrafish mpo cDNA sequence and cloning the 8kb 5’ untranslated region of mpo upstream 

of GFP and a SV40 polyadenylation sequence.  Wild type embryos were injected in the 

single cell stage and raised to maturity and mated with wild type embryos to produce the F1 

generation, which was screened for GFP expression (102).  The second transgenic line, 

produced Renshaw and colleagues, was generated by a bacterial artificial chromosome 

(BAC) containing 130kb of the 5’ untranslated sequence of mpo that has enhanced green 

fluorescent protein (EGFP) and a SV40 polyadenylation site inserted at the mpo ATG start 

codon.  The BAC was linearized and injected into single cell embryos and stable transgenic 

lines were generated (100).  One of the key differences between the Huttenlocher and 

Renshaw lines is that the Huttenlocher line has two distinct populations of cells (GFP
bright

 and 

GFP
dim

) whereas the Renshaw line solely expresses GFP
bright 

cells.  Using the transgenic fish 

produced by Huttenlocher, investigators have shown that the GFP
dim

 cells constitute a 

population of monocyte/macrophages, based on the morphology and the fact that 

monocytes/macrophages are capable of expressing low levels of MPO activity (96, 100, 

103).           

Both of these transgenic lines, termed MPO:GFP, have been used to study in vivo 

neutrophil migration.  Studies by Huttenlocher have shown that neutrophils undergo a 

retrograde chemotaxis event in which neutrophils migrate towards the wound and then back  
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into circulation (96), which is paradigm that is not generally accepted by neutrophil 

biologists.  Results reported by Renshaw and colleagues, however, contradict these findings 

and demonstrate that after neutrophils migrate into the wound, they die via apoptosis (100, 

104), a mechanism for the resolution of neutrophilic inflammation that is widely accepted.  

Further studies with transgenic MPO:GFP zebrafish lines have elucidated the importance for 

both PI3K and Rac in mediating neutrophil motility in vivo (105).  Further the MPO:GFP 

model has also been used to demonstrate in vivo evidence of exacerbated neutrophil 

migration in a model for chronic inflammation (106), a link between muscle degradation and 

infiltration of neutrophils (107) and in vivo evidence of macrophage uptake of apoptotic 

neutrophils during the resolution of inflammation (104).  Ultimately, the use of MPO:GFP 

transgenic zebrafish provide a useful model for the study of in vivo neutrophil migration and 

function. 

 

5.  Comparison of neutrophil and fibroblast migration 

 

Neutrophils are terminally differentiated cells and survive upwards of 24 hours in 

circulating blood and are therefore cannot be maintained in vitro (18).  The HL-60 cell line, 

which can differentiate into a neutrophil-like cell upon DMSO treatment (108, 109), has been 

used in various studies as a model for neutrophil migration (110).  However, performing 

genetic studies in differentiated HL-60 cells has been difficult until recent advances allowing 

for HL-60 transfection by nucleofection (110).  Fibroblasts, a mesenchymal cell, are also  
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capable of chemotaxis and thus are another cell type that can be used to study mechanisms of 

neutrophil migration.  Fibroblasts are easily transfected and both primary fibroblasts as well 

as commercially available fibroblast cells lines (NIH-3T3 cells) have been utilized to study 

mechanisms of cell migration.  Various techniques have been used to study fibroblast 

migration including scratch or wounding assays, Boyden chambers, or microfluidics devices 

(111).   

Like neutrophils, fibroblasts are essential to the process of inflammation and in particular 

are involved in the process of repairing inflamed tissue.  Fibroblasts migrate into wounds or 

inflamed tissue, synthesize extracellular matrix proteins, proliferate and remodel the tissue in 

a mechanism resulting in wound closure and/or tissue repair (112-115).  However, also like 

neutrophils, fibroblasts can contribute to chronic inflammation and have been linked to the 

pathogenesis of various diseases, including COPD and cancer (116-120).   

Both neutrophils and fibroblasts have been classified as “professional” migratory cells.  

This classification is given because these cells both migrate via chemotaxis and with an 

asymmetrical morphology.  This morphology is characterized by polarization and spreading 

of the front of the cell towards a chemoattractant source with adhesive contacts forming 

between the cell and the extracellular matrix.  Subsequent contraction of the cell rear results 

in the propulsion of the cell in the direction of migration (30, 32, 121).  Various signaling 

molecules, including PIP3, PI3K, Rac and Cdc42, asymmetrically localize to the pseudopod 

of migrating neutrophils and fibroblasts, while Rho GTPases and PTEN localize to the 

trailing edge uropod (31, 32, 121). 
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Although the morphology of migrating neutrophils and fibroblasts and the signaling 

molecules involved in their regulation are similar, there are many differences between these 

two cell types.  The obvious difference is that neutrophils respond to a variety of 

chemoattractants (IL-8, fMLP, C5a, and LTB4), which signal through GPCRs, whereas 

fibroblasts primarily respond to platelet derived growth factor (PDGF), which signals 

through a receptor tyrosine kinase (RTKs) (41, 122).  PDGF is produced by macrophages and 

platelets and the PDGF family consists of four members (PDGF-A, PDGF-B, PDGF-C and 

PDGF-D) which form dimers of disulfide-linked polypeptide chains.  A homodimer of 

PDGF-B subunits (PDGF-BB) is the key regulator of fibroblast migration in vivo and in vitro 

and the receptor for PDGF-BB consists of two PDGF receptor (PDGFR)-β chains, which 

dimerize upon PDGF-BB ligation.  Dimerization of the PDGFRβ results in 

autophosphorylation of specific tyrosine residues within the cytoplasmic tail of the receptors.  

The phospho-tyrosines on the cytoplasmic tail serve as docking sites for various signaling 

molecules and adaptor proteins.  PI3K interacts with the phospho-tyrosine residues of the 

RTK via Src homology 2 (SH2) domains, resulting in its activation and subsequent activation 

of Rac and Cdc42 and actin polymerization.  PLCγ also interacts with the cytoplasmic 

domain of PDGFR, resulting in its activation via phosphorylation.  The adaptor proteins, 

Grb2 and Shc, bind to PDGFR via SH2 domains and lead to activation of Ras and the MAPK 

pathways.  Further, PDGFRβ can interact with Na
+
/H

+
 exchanger regulatory factors 

(NHERFs) that are capable of activating PTEN and linking PDGFRβ to the cortical actin 

cytoskeleton through its association with focal adhesion kinase (FAK) (122-124).     
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One signaling molecule that differs between neutrophil and fibroblast migration is PI3K.  

Both neutrophils and fibroblasts utilize class I PI3Ks because this class of PI3K is 

responsible for the generation of PIP3, which is essential for mediating chemotaxis.  

However, fibroblasts utilize class 1α PI3Ks for migration whereas neutrophils utilize class 1 

β and γ PI3Ks (45-47, 125).  An additional difference is that neutrophils migrate at fast 

speeds (~ 20 μm/min) and require a shallow gradient of chemoattractant to migrate whereas 

fibroblasts migrate at slower speeds (~ 1 μm/min) and require a steep gradient of 

chemoattractant.  This is due to stronger adhesive contacts between fibroblasts and the 

extracellular matrix that are mediated by integrins (126).  Neutrophils express the β2-

integrins LFA-1 and Mac-1, which allow adhesion to plasma proteins, immune complexes 

and other cell types (endothelial and epithelial cells) (1, 15, 127, 128) as well as α6β1 

integrin, which interacts with laminins (27).  Fibroblasts, however, do not express β2-

integrins and instead, primarily express β1-integrins, including, α1β1, α2β1, α5β1 and α11β1.  

These integrins recognize extracellular matrix proteins, specifically fibronectin and collagen 

(129).   

Neutrophils and fibroblasts adopt a similar morphology and utilize similar intracellular 

signaling pathways during migration, thus making fibroblasts a useful model for studying 

neutrophil migration.  However, one must keep in mind the various differences between the 

two cell types and how these differences may alter the migration of their respective cells.     
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B.  Myristoylated Alanine-Rich C-Kinase Substrate (MARCKS) 

 

Myristoylated alanine-rich C-kinase substrate (MARCKS) is a 32 kDa acidic, 

unfolded, rod shaped protein initially identified as a substrate for protein kinase C (PKC) 

(130-134).  First identified in 1982 as an 80 kDa protein given its size on a SDS-PAGE 

(135), MARCKS is an ubiquitously expressed protein with expression observed in neural and 

CNS tissue (131, 136), connective tissue (137), skeletal muscle (138), renal tissue (139), 

leukocytes (132, 140-142), and in the gastrointestinal, respiratory and reproductive tracts 

(143-145).  Characterization of MARCKS mRNA and protein expression has led to the 

discovery that numerous vertebrate species, both mammalians and non-mammalian, express 

MARCKS, including; human (146, 147), mouse (132, 137), rat (148, 149), bovine (150), 

chicken (151), and Xenopus laevis (152)[16].  The MARCKS gene (previously termed Macs) 

encodes MARCKS mRNA with a single intron splice site towards the 5’ end (149) and the 

MARCKS gene is upregulated by stimulation with LPS, TNF-α and β-amyloid peptides  (153-

156).   There are subtle differences in the size and amino acid sequence of MARCKS protein 

expressed by different species; however, the conserved domains of the protein remain 

constant (131, 149, 151, 157).  MARCKS contains three conserved domains; a myristoylated 

amino-terminal domain, a MH2 domain, and the phospho-site domain (PSD), which serves 

as the phosphorylation site for PKC (130, 158).  The MH2 domain contains the intron-splice 

site and has homology to the internalization domain of the mannose-6 receptor, but has no 

known function (130).  
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In resting cells, MARCKS is anchored to cellular membranes via its myristoylation 

motif and electrostatic interactions between the basic amino acids of the PSD and the acidic 

phospholipid bilayer, which is enriched in phosphatidylserine and PIP2 (159, 160).  

MARCKS is myristoylated post-translationally by the addition of the myristoyl moiety (C14 

saturated fatty acid) to the amino-terminal glycine residue.  The myristoyl moiety of 

MARCKS inserts itself hydrophobically into the phospholipid bilayer of the plasma 

membrane (130, 160-166).  The basic residues within the PSD of MARCKS electrostatically 

interact with acidic phospholipids, further anchoring MARCKS to cellular membranes (164-

166).  Both myristoylation and electrostatic interactions tether MARCKS to cellular 

membranes in an independent, yet additive manner with the electrostatic interactions having 

a higher affinity for cellular membranes than the myristoyl moiety.  However, neither 

myristoylation nor electrostatic interactions within the PSD alone are enough to sustain 

MARCKS binding to cellular membranes (162, 163, 167, 168).  Phosphorylation of 

MARCKS results in the incorporation of negative charges into the PSD, thus weakening the 

electrostatic interactions between MARCKS and the phospholipid bilayer.  This weakening 

of the electrostatic interactions causes complete dissociation of MARCKS from cellular 

membranes resulting in cytosolic localization of MARCKS (162, 163, 165, 166), which has 

been termed the “myristoyl-electrostatic switch” mechanism (167).   
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1. Regulation of MARCKS function by phosphorylation 

 

MARCKS was originally described as a substrate for PKC and phosphorylation of 

MARCKS by PKC occurs via both direct and indirect mechanisms.  PKC and PKC-related 

kinase 1 (PRK1) directly phosphorylate rat MARCKS on three serine residues within the 

PSD: Ser
152

, Ser 
156

 and Ser
163

 (169-171).  PKC activation occurs with signaling through 

GPCRs or RTKs, which results in the cleavage of PIP2 by PLC into inositol 1,4,5-

triphosphate (IP3) and diacyl glycerol (DAG).  DAG remains in the plasma membrane 

whereas IP3 opens calcium channels in the endoplasmic reticulum and thus increases 

intracellular calcium concentrations.  PKC is activated by cytosolic to membrane 

translocation, where it interacts with DAG and Ca
2+

.  There are various PKC isozymes, 

including conventional PKCs (α, βI, βII and γ), which require both DAG and Ca
2+

; novel 

PKCs (δ, ε, ζ, ε), which require DAG only; and atypical PKCs (δ, η, λ), which do not require 

DAG or Ca
2+ 

(172). Both novel PKCs (PKC-ε, PKC-δ and PKC-ζ) and classical PKCs (PKC-

α and PKC-βII) have been shown to phosphorylate MARCKS (138, 144, 173, 174). 

MARCKS phosphorylation occurs on cellular membranes by activated membrane-bound 

PKC, thus resulting in MARCKS localizing to the cytosol (175).  Specifically, PKC 

phosphorylation of rat MARCKS at Ser
152

 is involved in the regulation of MARCKS binding 

to phosphatidylserine on the plasma membrane (176).  Further, pharmacological inhibition of 

Rho-associated kinase (ROCK) signaling has shown that ROCK phosphoyrlates human 

MARCKS on Ser
159

 (Ser
152

 in mice) which is an example of MARCKS indirect  
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phosphorylation by PKC, as ROCK activates PKC (177-182).  Activation of protein kinase A 

(PKA), a serine/threonine kinase activated by adenylyl cyclase and cyclic AMP (cAMP), in 

parotid acinar cells results in activation of PKCδ and subsequent amylase release (183).  

Previous research has shown that PKC is activated by PKA in other cells (184), suggesting 

that MARCKS phosphorylation and function may be indirectly regulated by the cAMP 

depenendent/PKA pathway.   

MARCKS phosphorylation can also occur independently of PKC activation.  

Activation of protein kinase G (PKG), a protein kinase activated by cyclic GMP (cGMP) 

(185), results in the phosphorylation of MARCKS in NIH-3T3 fibroblasts.  However, 

activation of the PKG pathway in these cells results in decreased total MARCKS protein 

levels, indicating that the PKG pathway is involved in the degradation of MARCKS (186).  

Further, the p42 Mitogen Activated Protein Kinase (MAPK) phosphorylates mouse 

MARCKS on Ser
113

, a serine residue located outside of the PSD (187).  The p42 MAPK is a 

proline-directed kinase that is capable of phosphorylating serine or threonine residues that are 

flanked by proline in the +1 position (188, 189).  MARCKS is phosphorylated on multiple 

serine residues by proline-directed kinases, including cdc2 kinase and tau protein kinase II at 

a unique serine phosphorylation site within the carboxy-terminal domain (Ser
299

) of bovine 

MARCKS (190-192).  The exact role of proline-directed kinase phosphorylation of 

MARCKS is yet to be determined; however phosphorylation of chicken MARCKS at Ser
25

 

results in the ability of MARCKS to bind and stabilize F-actin filaments in retinal neuroblasts 

(193).  Phosphorylation of chicken MARCKS on Ser
25

 appears to be unique to cells of the  
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nervous system (194, 195), suggesting that phosphorylation of MARCKS outside the PSD, 

presumably by proline-directed kinases, may be involved in the regulation of MARCKS 

function and this mechanism may vary depending on the cell type.   

Upon phosphorylation of MARCKS in the PSD, MARCKS dissociates from the 

plasma membrane resulting in localization to the cytosol (158, 167, 168, 196) or other 

cellular membranes, such as the lysosome (197).  Additionally, cytosolic MARCKS can also 

be phosphorylated by PKC isozymes that are activated in the cytosol and do not require 

translocation to the membrane for activation (175).   Cytosolic phosphorylated MARCKS is 

dephosphorylated by protein phosphatases, specifically by protein phosphatase 1 (PP1), 

protein phosphatase 2A (PP2A) or calcineurin (191, 198-201).  PP1 and PP2A are activated 

by a variety of pathways, including p38 MAPK (202), and in respiratory epithelia, PP2A 

activation is mediated by PKG and inhibition of PKG results in MARCKS remaining in a 

phosphorylated state (143).    Once dephosphorylated, MARCKS can be bound by calcium-

bound calmodulin, cross linked by filamentous actin (F-actin), or re-associate with cellular 

membranes. 

 

2.  Regulation of MARCKS function by calmodulin 

 

Besides PKC, calmodulin (CaM) is also activated by GPCRs and RTKs as well as 

increased intracellular Ca
2+

 concentrations and studies have revealed that MARCKS is also a 

major substrate for calcium-bound CaM (151).  Calcium-bound CaM binds MARCKS  
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localized on cell membranes, causing the MARCKS/CaM complex to dissociate and localize 

to the cytosol (164).  Typically, CaM substrates are α-helical or become α-helical upon CaM 

binding.  However, the PSD of MARCKS remains non-helical, in a flexible confirmation, 

upon binding by calcium-bound CaM (203, 204).  Interestingly, studies have shown that 

CaM binds with higher affinity to recombinant PSD than to full length MARCKS.  The same 

is also true for unmyristoylated MARCKS, in that CaM binds to unmyristoylated MARCKS 

with higher affinity than to wild type MARCKS (205).        

Like PKC, calcium-bound CaM inhibits the ability of MARCKS to crosslink F-actin 

in the cytosol (206).  However, when the cellular Ca
2+

 concentrations decrease, CaM releases 

MARCKS, which is able to bind F-actin and/or return to cellular membranes (130, 207).  

Both PKC and CaM bind the PSD of MARCKS in a mutually exclusive manner, in that 

phosphorylation of MARCKS by PKC inhibits CaM binding to MARCKS and MARCKS is 

unable to be phosphorylated by PKC when bound by CaM (130, 151, 208-210).  This 

suggests that MARCKS may be involved in cross-talk between the PKC and CaM signaling 

pathways with two potential scenarios for MARCKS mediated cross-talk.  First, if PKC is 

activated first, MARCKS will become phosphorylated, leaving CaM the ability to activate its 

other substrates, such as MLCK and CaM kinase II.  However, if CaM is activated first and 

forms a complex with MARCKS, PKC will phosphorylate other known substrates, such as 

calpain (134, 211).  The second scenario is that MARCKS is involved in PKC mediated CaM 

localization in cells.  Depolarization of smooth muscle cells results in CaM and MARCKS 

colocalization to the cytosol.  However, activation of PKC results in an initial translocation  
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of CaM followed by subsequent translocation of MARCKS at a later time point (212). 

 

3.  MARCKS is an actin binding protein involved in reorganization of the actin 

cytoskeleton 

 

Many investigators have reported that MARCKS is capable of binding to actin.  

However, the exact mechanism by which MARCKS binds to actin is still unclear.  A 

generally accepted hypothesis is that the PSD of MARCKS contains two actin binding motifs 

on the N-terminal and C-terminal halves of the PSD that are responsible for F-actin cross 

linking.  Phosphorylation of MARCKS results in a conformational change within the PSD, 

resulting in the blockade of one of the two actin binding motifs.  Dephosphorylation of 

MARCKS results in a conformational change that reveals both actin binding motifs, allowing 

for F-actin cross-linking (206, 213, 214).  The ability of MARCKS to cross-link F-actin is 

enhanced by both myristoylation and cleavage of MARCKS (205) and the integrity of the 

MARCKS associated actin filaments correlates with sustained phosphorylation of MARCKS 

at Ser
25

 in retinal neuroblasts (193).  However, a conflicting report suggests that MARCKS 

contains a single actin binding site within the PSD and actin cross-linking is the result of 

actin dimerization or a second actin binding site that is located within the MH-2 domain 

(130, 133).  Further, the PSD of MARCKS is capable of bundling F-actin filaments in that 

the PSD binds to negatively charged residues of F-actin, thus eliminating the electrostatic 

repulsions between F-actin filaments (215).  Also, the PSD domain of MARCKS is capable  
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of polymerizing globular actin (G-actin) into F-actin, and this ability is dependent on the N-

terminal pentalysine sequence present in the PSD.  The ability of MARCKS to polymerize 

G-actin is inhibited by PKC phosphorylation or calmodulin binding (216).    

It is unclear if MARCKS plays a role in the rearrangement of F-actin.  One thought is 

that MARCKS is involved in the movement of F-actin around cells and that MARCKS 

assists in the association of F-actin to other cytoskeletal proteins.  Myoblast alpha-5 integrin 

mediated focal adhesions requires MARCKS function (173) and MARCKS and F-actin are 

colocalized in blebs, membrane ruffles and the lamellae of fibroblasts (217).   Further studies 

have shown colocalization of MARCKS with membrane associated cytoskeletal proteins 

such as α3-integrins and tetraspanins, which are proteins that form membrane complexes with 

integrins and participate in integrin-mediated cellular migration (218, 219). Further, in 

resting macrophages, MARCKS has a punctuate distribution, resulting in localization of 

MARCKS to filapodia.  In these filopodia, MARCKS was colocalized with the cytoskeletal 

proteins vinculin and talin (220).  However, none of these studies demonstrate colocalization 

of F-actin with MARCKS and the cytoskeletal proteins that MARCKS associates with.      

An additional hypothesis for the mechanism by which MARCKS regulates the actin 

cytoskeleton is by sequestration of PIP2.  PIP2 is continuously present in the plasma 

membrane of cells and recent evidence suggests that PIP2 is involved in signaling pathways 

regulating actin dynamics.  Various actin binding proteins, such as WASP and ERM, bind to 

and are activated by PIP2.  It is thought that increased concentrations of free PIP2 is a signal 

for anchoring the actin cytoskeleton to cell membranes and decreased PIP2 concentrations is  
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the signal for the release of the actin cytoskeleton from membranes (216, 221, 222).  The 

PSD of MARCKS binds to the plasma membrane phospholipids  phosphatidylserine and PIP2  

via electrostatic interactions (159, 164, 166, 223), and MARCKS and PIP2 have also been 

shown to  colocalize to lipid rafts, phagosomal membranes, focal adhesion sites and 

membrane ruffles (197, 224, 225).  The unphosphorylated PSD of MARCKS binds to PIP2 

within the plasma membrane and binding of MARCKS to PIP2 inhibits PLC mediated 

hydrolysis of PIP2 (226).  MARCKS clusters PIP2 molecules on the plasma membrane and  

PKC and CaM mediated displacement of MARCKS from the plasma membrane releases the 

sequestration of PIP2, allowing for PLC induced hydrolysis of PIP2 (216, 224, 226).  Studies 

have shown that MARCKS increases the number, length and motility of dendrites and 

neurites in a manner that is dependent on PIP2 (227).  Therefore, it appears that one of the 

mechanisms by which MARCKS regulates actin dynamics is through the sequestration of 

PIP2.  

 

4.  MARCKS is the substrate for various proteases            

 

The lysosomal cysteine protease cathepsin B cleaves MARCKS resulting in a p40 

fragment, corresponding to a carboxyl-terminal fragment that is associated with the 

mitochondrial/lysosomal fraction of fibroblasts (228).  Stefin B is a ubiquitously expressed 

inhibitor of lysosomal cathepsin B and mice deficient in stefin B have an increased rate of 

MARCKS cleavage in the kidney and liver (229).  The mechanism for cathepsin B cleavage  
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of MARCKS is unknown, however, it is hypothesized that cathepsin B is involved in the 

targeting of MARCKS to the lysosome for degradation (228).  PKG mediated 

phosphorylation of MARCKS results in the degradation of MARCKS (186) and therefore, 

PKG and cathepsin B may act cooperatively to decrease the amount of MARCKS in cells. 

Calpain is a calcium dependent non-lyososomal cysteine protease that has also been 

shown to cleave MARCKS.  In myoblasts, inhibition of calpain is associated with an 

accumulation of MARCKS at the plasma membrane and subsequent inhibition of myoblast 

migration (230, 231).  Further research reveals that in migrating myoblasts, a 55 kDa (on 

SDS-PAGE) MARCKS fragment is generated.  When calpain is inhibited by calpastatin, a 

calpain inhibitor, there is a significant decrease in the appearance of the 55 kDa MARCKS 

fragment that is associated with decreased myoblast migration (232).  Inhibition of calpain 

results in increased PKC mediated phosphorylation of MARCKS upon phorbol ester or N-

methyl-D-aspartic acid stimulation of rat hippocampal cells (233).  However, calpain 

proteolysis of MARCKS depends on PKCα mediated phosphorylation of MARCKS in 

myoblasts (232).     

The exact location of calpain cleavage of MARCKS is unknown.  However, a 

cleavage site within the amino-terminus of MARCKS has been identified between Lys
6
 and 

Thr
7
.  Cleavage at this site is myristoylation dependent and cleavage between Lys

6
 and Thr

7 

results in decreased binding of MARCKS to membranes (234).  Given that calpain inhibition 

in myoblasts results in the accumulation of MARCKS on the plasma membrane (230), it is 

hypothesized that calpain cleaves MARCKS at this amino-terminal site.  It is thought that the  
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tertiary structure of a protein, not the primary amino acid sequence, directs calpain cleavage.  

The most common calpain cleavage sites have a small hydrophobic amino acid at the P2 

position and a large hydrophobic amino acid at the P1 position (235).  In MARCKS Thr
7
 is in 

the P1 position and Lys
6
 is in the P2 position and both of these are polar hydrophilic amino 

acids.  The MARCKS cleavage site between Lys
6
 and Thr

7 
does not appear to follow the 

predicted amino acid cleavage site for calpain.  However, given that the exact cleavage site 

of calpain is yet to be determined, it is still plausible that calpain cleaves MARCKS on the 

amino-terminal site and further analysis is required.    

 

5. A role for MARCKS in developmental biology 

 

Attempts to generate a homozygous Marcks deficient mouse strain have led to the 

discovery that MARCKS is essential during development.  Marcks deletion in mice is 

embryonic lethal and mouse pups that survive birth die within hours (236).  Severe 

abnormalities are observed in Marcks deficient pups, including runting, exencephaly, and 

omphalocele, and the brain of homozygous Marcks deficient pups is decreased in size 

compared to wild type and heterozygous littermates.  Further analysis reveals separation 

between the cerebral hemispheres of the brain and disruption of the corpus callosum, 

hippocampal commisure and anterior commisure in homozygous Marcks deficient mouse 

pups (236).  This data supports a role for MARCKS in neural tube closure.  MARCKS and F-

actin are apically colocalized in cells during closure of the neural tube in chick embryos,  
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specifically during the bending process.  After the neural tube is closed, MARCKS 

disappears from apical regions and is localized to the periphery whereas F-actin remains 

apically localized (237).      

A human MARCKS transgene is capable of rescuing homozygous Marcks deficient 

mouse pups.  However, a human nonmyristoylated MARCKS (MARCKS A2/G2) transgene 

complemented some, but not all abnormalities observed in homozygous Marcks deficient 

mice.  Specifically, 25% of MARCKS-A2/G2 mice survived the perinatal period and those 

that survived had a decreased body size.  Interestingly, the neural and anatomical defects that 

were observed in the homozygous Marcks deficient mouse pups were corrected by 

expression of the MARCKS-A2/G2 transgene (238).  However, recent evidence indicates that 

in the developing cerebral cortex, myristoylation of MARCKS is required for the 

proliferation, placement and differentiation of radial glia (239), questioning the results of the 

human MARCKS-A2/G2 transgene study.   

Unlike myristoylation, phosphorylation of MARCKS in the PSD is required for 

postnatal survival.  A human MARCKS transgene with the phosphorylatable serines in the 

PSD replaced by arganines (Asn-Marcks) did not complement the postnatal mortality 

observed in homozygous Marcks deficient mice (240).  Evidence suggests that prior to neural 

tube closure, both Marcks and PKC-α colocalize to the plasma membrane of cells that give 

rise to the neural tube (the surface ectoderm, neuroepithelial cells and underlying 

mesenchyme) and that Marcks is phosphorylated in embryonic day 8.5 (E8.5), when 

neurulation occurs (241).   However, the neural defects observed in the homozygous Marcks  
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deficient pups were not observed in the Asn-Marcks complemented pups (240).  This is 

further supported by a study in which a PSD null MARCKS transgene complemented the 

cerebral cortex abnormalities observed in Marcks deficient mice (239).  Therefore, a role for 

MARCKS in neural tube closure has been established, although it appears that it does not 

involve PKC mediated phosphorylation of MARCKS in the PSD.   

Low but sustained phosphorylation of MARCKS occurs in neural and non-neural 

embryonic tissue before the onset of neural differentiation.  However, phosphorylation of 

MARCKS increases drastically during early differentiation of the neural retina and in the 

spinal cord (242).  These studies were performed using a monoclonal antibody (mAb) 

specific for MARCKS that was generated by immunizing mice with chick retinal tissue.  

This antibody recognizes a phosphorylated form of MARCKS that is present in the neural 

tissue (136, 242) and additional research revealed that this mAb recognizes chicken 

MARCKS that is phosphorylated on Ser
25

.  Research has also revealed that MARCKS 

phosphorylated at Ser
25

 is involved in embryonic development of retinal tissue, but that this 

unique phosphorylation of MARCKS is lost after retinal histogenesis is complete (243).    

Interestingly, abnormal retinal layering in homozygous Marcks deficient mouse pups is also 

observed.  Specifically, the nuclei-free layer (transient fiber layer of Chievitz (244)) is 

completely absent in the retinas of Marcks deficient mouse pups (236).  Therefore, 

MARCKS is required for the histogenesis of retinal tissue and it appears that it may involve 

phosphorylation of MARCKS on chicken Ser
25

.   
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The role of MARCKS in neural development has been well established, in that  

MARCKS is required for neural tube closure and retinal histogenesis during later embryonic 

stages (194, 236).  Marcks deficiencies in mice results in embryonic lethality (236), 

suggesting that MARCKS is also involved in early embryonic events.  Interestingly, 

MARCKS deficient Xenopus laevis exhibit defects in gastrulation that are associated with 

impaired convergent extension (245); a process by which cells converge medio-laterally and 

extends anterior-posteriorly, resulting in elongation of the body axis (246, 247).  The 

noncanonical Wnt signaling pathway functions upstream of MARCKS mediated convergent 

extension movements in Xenopus laevis (245).  This data confirms that MARCKS is 

involved in earlier embryonic events and may explain the embryonic lethality and defects 

observed in Marcks deficient mice (236).   

The noncanonical Wnt pathway regulates cell polarization during convergent 

extension and organogenesis by signaling through frizzled receptors, which are 7-

transmembrane GPCRs (248, 249).  Signaling through Wnt ligands/frizzled receptors result 

in the activation of intracellular signaling molecules leading to cellular polarization.  PKC, 

calmodulin and RhoGTPases are all activated by the noncanonical Wnt Signaling pathway 

(247, 250) and are involved in mediating MARCKS function.   
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6.  MARCKS involvement in cell migration 

 

Given MARCKS mediated regulation of the actin cytoskeleton, it is not surprising 

that a role for MARCKS in cell migration has been established.  As previously described,  

MARCKS is involved in the morphogenetic movements of embryogenesis, specifically 

during gastrulation and neurulation (236, 245).  However, MARCKS is also involved in the 

migration of other cells, including fibroblasts (217), myoblasts (198), human embryonic 

kidney cells (251), human hepatic stellate cells (252), vascular smooth muscle cells (253), 

neuroblastoma and cholangiocarcinoma cells (254, 255), neutrophils (142) and mesenchymal 

stem cells (256). 

One of the first steps during cell migration is adherence of cells to the extracellular 

matrix and a role for MARCKS in the regulation of cell adhesion and migration has been 

established (142, 173, 217, 219, 257).  Expression of a mutated MARCKS, which the 

myristoyl moiety is replaced by a palmitoyl moiety, thus interfering with MARCKS 

myristoyl-electrostatic switch mechanisms, results in abrogation of fibroblast spreading on a 

fibronectin substrate.  The palmitoylated MARCKS construct interfered with early stages of 

cell spreading, which was indicated by a rounded morphology with multiple membrane 

blebs.  Further, a decreased number of membrane ruffles and lamellae at the leading edge of 

the cell was observed in fibroblasts expressing palmitoylated MARCKS.  This study 

ultimately revealed that the defect was due to the inability of the cell to adhere to a  
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fibronectin substrate (217).  Further supporting a role for MARCKS in cell adhesion,  

neutrophils pretreated with a peptide inhibiting MARCKS function have inhibited β2-

integrin mediated adhesion upon stimulation with fMLP, PMA and immune complexes 

(142).  Glioblastoma multiforme cells expressing a constitutively active variant of the 

epidermal growth factor receptor (EGFR) undergo decreased adhesion, spreading and 

invasion when transfected with siRNA against MARCKS (257). 

 The adherence, spreading and migration of myoblasts is dependent on MARCKS 

function.  MARCKS deficient α5 integrin myoblasts are unable to spread on a fibronectin 

substrate and MARCKS is localized to focal adhesion sites in α5 integrin expressing 

myoblasts during attachment and spreading (173).  Myoblasts expressing either wild type or 

unmyristoylated MARCKS were capable of spreading on fibronectin whereas myoblasts 

expressing MARCKS PSD null mutants were incapable of spreading on fibronectin, 

indicating that phosphorylation and bi-lateral translocation of MARCKS are required for cell 

migration.  Further examination reveals that MARCKS is localized to the membrane during 

the initial attachment of myoblasts whereas MARCKS is phosphorylated and localized to the 

cytosol of adherent myoblasts.  MARCKS subsequently returns to the membranes once 

myoblasts are fully spread (198).  MARCKS has also been associated with the migration of 

melanoma cells.  Besides classic focal adhesions, melanoma cells contain more extensive, 

highly dynamic, irregularly shaped adhesions that tend to occur along the lamellepodia and 

are involved in motility.  These highly dynamic adhesions are regulated by both PKC and 

MARCKS in that disassembly of the adhesions occurs upon PKC mediated phosphorylation  

 



 40 

of MARCKS.   Over expression of MARCKS results in the inability of the cells to respond to  

PKC and cells remained spread with MARCKS localized along the plasma membrane and 

cell edges.  This differed from control cells, which retracted rapidly upon PKC stimulation 

and indicates that nonphosphorylated MARCKS promotes adhesive contacts in melanoma 

cells (219).  Ultimately, these studies have revealed a role for PKC mediated bi-lateral 

translocation of MARCKS in the regulation of cell migration.           

 Platelet derived growth factor-BB (PDGF-BB) is a mitogen and chemoattractant for 

hepatic stellate cells, fibroblasts and smooth muscle cells (252, 258, 259).  PDGF-BB has 

been shown to stimulate the membrane to cytosolic translocation of MARCKS (171) as well 

as subsequent phosphorylation of MARCKS (260, 261) in Swiss 3T3 fibroblasts.  MARCKS 

is downstream of PDGF-BB signaling during the migration of hepatic stellate cells and 

MARCKS is phoshporylated by PKCε upon PDGF-BB stimulation.  MARCKS associates 

with the PDGF-BB receptor but not focal adhesion kinase in non-stimulated and PDGF-BB 

stimulated hepatic stellate cells, with greater association observed in non-stimulated cells.  

Over expression of MARCKS results in decreased PDGF-BB mediated chemotaxis in 

hepatic stellate cells whereas a siRNA against MARCKS results in a slight increase in 

PDGF-BB mediated chemotaxis (252).  This data supports the notion that bi-lateral 

translocation of MARCKS is required for the regulation of cell migration.  This data further 

suggests that MARCKS is involved in stabilizing the actin cytoskeletal structure of migratory 

cells, but that phosphorylation of MARCKS must occur to allow for reorganization of the 

actin cytoskeleton and promotion of cell migration.   
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Contradictory to this is that MARCKS is overexpressed in cholangiocarcinoma cells 

 (262) and this over expression correlates to increased metastasis and decreased host survival.  

Over expression of endogenous MARCKS results in increased cell attachment whereas 

transfection of cholangiocacinoma cells with a siRNA against MARCKS significantly 

reduced cell attachment.  Further, TPA stimulated cholangiocarcinoma cells expressing a 

MARCKS siRNA had a significantly decreased ability to migrate in a Boyden chamber 

experiment compared to control transfected cells.  Pretreatment of control or MARCKS 

siRNA transfected cholangiocarcinoma cells with a PKC inhibitor and TPA resulted in 

further inhibition of cell migration compared to pretreatment with TPA alone.  This 

ultimately indicates that MARCKS is required for the migration and metastasis of 

cholangiocarcinoma cells in a manner that is dependent on PKC phosphorylation (255).   

 Calpain, a calcium activated protease, has been shown to be involved in the 

regulation of cell migration.  Neutrophil chemotaxis towards IL-8, fMLP and C5a are 

regulated by calpain activity and calpain 2 is localized to the leading edge of polarized 

neutrophils during chemotaxis and its activity is required for regulating pseudopod formation 

in the direction of the chemoattractant source (263, 264).  Calpain is also involved in the 

regulation of integrin function in that LFA-1 mediated adhesion is strengthened by activation 

of calpain in T lymphocytes through a mechanism involving altering intracellular calcium 

concentrations (265).  Further, overexpression of μ-calpain results in increased cleavage of 

proteins localized to focal adhesions and increases the number of stress fibers and focal 

adhesions in bovine aortic endothelial cells, indicating that calpain is involved in focal  
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adhesion formation (266).  In myoblasts, a rounded morphology and disorganized stress 

 fibers are observed in cells lacking calpain activity, resulting in decreased myoblast 

attachment and spreading (267).  As previously described, MARCKS is a substrate for 

calpain and cleavage of MARCKS by calpain has been shown to be involved in the 

regulation of cell migration (232).  Decreased expression of µ- and m-calpain or 

overexpression of the calpain inhibitor, calpapastatin, in myoblasts results in approximately a 

50% increase in MARCKS protein expression.  This increased expression of MARCKS 

correlates to decreased myoblast migration, which was confirmed by overexpressing 

MARCKS in myoblasts, also resulting in decreased myoblast migration (230, 268).      

  

7. Regulation of mucin secretion by MARCKS and a role for the myristoylated 

amino-terminus in regulating MARCKS function 

 

In the respiratory epithelium, secretion of mucin is associated with the 

pathophysiology of various respiratory diseases, including asthma and cystic fibrosis.   

Mucin secretion is dependent on both PKC and PKG activity and previous research by Adler 

and colleagues has demonstrated that MARCKS is involved in the regulation of mucin 

secretion in the respiratory epithelium (269, 270).   The proposed mechanism by which 

MARCKS regulates mucin secretion is via PKC phosphorylation and subsequent 

translocation of MARCKS from the plasma membrane to the cytoplasm.  PKG has been 

shown to activate PP2A, which subsequently dephosphorylates MARCKS resulting in  

targeting of MARCKS to the membranes of mucin granules (143).  Further, two chaperone 
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 proteins, cysteine string protein (CSP) and heat shock protein 70 (hsp70) are involved in 

MARCKS mediated regulation of mucin secretion.  MARCKS is associated in a trimeric 

complex with CSP and hsp70 on mucin granules in normal human bronchial epithelial 

(NHBE) cells (271).  Specifically, MARCKS interacts with Hsp70, which also interacts with 

CSP, thus making Hsp70 the bridging factor between MARCKS and CSP (272).  

Knockdown of any of these three proteins by siRNA results in decreased mucin secretion 

(271), indicating that MARCKS interacts with these chaperone proteins in the regulation of 

mucin secretion.  Further, MARCKS and CSP interact with unconventional myosin isoforms, 

specifically myosin V.  Binding of MARCKS or CSP to myosin V was enhanced by 

stimulating NHBE cells with PMA, which is a stimulator of mucin secretion (272).  

Ultimately, this work has elucidated a mechanism for MARCKS in the regulation of mucin 

secretion that involves MARCKS interaction with chaperone proteins and myosin. 

Adler and colleagues further demonstrated a role for the myristoylated amino-

terminus is regulating mucin secretion within the airway epithelium.  Utilizing a 

myristoylated peptide consisting of the first 24 amino acids of MARCKS (MANS), they have 

demonstrated that this peptide significantly decreases mucin secretion in both in vitro and in 

vivo studies (143, 273).  During in vitro studies, mucin secretion stimulated via activation of 

the PKC and PKG pathways were significantly inhibited when NHBE cells were 

preincubated with the MANS peptide.  However, pretreatment with a myristoylated random 

scrambled control peptide (RNS) did not result in decreased mucin secretion upon activation 

of PKC or PKG (143).  During in vivo mouse models of asthma utilizing methylcholine 
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 induced mucus hypersecretion, intratracheal or intranasal administration of the MANS 

peptide results in significantly decreased mucin hypersecretion and airway obstruction. As in 

the in vitro experiments, the RNS missense control peptide did not have an effect on mucin 

secretion in these mice (273, 274).  Further studies reveals that the MANS peptide inhibits 

MARCKS association with the membrane of mucin granules (274).   

Further research has revealed a role for the myristoylated amino-terminus of 

MARCKS in the regulation of leukocyte degranulation.  Pretreatment of neutrophils, 

eonsinophil-like cells, monocyte-like cells and NK cells with the MANS peptide results in 

decreased myeloperoxidase, eosinophil peroxidase, lysozyme and granzyme C release, 

respectively.  However, pretreatment with the RNS control peptide did not result in impaired 

leukocyte degranulation (141).  Additional research has also elucidated a role for the 

myristoylated amino-terminus in the regulation of cell migration.  Pretreatment of human 

neutrophils with the MANS peptide results in decreased migration towards the 

chemoattractants fMLP, IL-8 and LTB4.  The decreased migration of neutrophils can be 

attributed to decreased adhesion, as fMLP and immune complex mediated adhesion was 

reduced in MANS pretreated neutrophils (142).  Further, primary bone marrow derived 

mesenchymal stem cells undergo decreased directed chemotaxis when pretreated with the 

MANS peptide (256).  In both of these studies, the RNS peptide did not alter neutrophil (142) 

or bone marrow derived mesenchymal stem (256) cell migration. 
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8. MARCKS-related protein expression and function 

 

There is an additional member of the MARCKS family of proteins, termed 

MARCKS-related protein (MRP: also termed MARCKS-like protein, MacMARCKS or 

F52).  MRP is a 20 kDa acidic rod shaped protein with a single intron that is expressed in the 

central nervous system (CNS), reproductive tract, and leukocytes (130, 133, 134).  MRP 

expression has been observed in humans (134), mice (275), rabbits (275), and Xenopus laevis 

(276) and MARCKS and MRP share the three conserved domains (the myristoylated amino-

terminus, MH-2 domain and the PSD) with subtle differences.  Within the PSD, MRP has a 

proline substitution where the second phosphorylatable serine is located in MARCKS (133). 

The myristoylated amino-terminus is the most different between MARCKS and MRP.  They 

share a conserved myristoylation motif, with myristoylation occurring on the amino-terminal 

glycine residue with approximately 50% amino acid homology (130, 133, 134). 

Like MARCKS, MRP is upregulated by LPS and β-amyloid proteins and is a protein 

substrate of both PKC and calmodulin (130, 133, 155, 210).  Further, MRP is capable of 

binding to F-actin and PIP2 and thus regulates the actin cytoskeleton (223, 275).  However, 

one difference between MARCKS and MRP is in their interaction with F-actin.  As 

previously discussed, F-actin binds to MARCKS at two binding sites within the PSD (213) 

whereas MRP has a series of six positively charged amino acids within the amino-terminus 

that appear to be crucial for its interaction with F-actin (277).  Further, MARCKS and MRP 

are targeted to different intracellular localizations.  For example, MARCKS is localized to 
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 phagosomes whereas MRP is localized to phagocytic cups (130).  Interestingly, MARCKS is 

associated with phagocytosis in macrophages but MRP does not appear to be involved (278), 

suggesting non-redundant roles for these proteins.  Further supporting a non-redundant role 

for MARCKS and MRP is that homozygous deletion of either gene results in severe 

developmental defects and perinatal death (236, 279, 280).   

As stated earlier, MARCKS is involved in the regulation of cell migration (142, 256).  

However, the role of MRP in cell migration is not completely understood.  Downregulation 

of MRP is associated with both decreased macrophage chemotaxis (281) and increased 

migration of tumor cell lines (282). Both MARCKS and MRP are involved in the regulation 

of cell proliferation of endothelial cells and retinal cells, respectively (283, 284).  Given that 

MARCKS is uniformly expressed and MRP is expressed in the CNS, reproductive tract and 

leukocytes, this data suggests that MARCKS and MRP play similar yet non-redundant roles 

in the respective cell types that express these molecules.  Therefore, given differences in 

expression and function, it is thought that MARCKS and MRP act cooperatively to integrate 

signaling through PKC and calmodulin to regulate the actin cytoskeleton (130, 133, 134).      

  



 47 

REFERENCES 

 

1. Ley, K., C. Laudanna, M. I. Cybulsky, and S. Nourshargh. 2007. Getting to the site of 

inflammation: the leukocyte adhesion cascade updated. Nat. Rev. Immunol. 7: 678-689.  

2. Muller, W. A. 2003. Leukocyte-endothelial-cell interactions in leukocyte transmigration 

and the inflammatory response. Trends Immunol. 24: 327-334.  

3. Simon, S. I. and C. E. Green. 2005. Molecular mechanics and dynamics of leukocyte 

recruitment during inflammation. Annu. Rev. Biomed. Eng. 7: 151-185.  

4. Tedder, T. F., D. A. Steeber, A. Chen, and P. Engel. 1995. The selectins: vascular 

adhesion molecules. FASEB J. 9: 866-873.  

5. Makrilia, N., A. Kollias, L. Manolopoulos, and K. Syrigos. 2009. Cell adhesion molecules: 

role and clinical significance in cancer. Cancer Invest. 27: 1023-1037.  

6. Gearing, A. J. and W. Newman. 1993. Circulating adhesion molecules in disease. 

Immunol. Today 14: 506-512.  

7. Lawrence, M. B., G. S. Kansas, E. J. Kunkel, and K. Ley. 1997. Threshold levels of fluid 

shear promote leukocyte adhesion through selectins (CD62L,P,E). J. Cell Biol. 136: 717-727.  

8. Finger, E. B., K. D. Puri, R. Alon, M. B. Lawrence, U. H. von Andrian, and T. A. 

Springer. 1996. Adhesion through L-selectin requires a threshold hydrodynamic shear. 

Nature 379: 266-269.  

9. Zigmond, S. H. 1977. Ability of polymorphonuclear leukocytes to orient in gradients of 

chemotactic factors. J. Cell Biol. 75: 606-616.  

10. Hwang, S. B. 1990. Specific receptors of platelet-activating factor, receptor 

heterogeneity, and signal transduction mechanisms. J. Lipid Mediat. 2: 123-158.  

11. Tager, A. M. and A. D. Luster. 2003. BLT1 and BLT2: the leukotriene B(4) receptors. 

Prostaglandins Leukot. Essent. Fatty Acids 69: 123-134.  

12. Youn, B. S., C. Mantel, and H. E. Broxmeyer. 2000. Chemokines, chemokine receptors 

and hematopoiesis. Immunol. Rev. 177: 150-174.  



 48 

13. Simon, S. I., Y. Hu, D. Vestweber, and C. W. Smith. 2000. Neutrophil tethering on E-

selectin activates beta 2 integrin binding to ICAM-1 through a mitogen-activated protein 

kinase signal transduction pathway. J. Immunol. 164: 4348-4358.  

14. Smolen, J. E., T. K. Petersen, C. Koch, S. J. O'Keefe, W. A. Hanlon, S. Seo, D. Pearson, 

M. C. Fossett, and S. I. Simon. 2000. L-selectin signaling of neutrophil adhesion and 

degranulation involves p38 mitogen-activated protein kinase. J. Biol. Chem. 275: 15876-

15884.  

15. Dunne, J. L., C. M. Ballantyne, A. L. Beaudet, and K. Ley. 2002. Control of leukocyte 

rolling velocity in TNF-alpha-induced inflammation by LFA-1 and Mac-1. Blood 99: 336-

341.  

16. Rothlein, R., M. L. Dustin, S. D. Marlin, and T. A. Springer. 1986. A human intercellular 

adhesion molecule (ICAM-1) distinct from LFA-1. J. Immunol. 137: 1270-1274.  

17. Sarantos, M. R., H. Zhang, U. Y. Schaff, N. Dixit, H. N. Hayenga, C. A. Lowell, and S. I. 

Simon. 2008. Transmigration of neutrophils across inflamed endothelium is signaled through 

LFA-1 and Src family kinase. J. Immunol. 181: 8660-8669.  

18. Luo, B. H., C. V. Carman, and T. A. Springer. 2007. Structural basis of integrin 

regulation and signaling. Annu. Rev. Immunol. 25: 619-647.  

19. Alon, R. and K. Ley. 2008. Cells on the run: shear-regulated integrin activation in 

leukocyte rolling and arrest on endothelial cells. Curr. Opin. Cell Biol. 20: 525-532.  

20. Phillipson, M., B. Heit, P. Colarusso, L. Liu, C. M. Ballantyne, and P. Kubes. 2006. 

Intraluminal crawling of neutrophils to emigration sites: a molecularly distinct process from 

adhesion in the recruitment cascade. J. Exp. Med. 203: 2569-2575.  

21. Staunton, D. E., M. L. Dustin, and T. A. Springer. 1989. Functional cloning of ICAM-2, 

a cell adhesion ligand for LFA-1 homologous to ICAM-1. Nature 339: 61-64.  

22. Dejana, E. 2004. Endothelial cell-cell junctions: happy together. Nat. Rev. Mol. Cell Biol. 

5: 261-270.  

23. Nourshargh, S., F. Krombach, and E. Dejana. 2006. The role of JAM-A and PECAM-1 in 

modulating leukocyte infiltration in inflamed and ischemic tissues. J. Leukoc. Biol. 80: 714-

718.  

24. Smith, C. W., S. D. Marlin, R. Rothlein, C. Toman, and D. C. Anderson. 1989. 

Cooperative interactions of LFA-1 and Mac-1 with intercellular adhesion molecule-1 in 



 49 

facilitating adherence and transendothelial migration of human neutrophils in vitro. J. Clin. 

Invest. 83: 2008-2017.  

25. Feng, D., J. A. Nagy, K. Pyne, H. F. Dvorak, and A. M. Dvorak. 1998. Neutrophils 

emigrate from venules by a transendothelial cell pathway in response to FMLP. J. Exp. Med. 

187: 903-915.  

26. Dvorak, A. M. and D. Feng. 2001. The vesiculo-vacuolar organelle (VVO). A new 

endothelial cell permeability organelle. J. Histochem. Cytochem. 49: 419-432.  

27. Dangerfield, J., K. Y. Larbi, M. T. Huang, A. Dewar, and S. Nourshargh. 2002. PECAM-

1 (CD31) homophilic interaction up-regulates alpha6beta1 on transmigrated neutrophils in 

vivo and plays a functional role in the ability of alpha6 integrins to mediate leukocyte 

migration through the perivascular basement membrane. J. Exp. Med. 196: 1201-1211.  

28. Rowe, R. G. and S. J. Weiss. 2008. Breaching the basement membrane: who, when and 

how? Trends Cell Biol. 18: 560-574.  

29. Xu, J., F. Wang, A. Van Keymeulen, P. Herzmark, A. Straight, K. Kelly, Y. Takuwa, N. 

Sugimoto, T. Mitchison, and H. R. Bourne. 2003. Divergent signals and cytoskeletal 

assemblies regulate self-organizing polarity in neutrophils. Cell 114: 201-214.  

30. Van Haastert, P. J. and P. N. Devreotes. 2004. Chemotaxis: signalling the way forward. 

Nat. Rev. Mol. Cell Biol. 5: 626-634.  

31. Wu, D. 2005. Signaling mechanisms for regulation of chemotaxis. Cell Res. 15: 52-56.  

32. Bagorda, A., V. A. Mihaylov, and C. A. Parent. 2006. Chemotaxis: moving forward and 

holding on to the past. Thromb. Haemost. 95: 12-21.  

33. Rickert, P., O. D. Weiner, F. Wang, H. R. Bourne, and G. Servant. 2000. Leukocytes 

navigate by compass: roles of PI3Kgamma and its lipid products. Trends Cell Biol. 10: 466-

473.  

34. Niggli, V. 2003. Signaling to migration in neutrophils: importance of localized pathways. 

Int. J. Biochem. Cell Biol. 35: 1619-1638.  

35. Zhelev, D. V. and A. Alteraifi. 2002. Signaling in the motility responses of the human 

neutrophil. Ann. Biomed. Eng. 30: 356-370.  

36. Gerard, N. P. and C. Gerard. 1991. The chemotactic receptor for human C5a 

anaphylatoxin. Nature 349: 614-617.  



 50 

37. Selvatici, R., S. Falzarano, A. Mollica, and S. Spisani. 2006. Signal transduction 

pathways triggered by selective formylpeptide analogues in human neutrophils. Eur. J. 

Pharmacol. 534: 1-11.  

38. Heit, B., S. M. Robbins, C. M. Downey, Z. Guan, P. Colarusso, B. J. Miller, F. R. Jirik, 

and P. Kubes. 2008. PTEN functions to 'prioritize' chemotactic cues and prevent 'distraction' 

in migrating neutrophils. Nat. Immunol. 9: 743-752.  

39. Montecucco, F., S. Steffens, F. Burger, A. Da Costa, G. Bianchi, M. Bertolotto, F. Mach, 

F. Dallegri, and L. Ottonello. 2008. Tumor necrosis factor-alpha (TNF-alpha) induces 

integrin CD11b/CD18 (Mac-1) up-regulation and migration to the CC chemokine CCL3 

(MIP-1alpha) on human neutrophils through defined signalling pathways. Cell. Signal. 20: 

557-568.  

40. Issa, R., S. Xie, K. Y. Lee, R. D. Stanbridge, P. Bhavsar, M. B. Sukkar, and K. F. Chung. 

2006. GRO-alpha regulation in airway smooth muscle by IL-1beta and TNF-alpha: role of 

NF-kappaB and MAP kinases. Am. J. Physiol. Lung Cell. Mol. Physiol. 291: L66-74.  

41. Rossi, D. and A. Zlotnik. 2000. The biology of chemokines and their receptors. Annu. 

Rev. Immunol. 18: 217-242.  

42. Foxman, E. F., J. J. Campbell, and E. C. Butcher. 1997. Multistep navigation and the 

combinatorial control of leukocyte chemotaxis. J. Cell Biol. 139: 1349-1360.  

43. Heit, B., S. Tavener, E. Raharjo, and P. Kubes. 2002. An intracellular signaling hierarchy 

determines direction of migration in opposing chemotactic gradients. J. Cell Biol. 159: 91-

102.  

44. Foxman, E. F., E. J. Kunkel, and E. C. Butcher. 1999. Integrating conflicting chemotactic 

signals. The role of memory in leukocyte navigation. J. Cell Biol. 147: 577-588.  

45. Puri, K. D., T. A. Doggett, J. Douangpanya, Y. Hou, W. T. Tino, T. Wilson, T. Graf, E. 

Clayton, M. Turner, J. S. Hayflick, and T. G. Diacovo. 2004. Mechanisms and implications 

of phosphoinositide 3-kinase delta in promoting neutrophil trafficking into inflamed tissue. 

Blood 103: 3448-3456.  

46. Ferguson, G. J., L. Milne, S. Kulkarni, T. Sasaki, S. Walker, S. Andrews, T. Crabbe, P. 

Finan, G. Jones, S. Jackson, M. Camps, C. Rommel, M. Wymann, E. Hirsch, P. Hawkins, 

and L. Stephens. 2007. PI(3)Kgamma has an important context-dependent role in neutrophil 

chemokinesis. Nat. Cell Biol. 9: 86-91.  



 51 

47. Lacalle, R. A., R. M. Peregil, J. P. Albar, E. Merino, C. Martinez-A, I. Merida, and S. 

Manes. 2007. Type I phosphatidylinositol 4-phosphate 5-kinase controls neutrophil polarity 

and directional movement. J. Cell Biol. 179: 1539-1553.  

48. Eckert, R. E., L. E. Neuder, J. L. Bell, J. C. Trujillo, and S. L. Jones. 2007. The role of 

p38 mitogen-activated kinase (MAPK) in the mechanism regulating cyclooxygenase gene 

expression in equine leukocytes. Vet. Immunol. Immunopathol. 118: 294-303.  

49. Zu, Y. L., J. Qi, A. Gilchrist, G. A. Fernandez, D. Vazquez-Abad, D. L. Kreutzer, C. K. 

Huang, and R. I. Sha'afi. 1998. p38 mitogen-activated protein kinase activation is required 

for human neutrophil function triggered by TNF-alpha or FMLP stimulation. J. Immunol. 

160: 1982-1989.  

50. Eckert, R. E., Y. Sharief, and S. L. Jones. 2009. p38 mitogen-activated kinase (MAPK) is 

essential for equine neutrophil migration. Vet. Immunol. Immunopathol. 129: 181-191.  

51. Neuder, L. E., J. M. Keener, R. E. Eckert, J. C. Trujillo, and S. L. Jones. 2009. Role of 

p38 MAPK in LPS induced pro-inflammatory cytokine and chemokine gene expression in 

equine leukocytes. Vet. Immunol. Immunopathol. 129: 192-199.  

52. Mihaescu, A., S. Santen, B. Jeppsson, and H. Thorlacius. 2010. p38 Mitogen-activated 

protein kinase signalling regulates vascular inflammation and epithelial barrier dysfunction in 

an experimental model of radiation-induced colitis. Br. J. Surg. 97: 226-234.  

53. Fernandes, A. F., Q. Bian, J. K. Jiang, C. J. Thomas, A. Taylor, P. Pereira, and F. Shang. 

2009. Proteasome inactivation promotes p38 mitogen-activated protein kinase-dependent 

phosphatidylinositol 3-kinase activation and increases interleukin-8 production in retinal 

pigment epithelial cells. Mol. Biol. Cell 20: 3690-3699.  

54. Nathan, C. 2006. Neutrophils and immunity: challenges and opportunities. Nat. Rev. 

Immunol. 6: 173-182.  

55. Soehnlein, O. 2009. An elegant defense: how neutrophils shape the immune response. 

Trends Immunol. 30: 511-512.  

56. Lefkowith, J. B. 1997. Leukocyte migration in immune complex glomerulonephritis: role 

of adhesion receptors. Kidney Int. 51: 1469-1475.  

57. Jacobs, J. P., A. Ortiz-Lopez, J. J. Campbell, C. J. Gerard, D. Mathis, and C. Benoist. 

2010. Deficiency of CXCR2, but not other chemokine receptors, attenuates autoantibody-

mediated arthritis in a murine model. Arthritis Rheum. 62: 1921-1932.  



 52 

58. Guo, R. F. and P. A. Ward. 2005. Role of C5a in inflammatory responses. Annu. Rev. 

Immunol. 23: 821-852.  

59. Coxon, A., X. Cullere, S. Knight, S. Sethi, M. W. Wakelin, G. Stavrakis, F. W. 

Luscinskas, and T. N. Mayadas. 2001. Fc gamma RIII mediates neutrophil recruitment to 

immune complexes. a mechanism for neutrophil accumulation in immune-mediated 

inflammation. Immunity 14: 693-704.  

60. Shashidharamurthy, R., R. A. Hennigar, S. Fuchs, P. Palaniswami, M. Sherman, and P. 

Selvaraj. 2008. Extravasations and emigration of neutrophils to the inflammatory site depend 

on the interaction of immune-complex with Fcgamma receptors and can be effectively 

blocked by decoy Fcgamma receptors. Blood 111: 894-904.  

61. Chin, A. C., W. Y. Lee, A. Nusrat, N. Vergnolle, and C. A. Parkos. 2008. Neutrophil-

mediated activation of epithelial protease-activated receptors-1 and -2 regulates barrier 

function and transepithelial migration. J. Immunol. 181: 5702-5710.  

62. Lee, C. A., M. Silva, A. M. Siber, A. J. Kelly, E. Galyov, and B. A. McCormick. 2000. A 

secreted Salmonella protein induces a proinflammatory response in epithelial cells, which 

promotes neutrophil migration. Proc. Natl. Acad. Sci. U. S. A. 97: 12283-12288.  

63. Chin, A. C. and C. A. Parkos. 2006. Neutrophil transepithelial migration and epithelial 

barrier function in IBD: potential targets for inhibiting neutrophil trafficking. Ann. N. Y. 

Acad. Sci. 1072: 276-287.  

64. Gayle, J., S. L. Jones, R. A. Argenzio, and A. T. Blikslager. 2002. Neutrophils increase 

paracellular permeability of restituted ischemic-injured porcine ileum. Surgery 132: 461-470.  

65. Corhay, J. L., M. Henket, D. Nguyen, B. Duysinx, J. Sele, and R. Louis. 2009. 

Leukotriene B4 contributes to exhaled breath condensate and sputum neutrophil chemotaxis 

in COPD. Chest 136: 1047-1054.  

66. McCormick, B. A., P. M. Hofman, J. Kim, D. K. Carnes, S. I. Miller, and J. L. Madara. 

1995. Surface attachment of Salmonella typhimurium to intestinal epithelia imprints the 

subepithelial matrix with gradients chemotactic for neutrophils. J. Cell Biol. 131: 1599-1608.  

67. Parkos, C. A. 1997. Molecular events in neutrophil transepithelial migration. Bioessays 

19: 865-873.  

 



 53 

68. Parkos, C. A., C. Delp, M. A. Arnaout, and J. L. Madara. 1991. Neutrophil migration 

across a cultured intestinal epithelium. Dependence on a CD11b/CD18-mediated event and 

enhanced efficiency in physiological direction. J. Clin. Invest. 88: 1605-1612.  

69. Parkos, C. A., S. P. Colgan, A. E. Bacarra, A. Nusrat, C. Delp-Archer, S. Carlson, D. H. 

Su, and J. L. Madara. 1995. Intestinal epithelia (T84) possess basolateral ligands for 

CD11b/CD18-mediated neutrophil adherence. Am. J. Physiol. 268: C472-9.  

70. Zen, K., Y. Liu, D. Cairo, and C. A. Parkos. 2002. CD11b/CD18-dependent interactions 

of neutrophils with intestinal epithelium are mediated by fucosylated proteoglycans. J. 

Immunol. 169: 5270-5278.  

71. Edens, H. A., B. P. Levi, D. L. Jaye, S. Walsh, T. A. Reaves, J. R. Turner, A. Nusrat, and 

C. A. Parkos. 2002. Neutrophil transepithelial migration: evidence for sequential, contact-

dependent signaling events and enhanced paracellular permeability independent of 

transjunctional migration. J. Immunol. 169: 476-486.  

72. Zen, K., B. A. Babbin, Y. Liu, J. B. Whelan, A. Nusrat, and C. A. Parkos. 2004. JAM-C 

is a component of desmosomes and a ligand for CD11b/CD18-mediated neutrophil 

transepithelial migration. Mol. Biol. Cell 15: 3926-3937.  

73. Zen, K., Y. Liu, I. C. McCall, T. Wu, W. Lee, B. A. Babbin, A. Nusrat, and C. A. Parkos. 

2005. Neutrophil migration across tight junctions is mediated by adhesive interactions 

between epithelial coxsackie and adenovirus receptor and a junctional adhesion molecule-

like protein on neutrophils. Mol. Biol. Cell 16: 2694-2703.  

74. Liu, Y., I. Soto, Q. Tong, A. Chin, H. J. Buhring, T. Wu, K. Zen, and C. A. Parkos. 2005. 

SIRPbeta1 is expressed as a disulfide-linked homodimer in leukocytes and positively 

regulates neutrophil transepithelial migration. J. Biol. Chem. 280: 36132-36140.  

75. Zen, K. and C. A. Parkos. 2003. Leukocyte-epithelial interactions. Curr. Opin. Cell Biol. 

15: 557-564.  

76. Choi, H., N. W. Fleming, and V. B. Serikov. 2007. Contact activation via ICAM-1 

induces changes in airway epithelial permeability in vitro. Immunol. Invest. 36: 59-72.  

77. Reaves, T. A., S. P. Colgan, P. Selvaraj, M. M. Pochet, S. Walsh, A. Nusrat, T. W. Liang, 

J. L. Madara, and C. A. Parkos. 2001. Neutrophil transepithelial migration: regulation at the 

apical epithelial surface by Fc-mediated events. Am. J. Physiol. Gastrointest. Liver Physiol. 

280: G746-54.  

 



 54 

78. Mumy, K. L., J. D. Bien, M. A. Pazos, K. Gronert, B. P. Hurley, and B. A. McCormick. 

2008. Distinct isoforms of phospholipase A2 mediate the ability of Salmonella enterica 

serotype typhimurium and Shigella flexneri to induce the transepithelial migration of 

neutrophils. Infect. Immun. 76: 3614-3627.  

79. Wall, D. M., W. J. Nadeau, M. A. Pazos, H. N. Shi, E. E. Galyov, and B. A. McCormick. 

2007. Identification of the Salmonella enterica serotype typhimurium SipA domain 

responsible for inducing neutrophil recruitment across the intestinal epithelium. Cell. 

Microbiol. 9: 2299-2313.  

80. Figueiredo, J. F., S. D. Lawhon, K. Gokulan, S. Khare, M. Raffatellu, R. M. Tsolis, A. J. 

Baumler, B. A. McCormick, and L. G. Adams. 2009. Salmonella enterica Typhimurium 

SipA induces CXC-chemokine expression through p38MAPK and JUN pathways. Microbes 

Infect. 11: 302-310.  

81. Nadeau, W. J., T. G. Pistole, and B. A. McCormick. 2002. Polymorphonuclear leukocyte 

migration across model intestinal epithelia enhances Salmonella typhimurium killing via the 

epithelial derived cytokine, IL-6. Microbes Infect. 4: 1379-1387.  

82. Kucharzik, T., S. V. Walsh, J. Chen, C. A. Parkos, and A. Nusrat. 2001. Neutrophil 

transmigration in inflammatory bowel disease is associated with differential expression of 

epithelial intercellular junction proteins. Am. J. Pathol. 159: 2001-2009.  

83. Vainer, B., O. H. Nielsen, and T. Horn. 2000. Comparative studies of the colonic in situ 

expression of intercellular adhesion molecules (ICAM-1, -2, and -3), beta2 integrins (LFA-1, 

Mac-1, and p150,95), and PECAM-1 in ulcerative colitis and Crohn's disease. Am. J. Surg. 

Pathol. 24: 1115-1124.  

84. Zemans, R. L., S. P. Colgan, and G. P. Downey. 2009. Transepithelial migration of 

neutrophils: mechanisms and implications for acute lung injury. Am. J. Respir. Cell Mol. 

Biol. 40: 519-535.  

85. Bates, J. M., J. Akerlund, E. Mittge, and K. Guillemin. 2007. Intestinal alkaline 

phosphatase detoxifies lipopolysaccharide and prevents inflammation in zebrafish in 

response to the gut microbiota. Cell. Host Microbe 2: 371-382.  

86. Jima, D. D., R. N. Shah, T. M. Orcutt, D. Joshi, J. M. Law, G. W. Litman, N. S. Trede, 

and J. A. Yoder. 2009. Enhanced transcription of complement and coagulation genes in the 

absence of adaptive immunity. Mol. Immunol. 46: 1505-1516.  

 



 55 

87. Akashi, K., D. Traver, T. Miyamoto, and I. L. Weissman. 2000. A clonogenic common 

myeloid progenitor that gives rise to all myeloid lineages. Nature 404: 193-197.  

88. Shivdasani, R. A. and S. H. Orkin. 1996. The transcriptional control of hematopoiesis. 

Blood 87: 4025-4039.  

89. Ransom, D. G., P. Haffter, J. Odenthal, A. Brownlie, E. Vogelsang, R. N. Kelsh, M. 

Brand, F. J. van Eeden, M. Furutani-Seiki, M. Granato, M. Hammerschmidt, C. P. 

Heisenberg, Y. J. Jiang, D. A. Kane, M. C. Mullins, and C. Nusslein-Volhard. 1996. 

Characterization of zebrafish mutants with defects in embryonic hematopoiesis. Development 

123: 311-319.  

90. Zon, L. I. 1995. Developmental biology of hematopoiesis. Blood 86: 2876-2891.  

91. Medvinsky, A. and E. Dzierzak. 1996. Definitive hematopoiesis is autonomously 

initiated by the AGM region. Cell 86: 897-906.  

92. Johnson, G. R. and M. A. Moore. 1975. Role of stem cell migration in initiation of mouse 

foetal liver haemopoiesis. Nature 258: 726-728.  

93. Moore, M. A. and D. Metcalf. 1970. Ontogeny of the haemopoietic system: yolk sac 

origin of in vivo and in vitro colony forming cells in the developing mouse embryo. Br. J. 

Haematol. 18: 279-296.  

94. Detrich, H. W.,3rd, M. W. Kieran, F. Y. Chan, L. M. Barone, K. Yee, J. A. Rundstadler, 

S. Pratt, D. Ransom, and L. I. Zon. 1995. Intraembryonic hematopoietic cell migration during 

vertebrate development. Proc. Natl. Acad. Sci. U. S. A. 92: 10713-10717.  

95. Bennett, C. M., J. P. Kanki, J. Rhodes, T. X. Liu, B. H. Paw, M. W. Kieran, D. M. 

Langenau, A. Delahaye-Brown, L. I. Zon, M. D. Fleming, and A. T. Look. 2001. 

Myelopoiesis in the zebrafish, Danio rerio. Blood 98: 643-651.  

96. Mathias, J. R., B. J. Perrin, T. X. Liu, J. Kanki, A. T. Look, and A. Huttenlocher. 2006. 

Resolution of inflammation by retrograde chemotaxis of neutrophils in transgenic zebrafish. 

J. Leukoc. Biol. 80: 1281-1288.  

97. Lieschke, G. J., A. C. Oates, M. O. Crowhurst, A. C. Ward, and J. E. Layton. 2001. 

Morphologic and functional characterization of granulocytes and macrophages in embryonic 

and adult zebrafish. Blood 98: 3087-3096.  

 



 56 

98. Le Guyader, D., M. J. Redd, E. Colucci-Guyon, E. Murayama, K. Kissa, V. Briolat, E. 

Mordelet, A. Zapata, H. Shinomiya, and P. Herbomel. 2008. Origins and unconventional 

behavior of neutrophils in developing zebrafish. Blood 111: 132-141.  

99. Murayama, E., K. Kissa, A. Zapata, E. Mordelet, V. Briolat, H. F. Lin, R. I. Handin, and 

P. Herbomel. 2006. Tracing hematopoietic precursor migration to successive hematopoietic 

organs during zebrafish development. Immunity 25: 963-975.  

100. Renshaw, S. A., C. A. Loynes, D. M. Trushell, S. Elworthy, P. W. Ingham, and M. K. 

Whyte. 2006. A transgenic zebrafish model of neutrophilic inflammation. Blood 108: 3976-

3978.  

101. Mathias, J. R., K. B. Walters, and A. Huttenlocher. 2009. Neutrophil motility in vivo 

using zebrafish. Methods Mol. Biol. 571: 151-166.  

102. Mathias, J. R., B. J. Perrin, T. X. Liu, J. Kanki, A. T. Look, and A. Huttenlocher. 2006. 

Resolution of inflammation by retrograde chemotaxis of neutrophils in transgenic zebrafish. 

J. Leukoc. Biol. 80: 1281-1288.  

103. Mathias, J. R., M. E. Dodd, K. B. Walters, S. K. Yoo, E. A. Ranheim, and A. 

Huttenlocher. 2009. Characterization of zebrafish larval inflammatory macrophages. Dev. 

Comp. Immunol. 33: 1212-1217.  

104. Loynes, C. A., J. S. Martin, A. Robertson, D. M. Trushell, P. W. Ingham, M. K. Whyte, 

and S. A. Renshaw. 2010. Pivotal Advance: Pharmacological manipulation of inflammation 

resolution during spontaneously resolving tissue neutrophilia in the zebrafish. J. Leukoc. 

Biol. 87: 203-212.  

105. Yoo, S. K., Q. Deng, P. J. Cavnar, Y. I. Wu, K. M. Hahn, and A. Huttenlocher. 2010. 

Differential regulation of protrusion and polarity by PI3K during neutrophil motility in live 

zebrafish. Dev. Cell. 18: 226-236.  

106. Mathias, J. R., M. E. Dodd, K. B. Walters, J. Rhodes, J. P. Kanki, A. T. Look, and A. 

Huttenlocher. 2007. Live imaging of chronic inflammation caused by mutation of zebrafish 

Hai1. J. Cell. Sci. 120: 3372-3383.  

107. Walters, K. B., J. M. Green, J. C. Surfus, S. K. Yoo, and A. Huttenlocher. 2010. Live 

imaging of neutrophil motility in a zebrafish model of WHIM syndrome. Blood  

108. Collins, S. J. 1987. The HL-60 promyelocytic leukemia cell line: proliferation, 

differentiation, and cellular oncogene expression. Blood 70: 1233-1244.  



 57 

109. Koeffler, H. P. and D. W. Golde. 1980. Human myeloid leukemia cell lines: a review. 

Blood 56: 344-350.  

110. Millius, A. and O. D. Weiner. 2010. Manipulation of neutrophil-like HL-60 cells for the 

study of directed cell migration. Methods Mol. Biol. 591: 147-158.  

111. Liang, C. C., A. Y. Park, and J. L. Guan. 2007. In vitro scratch assay: a convenient and 

inexpensive method for analysis of cell migration in vitro. Nat. Protoc. 2: 329-333.  

112. Stadelmann, W. K., A. G. Digenis, and G. R. Tobin. 1998. Physiology and healing 

dynamics of chronic cutaneous wounds. Am. J. Surg. 176: 26S-38S.  

113. Mutsaers, S. E., J. E. Bishop, G. McGrouther, and G. J. Laurent. 1997. Mechanisms of 

tissue repair: from wound healing to fibrosis. Int. J. Biochem. Cell Biol. 29: 5-17.  

114. Barrientos, S., O. Stojadinovic, M. S. Golinko, H. Brem, and M. Tomic-Canic. 2008. 

Growth factors and cytokines in wound healing. Wound Repair Regen. 16: 585-601.  

115. McAnulty, R. J. 2007. Fibroblasts and myofibroblasts: their source, function and role in 

disease. Int. J. Biochem. Cell Biol. 39: 666-671.  

116. Buckley, C. D., D. Pilling, J. M. Lord, A. N. Akbar, D. Scheel-Toellner, and M. 

Salmon. 2001. Fibroblasts regulate the switch from acute resolving to chronic persistent 

inflammation. Trends Immunol. 22: 199-204.  

117. Flavell, S. J., T. Z. Hou, S. Lax, A. D. Filer, M. Salmon, and C. D. Buckley. 2008. 

Fibroblasts as novel therapeutic targets in chronic inflammation. Br. J. Pharmacol. 153 Suppl 

1: S241-6.  

118. Togo, S., O. Holz, X. Liu, H. Sugiura, K. Kamio, X. Wang, S. Kawasaki, Y. Ahn, K. 

Fredriksson, C. M. Skold, K. C. Mueller, D. Branscheid, L. Welker, H. Watz, H. Magnussen, 

and S. I. Rennard. 2008. Lung fibroblast repair functions in patients with chronic obstructive 

pulmonary disease are altered by multiple mechanisms. Am. J. Respir. Crit. Care Med. 178: 

248-260.  

119. van Deventer, H. W., Q. P. Wu, D. T. Bergstralh, B. K. Davis, B. P. O'Connor, J. P. 

Ting, and J. S. Serody. 2008. C-C chemokine receptor 5 on pulmonary fibrocytes facilitates 

migration and promotes metastasis via matrix metalloproteinase 9. Am. J. Pathol. 173: 253-

264.  

120. Kalluri, R. and M. Zeisberg. 2006. Fibroblasts in cancer. Nat. Rev. Cancer. 6: 392-401.  



 58 

121. Ridley, A. J., M. A. Schwartz, K. Burridge, R. A. Firtel, M. H. Ginsberg, G. Borisy, J. 

T. Parsons, and A. R. Horwitz. 2003. Cell migration: integrating signals from front to back. 

Science 302: 1704-1709.  

122. Andrae, J., R. Gallini, and C. Betsholtz. 2008. Role of platelet-derived growth factors in 

physiology and medicine. Genes Dev. 22: 1276-1312.  

123. Lemmon, M. A. and J. Schlessinger. 2010. Cell signaling by receptor tyrosine kinases. 

Cell 141: 1117-1134.  

124. Claesson-Welsh, L. 1994. Platelet-derived growth factor receptor signals. J. Biol. Chem. 

269: 32023-32026.  

125. Jimenez, C., R. A. Portela, M. Mellado, J. M. Rodriguez-Frade, J. Collard, A. Serrano, 

C. Martinez-A, J. Avila, and A. C. Carrera. 2000. Role of the PI3K regulatory subunit in the 

control of actin organization and cell migration. J. Cell Biol. 151: 249-262.  

126. Schneider, I. C. and J. M. Haugh. 2006. Mechanisms of gradient sensing and 

chemotaxis: conserved pathways, diverse regulation. Cell. Cycle 5: 1130-1134.  

127. Jones, S. L. 2002. Protein kinase A regulates beta2 integrin avidity in neutrophils. J. 

Leukoc. Biol. 71: 1042-1048.  

128. Flick, M. J., X. Du, and J. L. Degen. 2004. Fibrin(ogen)-alpha M beta 2 interactions 

regulate leukocyte function and innate immunity in vivo. Exp. Biol. Med. (Maywood) 229: 

1105-1110.  

129. Barczyk, M., S. Carracedo, and D. Gullberg. 2010. Integrins. Cell Tissue Res. 339: 269-

280.  

130. Arbuzova, A., A. A. Schmitz, and G. Vergeres. 2002. Cross-talk unfolded: MARCKS 

proteins. Biochem. J. 362: 1-12.  

131. Stumpo, D. J., J. M. Graff, K. A. Albert, P. Greengard, and P. J. Blackshear. 1989. 

Molecular cloning, characterization, and expression of a cDNA encoding the "80- to 87-kDa" 

myristoylated alanine-rich C kinase substrate: a major cellular substrate for protein kinase C. 

Proc. Natl. Acad. Sci. U. S. A. 86: 4012-4016.  

132. Seykora, J. T., J. V. Ravetch, and A. Aderem. 1991. Cloning and molecular 

characterization of the murine macrophage "68-kDa" protein kinase C substrate and its 

regulation by bacterial lipopolysaccharide. Proc. Natl. Acad. Sci. U. S. A. 88: 2505-2509.  



 59 

133. Aderem, A. 1992. The MARCKS brothers: a family of protein kinase C substrates. Cell 

71: 713-716.  

134. Blackshear, P. J. 1993. The MARCKS family of cellular protein kinase C substrates. J. 

Biol. Chem. 268: 1501-1504.  

135. Wu, W. C., S. I. Walaas, A. C. Nairn, and P. Greengard. 1982. Calcium/phospholipid 

regulates phosphorylation of a Mr "87k" substrate protein in brain synaptosomes. Proc. Natl. 

Acad. Sci. U. S. A. 79: 5249-5253.  

136. Zolessi, F. R., U. Hellman, A. Baz, and C. Arruti. 1999. Characterization of MARCKS 

(Myristoylated alanine-rich C kinase substrate) identified by a monoclonal antibody 

generated against chick embryo neural retina. Biochem. Biophys. Res. Commun. 257: 480-

487.  

137. Brooks, S. F., T. Herget, J. D. Erusalimsky, and E. Rozengurt. 1991. Protein kinase C 

activation potently down-regulates the expression of its major substrate, 80K, in Swiss 3T3 

cells. EMBO J. 10: 2497-2505.  

138. Kim, S. S., J. H. Kim, H. S. Kim, D. E. Park, and C. H. Chung. 2000. Involvement of 

the theta-type protein kinase C in translocation of myristoylated alanine-rich C kinase 

substrate (MARCKS) during myogenesis of chick embryonic myoblasts. Biochem. J. 347 Pt 

1: 139-146.  

139. Vaaraniemi, J., R. Palovuori, V. P. Lehto, and S. Eskelinen. 1999. Translocation of 

MARCKS and reorganization of the cytoskeleton by PMA correlates with the ion selectivity, 

the confluence, and transformation state of kidney epithelial cell lines. J. Cell. Physiol. 181: 

83-95.  

140. Carballo, E., D. Colomer, J. L. Vives Corrons, P. J. Blackshear, and J. Gil. 1995. 

Phosphorylation of the MARCKS family of protein kinase C substrates in human B chronic 

lymphocytic leukemia cells. Leukemia 9: 834-839.  

141. Takashi, S., J. Park, S. Fang, S. Koyama, I. Parikh, and K. B. Adler. 2006. A peptide 

against the N-terminus of myristoylated alanine-rich C kinase substrate inhibits degranulation 

of human leukocytes in vitro. Am. J. Respir. Cell Mol. Biol. 34: 647-652.  

142. Eckert, R. E., L. E. Neuder, J. Park, K. B. Adler, and S. L. Jones. 2010. Myristoylated 

alanine-rich C-kinase substrate (MARCKS) protein regulation of human neutrophil 

migration. Am. J. Respir. Cell Mol. Biol. 42: 586-594.  



 60 

143. Li, Y., L. D. Martin, G. Spizz, and K. B. Adler. 2001. MARCKS protein is a key 

molecule regulating mucin secretion by human airway epithelial cells in vitro. J. Biol. Chem. 

276: 40982-40990.  

144. Song, J. C., B. J. Hrnjez, O. C. Farokhzad, and J. B. Matthews. 1999. PKC-epsilon 

regulates basolateral endocytosis in human T84 intestinal epithelia: role of F-actin and 

MARCKS. Am. J. Physiol. 277: C1239-49.  

145. Eliyahu, E., A. Tsaadon, N. Shtraizent, and R. Shalgi. 2005. The involvement of protein 

kinase C and actin filaments in cortical granule exocytosis in the rat. Reproduction 129: 161-

170.  

146. Harlan, D. M., J. M. Graff, D. J. Stumpo, R. L. Eddy Jr, T. B. Shows, J. M. Boyle, and 

P. J. Blackshear. 1991. The human myristoylated alanine-rich C kinase substrate (MARCKS) 

gene (MACS). Analysis of its gene product, promoter, and chromosomal localization. J. Biol. 

Chem. 266: 14399-14405.  

147. Sakai, K., M. Hirai, J. Kudoh, S. Minoshima, and N. Shimizu. 1992. Molecular cloning 

and chromosomal mapping of a cDNA encoding human 80K-L protein: major substrate for 

protein kinase C. Genomics 14: 175-178.  

148. Erusalimsky, J. D., S. F. Brooks, T. Herget, C. Morris, and E. Rozengurt. 1991. 

Molecular cloning and characterization of the acidic 80-kDa protein kinase C substrate from 

rat brain. Identification as a glycoprotein. J. Biol. Chem. 266: 7073-7080.  

149. Erusalimsky, J. D., C. Morris, K. Perks, R. Brown, S. Brooks, and E. Rozengurt. 1989. 

Internal amino acid sequence analysis of the 80 kDa protein kinase C substrate from rat 

brain: relationship to the 87 kDa substrate from bovine brain. FEBS Lett. 255: 149-153.  

150. Stumpo, D. J., J. M. Graff, K. A. Albert, P. Greengard, and P. J. Blackshear. 1989. 

Nucleotide sequence of a cDNA for the bovine myristoylated alanine-rich C kinase substrate 

(MARCKS). Nucleic Acids Res. 17: 3987-3988.  

151. Graff, J. M., T. N. Young, J. D. Johnson, and P. J. Blackshear. 1989. Phosphorylation-

regulated calmodulin binding to a prominent cellular substrate for protein kinase C. J. Biol. 

Chem. 264: 21818-21823.  

152. Ali, N., L. J. Macala, and J. P. Hayslett. 1997. Identification and characterization of 

MARCKS in Xenopus laevis. Biochem. Biophys. Res. Commun. 234: 143-146.  

 



 61 

153. Rose, S. D., D. M. Byers, S. C. Morash, S. Fedoroff, and H. W. Cook. 1996. 

Lipopolysaccharide stimulates differential expression of myristoylated protein kinase C 

substrates in murine microglia. J. Neurosci. Res. 44: 235-242.  

154. Sunohara, J. R., N. D. Ridgway, H. W. Cook, and D. M. Byers. 2001. Regulation of 

MARCKS and MARCKS-related protein expression in BV-2 microglial cells in response to 

lipopolysaccharide. J. Neurochem. 78: 664-672.  

155. Murphy, A., J. R. Sunohara, M. Sundaram, N. D. Ridgway, C. R. McMaster, H. W. 

Cook, and D. M. Byers. 2003. Induction of protein kinase C substrates, Myristoylated 

alanine-rich C kinase substrate (MARCKS) and MARCKS-related protein (MRP), by 

amyloid beta-protein in mouse BV-2 microglial cells. Neurosci. Lett. 347: 9-12.  

156. Thelen, M., A. Rosen, A. C. Nairn, and A. Aderem. 1990. Tumor necrosis factor alpha 

modifies agonist-dependent responses in human neutrophils by inducing the synthesis and 

myristoylation of a specific protein kinase C substrate. Proc. Natl. Acad. Sci. U. S. A. 87: 

5603-5607.  

157. Blackshear, P. J., J. S. Tuttle, R. J. Oakey, M. F. Seldin, M. Chery, C. Philippe, and D. 

J. Stumpo. 1992. Chromosomal mapping of the human (MACS) and mouse (Macs) genes 

encoding the MARCKS protein. Genomics 14: 168-174.  

158. Larsson, C. 2006. Protein kinase C and the regulation of the actin cytoskeleton. Cell. 

Signal. 18: 276-284.  

159. Denisov, G., S. Wanaski, P. Luan, M. Glaser, and S. McLaughlin. 1998. Binding of 

basic peptides to membranes produces lateral domains enriched in the acidic lipids 

phosphatidylserine and phosphatidylinositol 4,5-bisphosphate: an electrostatic model and 

experimental results. Biophys. J. 74: 731-744.  

160. James, G. and E. N. Olson. 1989. Myristoylation, phosphorylation, and subcellular 

distribution of the 80-kDa protein kinase C substrate in BC3H1 myocytes. J. Biol. Chem. 

264: 20928-20933.  

161. George, D. J. and P. J. Blackshear. 1992. Membrane association of the myristoylated 

alanine-rich C kinase substrate (MARCKS) protein appears to involve myristate-dependent 

binding in the absence of a myristoyl protein receptor. J. Biol. Chem. 267: 24879-24885.  

162. Swierczynski, S. L. and P. J. Blackshear. 1996. Myristoylation-dependent and 

electrostatic interactions exert independent effects on the membrane association of the 

myristoylated alanine-rich protein kinase C substrate protein in intact cells. J. Biol. Chem. 

271: 23424-23430.  



 62 

163. Swierczynski, S. L. and P. J. Blackshear. 1995. Membrane association of the 

myristoylated alanine-rich C kinase substrate (MARCKS) protein. Mutational analysis 

provides evidence for complex interactions. J. Biol. Chem. 270: 13436-13445.  

164. Taniguchi, H. and S. Manenti. 1993. Interaction of myristoylated alanine-rich protein 

kinase C substrate (MARCKS) with membrane phospholipids. J. Biol. Chem. 268: 9960-

9963.  

165. Kim, J., P. J. Blackshear, J. D. Johnson, and S. McLaughlin. 1994. Phosphorylation 

reverses the membrane association of peptides that correspond to the basic domains of 

MARCKS and neuromodulin. Biophys. J. 67: 227-237.  

166. Kim, J., T. Shishido, X. Jiang, A. Aderem, and S. McLaughlin. 1994. Phosphorylation, 

high ionic strength, and calmodulin reverse the binding of MARCKS to phospholipid 

vesicles. J. Biol. Chem. 269: 28214-28219.  

167. McLaughlin, S. and A. Aderem. 1995. The myristoyl-electrostatic switch: a modulator 

of reversible protein-membrane interactions. Trends Biochem. Sci. 20: 272-276.  

168. Seykora, J. T., M. M. Myat, L. A. Allen, J. V. Ravetch, and A. Aderem. 1996. 

Molecular determinants of the myristoyl-electrostatic switch of MARCKS. J. Biol. Chem. 

271: 18797-18802.  

169. Heemskerk, F. M., H. C. Chen, and F. L. Huang. 1993. Protein kinase C phosphorylates 

Ser152, Ser156 and Ser163 but not Ser160 of MARCKS in rat brain. Biochem. Biophys. Res. 

Commun. 190: 236-241.  

170. Palmer, R. H., D. C. Schonwasser, D. Rahman, D. J. Pappin, T. Herget, and P. J. Parker. 

1996. PRK1 phosphorylates MARCKS at the PKC sites: serine 152, serine 156 and serine 

163. FEBS Lett. 378: 281-285.  

171. Herget, T., S. A. Oehrlein, D. J. Pappin, E. Rozengurt, and P. J. Parker. 1995. The 

myristoylated alanine-rich C-kinase substrate (MARCKS) is sequentially phosphorylated by 

conventional, novel and atypical isotypes of protein kinase C. Eur. J. Biochem. 233: 448-457.  

172. Newton, A. C. and J. E. Johnson. 1998. Protein kinase C: a paradigm for regulation of 

protein function by two membrane-targeting modules. Biochim. Biophys. Acta 1376: 155-

172.  

 

 



 63 

173. Disatnik, M. H., S. C. Boutet, C. H. Lee, D. Mochly-Rosen, and T. A. Rando. 2002. 

Sequential activation of individual PKC isozymes in integrin-mediated muscle cell 

spreading: a role for MARCKS in an integrin signaling pathway. J. Cell. Sci. 115: 2151-

2163.  

174. Chappell, D. S., N. A. Patel, K. Jiang, P. Li, J. E. Watson, D. M. Byers, and D. R. 

Cooper. 2009. Functional involvement of protein kinase C-betaII and its substrate, 

myristoylated alanine-rich C-kinase substrate (MARCKS), in insulin-stimulated glucose 

transport in L6 rat skeletal muscle cells. Diabetologia 52: 901-911.  

175. Ohmori, S., N. Sakai, Y. Shirai, H. Yamamoto, E. Miyamoto, N. Shimizu, and N. Saito. 

2000. Importance of protein kinase C targeting for the phosphorylation of its substrate, 

myristoylated alanine-rich C-kinase substrate. J. Biol. Chem. 275: 26449-26457.  

176. Nakaoka, T., N. Kojima, T. Ogita, and S. Tsuji. 1995. Characterization of the 

phosphatidylserine-binding region of rat MARCKS (myristoylated, alanine-rich protein 

kinase C substrate). Its regulation through phosphorylation of serine 152. J. Biol. Chem. 270: 

12147-12151.  

177. Yamaguchi, H., M. Shiraishi, K. Fukami, A. Tanabe, Y. Ikeda-Matsuo, Y. Naito, and Y. 

Sasaki. 2009. MARCKS regulates lamellipodia formation induced by IGF-I via association 

with PIP2 and beta-actin at membrane microdomains. J. Cell. Physiol. 220: 748-755.  

178. Matsumura, S., T. Abe, T. Mabuchi, T. Katano, K. Takagi, E. Okuda-Ashitaka, S. 

Tatsumi, Y. Nakai, H. Hidaka, M. Suzuki, Y. Sasaki, T. Minami, and S. Ito. 2005. Rho-

kinase mediates spinal nitric oxide formation by prostaglandin E2 via EP3 subtype. Biochem. 

Biophys. Res. Commun. 338: 550-557.  

179. Shiraishi, M., A. Tanabe, N. Saito, and Y. Sasaki. 2006. Unphosphorylated MARCKS is 

involved in neurite initiation induced by insulin-like growth factor-I in SH-SY5Y cells. J. 

Cell. Physiol. 209: 1029-1038.  

180. Tatsumi, S., T. Mabuchi, T. Katano, S. Matsumura, T. Abe, H. Hidaka, M. Suzuki, Y. 

Sasaki, T. Minami, and S. Ito. 2005. Involvement of Rho-kinase in inflammatory and 

neuropathic pain through phosphorylation of myristoylated alanine-rich C-kinase substrate 

(MARCKS). Neuroscience 131: 491-498.  

181. Li, J., K. L. O'Connor, G. H. Greeley Jr, P. J. Blackshear, C. M. Townsend Jr, and B. M. 

Evers. 2005. Myristoylated alanine-rich C kinase substrate-mediated neurotensin release via 

protein kinase C-delta downstream of the Rho/ROK pathway. J. Biol. Chem. 280: 8351-

8357.  



 64 

182. Ikenoya, M., H. Hidaka, T. Hosoya, M. Suzuki, N. Yamamoto, and Y. Sasaki. 2002. 

Inhibition of rho-kinase-induced myristoylated alanine-rich C kinase substrate (MARCKS) 

phosphorylation in human neuronal cells by H-1152, a novel and specific Rho-kinase 

inhibitor. J. Neurochem. 81: 9-16.  

183. Satoh, K., M. Matsuki-Fukushima, B. Qi, M. Y. Guo, T. Narita, J. Fujita-Yoshigaki, and 

H. Sugiya. 2009. Phosphorylation of myristoylated alanine-rich C kinase substrate is 

involved in the cAMP-dependent amylase release in parotid acinar cells. Am. J. Physiol. 

Gastrointest. Liver Physiol. 296: G1382-90.  

184. Chio, C. C., Y. H. Chang, Y. W. Hsu, K. H. Chi, and W. W. Lin. 2004. PKA-dependent 

activation of PKC, p38 MAPK and IKK in macrophage: implication in the induction of 

inducible nitric oxide synthase and interleukin-6 by dibutyryl cAMP. Cell. Signal. 16: 565-

575.  

185. Hofmann, F., W. Dostmann, A. Keilbach, W. Landgraf, and P. Ruth. 1992. Structure 

and physiological role of cGMP-dependent protein kinase. Biochim. Biophys. Acta 1135: 51-

60.  

186. Matsubara, T., N. Okumura, A. Okumura, and K. Nagai. 2005. cGMP-dependent 

phosphorylation and degradation of myristoylated alanine-rich C-kinase substrate. Biochem. 

Biophys. Res. Commun. 326: 735-743.  

187. Schonwasser, D. C., R. H. Palmer, T. Herget, and P. J. Parker. 1996. p42 MAPK 

phosphorylates 80 kDa MARCKS at Ser-113. FEBS Lett. 395: 1-5.  

188. Roux, P. P. and J. Blenis. 2004. ERK and p38 MAPK-activated protein kinases: a 

family of protein kinases with diverse biological functions. Microbiol. Mol. Biol. Rev. 68: 

320-344.  

189. Bogoyevitch, M. A. and N. W. Court. 2004. Counting on mitogen-activated protein 

kinases--ERKs 3, 4, 5, 6, 7 and 8. Cell. Signal. 16: 1345-1354.  

190. Yamauchi, E., R. Kiyonami, M. Kanai, and H. Taniguchi. 1998. The C-terminal 

conserved domain of MARCKS is phosphorylated in vivo by proline-directed protein kinase. 

Application of ion trap mass spectrometry to the determination of protein phosphorylation 

sites. J. Biol. Chem. 273: 4367-4371.  

 

 



 65 

191. Yamamoto, H., F. Arakane, T. Ono, K. Tashima, E. Okumura, K. Yamada, S. Hisanaga, 

K. Fukunaga, T. Kishimoto, and E. Miyamoto. 1995. Phosphorylation of myristoylated 

alanine-rich C kinase substrate (MARCKS) by proline-directed protein kinases and its 

dephosphorylation. J. Neurochem. 65: 802-809.  

192. Taniguchi, H., S. Manenti, M. Suzuki, and K. Titani. 1994. Myristoylated alanine-rich C 

kinase substrate (MARCKS), a major protein kinase C substrate, is an in vivo substrate of 

proline-directed protein kinase(s). A mass spectroscopic analysis of the post-translational 

modifications. J. Biol. Chem. 269: 18299-18302.  

193. Toledo, A. and C. Arruti. 2009. Actin modulation of a MARCKS phosphorylation site 

located outside the effector domain. Biochem. Biophys. Res. Commun. 383: 353-357.  

194. Zolessi, F. R. and C. Arruti. 2004. MARCKS in advanced stages of neural retina 

histogenesis. Dev. Neurosci. 26: 371-379.  

195. Zolessi, F. R., R. Duran, U. Engstrom, C. Cervenansky, U. Hellman, and C. Arruti. 

2004. Identification of the chicken MARCKS phosphorylation site specific for differentiating 

neurons as Ser 25 using a monoclonal antibody and mass spectrometry. J. Proteome Res. 3: 

84-90.  

196. Tzlil, S., D. Murray, and A. Ben-Shaul. 2008. The "electrostatic-switch" mechanism: 

Monte Carlo study of MARCKS-membrane interaction. Biophys. J. 95: 1745-1757.  

197. Allen, L. A. and A. Aderem. 1995. Protein kinase C regulates MARCKS cycling 

between the plasma membrane and lysosomes in fibroblasts. EMBO J. 14: 1109-1121.  

198. Disatnik, M. H., S. C. Boutet, W. Pacio, A. Y. Chan, L. B. Ross, C. H. Lee, and T. A. 

Rando. 2004. The bi-directional translocation of MARCKS between membrane and cytosol 

regulates integrin-mediated muscle cell spreading. J. Cell. Sci. 117: 4469-4479.  

199. Kim, S. S., J. H. Kim, S. H. Lee, S. S. Chung, O. S. Bang, D. Park, and C. H. Chung. 

2002. Involvement of protein phosphatase-1-mediated MARCKS translocation in myogenic 

differentiation of embryonic muscle cells. J. Cell. Sci. 115: 2465-2473.  

200. Clarke, P. R., S. R. Siddhanti, P. Cohen, and P. J. Blackshear. 1993. Okadaic acid-

sensitive protein phosphatases dephosphorylate MARCKS, a major protein kinase C 

substrate. FEBS Lett. 336: 37-42.  

 



 66 

201. Seki, K., H. C. Chen, and K. P. Huang. 1995. Dephosphorylation of protein kinase C 

substrates, neurogranin, neuromodulin, and MARCKS, by calcineurin and protein 

phosphatases 1 and 2A. Arch. Biochem. Biophys. 316: 673-679.  

202. Westermarck, J., S. P. Li, T. Kallunki, J. Han, and V. M. Kahari. 2001. p38 mitogen-

activated protein kinase-dependent activation of protein phosphatases 1 and 2A inhibits 

MEK1 and MEK2 activity and collagenase 1 (MMP-1) gene expression. Mol. Cell. Biol. 21: 

2373-2383.  

203. Porumb, T., A. Crivici, P. J. Blackshear, and M. Ikura. 1997. Calcium binding and 

conformational properties of calmodulin complexed with peptides derived from 

myristoylated alanine-rich C kinase substrate (MARCKS) and MARCKS-related protein 

(MRP). Eur. Biophys. J. 25: 239-247.  

204. Yamauchi, E., T. Nakatsu, M. Matsubara, H. Kato, and H. Taniguchi. 2003. Crystal 

structure of a MARCKS peptide containing the calmodulin-binding domain in complex with 

Ca2+-calmodulin. Nat. Struct. Biol. 10: 226-231.  

205. Tapp, H., I. M. Al-Naggar, E. G. Yarmola, A. Harrison, G. Shaw, A. S. Edison, and M. 

R. Bubb. 2005. MARCKS is a natively unfolded protein with an inaccessible actin-binding 

site: evidence for long-range intramolecular interactions. J. Biol. Chem. 280: 9946-9956.  

206. Hartwig, J. H., M. Thelen, A. Rosen, P. A. Janmey, A. C. Nairn, and A. Aderem. 1992. 

MARCKS is an actin filament crosslinking protein regulated by protein kinase C and 

calcium-calmodulin. Nature 356: 618-622.  

207. Arbuzova, A., D. Murray, and S. McLaughlin. 1998. MARCKS, membranes, and 

calmodulin: kinetics of their interaction. Biochim. Biophys. Acta 1376: 369-379.  

208. Song, J. C., B. J. Hrnjez, O. C. Farokhzad, and J. B. Matthews. 1999. PKC-epsilon 

regulates basolateral endocytosis in human T84 intestinal epithelia: role of F-actin and 

MARCKS. Am. J. Physiol. 277: C1239-49.  

209. McIlroy, B. K., J. D. Walters, P. J. Blackshear, and J. D. Johnson. 1991. 

Phosphorylation-dependent binding of a synthetic MARCKS peptide to calmodulin. J. Biol. 

Chem. 266: 4959-4964.  

210. Wu, W. C., S. I. Walaas, A. C. Nairn, and P. Greengard. 1982. Calcium/phospholipid 

regulates phosphorylation of a Mr "87k" substrate protein in brain synaptosomes. Proc. Natl. 

Acad. Sci. U. S. A. 79: 5249-5253.  



 67 

211. Chakravarthy, B., P. Morley, and J. Whitfield. 1999. Ca2+-calmodulin and protein 

kinase Cs: a hypothetical synthesis of their conflicting convergences on shared substrate 

domains. Trends Neurosci. 22: 12-16.  

212. Gallant, C., J. Y. You, Y. Sasaki, Z. Grabarek, and K. G. Morgan. 2005. MARCKS is a 

major PKC-dependent regulator of calmodulin targeting in smooth muscle. J. Cell. Sci. 118: 

3595-3605.  

213. Yarmola, E. G., A. S. Edison, R. H. Lenox, and M. R. Bubb. 2001. Actin filament cross-

linking by MARCKS: characterization of two actin-binding sites within the phosphorylation 

site domain. J. Biol. Chem. 276: 22351-22358.  

214. Bubb, M. R., R. H. Lenox, and A. S. Edison. 1999. Phosphorylation-dependent 

conformational changes induce a switch in the actin-binding function of MARCKS. J. Biol. 

Chem. 274: 36472-36478.  

215. Tang, J. X. and P. A. Janmey. 1996. The polyelectrolyte nature of F-actin and the 

mechanism of actin bundle formation. J. Biol. Chem. 271: 8556-8563.  

216. Sundaram, M., H. W. Cook, and D. M. Byers. 2004. The MARCKS family of 

phospholipid binding proteins: regulation of phospholipase D and other cellular components. 

Biochem. Cell Biol. 82: 191-200.  

217. Myat, M. M., S. Anderson, L. A. Allen, and A. Aderem. 1997. MARCKS regulates 

membrane ruffling and cell spreading. Curr. Biol. 7: 611-614.  

218. Berditchevski, F. and E. Odintsova. 1999. Characterization of integrin-tetraspanin 

adhesion complexes: role of tetraspanins in integrin signaling. J. Cell Biol. 146: 477-492.  

219. Estrada-Bernal, A., J. C. Gatlin, S. Sunpaweravong, and K. H. Pfenninger. 2009. 

Dynamic adhesions and MARCKS in melanoma cells. J. Cell. Sci. 122: 2300-2310.  

220. Rosen, A., A. C. Nairn, P. Greengard, Z. A. Cohn, and A. Aderem. 1989. Bacterial 

lipopolysaccharide regulates the phosphorylation of the 68K protein kinase C substrate in 

macrophages. J. Biol. Chem. 264: 9118-9121.  

221. Sechi, A. S. and J. Wehland. 2000. The actin cytoskeleton and plasma membrane 

connection: PtdIns(4,5)P(2) influences cytoskeletal protein activity at the plasma membrane. 

J. Cell. Sci. 113 Pt 21: 3685-3695.  

 



 68 

222. McLaughlin, S., J. Wang, A. Gambhir, and D. Murray. 2002. PIP(2) and proteins: 

interactions, organization, and information flow. Annu. Rev. Biophys. Biomol. Struct. 31: 

151-175.  

223. Wang, J., A. Arbuzova, G. Hangyas-Mihalyne, and S. McLaughlin. 2001. The effector 

domain of myristoylated alanine-rich C kinase substrate binds strongly to 

phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem. 276: 5012-5019.  

224. Laux, T., K. Fukami, M. Thelen, T. Golub, D. Frey, and P. Caroni. 2000. GAP43, 

MARCKS, and CAP23 modulate PI(4,5)P(2) at plasmalemmal rafts, and regulate cell cortex 

actin dynamics through a common mechanism. J. Cell Biol. 149: 1455-1472.  

225. Rauch, M. E., C. G. Ferguson, G. D. Prestwich, and D. S. Cafiso. 2002. Myristoylated 

alanine-rich C kinase substrate (MARCKS) sequesters spin-labeled phosphatidylinositol 4,5-

bisphosphate in lipid bilayers. J. Biol. Chem. 277: 14068-14076.  

226. Glaser, M., S. Wanaski, C. A. Buser, V. Boguslavsky, W. Rashidzada, A. Morris, M. 

Rebecchi, S. F. Scarlata, L. W. Runnels, G. D. Prestwich, J. Chen, A. Aderem, J. Ahn, and S. 

McLaughlin. 1996. Myristoylated alanine-rich C kinase substrate (MARCKS) produces 

reversible inhibition of phospholipase C by sequestering phosphatidylinositol 4,5-

bisphosphate in lateral domains. J. Biol. Chem. 271: 26187-26193.  

227. Li, H., G. Chen, B. Zhou, and S. Duan. 2008. Actin filament assembly by myristoylated 

alanine-rich C kinase substrate-phosphatidylinositol-4,5-diphosphate signaling is critical for 

dendrite branching. Mol. Biol. Cell 19: 4804-4813.  

228. Spizz, G. and P. J. Blackshear. 1997. Identification and characterization of cathepsin B 

as the cellular MARCKS cleaving enzyme. J. Biol. Chem. 272: 23833-23842.  

229. Kopitar-Jerala, N. and B. Turk. 2007. Cleavage of the myristoylated alanine-rich C 

kinase substrate (MARCKS) by cysteine cathepsins in cells and tissues of stefin B-deficient 

mice. Biol. Chem. 388: 847-852.  

230. Dedieu, S., S. Poussard, G. Mazeres, F. Grise, E. Dargelos, P. Cottin, and J. J. Brustis. 

2004. Myoblast migration is regulated by calpain through its involvement in cell attachment 

and cytoskeletal organization. Exp. Cell Res. 292: 187-200.  

231. Louis, M., N. Zanou, M. Van Schoor, and P. Gailly. 2008. TRPC1 regulates skeletal 

myoblast migration and differentiation. J. Cell. Sci. 121: 3951-3959.  

 



 69 

232. Dulong, S., S. Goudenege, K. Vuillier-Devillers, S. Manenti, S. Poussard, and P. Cottin. 

2004. Myristoylated alanine-rich C kinase substrate (MARCKS) is involved in myoblast 

fusion through its regulation by protein kinase Calpha and calpain proteolytic cleavage. 

Biochem. J. 382: 1015-1023.  

233. Domanska-Janik, K., B. Zablocka, T. Zalewska, and H. Zajac. 1998. Phosphorylation of 

protein kinase C substrate proteins in rat hippocampal slices--effect of calpain inhibition. 

Acta Neurobiol. Exp. (Wars) 58: 247-252.  

234. Braun, T., R. A. McIlhinney, and G. Vergeres. 2000. Myristoylation-dependent N-

terminal cleavage of the myristoylated alanine-rich C kinase substrate (MARCKS) by 

cellular extracts. Biochimie 82: 705-715.  

235. Cuerrier, D., T. Moldoveanu, and P. L. Davies. 2005. Determination of peptide substrate 

specificity for mu-calpain by a peptide library-based approach: the importance of primed side 

interactions. J. Biol. Chem. 280: 40632-40641.  

236. Stumpo, D. J., C. B. Bock, J. S. Tuttle, and P. J. Blackshear. 1995. MARCKS deficiency 

in mice leads to abnormal brain development and perinatal death. Proc. Natl. Acad. Sci. U. S. 

A. 92: 944-948.  

237. Zolessi, F. R. and C. Arruti. 2001. Apical accumulation of MARCKS in neural plate 

cells during neurulation in the chick embryo. BMC Dev. Biol. 1: 7.  

238. Swierczynski, S. L., S. R. Siddhanti, J. S. Tuttle, and P. J. Blackshear. 1996. 

Nonmyristoylated MARCKS complements some but not all of the developmental defects 

associated with MARCKS deficiency in mice. Dev. Biol. 179: 135-147.  

239. Weimer, J. M., Y. Yokota, A. Stanco, D. J. Stumpo, P. J. Blackshear, and E. S. Anton. 

2009. MARCKS modulates radial progenitor placement, proliferation and organization in the 

developing cerebral cortex. Development 136: 2965-2975.  

240. Scarlett, C. O. and P. J. Blackshear. 2003. Neuroanatomical development in the absence 

of PKC phosphorylation of the myristoylated alanine-rich C-kinase substrate (MARCKS) 

protein. Brain Res. Dev. Brain Res. 144: 25-42.  

241. Blackshear, P. J., W. S. Lai, J. S. Tuttle, D. J. Stumpo, E. Kennington, A. C. Nairn, and 

K. K. Sulik. 1996. Developmental expression of MARCKS and protein kinase C in mice in 

relation to the exencephaly resulting from MARCKS deficiency. Brain Res. Dev. Brain Res. 

96: 62-75.  



 70 

242. Zolessi, F. R. and C. Arruti. 2001. Sustained phosphorylation of MARCKS in 

differentiating neurogenic regions during chick embryo development. Brain Res. Dev. Brain 

Res. 130: 257-267.  

243. Zolessi, F. R. and C. Arruti. 2004. MARCKS in advanced stages of neural retina 

histogenesis. Dev. Neurosci. 26: 371-379.  

244. Smelser, G. K., V. Ozanics, M. Rayborn, and D. Sagun. 1973. The fine structure of the 

retinal transient layer of Chievitz. Invest. Ophthalmol. 12: 504-512.  

245. Iioka, H., N. Ueno, and N. Kinoshita. 2004. Essential role of MARCKS in cortical actin 

dynamics during gastrulation movements. J. Cell Biol. 164: 169-174.  

246. Keller, R. 2002. Shaping the vertebrate body plan by polarized embryonic cell 

movements. Science 298: 1950-1954.  

247. Schlessinger, K., A. Hall, and N. Tolwinski. 2009. Wnt signaling pathways meet Rho 

GTPases. Genes Dev. 23: 265-277.  

248. Seifert, J. R. and M. Mlodzik. 2007. Frizzled/PCP signalling: a conserved mechanism 

regulating cell polarity and directed motility. Nat. Rev. Genet. 8: 126-138.  

249. Green, J. L., T. Inoue, and P. W. Sternberg. 2008. Opposing Wnt pathways orient cell 

polarity during organogenesis. Cell 134: 646-656.  

250. Freese, J. L., D. Pino, and S. J. Pleasure. 2009. Wnt signaling in development and 

disease. Neurobiol. Dis.  

251. Spizz, G. and P. J. Blackshear. 2001. Overexpression of the myristoylated alanine-rich 

C-kinase substrate inhibits cell adhesion to extracellular matrix components. J. Biol. Chem. 

276: 32264-32273.  

252. Rombouts, K., B. Lottini, A. Caligiuri, F. Liotta, T. Mello, V. Carloni, F. Marra, and M. 

Pinzani. 2008. MARCKS is a downstream effector in platelet-derived growth factor-induced 

cell motility in activated human hepatic stellate cells. Exp. Cell Res. 314: 1444-1454.  

253. Monahan, T. S., N. D. Andersen, M. C. Martin, J. Y. Malek, G. V. Shrikhande, L. 

Pradhan, C. Ferran, and F. W. LoGerfo. 2009. MARCKS silencing differentially affects 

human vascular smooth muscle and endothelial cell phenotypes to inhibit neointimal 

hyperplasia in saphenous vein. FASEB J. 23: 557-564.  

 



 71 

254. Stensman, H. and C. Larsson. 2008. Protein kinase Cepsilon is important for migration 

of neuroblastoma cells. BMC Cancer 8: 365.  

255. Techasen, A., W. Loilome, N. Namwat, E. Takahashi, E. Sugihara, A. Puapairoj, M. 

Miwa, H. Saya, and P. Yongvanit. 2010. Myristoylated alanine-rich C kinase substrate 

phosphorylation promotes cholangiocarcinoma cell migration and metastasis via the protein 

kinase C-dependent pathway. Cancer. Sci. 101: 658-665.  

256. Miller, J. D., S. M. Lankford, K. B. Adler, and A. R. Brody. 2010. Mesenchymal Stem 

Cells Require MARCKS Protein for Directed Chemotaxis in vitro. Am. J. Respir. Cell Mol. 

Biol.  

257. Micallef, J., M. Taccone, J. Mukherjee, S. Croul, J. Busby, M. F. Moran, and A. Guha. 

2009. Epidermal growth factor receptor variant III-induced glioma invasion is mediated 

through myristoylated alanine-rich protein kinase C substrate overexpression. Cancer Res. 

69: 7548-7556.  

258. Monypenny, J., D. Zicha, C. Higashida, F. Oceguera-Yanez, S. Narumiya, and N. 

Watanabe. 2009. Cdc42 and Rac family GTPases regulate mode and speed but not direction 

of primary fibroblast migration during platelet-derived growth factor-dependent chemotaxis. 

Mol. Cell. Biol. 29: 2730-2747.  

259. Bornfeldt, K. E., E. W. Raines, L. M. Graves, M. P. Skinner, E. G. Krebs, and R. Ross. 

1995. Platelet-derived growth factor. Distinct signal transduction pathways associated with 

migration versus proliferation. Ann. N. Y. Acad. Sci. 766: 416-430.  

260. Rozengurt, E., M. Rodriguez-Pena, and K. A. Smith. 1983. Phorbol esters, 

phospholipase C, and growth factors rapidly stimulate the phosphorylation of a Mr 80,000 

protein in intact quiescent 3T3 cells. Proc. Natl. Acad. Sci. U. S. A. 80: 7244-7248.  

261. Isacke, C. M., J. Meisenhelder, K. D. Brown, K. L. Gould, S. J. Gould, and T. Hunter. 

1986. Early phosphorylation events following the treatment of Swiss 3T3 cells with 

bombesin and the mammalian bombesin-related peptide, gastrin-releasing peptide. EMBO J. 

5: 2889-2898.  

262. Loilome, W., P. Yongvanit, C. Wongkham, N. Tepsiri, B. Sripa, P. Sithithaworn, S. 

Hanai, and M. Miwa. 2006. Altered gene expression in Opisthorchis viverrini-associated 

cholangiocarcinoma in hamster model. Mol. Carcinog. 45: 279-287.  

263. Lokuta, M. A., P. A. Nuzzi, and A. Huttenlocher. 2003. Calpain regulates neutrophil 

chemotaxis. Proc. Natl. Acad. Sci. U. S. A. 100: 4006-4011.  



 72 

264. Nuzzi, P. A., M. A. Senetar, and A. Huttenlocher. 2007. Asymmetric localization of 

calpain 2 during neutrophil chemotaxis. Mol. Biol. Cell 18: 795-805.  

265. Stewart, M. P., A. McDowall, and N. Hogg. 1998. LFA-1-mediated adhesion is 

regulated by cytoskeletal restraint and by a Ca2+-dependent protease, calpain. J. Cell Biol. 

140: 699-707.  

266. Kulkarni, S., T. C. Saido, K. Suzuki, and J. E. Fox. 1999. Calpain mediates integrin-

induced signaling at a point upstream of Rho family members. J. Biol. Chem. 274: 21265-

21275.  

267. Mazeres, G., L. Leloup, L. Daury, P. Cottin, and J. J. Brustis. 2006. Myoblast 

attachment and spreading are regulated by different patterns by ubiquitous calpains. Cell 

Motil. Cytoskeleton 63: 193-207.  

268. Dedieu, S., G. Mazeres, S. Poussard, J. J. Brustis, and P. Cottin. 2003. Myoblast 

migration is prevented by a calpain-dependent accumulation of MARCKS. Biol. Cell. 95: 

615-623.  

269. Li, Y., L. D. Martin, G. Spizz, and K. B. Adler. 2001. MARCKS protein is a key 

molecule regulating mucin secretion by human airway epithelial cells in vitro. J. Biol. Chem. 

276: 40982-40990.  

270. Park, J. A., A. L. Crews, W. R. Lampe, S. Fang, J. Park, and K. B. Adler. 2007. Protein 

kinase C delta regulates airway mucin secretion via phosphorylation of MARCKS protein. 

Am. J. Pathol. 171: 1822-1830.  

271. Park, J., S. Fang, A. L. Crews, K. W. Lin, and K. B. Adler. 2008. MARCKS regulation 

of mucin secretion by airway epithelium in vitro: interaction with chaperones. Am. J. Respir. 

Cell Mol. Biol. 39: 68-76.  

272. Lin, K. W., S. Fang, J. Park, A. L. Crews, and K. B. Adler. 2010. MARCKS and 

Related Chaperones Bind to Unconventional Myosin V Isoforms in Airway Epithelial Cells. 

Am. J. Respir. Cell Mol. Biol.  

273. Agrawal, A., S. Rengarajan, K. B. Adler, A. Ram, B. Ghosh, M. Fahim, and B. F. 

Dickey. 2007. Inhibition of mucin secretion with MARCKS-related peptide improves airway 

obstruction in a mouse model of asthma. J. Appl. Physiol. 102: 399-405.  

274. Singer, M., L. D. Martin, B. B. Vargaftig, J. Park, A. D. Gruber, Y. Li, and K. B. Adler. 

2004. A MARCKS-related peptide blocks mucus hypersecretion in a mouse model of 

asthma. Nat. Med. 10: 193-196.  



 73 

275. Li, J. and A. Aderem. 1992. MacMARCKS, a novel member of the MARCKS family of 

protein kinase C substrates. Cell 70: 791-801.  

276. Zhao, H., Y. Cao, and H. Grunz. 2001. Isolation and characterization of a Xenopus gene 

(XMLP) encoding a MARCKS-like protein. Int. J. Dev. Biol. 45: 817-826.  

277. Wohnsland, F., A. A. Schmitz, M. O. Steinmetz, U. Aebi, and G. Vergeres. 2000. 

Interaction between actin and the effector peptide of MARCKS-related protein. Identification 

of functional amino acid segments. J. Biol. Chem. 275: 20873-20879.  

278. Underhill, D. M., J. Chen, L. A. Allen, and A. Aderem. 1998. MacMARCKS is not 

essential for phagocytosis in macrophages. J. Biol. Chem. 273: 33619-33623.  

279. Wu, M., D. F. Chen, T. Sasaoka, and S. Tonegawa. 1996. Neural tube defects and 

abnormal brain development in F52-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 93: 2110-

2115.  

280. Chen, J., S. Chang, S. A. Duncan, H. J. Okano, G. Fishell, and A. Aderem. 1996. 

Disruption of the MacMARCKS gene prevents cranial neural tube closure and results in 

anencephaly. Proc. Natl. Acad. Sci. U. S. A. 93: 6275-6279.  

281. Chun, K. R., E. M. Bae, J. K. Kim, K. Suk, and W. H. Lee. 2009. Suppression of the 

lipopolysaccharide-induced expression of MARCKS-related protein (MRP) affects 

transmigration in activated RAW264.7 cells. Cell. Immunol. 256: 92-98.  

282. Finlayson, A. E. and K. W. Freeman. 2009. A cell motility screen reveals role for 

MARCKS-related protein in adherens junction formation and tumorigenesis. PLoS One 4: 

e7833.  

283. Zhao, J., T. Izumi, K. Nunomura, S. Satoh, and S. Watanabe. 2007. MARCKS-like 

protein, a membrane protein identified for its expression in developing neural retina, plays a 

role in regulating retinal cell proliferation. Biochem. J. 408: 51-59.  

284. Zhao, Y., B. S. Neltner, and H. W. Davis. 2000. Role of MARCKS in regulating 

endothelial cell proliferation. Am. J. Physiol. Cell. Physiol. 279: C1611-20.  

 

 

 

 



 74 

CHAPTER 2 

 

REGULATION OF FIBROBLAST MIGRATION BY MARCKS 

 

Laura E. Ott
1,2,3

, Jamie M. Keener
2,3

, Mary K. Sheats
2,3

, Zachary T. McDowell
2,3

, Eui Jae 

Sung
2,3

, Kenneth B. Adler
3,4

,  Samuel L. Jones
2,3 

 

1 
Immunology Program, North Carolina State University, Raleigh, NC, USA  

2 
Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, NC, USA. 

3
Center for Comparative Medicine and Translational Research, North Carolina State 

University, Raleigh, NC, USA 

4
Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North 

Carolina State University, Raleigh, NC, USA 

 

 

 

 

 

 

 

 



 75 

Abstract 

 

 Myristoylated alanine-rich C-kinase substrate (MARCKS) is a ubiquitously expressed 

actin binding protein involved in many cellular processes, including cell migration.  

Previously, we demonstrated that MARCKS regulates neutrophil adhesion and migration and 

that MARCKS functions in these processes via a mechanism that involves the amino-

terminus.  In this study, we hypothesized that MARCKS protein is involved in the regulation 

of fibroblast migration.  Our approach was to use a myristoylated peptide identical to the first 

24 amino acids of MARCKS (called the MANS peptide) that inhibits MARCKS function in 

NIH-3T3 fibroblasts to test our hypothesis.  Treatment with the MANS peptide inhibited 

NIH-3T3 cell migration in a scratch wounding assay and in a transmembrane migration assay 

in response to platelet derived growth factor-BB (PDGF-BB). In contrast, treatment with a 

control peptide consisting of the same amino acids as MANS in a scrambled sequence (RNS 

peptide) did not affect migration in either assay.  PDGF-BB signaling in fibroblasts results in 

the phosphorylation of MARCKS in both adherent and non-adherent cells and MANS 

peptide treatment did not alter MARCKS phosphorylation.  Expression of EGFP fusion 

proteins consisting of the MANS peptide or unmyristolyated version of the MANS 

(UMANS) peptide in NIH-3T3 cells revealed that MANS is targeted to the membrane 

whereas UMANS is predominantly localized to the cytosol.  However, expression of either 

MANS or UMANS fusion proteins significantly decreased migration of NIH-3T3 cells in 

scratch wounding and PDGF-BB transmembrane migration assays, indicating that  
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myristoylation of the MANS peptide is not required for the ability of MANS to inhibit cell 

migration. Our conclusion is that MARCKS is essential for NIH-3T3 fibroblast migration 

and that the amino-terminus regulates this function.  In addition, our data suggest the novel 

concept that the peptide sequence of the amino-terminal 24 amino acid region corresponding 

to the MANS peptide has a role in regulating MARCKS function in migration independent 

from the role of the myristic acid in mediating membrane binding.    
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Introduction 

 

 Myristoylated alanine-rich C-kinase substrate (MARCKS) is a ubiquitously expressed 

protein kinase C (PKC) substrate that has been shown to regulate actin dynamics.  MARCKS 

is tethered to cell membranes via amino-terminal myristoylation and electrostatic interactions 

between the basic effector domain of MARCKS and the acidic phospholipids of the plasma 

membrane (1, 2).  Phosphorylation of MARCKS by PKC results in the complete repulsion of 

MARCKS from the plasma membrane into the cytosol (3).  This translocation of MARCKS 

has been associated with the reorganization of the actin cytoskeleton (4, 5) and thus 

MARCKS function has been associated with various cellular processes, including endo- (6), 

exo- (7), and phagocytosis (8, 9), and cell migration (10, 11).   

Recently, a unique reagent called MANS, which is a myristoylated peptide 

corresponding to the first 24 amino acids of MARCKS, was developed by Adler and 

colleagues (12).  Utilization of the MANS peptide has demonstrated a role for MARCKS, 

specifically its myristoylated amino terminus, in the regulation of in vitro (12) and in vivo 

(13, 14)(15) mucin secretion as well as leukocyte degranulation (14).  Thus, we utilized the 

MANS peptide to determine the role of MARCKS, specifically the amino-terminus, in the 

regulation of neutrophil migration.  Our studies revealed that MANS peptide treatment 

results in decreased neutrophil migration and β2-integrin dependent adhesion, whereas the  

myristoylated scrambled control peptide (RNS) did not have an effect (16).     
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The results from our neutrophil study (16) prompted us to investigate what aspect(s) 

of the MANS peptide and/or the amino terminus of MARCKS is involved in the regulation 

of cell migration.  The first aspect of the MANS peptide that we are interested in is amino-

terminal myristoylation because previous studies have shown that myristoylation of 

MARCKS is not required for cell spreading and adhesion (17, 18).  Therefore, to answer this 

question, we proposed a genetic structure function analysis in which we transfect cells with 

mutated MANS constructs.  Given that neutrophils are terminally differentiated cells and do 

not survive in culture, we chose a fibroblast cell line, NIH-3T3 cells, to perform our studies.  

Fibroblasts are advantageous for these studies because they are a migratory cell line that is 

easily transfected with various techniques available to study migration including, scratch 

wounding assays and Boyden chamber transmembrane chemotaxis assays (19, 20).  

Fibroblasts, including NIH-3T3 cells, express MARCKS (21-23) and studies have shown a 

role for MARCKS in regulating fibroblast migration.  Epidermal growth factor (EGF) 

induces myosin contraction and motility of 3T3 fibroblasts in a mechanism dependent on 

MARCKS phosphorylation by PKCδ (24).  Further, expression of palmoyltalated MARCKS 

reveals a role for MARCKS bilateral translocation in regulating membrane blebbing and 

lamellae formation and ultimately a role for MARCKS in mediating fibroblast adhesion (25).  

Thus, NIH-3T3 fibroblasts provide an excellent model for studying the regulation of cell 

migration by MARCKS.        
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An additional reason for utilizing the fibroblast model to study the role of the amino 

terminus of MARCKS in the regulation of cell migration is that fibroblasts solely express 

MARCKS (26, 27) whereas leukocytes express both MARCKS and MARCKS-like protein 

(MLP; also called MARCKS-related protein (MRP) or MacMARCKS) (28-30).  MLP is a 

member of the MARCKS family that is expressed in leukcoytes, the central nervous system 

and the reproductive tract (27, 31, 32).  Both MARCKS and MLP are myristoylated on the 

amino terminus; however, the amino acid composition of the amino terminal domain of MLP 

is subtly different to MARCKS (27) with approximately 50% homology.  Studies reveal that 

MARCKS and MLP appear to play similar roles and both regulate cell migration.  MARCKS 

is involved in mesenchymal stem cell (33), myoblast (34) and hepatic stellate cell (10) 

migration, and reduced expression of MLP in macrophages is associated with decreased 

chemotaxis (35).  Therefore, our previous work utilizing the MANS peptide does not rule out 

the role of MLP in the regulation of neutrophil migration (16) and utilizing NIH-3T3 

fibroblasts will help to determine the role of the MANS peptide in regulating MARCKS 

function independent of MLP expression and/or function. 

Herein, we utilize the MANS peptide to determine the role of MARCKS in the 

regulation of fibroblast migration.  Two established migration assays are utilized, a scratch 

wounding assay and PDGF-BB transmembrane chemotaxis assay.  Further, a genetic 

structure function analysis with MANS and unmyristoylated MANS (UMANS) fusion 

proteins is performed to determine if amino-terminal myristoylation is required for MANS 

peptide regulated fibroblast migration.  These studies will not only elucidate mechanisms by  
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which the amino-terminus of MARCKS regulates cell migration, but will provide further  

evidence for targeting MARCKS for the treatment of diseases that are caused by exacerbated 

cell migration (36).    

 

Results 

 

MANS peptide treatment inhibits fibroblast migration on fibronectin and collagen substrates 

 

 To determine if MANS peptide treatment results in decreased fibroblast migration, 

we performed a fibroblast scratch wounding assay in the presence of various concentrations 

of MANS peptide.  Fibroblasts were seeded on 10 µg/mL fibronectin or collagen coated 

coverslips and grown to confluency.  Scratch wounding assays were performed in the 

presence of 1, 50 or 100 μM MANS peptide or the control myristoylated random N-terminal 

sequence (RNS) peptide and incubated for 18 hours.  As shown in Figure 1, MANS peptide 

treatment results in significantly decreased fibroblast migration on both fibronectin (Figure 

1A and B) and collagen (Figure 1C) substrates in a dose dependent manner.  However, 

scratch wounding assays performed in the presence of RNS control peptide did not 

significantly affect fibroblast migration, and migration was similar to non-treated fibroblasts 

(Figure 1B and C).  As a positive control for the inhibition of migration, fibroblasts were 

incubated with the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin (100 nM) (37) 

and wortmannin treatment results in significantly decreased fibroblast migration compared to  
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non-treated cells (Figure 1).  Taken together, these results demonstrate that MANS peptide 

treatment of NIH-3T3 fibroblasts results in decreased migration on both fibronectin and 

collagen substrates. 

 

PDGF-BB stimulation of fibroblasts results in the phosphorylation of MARCKS 

 

 Previous studies have shown that PDGF-BB results in membrane to cytosol 

translocation and phosphorylation of MARCKS in Swiss 3T3 fibroblasts (38-40).  Therefore, 

we asked if MARCKS is phosphorylated upon PDGF-BB stimulation in adherent and non-

adherent NIH 3T3 fibroblasts.  We stimulated adherent and non-adherent cells with 

increasing concentrations of PDGF-BB (0.1-100 nM) for 1 minute, prepared lysates and 

immunoblotted for phospho-MARCKS and total MARCKS.  As shown in figures 2A and C, 

PDGF-BB, at concentrations of 100, 10, 1 and 0.1 nM, results in phosphorylation of 

MARCKS in adherent cells.  Similarly, PDGF-BB, at concentrations of 100, 10 and 1 nM, 

results in the phosphorylation of MARCKS in non-adherent cells (figures 2B and C).  We 

next performed a kinetics study of MARCKS phoshporylation upon PDGF-BB stimulation in 

adherent and non-adherent cells.  For both adherent and non-adherent cells, 10 nM PDGF 

results in phosphorylation of MARCKS at 1, 5, 10 and 20 minutes with greatest 

phosphorylation observed at 1 minute (figure 2 D-F).  In non-adherent NIH-3T3 fibroblasts, 

higher background phosphorylation was observed (T=0 and vehicle control (VC) treated 

samples) compared to adherent cells (figure 2 D-F), suggesting differential activation of PKC  
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in adherent versus non-adherent NIH-3T3 fibroblasts.  Ultimately, this data demonstrates that  

MARCKS is phosphorylated by PDGF-BB and that phosphorylation of MARCKS may be 

involved in the regulation of NIH-3T3 fibroblast migration given the stuble differences 

between adherent and non-adherent cells.     

 Previously, we demonstrated that MANS peptide pretreatment of neutrophils 

increases phosphorylation of MARCKS upon fMLF stimulation (E.J.S., unpublished data).  

To determine if MANS peptide treatment alters PDGF-BB mediated MARCKS 

phosphorylation, adherent NIH-3T3 fibroblasts were pretreated with 50 μM MANS, 50 μM 

RNS or PBS (VC) for 30 minutes and then stimulated with 10 nM PDGF-BB for 1 minute.  

As shown in figure 3, MANS pretreatmentment did not alter PDGF-BB mediated 

phosphorylation of MARCKS, as the level of phosphorylation was similar with PBS, MANS 

or RNS treatment.   

 

MANS pretreatment results in the inhibition of PDGF-BB mediated fibroblast chemotaxis 

 

 PDGF-BB is a known chemoattractant for NIH-3T3 fibroblasts (41, 42) and we 

therefore asked if MANS peptide treatment alters PDGF-BB mediated chemotaxis of NIH-

3T3 fibroblasts.  For these studies we utilized a Boyden chamber approach with fibronectin 

coated transwells to assess transmembrane migration.  Treatment with 50 μM MANS 

resulted in the inhibition of NIH-3T3 fibroblast migration towards 1 nM PDGF-BB (figure 4) 

compared to RNS peptide or vehicle (PBS) treatment.  Like the scratch wounding assays,  
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MANS peptide inhibition of migration was comparable to treatment with 100 nM  

wortmannin (figure 4).  Interestingly, unstimulated migration in control wells lacking PDGF-

BB was not affected by MANS treatment.  Taken together, MANS peptide treatment 

decreases PDGF-BB mediated NIH-3T3 transmembrane migration, further supporting an 

essential role for MARCKS in the regulation of NIH-3T3 fibroblast migration.   

 

Myristoylation of MANS is not required for the inhibition of fibroblast migration 

 

 Our data suggest that the amino-terminus of MARCKS has a critical function in 

regulating MARCKS during migration. We next asked whether myristoylation is required for 

this function. Our approach was to modify the MANS peptide to create an unmyristoylated 

version.  We used a genetic approach to introduce genes that encode these peptides into NIH-

3T3 cells since eliminating the myristoylation of the MANS peptide was likely to affect cell 

permeability.  We created fusion proteins by expressing genes encoding the MANS peptide 

sequence (MANS:EGFP) and a G2A mutant of MANS to eliminate the myristoylation signal 

sequence (UMANS:EGFP) fused to the amino-terminus of EGFP.  We expressed these 

fusion proteins in NIH-3T3 cells using the expression vector pEGFP-N1 and expressed 

EGFP alone as a control.  Western blot analysis using anti-EGFP antibody revealed equal 

expression of EGFP, MANS:EGFP and UMANS:EGFP 24 hours after transfection (figure 

5A).  Interestingly, we observed similar expression of MARCKS in EGFP, MANS:EGFP  

and UMANS:EGFP transfected cells while expression of MARCKS in transfected cells was  
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decreased compared to non-transfected cells (figure 5A).  Subcellular fractionation revealed  

that MANS:EGFP is targeted to the membrane fraction compared to EGFP and 

UMANS:EGFP, which were predominantly localized to the cytosol (figure 5B).  Further, 

fluorescence microscopy revealed that MANS:EGFP has a peri-nuclear distribution whereas 

EGFP and UMANS:EGFP has a uniform distribution throughout NIH-3T3 cells (figure 5C).  

These results demonstrate that MANS:EGFP is targeted to cell membranes, and that amino-

terminal myristoylation is a required localization signal.    

 Scratch wounding assays revealed that expression of MANS:EGFP significantly 

decreased migration compared to non-transfected cells and cells expressing EGFP and the 

ability of MANS:EGFP expression to inhibit migration was similar to 50 µM MANS peptide 

treatment (figure 6).  Interestingly, expression of UMANS:EGFP also significantly inhibited 

NIH-3T3 fibroblast migration, similar to 50 µM MANS peptide treated and expression of 

MANS:EGFP (figure 6).  Expression of MANS:EGFP and UMANS:EGFP in NIH-3T3 cells 

also significantly inhibited migration in response to PDGF-BB stimulation in a 

transmembrane migration assay compared to untreated cells and cells expressing EGFP 

(figure 7).   The ability of the MANS peptide sequence to inhibit migration in the absence of 

myristoylation suggests an essential role for the amino-terminal peptide sequence in 

regulating MARCKS function during migration.  
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Discussion 

 

   In the present study, we demonstrate a role for MARCKS in the regulation of NIH-

3T3 fibroblast migration.  This was performed by utilizing the MANS peptide, a 

myristoylated peptide corresponding to the first 24 amino acids of MARCKS that has been 

shown to inhibit MARCKS function (12).  Treatment of NIH-3T3 cells with the MANS 

peptide results in decreased migration in both scratch wounding and PDGF-BB 

transmembrane chemotaxis assays.  The data presented here supports previous research 

demonstrating a role for MARCKS in neutrophil adhesion and migration (16) as well as stem 

cell chemotaxis (33).  Further, this data also suggests that aspects of the amino-terminus of 

MARCKS are required for regulating MARCKS function during cell migration, given 

inhibited cell migration in the presence of the MANS peptide.   

In the present study, we utilize a genetic approach to express MANS and 

unmyristoylated MANS (UMANS) EGFP fusion proteins in fibroblasts and observe similar 

expression of EGFP, MANS:EGFP and UMANS:EGFP while we do not observe expression 

of EGFP in non-transfected cells, as expected.  Further, in EGFP, MANS:EGFP and 

UMANS:EGFP expressing cells we observe similar expression of MARCKS with non-

transfected cells expressing higher levels of MARCKS than transfected cells.  Likewise, 

previous studies have revealed that transformed 3T3 fibroblasts express decreased MARCKS 

levels compared to non-transformed cells (43, 44) and together with our data, suggest that 

transformation of 3T3 cells results in decreased MARCKS expression.  Previously, we have  
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demonstrated that both the MANS and RNS peptides are loaded into neutrophils, presumably 

via the amino-terminal myristoyl moiety.  Further, subcellular fractionation studies 

demonstrate that the MANS peptide displaces MARCKS from cell membranes in untreated 

neutrophils, whereas the RNS peptide allows for MARCKS to remain localized to the 

membrane (16).  In the present study, subcellular fractionation studies reveal that 

MANS:EGFP fusion proteins are preferentially targeted to the membrane fraction of NIH-

3T3 fibroblasts whereas EGFP and UMANS:EGFP are localized to the cytosol.  This data 

supports our previous data in neutrophils, and suggests that the MANS peptide localizes to 

cell membranes and competes with MARCKS for membrane binding sites within cells.   

Our previous results also elucidated that β2-interin mediated neutrophil adhesion is 

regulated by MARCKS function (16).  In the present study, we demonstrate a role for 

MARCKS in regulating fibroblast migration on both fibronectin and collagen substrates.  

Fibroblasts express integrins that recognize fibronectin and collagen; including α1β1 and α2β1 

(45), which recognize collagen, as well as α4β1 and α5β1 (46, 47), which recognize 

fibronectin.  Studies have revealed that NIH-3T3 cells express both fibronectin and collagen 

integrins (46, 48) and together with our data, suggest that MANS peptide mediated inhibition 

of NIH-3T3 migration occurs independent of specific integrins expressed by the cell.        

Myoblasts and HEK 293 embyonic kidney cells expressing unmyristoylated 

MARCKS are capable of spreading and adhering to extracellular matrix substrates, 

respectively (17, 18).  Supporting this research, herein we demonstrate that the mechanism 

by which the MANS peptide inhibits MARCKS regulated fibroblast migration is independent  
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of myristoylation, as performed by a genetic structure function approach.  Introduction of 

UMANS:EGFP fusion proteins into NIH-3T3 fibroblasts resulted in decreased migration in 

scratch wounding and PDGF-BB transmembrane chemotaxis assays comparable to 

MANS:EGFP transfected and MANS peptide treated cells.  This is the first report 

demonstrating that myristoylation of the MANS peptide is not involved in regulating 

MARCKS function and further suggests that membrane localization of the MANS peptide 

(presumably via myristoylation) is not required for inhibition of cell migration. Our data 

further suggests that other aspect(s) of the MANS peptide and the amino-terminus of 

MARCKS are involved in regulating cell migration.  One potential aspect of the amino-

terminus of MARCKS that may be involved in regulating cell migration is cleavage between 

Lys
6
 and Thr

7
.  Cleavage at this site is performed by an unidentified protease (49) although 

calpain has been named a potential candidate.  Calpain is a calcium activated protease that is 

localized to the leading edge of polarized neutrophils and is involved in pseudopod formation 

and neutrophil chemotaxis (50, 51).  Calpain is also involved in LFA-1 mediated T-

lymphocyte adhesion as well as focal adhesion formation in bovine aortic endothelial cells 

(52, 53). Studies have revealed that calpain cleaves MARCKS resulting in a 55 kDa fragment 

in myoblasts (54).  Inhibition of calpain activity results in decreased myoblast migration that 

is associated with an accumulation of membrane bound MARCKS (34, 54-56).  Thus, it 

appears that generation of the six amino acid fragment that is generated by cleavage between 

Lys
6
 and Thr

7
 may be involved in regulating cell migration, with further experimentation 

necessary to confirm this hypothesis.   
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 PDGF-BB, a known mitogen and chemoattractant for fibroblasts, signals through a 

receptor tyrosine kinase, PDGF-BB receptor (PDGFR-BB).  Signaling through PDGFR-BB 

results in increased intracellular Ca
2+

 concentrations and subsequent PKC activation, both of 

which are involved in mediating MARCKS function (57, 58).  Previous studies have shown 

that PDGF-BB results in the translocation of MARCKS from the membrane to cytosol in 

Swiss 3T3 cells and subsequent phosphorylation (38-40).  Our results described here support 

these results, in that PDGF-BB stimulation results in the phosphorylation of MARCKS in 

NIH-3T3 fibroblasts, an event that causes membrane to cytosolic translocation (3, 59).  

Previous studies have revealed that MARCKS is phosphorylated by the conventional PKCα 

and the novel PKC-ε and –ζ in NIH-3T3 fibroblasts (23).  Interestingly, PDGF-BB results in 

the activation of PKC-α in various fibroblast lines (60, 61) and PDGF-BB mediated 

MARCKS phosphorylation is dependent on both PKC-α and –ε during the migration of 

human hepatic stellate cells (10).    

An interesting finding that we present here is increased basal MARCKS 

phosphorylation in non-adherent NIH-3T3 fibroblasts compared to adherent cells.  This was 

of interest to us given that cell migration occurs through a series of adherent and non-

adherent events and suggests that PKC activation may be differentially regulated in adherent 

versus non-adherent fibroblasts.  A similar mechanism has been reported regarding protein 

kinase A (PKA) signaling.  Stimulation of PKA activity in neutrophils results in decreased 

immune complex and fMLP mediated adhesion while inhibition of PKA activity promotes 

fMLP mediated β2-integrin expression and mediates β2-integrin adhesion and migration of  
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neutrophils (62, 63).  Given that increased PKA activity is associated with de-adhesion of 

neutrophils, it could be possible that PKC activity is also elevated in non-adherent NIH-3T3 

fibroblasts.  Again, this is supported by the increased basal MARCKS phosphorylation in 

non-adherent NIH-3T3 fibroblasts that we observed in the present study.  Supporting our 

observations, phosphorylation of MARCKS is associated with the loss of adhesive contacts 

in cholangiocarcinoma cells, melanoma cells and growth cones (11, 64, 65)   However, there 

is evidence that PKC activity promotes adhesion (66-68) and PKC mediated translocation of 

MARCKS is required for the initial stages of cell adhesion in myoblasts (69).  Thus further 

research to determine if PKC is differentially regulated in adherent versus non-adherent cells 

and to elucidate the role that MARCKS may play in these processes is warranted.         

An additional finding that we observed was that MANS peptide treatment did not 

alter PDGF-BB mediated phosphorylation of MARCKS.  This was surprising because 

previous studies have shown that MANS peptide treatment of neutrophils increases the 

phosphorylation of MARCKS upon fMLF treatment (E.J.S., unpublished data).  Our 

explanation for these results is that PDGF-BB signals through a receptor tyrosine kinase 

whereas fMLF signals through a seven-transmembrane G protein coupled receptor (GPCR) 

(57, 70).  Thus, differential signaling through these receptors may explain why we do not 

observe altered MARCKS phosphorylation in MANS treated PDGF-BB stimulated 

fibroblasts while observing increased MARCKS phosphorylation in MANS treated 

neutrophils stimulated with fMLF. 
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In summary, we have demonstrated a role for MARCKS in regulating NIH-3T3 

fibroblast migration.  Specifically, we have demonstrated that MANS peptide treatment of 

NIH-3T3 fibroblasts inhibits migration and that myristoylation of MANS is not involved in 

regulating this inhibition.  Given that the MANS peptide has been shown to inhibit neutrophil 

and stem cell migration (16, 33) as well as mucin secretion in models of respiratory 

inflammation (12, 13, 15), the results reported here provide further support for targeting 

MARCKS as a therapeutic approach for various respiratory and other inflammatory diseases.   

 

  

Materials and Methods 

Reagents and cell culture 

MANS and RNS were synthesized as previously described (12) and resuspended in 

sterile PBS.  Wortmannin was obtained from Sigma (St. Louis, MO) and a stock solution was 

made in DMSO (Sigma).  PDGF-BB and fatty acid free bovine serum albumin (BSA) were 

purchased from Sigma (St. Louis, MO) and were resuspended in sterile water or PBS, 

respectively.  Type II rat tail collagen and fibronectin were also purchased from Sigma and 

were resuspended in 0.1% acetic acid v/v or sterile water, respectively.   

NIH-3T3 fibroblasts (ATCC, Manassas, VA) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Mediatech, Manassas, VA) supplemented with 10% fetal 

bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA) and 0.2% Penicillin 

(10,000 U/ml) Streptomycin (10,000 μg/ml) solution (Gemini Bio-Products).   
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Recombinant plasmids and transfections 

 Primers for MANS amino-terminal constructs were generated from Integrated DNA 

Technologies (Coralville, IA) and EcoRI and BamHI restriction sites were engineered into 

the 5’ end of the leading and lagging strands, respectively, with a four nucleotide overhang.  

MANS and UMANS inserts were PCR amplified from pCDNA4/TO wt MARCKS plasmid, 

with glycine (GGT) to alanine (GCT) point mutation in the second position for UMANS.  

MANS amino-terminal constructs were cloned into the EcoRI and BamHI restriction sites of 

pEGFP-N1 (Clonetech, Mountain View, CA) and colonies were selected on LB agar 

containing 30 μg/mL kanamycin.  Colonies were screened by colony PCR using pEGFP-N1 

sequencing primers and positive colonies were sequenced (MWG, Huntsville, AL). 

 For transient transfections for cell migration analysis, NIH-3T3 fibroblasts were 

transfected by nucleofection using the Amaxa
®

 Cell Line Nucleofector Kit
®

 R (Lonza, Basel, 

Switzerland) following manufacturer’s protocol with 10 µg of plasmid per reaction.  Plasmid 

DNA was prepared using the EndoFree
®

 Plasmid Maxi-Kit (Qiagen, Valencia, CA). 

Transfected cells were plated into 6 well tissue culture plates and for scratch assays two 

nucleofection reactions (2x10
6
 cells total) were used per well, which containted fibronectin 

coated coverslips.  Expression of EGFP fusion proteins was determined by fluorescent 

microscopy 18 hours after transfection and cells were used for cell migration studies within 

24 hours.  Expression of EGFP fusion proteins was determined by western blot for EGFP.   
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Scratch Wounding Assay 

Fibroblast scratch assays were performed as described by Beurden, et al. (71).  

Briefly, sterile 22 mm coverslips (Fisher Scientific, Pittsburgh, PA) were coated with 10 

µg/mL fibronectin or collagen in sterile 6-well tissue culture plates for two hours at room 

temperature.  Coated coverslips were washed in sterile PBS and NIH-3T3 fibroblasts were 

seeded in complete media and cultured until confluent.  For scratch assays with transfected 

cells, two nucleofection reactions per scratch were performed (1x10
6
 cells/nucleofection or 

2x10
6
 cells/scratch) with scratch assays starting 18-24 hours after transfection.  Two parallel 

scratches in the monolayer were made using a standard sterile 200 μL pipette tip.  The 

coverslip was washed once with sterile PBS and replaced with DMEM containing 2% FBS 

and antibiotics.  In some experiments, media was supplemented with 50 μM MANS, 50 μM 

RNS, sterile PBS (VC) or 100 nM wortmannin.  The T=0 coverslip was immediately 

removed from the plate and processed prior to incubating the remainder of the plate for 18 

hours at 37 ˚C at 5% CO2.  Coverslips were processed by fixing in 10% neutral buffered 

formalin solution (Fisher) and stained with harris hematoxylin (Sigma) following 

manufacturer’s instructions.  Coverslips were mounted onto microscope slides and an ocular 

micrometer was used to measure the wound distance at ten locations along the scratch under 

a 4X objective.  The ocular micrometer measurement was used to calculate distance in µm 

and the wound closure distance for each sample was determined by subtracting the distance 

for each sample from the initial T=0 wound distance with data represented as percent wound 

closure.Photographs of the scratches were obtained using a Nikon AZ100 microscope  
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(Nikon, Melville, NY) under bright field conditions. 

 

Transmembrane Chemotaxis Assay 

Fibroblast chemotaxis assays were performed as described by Kramer, et al. (72).  

Briefly, transwell inserts (8 μm pore size, 6.6 mm diameter; Corning, Corning, NY) were 

coated with 10 μg/mL fibronectin for two hours at room temperature.  Transfected or non-

transfected NIH-3T3 fibroblasts were gently rinsed in sterile PBS prior to trypsinizing and 

cells were resuspended in serum-free DMEM.  Cells were washed once and resuspended in 

sterile serum-free DMEM at a concentration of 5 x 10
5
 cells/ml.  In some experiments, cells 

were pretreated in with 50 μM MANS, 50 μM RNS, sterile PBS (VC) or 100 nM 

wortmannin for 30 minutes at 37˚C.  Chemotaxis buffer was serum free DMEM containing 

containing 1 mg/mL fatty acid free BSA and 1 nM PDGF-BB or VC (sterile water) were 

added.  Chemattractant, VC or media alone was placed into a well of a 24-well plate and a 

fibronectin coated transwell was placed on top.  NIH-3T3 cells (100 μL or 5x10
4
 cells) were 

placed in the top chamber of each transwell and the plate was incubated for 4 hours at 37˚C 

and 5% CO2.  Cells on the upper part of the filter were dislodged with a sterile cotton swab 

and rinsed with sterile PBS.  Filters were fixed in 10% neutral buffered formalin solution and 

stained with Harris Hematoxylin (Sigma) following manufacturer’s guidelines prior to 

mounting on glass microscope slides.  The number of cells on the bottom of the filter was 

counted in 10 high powered fields (40 x) of a light microscope.   
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Western blotting and PDGF stimulation 

 For EGFP expression, lysates were prepared from adherent transfected and non-

transfected cells by scraping cells into RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 

0.1% sodium dodecyl sulfate (SDS), 5 mM sodium pyrophosphate and 50 mM sodium 

fluoride) containing protease inhibitors (1 mM phenylmethanesulphonylfluoride (PMSF) and 

1:100 dilution of Sigma protease inhibitor cocktail).  Lysates were incubated on ice with 

agitation for 20 minutes and lysates were cleared by centrifugation for 10 minutes at 9,000 x 

g at 4˚C and protein concentrations were determined by the BCA assay (Pierce, Rockford, 

IL).  Samples were diluted in 5X Sample Buffer containing 2-ME and boiled for 5 minute 

prior to storing at -20˚C or analyzed by 12% SDS-PAGE.  Equal protein concentrations were 

analyzed by SDS-PAGE and transferred to Immobilon-P PVDF transfer membrane 

(Millipore, Billerica, MA) and membranes were blocked with 5% non-fat dry milk in tris 

buffered saline with Tween-20 (TBS/T; 136 μM NaCl, 20 μM Tris-base (pH 8.0) and 0.1% 

Tween-20 v/v, pH 7.4) for one hour at room temperature with gentle agitation.  Membranes 

were incubated with 1:500 dilution of anti-EGFP polyclonal antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) in 5% non-fat dry milk in TBS/T overnight at 4˚C with 

gentle agitation.  Membranes were washed in TBS/T and incubated with 1:4000 dilution of 

goat anti-rabbit (H+L) horseradish peroxidase (HRP) secondary antibody in 5% non-fat dry 

milk in TBS/T for 1 hour with gentle agitation.  Membranes were washed and 

immunoreactive proteins were detected by enhanced chemiluminescence (ECL, Thermo  
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Scientific, Rockford, IL) following manufacturer’s protocol and exposed to radiographic 

film.   

For PDGF stimulation of non-adherent cells, confluent NIH-3T3 fibroblasts were 

trypsinized and isolated in serum free media containing 1 mg/mL fatty acid free BSA and 

stimulated with PDGF-BB in a cell suspension at the indicated concentration or time at 37˚C.  

Cells were immediately placed on ice and centrifuged at 3,500 x g for 10 minutes at 4˚C.  

Cells were washed once in cold sterile PBS and resuspended in cold RIPA buffer containing 

protease inhibitors and placed on ice with agitation for 20 minutes.  Lysates were cleared, 

processed and analyzed by 10% SDS-PAGE.   

For PDGF stimulation of adherent cells, 6 well plates were coated with 10 µg/mL 

fibronectin for 2 hours at room temperature and washed with PBS.  Confluent NIH-3T3 

fibroblasts were seeded and grown to 90% confluence.  Cells were serum starved for 4 hours 

in serum free DMEM plus antibiotics and 1 mg/mL fatty acid free BSA.  In some 

experiments, cells were pretreated with 50µM MANS, RNS or VC (PBS) for 30 mimutes at 

37˚C.  Cells were then stimulated with the indicated concentration of PDGF-BB for indicated 

time.  Plates were then placed on ice and washed with ice cold sterile PBS and 500 µL of 

RIPA buffer containing protease inhibitors.  Cells were scraped and placed into a 

microcentrifuge tube, vortexed and incubated on ice for 20 minutes with gentle agitation.  

Lysates were cleared, processed and analyzed by 10% SDS-PAGE as described above.   

Western blots for phospho-MARCKS expression are as follows; membranes were 

blocked in 5% non-fat dry milk in TBS/T for one hour at room temperature and incubated  
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with 1:500 dilution of α-phospho-MARCKS (Ser 152/156) (Cell Signaling Technology, 

Danvers, MA) in antibody dilution buffer (5% BSA in TBS/T).  Membranes were washed in 

TBS/T and incubated with 1:2000 goat anti-rabbit IgG (H+L) HRP (Santa Cruz 

Biotechnology) in 5% non-fat dry milk in TBS/T and washed again in TBS/T.  Proteins were 

detected by enhanced chemiluminescence and exposed to radiographic film.  Western blots 

for total MARCKS expression are as follows; membranes were blocked with BSA blocking 

buffer (150 μM NaCl, 10 μM Tris-HCl (pH 8.0), 1% BSA and 0.1% Tween-20) for one hour 

at room temperature with gentle agitation.  Membranes were incubated in α-MARCKS (N-

19) antibody (Santa Cruz Biotechnology) at a concentration of 1:750 in BSA blocking buffer 

overnight at 4˚C with gentle agitation.  Membranes were washed at room temperature in 

TBS/T prior to incubation with 1:5000 donkey anti-goat IgG-HRP secondary antibody (Santa 

Cruz Biotechnology) in BSA blocking buffer and membranes were washed again prior to 

protein detection by enhanced chemiluminescence and radiographic exposure. 

 

Subcellular Fractionation 

 Subcellular fractionation was performed as previously described (16).  Briefly, cells 

were transfected by nucleofection and plated in 6-well plates.  Cells were washed with ice 

cold PBS and scraped into eppendorf tubes.  Cells were pelleted at 1,000 rpm for 5 minutes 

at 4°C and resuspendend with ice cold lysis buffer (50 mM Tris, 150mM NaCl, 1 mM 

EDTA, 1 mM DTT and protease inhibitor cocktail).  Cells were sonicated three times for 15 

seconds each and the nuclei and cell debris was collected by centrifugation at 500 x g for 2  
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minutes.  The supernatant was transferred to a new eppendorf tube and centrifuged at 20,000 

x g for 45 minutes at 4° cells.  The supernatnant was collected as the cytosol fraction and the 

remaining pellet was resuspended in lysis buffer containing 1% Triton X-100.  This mixture 

was sonicated as above and centrifuged at 20,000 x g for 30 minutes and the supernatant was 

collected and saved as the membrane fraction.  Protein concentration was determined by 

Bradford Assay (Bio-Rad, Hercules, CA) and samples were diluted in 5x sample buffer and 

boiled for 5 minutes.  Equal protein concentrations were loaded onto a 12% SDS-PAGE and 

western blots were performed for EGFP expression, as described above.   

 

Epi-fluorescence microscopy 

 

 For epi-fluorescence microscopy, 10,000 cells were plated on fibronectin coated 

coverslips (10 μg/mL) and allowed to adhere for 3 hours in a 37°C incubator.  Cells were 

washed twice with sterile PBS and fixed in 10% neutral buffered formalin solution and 

washed again with PBS twice.  Coverslips were then mounted face down on glass coverslips 

and allowed to dry overnight in the dark.  Immunofluorescence images were obtained using 

the Nikon AZ100 microscope. 

    

Statistical analysis 

 Statistical analysis was performed by Sigma Stat (Systat Software, Inc, Chicago, IL) 

using a paired t-test, with P<0.05 considered statistically significant. 
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Figure 1:  MANS peptide treatment results in the inhibition of NIH-3T3 fibroblast 

migration.  NIH-3T3 fibroblasts were grown to confluency on fibronectin (A, B) or collagen 

(C) coated coverslips and scratches were made in the monolayer in the presence of increasing 

concentrations (1, 50 or 100 μM) of MANS or RNS, VC (PBS) or 100 nM wortmannin.  

After 18 hours, coverslips were fixed, stained and the width of the scratch was measured by 

an ocular micrometer.  Photos are representative from one experiment on fibronectin coated 

coverslips (A).  The average percent wound closure from four independent experiments are 

shown on fibronectin substrate (B) or collagen substrate (C).  Statistcal analysis (p<0.05) was 

performed where “a” denotes a significantly decreased ability to migrate back into the wound 

relative to no treatment and “b”, “c”, and “d” denote a statistically significant ability to 

migrate back into the wound relative to 1 µM, 50 µM and 100 µM RNS, respectively.   
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Figure 2: PDGF-BB stimulation results in the phosphorylation of MARCKS in 

adherent and non-adherent NIH-3T3 fibroblasts.  Adherent (A and D) or non-adherent (B 

and E) fibroblasts were stimulated with the indicated concentration of PDGF-BB for the 

indicated time.  Cell lysates were prepared and analyzed by western blot analysis for both 

phospho-MARCKS and total MARCKS.  Representative dose response (1 min stimulation) 

studies from three separate experiments in adherent (A) and non-adhernt (B) cells are 

depicted with densitometry analysis comparing adherent versus non-adherent % MARCKS 

phosphorylation (C).  Representative kinetics analysis (10 nM PDGF-BB) in adherent (D) 

and non-adherent (E) cells from three (adherent) and four (non-adherent) experiments are 

depicted with densitometry analysis comparing % MARCKS phosphorylation in adherent 

versus non-adherent cells (F) with an * denoting a significant difference between PDGF-BB 

and VC treated samples in adherent cells (p<0.05), # denoting a difference between PDGF-

BB and VC treated samples in non-adherent cells (p>0.05) and † denoting a significant 

difference between VC treated adherent and non-adherent cells (p<0.05)  
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Figure 3: MANS pretreatment does not alter PDGF-BB mediated MARCKS 

phosphorylation.  Adherent fibroblasts were pretreated with 50 μM MANS, 50μM RNS or 

PBS (VC for MANS or RNS peptides) for 30 minutes prior to stimulation with 10 nM 

PDGF-BB for 1 minute.  Cell lysates were prepared and westerm blot analysis for phospho 

and total MARCKS was performed.  Data is representative of three separate experiments. 
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Figure 4:  PDGF-BB mediated NIH-3T3 fibroblast chemotaxis is inhibited by MANS 

pretreatment.  NIH-3T3 fibroblasts were pretreated with 50 μM MANS, 50 μM RNS, PBS 

(VC) or 100 nM wortmannin (WORT) for 30 minutes prior to adding the cells to fibronectin 

coated transwells with 1 nM PDGF, VC or media alone in the bottom chamber.  Transwell 

chambers were incubated for 4 hours and the transwell inserts were fixed, stained and 

mounted on microscope slides and the number of cells on the bottom side of the filter was 

counted in 10 high powered fields.  Data is represented as the average number of cells in 10 

high powered fields from four individual experiments with 
# 
and *  denoting a significant 

decrease in % wound closure relative to RNS and VC treatment treatment, respectively 

(p<0.05). 
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Figure 5:  Expression and cellular localization of MANS:EGFP and UMANS:EGFP 

fusion proteins.  Transfection of EGFP (E), MANS:EGFP (M) and UMANS:EGFP (U) 

results in similar expression of EGFP in NIH-3T3 fibroblasts, with no expression of EGFP in 

non-transfected (N) cells as determined by western blot analysis.  MARCKS expression in 

transfected and non-transfected NIH-3T3 fibroblasts was also determined by western blot 

with similar expression of MARCKS observed in EGFP (E), MANS:EGFP (M) and 

UMANS:EGFP (U) transfected cells  and decreased expression of MARCKS in transfected 

cells compared to non-transfected (N) cells (A).  Subcellular fractionation (B) and 

immunofluorescence analysis (C) demonstrates that EGFP (E) and UMANS:EGFP (U) are 

preferentially localized to the cytosol while MANS:EGFP (U) is targeted to cell membranes.  

Figures are representative of three independent experiments.     
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Figure 6: Myristoylation of MANS is not required for fibroblast migration.  NIH-3T3 

fibroblasts transfected with EGFP, MANS:EGFP or UMANS:EGFP as well as non-

transfected cells were plated on fibronectin coated coverslips and scratch assays were 

performed as described in Materials and Methods.  MANS peptide (50 μM) treated cells as 

well as MANS:EGFP and UMANS:EGFP transfected cells had significantly reduced 

migration compared to non-treated and EGFP transfected cells, as denoted by an *  and #, 

respectively (p<0.05).  Data is representative of five independent experiments.    

 

 

 

 

 

 

 

 

 

 

 

 



 112 

 
Figure 7: Myristoylation of MANS is not required for PDGF-BB mediated fibroblast 

migration.  PDGF-BB chemotaxis assays were performed with NIH-3T3 fibroblasts 

transfected with EGFP, MANS:EGFP or UMANS:EGFP as described in Materials and 

Methods.  MANS peptide (50 μM) treated cells as well as MANS:EGFP and UMANS:EGFP 

transfected cells have a significantly reduced migration compared to non-treated cells, as 

denoted by an * (p>0.05).  Further, MANS:EGFP and UMANS:EGFP transfected cells had a 

significantly reduced migration towards PDGF-BB compared to EGFP transfected cells, as 

denonted by an # (p<0.05).  Data is representative of five independent experiments.   
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Abstract 

 Myristoylated alanine-rich C-kinase substrate (MARCKS) is an actin binding protein 

substrate of protein kinase C (PKC) and critical for mouse and Xenopus development.  

Herein two MARCKS paralogs, marcksa and marcksb, are identified in zebrafish and the 

role of these genes in zebrafish development is evaluated.  Morpholino-based knockdown of 

either MARCKS protein resulted in increased mortality and a range of gross phenotypic 

abnormalities.  Phenotypic abnormalities were classified as mild, moderate or severe, which 

can be characterized by a slight curve of a full length tail, a severe curve or twist of a full 

length tail and a truncated tail, respectively. All three phenotypes displayed abnormal neural 

architecture.  Histopathology of MARCKS deficient embryos revealed abnormalities in 

retinal layering, gill formation and skeletal muscle morphology.   These results demonstrate 

that Marcksa and Marcksb are essential for normal zebrafish development and suggest that 

zebrafish are a suitable model to further study MARCKS function. 
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Introduction 

 

Myristoylated Alanine-Rich C-kinase Substrate (MARCKS) is a ubiquitously 

expressed, acidic, rod shaped, actin binding protein.  MARCKS is conserved among 

vertebrate species possessing three conserved domains; an amino-terminal myristoylation 

domain, a MH-2 domain and the phospho-site domain (PSD), which serves as the 

phosphorylation site for protein kinase C (PKC) (1-3).  Phosphorylation of MARCKS by 

PKC results in dissociation of MARCKS from the plasma membrane to the cytosol (4, 5), 

where MARCKS is dephosphorylated and is subsequently able to bind filamentous actin (F-

actin) (6, 7).  F-actin bound MARCKS then returns to cell membranes (8), resulting in 

rearrangement of the actin cytoskeleton.  Given its association with the actin cytoskeleton, it 

is not surprising that previous experiments have elicited a role for MARCKS in cell 

spreading (9, 10), phagocytosis (11, 12), and endo- and exo-cytosis (13-15).   

One of the first characterized roles for MARCKS was in development.  Blackshear 

and colleagues generated a homozygous Marcks deficient mouse strain by targeted disruption 

of the Marcks gene (also termed Macs), resulting in perinatal lethality and severe 

abnormalities. Abnormalities observed in Marcks deficient mice included decreased body 

size and severe muscular and neural abnormalities.  The neural abnormalities observed 

included exencephaly, agenesis of the corpus callosum and defects in retinal layering (16), 

demonstrating a critical role for Marcks in neural development (17-19).  Marcks mRNA 

expression is observed in embryonic mice as early as day 7.5 and expression is maximal by  
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day 8.5-9.5 (18), correlating with the neural abnormalities observed in Marcks deficient mice 

(16, 18).  Interestingly, adult mice and rats express lower levels of Marcks mRNA than 

developing animals (18, 20), further supporting a functional role for MARCKS during 

embryonic development. 

The cause of developmental defects in the absence of MARCKS can be attributed to 

the role of MARCKS in gastrulation.  Blockade of MARCKS protein expression in Xenopus 

laevis embryogenesis resulted in defective morphogenetic movements during gastrulation, 

specifically during convergent extension (21).  MARCKS function is also required during 

myogenesis (22, 23), further suggesting a role for MARCKS during gastrulation.  Given that 

cell migration is one of the key processes during gastrulation (24); MARCKS may have a 

key role in the regulation of cell migration. 

Previously, we and other laboratories have demonstrated an in vitro role for 

MARCKS in cell migration (25, 26).  However, given that genetic disruption of Marcks in 

mice is embryonic lethal (16), it has yet to be determined if MARCKS is required for cell 

migration in vivo. With the recent descriptions of transgenic lines and in vivo cell migration 

assays (27, 28); we have chosen to explore the use of zebrafish larvae as a possible in vivo 

model to study the role of MARCKS in cell migration.  We therefore sought to establish the 

phenotype of MARCKS deficient zebrafish embryos.  To our knowledge, the role of 

MARCKS in zebrafish development has not been previously reported.   

Herein, two zebrafish MARCKS genes, marcksa and marcksb, are identified and 

evaluated for their role in embryonic development.  The marcksa and marcksb genes appear  
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to be paralogs derived from a progenitor MARCKS gene.  Expression of marcksa and 

marcksb transcripts are detected throughout embryonic development and morpholino-based 

knock-down of either gene resulted in developmental defects reminiscent of those observed 

in MARCKS deficient mouse and Xenopus models.  These results demonstrate that zebrafish 

is a viable model for the study of MARCKS in developmental biology as well as other 

biological processes, including cell migration. 

 

Results and Discussion 

Zebrafish express two MARCKS paralogs which are orthologous to mammalian MARCKS. 

 It has been predicted that, subsequent to its divergence from mammals, the bony fish 

lineage experienced a whole genome duplication event hundreds of millions of years ago.  

The remnants of this genome duplication event are detected by the presence of paralogs of 

approximately half of the genes in the zebrafish genome (29, 30).   MARCKS appears to be 

one of such genes in zebrafish, as BLASTx searches using the human MARCKS protein as a 

query identified two zebrafish MARCKS cDNA sequences in GenBank.  Both sequences 

were deposited as a result of a large scale cDNA sequencing effort (31).  One sequence, 

which had been termed zebrafish marcks on both GenBank (NM_001015060) and the ZFIN 

database (ZDB-GENE-030131-1921), is located on chromosome 17.  The other sequence, 

which has been termed zgc: 109978 on the GenBank (NM_001024404) and ZFIN database 

(ZDB-GENE-050522-145), is located on chromosome 20.  Based on our sequence 

comparisons and phylogenetic analyses (Fig. 1), we demonstrate that these genes are likely  
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paralogs and have renamed zgc:109978 and marcks to be marcksa and marcksb, respectively.  

We PCR amplified, cloned and sequenced full-length cDNA sequences for both genes by 

rapid amplification of cDNA ends (RACE).  We observed 11 nucleotide and seven amino 

acid differences between our marcksa cDNA sequence and its reference sequence 

(NM_001024404).  We observed seven nucleotide and three amino acid differences between 

our marcksb cDNA sequence and its reference sequence (NM_001015060).  

Zebrafish Marcksa and Marcksb are 40.6% identical.  Marcksa is 48.8% identical to 

human MARCKS and 43.7% identical to mouse Marcks.  Marcksb is 41.9% identical to 

human MARCKS and 42.1% identical to mouse Marcks.  Protein sequence alignments reveal 

that the three conserved domains characteristic of MARCKS (2) (the myristoylated amino-

terminus, the MH2 domain and PSD), are conserved in both zebrafish Marcks proteins (Fig. 

1A).  PKC phosphorylates MARCKS at Ser
152

, Ser 
156

 and Ser
163

 in rodents (32) and it 

appears that zebrafish Marcksa could be phosphorylated at equivalent serine residues.  

However, zebrafish Marcksb appears to be capable of serine phosphorylation at only two of 

these sites.  Instead of having a serine at amino acid 119 (analogous to Ser
156

 in murine 

Marcks) zebrafish Marcksb encodes a proline at this position.  Phosphorylation of MARCKS 

on Ser
159

 in humans (Ser
152

 in mice) occurs via the RhoA/ROCK pathways (33) and both 

zebrafish Marcksa and Marcksb encode serines at this position, presumably also capable of 

being phosphorylated.  Phosphorylation of MARCKS occurs in chick neurons on Ser
25

 (34) 

and zebrafish Marcksa has a serine at that corresponding residue but zebrafish Marcksb does 

not.  However, Marcksb does have a serine residue at position 26 that may be a candidate  
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serine residue capable of phosphorylation in a similar manner as Ser
25

 in other species.  

Taken together, these observations suggest that zebrafish Marcks proteins are homologous to 

MARCKS proteins expressed by other vertebrate species.  The evidence also suggests that 

zebrafish Marcksa and Marcksb may be regulated by similar and perhaps different 

mechanisms, suggesting non-redundant roles for these proteins in zebrafish.   

Phylogenetic analysis of vertebrate MARCKS and MARCKS-like protein (MLP) 

demonstrate that zebrafish Marcksa and Marcksb are more similar to MARCKS than to MLP 

(Fig. 1B).  MLP is a member of the MARCKS family of proteins, sharing approximately 

50% amino acid identity with MARCKS (35, 36).  Further, Marcksa is more closely related 

to other vertebrate MARCKS proteins than Marcksb (Fig. 1B).   

A comparison of genes flanking both zebrafish marcksa and marcksb demonstrate 

conserved synteny with the MARCKS locus on human chromosome 6q and mouse 

chromosome 10 (Fig. 1C).  On zebrafish chromosome 20 marcksa is flanked by zgc:162161, 

rev3l and zgc:172112 which are orthologous to KIAA1919, REV3L and CNSKR3 on human 

chromosome 6q and 2010001E11Rik, Rev3l and Cnksr3 on mouse chromosome 10. On 

zebrafish chromosome 17 marcksb is flanked by col10a1, LOC796410, manea and cx52.7 

which are orthologous to COL10A1, FUT9, MANEA and GJA10 on human chromosome 6q: 

of these genes, only Col10a is present on mouse chromosome 10.  This data suggests that 

marcksa and marcksb are indeed paralogs.   

  Previously, Thisse and colleages demonstrated by in situ hybridization that marcksa 

and marcksb are expressed in developing zebrafish embryos, with uniform expression from  
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the single cell stage to 60 hours post fertilization (hpf).  Both marcksa and marcksb were 

described in a non-spatially restricted pattern and high expression was evident in the brain 

and notochord (77).  We validated these results by determining the mRNA expression of 

marcksa and marcksb during zebrafish development by reverse transcriptase PCR (RT-PCR).  

Maternal transcripts of marcksa and marcksb are detected in the fertilized egg (0 hpf) and 

somatic expression maintains consistent mRNA levels through 120 hpf (Fig. 2).  We 

attempted to determine protein expression of zebrafish Marcks throughout development.  

However, given the lack of a commercially available zebrafish specific anti-Marcks antibody 

and differences in the amino acid sequences between mouse, human and zebrafish MARCKS 

proteins; we were unable to detect zebrafish Marcks protein expression by western blot 

(unpublished observation). 

 

Knockdown of zebrafish Marcksa and Marcksb result in increased mortality and abnormal 

phenotypes 

 Given previous research reporting a role for MARCKS in mammalian and Xenopus 

laevis development, we hypothesized that both Marcksa and Marcksb play a role in the 

development of zebrafish.  In order to test this hypothesis, we utilized anti-sense morpholinos 

(MOs) to evaluate Marcksa and Marcksb function in the zebrafish embryo.  Two MOs were 

designed for both Marcksa and Marcksb; two translation blocking MOs for marcksa (one 

binding complementary to sequence including the AUG start codon and one binding 

complementary to sequence upstream of the AUG start codon) and a translation blocking and  
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splice blocking MO for marcksb.  Single cell zebrafish embryos were injected with Marcksa-

blocking or Marcksb-blocking MOs and phenotypes were characterized at 24, 48, 72 and 96 

hpf.  Disruption of Marcksa or Marcksb produced embryos with a similar range of 

phenotpyes that were classified into one of four phenotypic groups: normal, mild, moderate 

and severe (Fig. 3).  The mild phenotype fish have a slight curve to their full length tail, 

whereas moderate phenotype fish have a full length tail with a severe curve or twist.  Severe 

phenotype fish have a cropped or absent tail, with the tail not extending far beyond the yolk 

sac.  Mild, moderate and severe phenotyped embryos all appear to have abnormal brain 

development, evidenced by the lack of normal eye and neural tissue architecture.   

To further characterize the effect of MARCKS knock down on zebrafish 

development, we performed a MO dose response experiment and quantified the phenotypes 

of Marcksa and Marcksb MO injected embryos (Figs. 4 and 5, Supplemental Fig. 1 and 2, 

Supplemental Table 1).  For Marcksa, we injected embryos with 0.5, 2 or 4 ng of Marcksa 

translation blocking MO that binds the AUG start site (MAT) (Fig. 4) or 2, 4 or 6 ng of 

Marcksa translation blocking MO that binds upstream of the AUG start site (MATU) 

(Supplemental Fig. 1).  For Marcksb, we injected embryos with 2, 4 or 6 ng of Marcksb 

translation blocking MO (MBT) (Fig. 5) or Marcksb splice blocking MO (MBS) 

(Supplemental Fig. 2).  The first obvious phenotype that we observed was an increased 

mortality in Marcksa and Marcksb MO injected embryos.   There was significantly increased 

mortality as early as 24 hpf in the 6 ng MBT group compared to the 6 ng control MO and 

wild type groups as well as a significantly increased mortality in the 4 ng MAT and 2 and 4  
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ng MBT groups compared to the wild type groups (Figs. 4A and 5A, supplemental table 1).  

At 48 hpf, we observed a significant increase in mortality in the 4 ng MAT and 4 and 6 ng 

MBT groups compared to the control MO and wild type groups.  We also observed a 

significant increase in mortality in the 2 ng MBT group compared to the wild type group 

(Figs. 4B and 5B, supplemental table 1).  At 72 hpf, there was a significant increase in 

mortality in the 4 ng MAT and 4 and 6 ng MBT groups compared to control MO and wild 

type groups.  We also observed a statistically significant increase in mortality in the 0.5 ng 

MAT and 2 ng MBT groups compared to the wild type group at 72 hpf (Figs. 4C and 5C, 

Supplemental Table 1).  Finally, a significant increase in mortality was also observed at 96 

hpf with the 4 ng MAT and 2, 4 and 6ng MBT groups having a higher mortality than control 

MO and wild type groups (Figs. 4D and 5D, Supplemental Table 1).  At 96 hpf, we also 

observed a statistically significant increase in mortality in the 0.5 and 2 ng MAT groups 

compared to the wild type group (Fig. 4D, Supplemental Table 1).  Increased mortality was 

also observed in the MATU and MBS injected embryos compared to the control MO and 

wild type embryos (Supplemental Figs. 1 and 2).       

The increased mortality in Marcks deficient zebrafish is consistent with previous data 

in a mouse model.  Marcks deletion in mice (Marcks
-/-

) is embryonic lethal and mouse pups 

that survive birth die shortly thereafter (16).  Interestingly, Marcks heterozygote mice 

(Marcks
+/-

) appeared normal and were capable of reproduction (16) and homozygous non-

myristoylated Marcks transgenic mice had an increased post natal survival rate compared to 

Marcks deficient mice, with 25% of the mouse pups surviving the perinatal period (37).   



 130 

Since we did not observe 100% mortality in either Marcksa or Marcksb MO injected 

zebrafish embryos at any of the doses indicated, we therefore tested if co-injection of 

Marcksa and Marcksb MOs would result in 100% mortality.  Two ng combinations of MAT, 

MBT or control MOs (4 ng total) were co-injected into 1-cell zebrafish embryos and 

mortality was determined at 24 hpf.  Embryos co-injected with 2 ng MAT and 2 ng MBT had 

an increased mortality (97.1 ± 5.0%) compared to embryos co-injected with 2 ng MAT and 2 

ng control MO (83.1±11.7% ), 2 ng MBT and 2 ng control MO (58.22±20.1% ) or non- 

injected, wild-type embryos (10.7±2.8% ).  The increase in mortality in the MAT and MBT 

co-injected embryos was statistically significant compared to MBT and control MO co-

injected and wild type (non injected embryos), but was not significantly increased compared 

to MAT and control co-injected embryos (data not shown).   Interestingly, when we injected 

2 ng of MAT or MBT alone, we observed 40.8±7.6% and 55.0±32.8% mortality, 

respectively. Further, when we injected 4 ng MAT or MBT alone, we observed 80.8±26.9% 

and 86.5±7.4% mortality, respectively (Figs. 4 and 5).  Given that the mortality in the MAT 

and MBT co-injected group was not 100% and that the mortality was similar to the mortality 

in the 4 ng MAT or MBT alone injected groups suggests that Marcksa and Marcksb may play 

an additive role in zebrafish development.  However, we cannot determine if Marcksa and 

Marcksb play redundant or non-redundant roles because we are unable to determine protein 

expression levels and localization.   

As previously stated, we observed four phenotypes in Marcksa and Marcksb MO 

injected embryos: normal, mild, moderate and severe (see Fig. 3).  As for the mortality, we  
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also quantified the phenotypes at 24, 48, 72 and 96 hpf.  For both Marcksa and Marcksb 

MOs, an increase in the number of mild, moderate and severe phenotypes were observed in 

comparison to control MO injected and wild type (non injected embryos) (Figs. 4 and 5, 

Supplemental Figs. 1 and 2).   We further examined the phenotype by determining the 

number of normal versus abnormal phenotypes, with abnormal being the sum of the live 

embryos with mild, moderate or severe phenotypes.  At 24 hpf the 2 and 4 ng MAT and 2, 4 

and 6 ng MBT groups had a statistically significant increase in the number of abnormal 

phenotypes compared to control MO and wild type groups (Figs. 4A and 5A, Supplemental 

Table 1).  Interestingly, the 0.5 ng MAT group had a decreased number of normal 

phenotypes compared to the wild type group, which was also statistically significant (Fig. 

4A, Supplemental Table 1).  At 48 hpf we observed a statistically significant increase in the 

number of abnormal phenotypes in the 2 and 4 ng MAT and 2, 4 and 6 ng MBT groups 

compared to respective control MO and wild type groups (Figs. 4B and 5B, Supplemental 

Table 1).  At 72 hpf, we observed a significant increase in the number of abnormal 

phenotypes in the 2 ng MAT and 2 ng MBT groups compared to the 2 ng control MO and 

wild type groups and a significant decrease in the number of normal phenotypes in the 2 and 

4 ng MAT and 2, 4 and 6 ng MBT groups compared to control MO and wild type groups 

(Figs. 4C and 5C, Supplemental Table 1).  We observed the same trend at 96 hpf, with the 2 

ng MAT and MBT groups having significant increases in the number of abnormal 

phenotypes compared to the 2 ng control MO and wild type groups and a significant decrease 

in the number of normal phenotypes in the 2 and 4 ng MAT and 2, 4 and 6 ng MBT groups  
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as compared to control MO and wild type groups (Fig. 4D and 5D, Supplemental Table 1).  

The number of normal phenotypes in the 0.5 ng MAT group was significantly decreased 

compared to the wild type group at 96 hpf (Fig. 4D, Supplemental Table 1).  At both 72 and 

96 hpf there was no difference in the number of abnormal phenotypes among embryos 

injected with higher doses of MAT (4 ng) and MBT (4 and 6 ng) MOs.  However, we did 

observe an increased mortality in these populations (Figs. 4C, D and 5 C, D) as well as a 

decrease in the number of normal phenotypes. Likely, this accounts for the decreased number 

of abnormal phenotypes, in that embryos that were classified abnormal at 24 and 48 hpf died 

at the later time points.  Again, an increased number of abnormal phenotypes was observed 

in MATU and MBS injected groups (Supplemental Figs. 1 and 2), indicating that the 

phenotypes observed in Marcksa and Marcksb deficient zebrafish are true phenotypes.  

Further, these findings support a role for Marcksa and Marcksb in zebrafish development. 

 The phenotypes that we observed in Marcksa and Marcksb deficient zebrafish 

occurred as early as 24 hpf, suggesting that MARCKS may play a role in the early 

development of zebrafish, potentially in gastrulation.  In Xenopus, knockdown of MARCKS 

leads to defective gastrulation, which is the result of impaired involution of the mesoderm 

and failed blastopore closure.  MARCKS deficiencies in Xenopus were also associated with 

impaired convergent extension (21).  Convergent extension results in body axis elongation 

via polarized cell movements that converge medio-laterally and extends anterior-posteriorly 

(38, 39).   Previous studies have shown the phenotype of convergent extension defective 

zebrafish embryos (40, 41) and the curved, twisted and truncated tails (mild, moderate and 
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severe phenotypes, respectively) observed in the current study (Fig. 3) suggest that 

MARCKS is also involved in zebrafish convergent extension. 

Cell migration is crucial to the processes of gastrulation and convergent extension.  

During these processes, various molecules signal cells to migrate in a directed and organized 

manner and disruption of this directed cell migration leads to developmental abnormalities 

(42, 43). The Wnt pathway, which consists of canonical and noncanonical pathways, is 

involved in the regulation of morphogenetic movements during gastrulation (44).  Wnt 

gradients help to direct the cell migration of mesendoderm cells (43) and signaling through 

the noncanonical Wnt pathway results in PKC activation (42), a protein kinase for which 

MARCKS is the substrate.  Various PKC isoforms phosphorylate MARCKS, including 

PKCδ (45) which is also involved in convergent extension.  Loss of PKCδ results in the 

inability of Dishevelled, a cytoplasmic phosphoprotein within the Wnt signaling pathway, to 

translocate upon Wnt pathway activation.  These events result in decreased c-Jun N-terminal 

kinase (JNK) activation (46), which functions to regulate convergent extension (47).  Further, 

PKC signaling through the Frizzeled-7 receptor, a G-protein coupled receptor (GPCR) also 

involved in Wnt signaling, controls cell sorting in the mesoderm and ultimately results in the 

dissociation of the anterior mesoderm from the ectoderm (48). Atypical PKCs also regulate 

gastrulation by regulating microtubule organization and balancing adherens junction 

symmetry resulting in the generation of planar cell planar polarity of epithelial cells (49).  

Interestingly, the noncanonical Wnt singaling pathway is involved in MARCKS mediated 

cortical actin dynamics during convergent extension (21).   The noncanonical Wnt signaling  



 134 

pathway is involved in generating planar cell polarity during convergent extension through 

the activation of Rho GTPases, which are also involved in cell polarization (39, 50-53).  

Noncanonical Wnt pathway mediated Rho GTPase activity is required for both Xenopus and 

zebrafish gastrulation (54-57) and a link between Rho GTPase and morphogenetic processes 

during neural tube closure has been made (58, 59).  The Rho GTPase dependent kinase, Rho-

Kinase, is involved in the phosphorylation of MARCKS in neural cells (60, 61).  This 

suggests that during convergent extension, the noncanonical Wnt pathway may direct 

MARCKS function during embryonic development via both PKC and RhoGTPases. 

 

Marcksa and Marcksb are required for neural development and retinal histogenesis in 

zebrafish 

 Our phenotypic characterization of Marcksa and Marcksb deficient zebrafish revealed 

that both proteins may be involved in neural development.  With both MAT and MBT MOs, 

we observed neural abnormalities that were not present in the control injected or wild type, 

non-injected embryos (Fig. 3).  Recently, Ekker and colleagues have shown that MOs can 

elicit off target effects, resulting in the activation of the p53 pathway and a “neural dead” 

phenotype (62).  Therefore, to confirm that the neural phenotype that we observed in 

Marcksa and Marcksb deficient embryos was not due to off target effects of the morpholinos, 

we co-injected 2ng MAT and MBT with 4 ng p53 or control MOs and observed the 

phenotype at 24 hpf (Supplemental Fig. 3).  When both MAT and MBT were co-injected 

with the control MO, the same neural phenotype (characterized by a lack of normal eye and  
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neural tissue architecture) was observed (Supplemental Fig. 3).  When MAT or MBT were 

co-injected with the p53 MO, the neural phenotype was once again observed (Supplemental 

Fig. 3).  These findings confirm that the neural phenotype observed in Marcksa and Marcksb 

deficient embryos are true phenotypes and not MO mediated artifacts.  Further, it suggests 

that Marcks is involved in the neural development of zebrafish.  Consistent with this result, 

MARCKS deficiencies in mice also result in neural abnormalities, including exencephaly 

resulting from a failure in neural tube closure (16, 18, 63).  MARCKS deficiencies in non-

exencephalic mice resulted in the failure of fusion of the cerebral hemispheres and agenesis 

of the corpus callosum and other forebrain commisures (16).   

Histopathological analysis further revealed neural abnormalities in both Marcksa and 

Marcksb deficient zebrafish.  MAT and MBT embryos were euthanized 72 hpf, fixed and 

routinely processed, and multiple sections stained with hematoxylin & eosin (H & E) were 

examined microscopically.  The observed neural abnormality consists of irregular retinal 

layering in both Marcksa and Marcksb deficient embryos, whereas control injected and wild 

type embryos have normal retinas (Fig. 6).  While the outermost layer, the retinal pigment 

epithelium, appears normal in Marcksa and Marcksb deficient zebrafish, the other layers 

essentially consist of a mass of poorly organized neural cell nuclei with no clear separation 

into normal retinal layers (Fig. 6B).  In addition, the overall size of the eyes in these fish 

appears smaller.  This data correlates with results that previously established MARCKS 

involvement in the histogenesis of the retina (16, 64).    Specifically, it was found that the 

thick non-nuclear layer (layer of Chievitz) was absent in retinas of homozygous Marcks  
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deficient mice (16).  Taken together, our data suggests that MARCKS plays a role in the 

neural development of zebrafish, specifically retinal histogenesis, a finding consistent with 

observations in other species.  This data supports the use of zebrafish as a model to better 

understand the role of MARCKS in neural development. 

 

Marcksa and Marcksb are required for gill formation and skeletal muscle cell morphology in 

developing zebrafish 

 Histopathology on 72 hpf Marcksa and Marcksb deficient zebrafish embryos also 

revealed abnormal gill formation.  The gills in these specimens consist of jumbled layers of 

epithelial cells with no discernable separation into lamellar units that would normally be 

separated by a core of cartilage (Fig. 7 A and B).  Abnormal gill formation could certainly 

contribute to the increased mortality in Marcksa and Marcksb deficient embryos.  The role of 

MARCKS in respiratory physiology has been well studied as previous investigation has 

demonstrated that MARCKS is involved in mucin secretion in the respiratory epithelium (14, 

65).  However, to our knowledge, a role for MARCKS in respiratory development has yet to 

be demonstrated, making our observation of abnormal gill formation in MARCKS deficient 

zebrafish a novel finding.  This finding also suggests the need for further research on the role 

of MARCKS in respiratory development of both mammalian and non-mammalian 

vertebrates. 

 Consistent with the curved or twisted tail phenotype, histopathology revealed that the 

skeletal muscle in the tails of Marcksa and Marcksb deficient zebrafish embryos contains  
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numerous curved/crescent-shaped fibers and plumper, more numerous nuclei as compared to 

control injected and wild type, non-injected embryos (Fig. 7 C and D).  This abnormal 

morphology supports the argument that MARCKS may play a role during in vivo 

myogenesis.   Interestingly, myocyte adhesion and spreading (9, 10) as well as migration (66) 

are associated with MARCKS function in vitro, as is fusion of embryonic myoblasts (23).  

Given these observations, zebrafish may be a suitable model for further studying the role of 

MARCKS in both respiratory and muscle development. 

Conclusions 

 MARCKS has been identified as a protein involved in mammalian and Xenopus 

development and in the present study we demonstrate a role for MARCKS in zebrafish 

development.  Zebrafish express two MARCKS genes, marcksa and marcksb; both of which 

are equally expressed throughout early development and have similar homology to MARCKS 

expressed by other vertebrate species.  Knock down of Marcksa and Marcksb proteins in 

zebrafish results in increased mortality as well as several other developmental abnormalities.  

To our knowledge, we are the first to analyze the role of Marcks in zebrafish development.  

The role of MARCKS in the embryonic and neural development of other species has been 

previously examined (16, 21, 67, 68).   Our results support this research and offers further 

evidence for the role of MARCKS in development biology.   

Cell migration is critical to development biology, especially during the 

morphogenetic movements of gastrulation (42, 43, 69) and recent evidence has suggested a 

role for MARCKS in gastrulation (21).  MARCKS function is also required for mesenchymal  
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and leukocyte cell migration.  The growth hormone, platelet derived growth factor-BB 

(PDGF-BB) results in activation of PKCε, which in turn phosphorylates MARCKS leading 

to migration of hepatic stellate cells (26).  MARCKS silencing is also associated with 

inhibition of vascular smooth muscle cell migration (70) and inhibition of calpain, a protease 

of which MARCKS is a substrate, leads to an accumulation of MARCKS and inhibition of 

myoblast migration (66, 71).  We have demonstrated a role for the myristoylated amino-

terminus of MARCKS in the regulation of neutrophil migration in vitro (25) and MARCKS 

has also been associated with the establishment of polarity of T lymphocytes (72).  Taken 

together, these results indicate that MARCKS function is required for migration of diverse 

cell populations, which may explain the variety of developmental abnormalities observed in 

MARCKS deficient animals.  

The experiments presented here describe a useful in vivo model to study MARCKS 

function.  Zebrafish are a well established model for developmental biology and are 

becoming increasingly popular in other fields, including innate immunology (27, 28, 73).  

Given the results of these experiments, we now have a model to study MARCKS function in 

vivo, increasing our ability to better understand the mechanisms by which MARCKS acts.   
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Materials and Methods 

Bioinformatics 

Peptide sequences were aligned by Clustal W (74).  For phylogenetic analysis, 

MARCKS and MARCKS-like protein sequences were aligned by Clustal W and neighbor 

joining trees were constructed from pairwise Poisson correlation distances with 2000 

bootstrap replications with MEGA 4 software (75).  Accession numbers for both the box 

shade alignment and phylogenetic tree are as follows: zebrafish Marcksa, GU563328; 

zebrafish Marcksb, GU563329; human MARCKS, NP_002347; mouse MARCKS, 

NP_032564; Xenopus laevis MARCKS, NP_001080075; chicken MARCKS, NP990811; 

salmon MARCKS, ACN11034; human MARCKS-like, NP_075385; mouse MARCKS-like, 

NP_034937; zebrafish Marcks-like, NP_998298; chicken MARCKS-like, NP_001074187. 

For synteny analysis, genes flanking marcksa and marcksb were identified using the 

Entrez Gene database on the National Center for Biotechnology Information (NCBI) website.  

Homologous genes in human and mice were determined using the Homologene database on 

the NCBI website.  The chromosomal location of the homologous genes in humans and mice 

were then determined by the Entrez Gene database.   

Zebrafish maintenance and husbandry 

 Experiments were approved by the North Carolina State University Institutional 

Animal Care and Use Committee (IACUC).  Wild type, EKK adult zebrafish (EKKwill 

Waterlife Resources, Ruskin, FL) were maintained in a recirculating aquarium facility  
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(Aquatic Habitats, Apopka, FL) at 28˚ and were fed a commercial grade zebrafish diet.  

Zebrafish were mated and embryos were collected in egg water (0.005% Methylene blue and 

60 µg/mL aquarium salt mixture). 

mRNA isolation and RT-PCR 

 Twenty EKK embryos were collected at the indicated time and euthanized with 

0.17% Tricaine methanesulfonate (Finquel MS-222, Argent Chemical Laboratories, 

Redmond, WA) and transferred to 1 mL RNA Later (Qiagen, Valencia, CA) and stored at -

80˚C.  Samples were thawed and transferred into RLT buffer (Qiagen) with β-

mercaptoethanol added and homogenized with a pellet pestle (Kimble Kontes, Vineland, NJ) 

and passed through QIAshredder™ columns (Qiagen).  Qiagen’s RNeasy Protect mini kit 

was used to isolate mRNA following manufacturer’s suggestions with an on column DNase 

digestion step (RNase-free DNase Set, Qiagen).  Complementary DNA (cDNA) synthesis 

was performed as previously described (76). 

 The following primer (Integrated DNA Technologies, Coralville, IA) sequences and 

annealing temperatures were used for RT-PCR amplification of zebrafish marcksa, marcksb 

and β-actin (NM_131031): marcksa (annealing temperature 57.5˚C) forward primer 5’ CAC 

AAA AAC AGC TGG AAA AG, reverse primer 5’ ATC GCT TCT GTG TTT CCA TC;  

marcksb (annealing temperature 65.8˚C) forward primer 5’TCC AAA AAC GGA GCA 

AAA GAC GAG, reverse primer 5’ TTC GCT GGA AGC TTC GGG CTT; β-actin 

(annealing temperature 57.5˚C) forward primer 5’ GGA GAA GAT CTG GCA TCA CAC 

CTT CTA C, reverse primer 5’ TGG TCT CGT GGA TAC CGC AAG ATT CCA T.  The  
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optimal annealing temperature was determined for each primer pair by the temperature 

gradient aspect of the MyIQ thermocycler (Bio-Rad, Hercules, CA).  Amplitaq Gold PCR 

master mix (Applied Biosystems, Foster City, CA) was used for both annealing temperature 

gradient PCR and RT-PCR and manufacturer’s instructions were followed for a 40µL total 

PCR reaction.  The thermal cycling conditions for RT-PCR are as follows: 94˚C for 10 

minutes, 35 cycles of [94˚C for 15 sec, the appropriate annealing temperature for 60 sec, 

72˚C for 2 min], and 72˚C for 10 min. 

Morpholino injections and phenotypic observations 

 The following MOs were purchased from GeneTools (Philomath, OR): Marcksa 

translation blocking (MAT) 5’ CTG TTT TTG TGA ATT GCG CTC CCA T; Marcksa 

upstream translation blocking (MATU) 5’ AGC TCA ACA GAT CCC AAT ACA GAA C; 

Marcksb translation blocking (MBT) 5’ TTT TGG AGA TTT GTG CTC CCA TGC T; 

Marcksb splice blocking (MBS) 5’ ATA ATT AAA GTT ATT ACC TGC CCG T.  Standard 

stocks of control and p53 MOs were purchased from GeneTools.   MOs were suspended 

to100 mM with sterile water and these stock solutions were stored at room temperature.  

Prior to loading MOs into calibrated needles, MOs were diluted in 0.5% phenol red. Injected 

embryos were transferred to a petri dish containing egg water and incubated at 28˚C. 

 Embryos were dechorionated at 24 hpf using very fine forceps and phenotyped.  For 

photomicroscopy, embryos were anesthetized in 0.017% Tricaine methanesulfonate and 

images were captured with a Nikon AZ100 microscope (Melville, NY) under bright field 

light. 
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Histopathology 

 Embryos were euthanized at 72 hpf with a 0.17% tricaine solution.  Whole 

(dechorionated) embryos were then fixed in 10% neutral buffered formalin solution, 

routinely processed, embedded in paraffin, sectioned at 5µm, stained with hematoxylin and 

eosin (H & E) and examined via light microscopy.   

 

Statistical Analysis 

 Statistical analysis was performed using Sigma Stat Software and a one-way ANOVA 

test.  When a significant interaction was detected, a pairwise multiple comparison procedure 

(Fisher LSD method) was used to identify the source of the interaction.  Significance was set 

at P < 0.05. 
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Figure 1:  Zebrafish Marcksa and Marcksb are similar to other vertebrate MARCKS 

sequences.  (A) Zebrafish Marcksa and Marcksb protein sequences are aligned with 

MARCKS sequences from other vertebrate species.  Black shading indicates identical amino 

acid alignment; gray shading indicates functionally similar amino acids.  The three conserved 

domains of MARCKS are indicated: the myristoylated amino-terminus, the MH-2 domain 

and the phospho-site domain (PSD).  The three serine residues phosphorylated by PKC are 

identified by an asterisk (*) and Ser
25

, which is phosphorylated in neural tissue, is denoted by 

a carrot (^).  The pound sign (#) denotes a candidate serine in Marcksb that may also be 

phosphorylated given its proximity to Ser
25

 in MARCKS expressed by other species.  (B) 

Phylogenetic comparison of MARCKS and MARCKS-like protein sequences from 

vertebrate species.  Branch lengths are measured in terms of amino acid substitutions with 

the scale indicated below the tree.  (C) Zebrafish marcksa and marcksb loci both share 

conserved synteny with the MARCKS locus in human and mice.  Genes flanking marcksa on 

chromosome 20 and marcksb on chromosome 17 were determined and the chromosomal 

location of orthologous genes in humans and mice were determined.  Gray shaded areas 

indicate conserved synteny.  
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Figure 2: Zebrafish marcksa and marcksb are expressed throughout early development.  

Reverse transcriptase PCR was performed to detect zebrafish marcksa, marcksb and β-actin 

transcripts from embryo derived cDNAs.  Age of embryos is indicated above each lane in 

hours post fertilization (hpf).  Data is representative of 3 separate experiments and NT 

indicates no template control.  
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Figure 3: Phenotypic characterization of Marcksa and Marcksb deficient zebrafish 

morphants.  Representative examples of normal, mild, moderate and severe phenotypes are 

depicted at 24 hpf (A), 48 hpf (B), 72 hpf (C) and 96 hpf (D).   
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Figure 4: Phenotypic quantification of zebrafish Marcksa deficient morphants.  

Embryos were injected at the single cell stage with 0.5, 2 or 4 ng of Marcksa translation 

blocking MO (MAT),  control MO (CONT) or embryos were not injected (WT).  Phenotypic 

characterization was then quantified at 24 hpf (A), 48 hpf (B), 72 hpf (C) and 96 hpf (D) and 

phenotypes were classified into five phenotypes: normal, mild, moderate, severe and dead.  

Data is represented as percentage of injected embryos, with pooled data from three separate 

experiments with a combined total of 120 embryos injected in the MAT groups, 110 embryos 

in the CONT groups and 120 embryos in the wild type (non-injected) group. 
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Figure 5: Phenotypic quantification of zebrafish Marcksb deficient morphants.  

Embryos were injected at the single cell stage with 2, 4 or 6 ng of Marcksb translation 

blocking MO (MBT), control MO (CONT) or embryos were not injected (WT).  Phenotypic 

characterization was then quantified at 24 hpf (A), 48 hpf (B), 72 hpf (C) and 96 hpf (D) and 

phenotypes were classified into five phenotypes: normal, mild, moderate, severe and dead.  

Data is represented as percentage of injected embryos, with pooled data from three separate 

experiments with a combined total of 120 embryos injected in the MAT groups, 110 embryos 

in the CONT groups and 120 embryos in the wild type (non-injected) group. 
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Figure 6:  MARCKS is involved in retinal histogenesis of zebrafish.  (A) Normal eye 

from 72 hpf wild type zebrafish embryo.  Here, the layers of the retina are relatively well 

defined.  Starting from the outermost layer and working toward the center of the eye: 1) the 

dark brown/black retinal pigment epithelium; 2) layer of rods and cones; 3) outer nuclear 

layer (dark blue/purple); 4) outer plexiform layer; 5) inner nuclear layer; 6) inner plexiform 

layer.  The ganglion cell and nerve fiber layers are less distinct in this section.  The plexiform 

layers consist mainly of synapses of the various sensory neural cells.  (B) Eye from 72 hpf 

MAT injected zebrafish embryo (moderate phenotype).  The retina consists of a mass of 

poorly organized neural cell nuclei with no clear separation into normal retinal layers.  Only 

the retinal pigment epithelium forms a distinct layer (1).   This morphology is consistent in 

both the MAT and MBT injected fish, and is most severe in the severe phenotype fish (data 

not shown). 
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Figure 7:  MARCKS deficiencies in zebrafish result in abnormal gill development and 

muscle cell morphology.  (A) Normal gill tissue from 72 hpf wild type zebrafish embryo. 

 The primary lamellae (filaments) of the developing gill are shown in cross section, with 

normal supporting chondrocytes (arrow heads) at the center and a covering of squamous 

epithelial cells (arrow).  (B) Gill tissue (G) from 72 hpf MAT injected zebrafish embryo 

(moderate phenotype).  In this section, the gill is comprised of a mass of numerous, poorly 

organized epithelial cells with no clear separation into primary lamellae and no discernable 

central supporting chrondrocytes.  This morphology is consistent in both MAT and MBT 

injected fish, and is most severe in the severe phenotype fish (data not shown).  (C) Skeletal 

muscle fibers (arrow) from the tail of 72 hpf control MO injected zebrafish are relatively 

straight, with thin, regularly spaced nuclei.  (D) Skeletal muscle from the tail of 72 hpf MAT 

injected zebrafish (moderate phenotype) contains numerous curved/crescent-shaped fibers 

(arrow) and plumper, more numerous nuclei as compared to control and wild type fish.  This 

morphology is consistent in both the MAT and MBT fish, and is most severe in the severe 

phenotype fish (data not shown). 
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Supplemental Figure 1:  Phenotypic quantification of Marcksa upstream translation 

blocking (MATU) MO injected zebrafish embryos.  Embryos were injected in the single 

cell stage with 2, 4 or 6 ng of MATU, control MO (CONT) or embryos were not injected 

(WT).  Phenotypic characterization was then quantified at 24 hpf (A), 48 hpf (B), 72 hpf (C) 

and 96 hpf (D) and phenotypes were classified into 5 phenotypes: normal, mild, moderate, 

severe and dead.  Data is represented as % of injected embryos, with pooled data from three 

separate experiments with a combined total of 110 embryos injected in the MAT groups, 98 

embryos in the CONT groups and 107 embryos in the wild type (non-injected) group. 
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Supplemental figure 2: Phenotypic quantification of Marcksb splice blocking (MBS) 

MO injected zebrafish embryos.  Embryos were injected in the single cell stage with 2, 4 or 

6 ng of MBS, control MO (CONT)or embryos were not injected (WT).  Phenotypic 

characterization was then quantified at 24 hpf (A), 48 hpf (B), 72 hpf (C) and 96 hpf (D) and 

phenotypes were classified into 5 phenotypes: normal, mild, moderate, severe and dead.  

Data is represented as % of injected embryos, with pooled data from three separate 

experiments with a combined total of 120 embryos injected in the MAT groups, 110 embryos 

in the CONT groups and 120 embryos in the wild type (non-injected) group. 
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Supplemental figure 3: Marcksa and Marcksb are involved in normal zebrafish neural 

development.  Embryos were co-injected in the single cell stage with MAT or MBT MOs 

along with p53 or control MOs.  Embryos were analyzed at 24 hpf for the presence of the 

neural dead phenotype.  Representative embryos are shown; wild type, non-injected (A), 4 ng 

p53 MO + 2 ng control MO (B), 2 ng MBT + 4 ng p53 (C), 2 ng MAT + 4 ng p53 (D), 2 ng 

MBT + 4 ng control MO (E), 2 ng MAT + 4 ng control MO (F). 
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Supplemental Table 1:  Phenotypic characterization of Marcksa and Marcksb MO injected zebrafish morphants.  MBT, 

MAT, control and wild type non-injected zebrafish embryos were into one of three groups; dead, normal and abnormal, which is 

the sum of the mild, moderate and severe phenotypes at the indicated time point.  Data is shown for all four timepoints examined 

and data is represented as average ± standard deviation.  Statistical significance is set at (p<0.05) with * denoting a significant 

increase relative to wild type, † denoting a significant increase relative to control MO injected, ⁿ denoting a significant decrease 

relative to wild type and ‡denoting a significant decrease relative to control MO injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  24 hpf 48 hpf 

MO ng Dead Normal Abnormal Dead Normal abnormal 

MBT 0.5 

10.67±3.51 19.67±9.45ⁿ 9.67±6.35 11.00±3.00 26.67±5.03 2.33±2.10 

 2 

10.67±2.08 7.00±7.55ⁿ‡ 22.33±8.08*† 12.67±2.53 6.67±6.11ⁿ‡ 20.67±8.62*† 

 4 

20.67±9.02* 0.33±0.58ⁿ‡ 19.00±8.54*† 29.00±11.53*† 0.00±0.00ⁿ‡ 11.00±11.53*† 

MAT 2 

15.33±9.87* 3.00±5.20ⁿ‡ 18.67±1.15*† 17.33±9.30* 8.67±8.08ⁿ‡ 13.33±4.73*† 

 4 

20.33±11.24* 0.00±0.00ⁿ‡ 19.67±11.24*† 27.00±7.00*† 0.00±0.00ⁿ‡ 13.00±7.00*† 

 6 

22.33±9.61*† 0.00±0.00ⁿ‡ 17.67±9.61*† 29.00±5.30*† 0.00±0.00ⁿ‡ 11.00±5.30*† 

CONT 0.5 

8.67±1.53 27.67±7.51 0.00±1.00 8.33±3.06 27.33±7.51 0.00±1.00 

 2 

10.00±7.00 27.33±8.34 0.67±1.15 8.67±8.15 27.67±8.33 0.33±0.58 

 4 

10.33±6.66 25.33±10.41 1.00±1.00 10.67±7.10 26.00±10.15 0.33±0.58 

 6 

9.67±4.73 25.67±7.37 1.33±1.16 9.67±4.73 26.33±6.66 0.67±1.15 

WT - 

1.67±2.89 35.00±5.00 0.00±0.00 2.33±2.52 34.33±4.04 0.00±0.00 
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Supplemental Table 1 Continued 

 

 

 

  72 hpf 96 hpf 

MO ng Dead Normal Abnormal Dead Normal abnormal 

MBT 0.5 

15.33±8.08* 22.67±9.02 2.00±2.00 15.33±8.08* 23.33±8.08 1.33±2.31 

 2 

14.00±4.58 3.67±4.73ⁿ‡ 22.33±9.29*† 16.33±3.06* 6.00±5.20ⁿ‡ 17.67±5.51*† 

 4 

31.67±11.15*† 0.00±0.00ⁿ‡ 8.33±11.15 32.33±10.79*† 0.00±0.00ⁿ‡ 7.67±10.79* 

MAT 2 

20.00±12.12* 8.00±7.21ⁿ‡ 12.00±6.08*† 22.00±13.12*† 8.67±6.81ⁿ‡ 9.33±7.51*† 

 4 

34.00±3.61*† 0.00±0.00ⁿ‡ 6.00±3.60 34.67±2.90*† 0.00±0.00ⁿ‡ 5.33±2.89 

 6 

35.33±2.08*† 0.00±0.00ⁿ‡ 4.67±2.08 37.00±1.73*† 0.00±0.00ⁿ‡ 3.00±1.73 

CONT 0.5 

8.33±3.06 27.33±7.51 0.00±1.00 8.33±3.06 27.33±7.51 0.00±1.00 

 2 

8.67±8.15 27.67±8.33 1.00±1.73 8.67±8.15 27.67±8.33 0.33±0.58 

 4 

10.67±7.10 25.67±10.26 0.33±0.58 10.67±7.10 25.67±10.26 0.33±0.58 

 6 

10.00±5.29 26.33±6.66 0.33±0.58 10.33±5.86 26.00±6.93 0.33±0.58 

WT - 

2.33±2.52 34.33±4.04 0.00±0.00 2.33±2.52 34.33±4.04 0.00±0.00 
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Abstract 

 Neutrophilic inflammation is involved in the pathophysiology of various 

inflammatory diseases and inhibiting the migration of neutrophils has been the focus of many 

therapeutic stratagies.  Previously, we have identified the protein kinase C (PKC) substrate 

and actin binding protein myristoylated alanine-rich C-kinase substrate (MARCKS) as a 

potential target for the treatment of neutrophilic inflammation, as inhibition of MARCKS 

function results in decreased neutrophil migration and adhesion in vitro. In the present study 

we hypothesize that MARCKS is involved in the regulation of neutrophil migration in vivo 

and utilized the transparent zebrafish model to test our hypothesis.  Previous research has 

revealed that zebrafish express two MARCKS genes, marcksa and marcksb, and herein we 

utilize a morpholino approach to knockdown Marcksa or Marcksb in transgenic MPO:GFP 

zebrafish, in which the neutrophils express GFP.  Our results show that both Marcksa and 

Marcksb are involved in the development of neutrophils as Marcksa or Marcksb deficient 

embryos have decreased neutrophil numbers relative to control animals.  Further, 

employment of an established tail wounding assay to study neutrophil migration reveal that 

Marcksb appears to be involved in the regulation of neutrophil migration in vivo, as the 

number of neutrophils within the vicinity of a tail wound in Marcksb deficient embryos were 

reduced relative to control animals.  However, neutrophils from Marcksb deficient zebrafish 

were capable of migrating the same total distance and velocity with a slight decrease in the 

persistence of migration.  Thus, these results demonstrate a role for MARCKS during in vivo  
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neutrophil migration and indicate that further investigation of the role of MARCKS during in 

vivo neutrophil migration is warranted.     
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Introduction 

 

 Neutrophils are essential components of the immune response.  They are the first cell 

type to respond to a bacterial invasion by efficiently migrating to the source of inflammation 

and killing bacteria by phagocytosis and release of enzymes and reactive oxygen species.  

However, during various inflammatory disorders, such as Crohn’s disease and chronic 

obstructive pulmonary disorder (COPD), exacerbated neutrophilic inflammation has been 

reported (1-3).  Thus, neutrophil migration has been the focus of many therapeutic stratagies 

for the treatment of inflammatory disorders.  

 One potential target for treatment of neutrophilic inflammation is myristoylated 

alanine-rich C-kinase substrate (MARCKS).  MARCKS is a ubiquitously expressed actin 

binding substrate of protein kinase C (PKC) and calmodulin.  PKC mediated phosphorylation 

or calmodulin binding of MARCKS results in the dislocation of MARCKS from the plasma 

membrane to the cytosol and this translocation event is associated with the regulation of actin 

dynamics (4-8).  Thus, MARCKS function has been shown to regulate endo-, exo-, and 

phagocytosis, as well as cell migration (9-13).   

Previously, we utilized a myristoylated peptide corresponding to the first 24 amino 

acids of MARCKS (MANS peptide) to demonstrate a role for MARCKS during in vitro 

neutrophil function. MANS peptide treatment displaces MARCKS from cell membranes of 

unstimulated neutrophils and results in decreased neutrophil migration and β2-integrin 

dependent adhesion (14) as well as myeloperoxidase release (15).  Further, in vitro and in  
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vivo mucin secretion (16-18) as well as mesenchymal stem cell chemotaxis (19) have been 

inhibited upon MANS peptide treatment.  These findings ultimately demonstrate that 

MARCKS is an excellent candidate for a therapeutic target for the treatment of various 

inflammatory diseases involving exacerbated neutrophil inflammation.             

 Since our previous studies demonstrating a role for MARCKS during neutrophil 

migration were in vitro studies, our objective is to confirm our results in an in vivo model.  

Various neutrophil motility studies have been performed in zebrafish (20, 21) and recently 

two  transgenic zebrafish lines have been generated in which green fluorescent protein (GFP) 

expression is driven by the zebrafish myeoloperoxidase (MPO) promoter  (22, 23).  One 

transgenic line, Tg(zMPO:GFP)uw, developed by Huttenlocher and colleages, express GFP in 

both neutrophils (GFPhi) and macrophages (GFPdim) (22, 24).  The other transgenic line, 

Tg(mpx:eGFP)i114, which is a neutrophil specific transgenic line, was developed by Renshaw 

and colleages (23, 25).  Both of the  MPO:GFP zebrafish lines have been utilized to study 

apoptosis (23, 26) and retrograde chemotaxis (22) during the resolution of neutrophilic 

inflammation as well as phosphoinositide 3-kinase (PI3K) and Rac signaling in the regulation 

of neutrophil protrusion and polarity (27).  Further, MPO:GFP zebrafish have been utilized 

to study neutrophil migration during various disease models.  Crossing Tg(MPO:GFP)uw fish 

with spint1lhi227/spng1l+ (mutated hepatocyte growth factor activator inhibitor 1 (hai1)) fish, 

which is a transgenic model for chronic inflammatory disorders and results in the 

accumulation of neutrophils in fins, demonstrate that neutrophils undergo random motility 

with alternating stationary and motile periods during chronic inflammation (28).    Thus,  
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researchers are beginning to employ transgenic MPO:GFP lines to understand the molecular 

events of neutrophilic inflammation in various diseases, including respiratory diseases (25, 

29). 

 Zebrafish express two MARCKS paralogs, Marcksa and Marcksb, and we have 

previously characterized the phenotype of developing zebrafish deficient in either Marcksa or 

Marcksb by a morpholino approach.  MARCKS deficient zebrafish have a range of 

abnormalities; including an array of anatomical abnormalities with atypical muscle cell 

morphology as well as abnormal retinal layering and gill formation (Laura Ott, PhD thesis, 

Chapter 3).  Interestingly, the abnormalities observed in MARCKS deficient zebrafish 

correlate with MARCKS deficiencies observed in other vertebrate species.  MARCKS 

deficiencies in Xenopus laevis are associated with abnormal convergent extension (30) and 

homozygous MARCKS deficiencies in mice are embryonic lethal (31).  Deficiencies in 

retinal layering have been reported in MARCKS deficient mice and chick embryos (31, 32) 

as well as an array of neural abnormalities (31, 33, 34).   

Thus, taking advantage of the model we have generated to study MARCKS function 

in zebrafish we hypothesized that Marcksa and/or Marcksb deficient zebrafish will have 

reduced neutrophil migration (22, 35).  For our studies, we chose to utilize and established 

tail wounding model in the neutrophil specific Tg(mpx:eGFP)i114 zebrafish line (23), which 

will be referred to herein as MPO:GFP.  The results of these studies will not only provide in 

vivo evidence of MARCKS regulation of neutrophil migration, but will also identify  
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MARCKS as a potential therapeutic target for the treatment of exacerbated neutrophil 

migration during chronic inflammatory disorders.       

 

Results 

 

 Our previous studies revealed that MARCKS deficiencies in zebrafish result in an 

array of phenotypic abnormalities, including neural and anatomical abnormalities.  To further 

characterize the phenotype of MARCKS deficient zebrafish, we sought to determine if 

MARCKS deficiencies affect the total number of neutrophils in 3 day post fertilization (dpf) 

embryos.  Therefore, we determined the number of GFP+ cells in MPO:GFP embryos that 

were injected with marcksa or marcksb translation blocking morpholinos (MAT and MBT, 

respectively) by flow cytometry.  First, wefound that embryos injected with 2 ng MAT or 

MBT results in a significantly reduced number of neutrophils compared to 2 ng control 

injected and non-injected embryos (Figure 1A).  Since 2 ng of MAT and MBT resulted in 

significantly reduced neutrophil numbers, we asked if decreasing the amount of morpholino 

(MO) injected has the same effect.  Like 2 ng MO, injection of 1 ng MAT or MBT results in 

significantly reduced number of neutrophils compared to 1 ng control injected and non-

injected embryos (Figure 1B).  Interestingly, when 0.5 ng MBT was injected, we observed a 

significantly reduced number of neutrophils compared to 0.5 ng control injected and non-

injected embryos (Figure 1C).  However, we did not observe a difference between 0.5 ng 

MAT, 0.5 ng control injected or non-injected embryos (Figure 1C).  Thus, MARCKS 
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deficiencies in zebrafish result in a decreased number of neutrophils in zebrafish embryos, 

although very low concentrations of MAT  had no effect.          

 Next, we performed a zebrafish tail wounding assay to determine if MARCKS 

deficiencies in zebrafish result in altered neutrophil migration.  We wounded the tails of 3 

dpf MPO:GFP embryos that were either not injected or injected with 0.5, 1 and 2 ng of 

MAT, MBT or control MOs.  We then counted the number of cells within 100 μm of the tail 

wound initially after wounding and 4 hours later.  As shown in figure 2, an increase in the 

number of neutrophils that migrated within 100 μm of the tail wound was observed for all 

treatment groups.  However, the number of cells that migrate within the vicinity of the 

wound at 4 hours post wounding was significantly decreased in all three doses of MBT 

injected embryos relative to both non-injected and respective control injected embryos 

(Figure 2B).  Further, the number of cells that migrated into the vicinity of the wound in the 2 

ng MAT injected embryos were statistically decreased relative to 2 ng control injected 

embryos, although there was not a statistical difference between 2 ng MAT injected and non-

injected embryos (Figure 2B).  Interestingly, migration observed after treatment with the 

lower concentrations of MAT (1 and 0.5 ng) were not statistically different from non-injected 

or 1 and 0.5 ng control injected embryos (Figure 2B).  Thus, this data suggests that 

MARCKS deficiencies in zebrafish do result in decreased neutrophil migration in vivo, 

especially in Marcksb deficient embryos.   

 Given that we observed decreased numbers of total neutrophils in MAT and MBT 

injected embryos (Figure 1), we wanted to confirm that the observations made in our 4 hour  
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tail wounding experiment (Figure 2) were not an artifact of decreased neutrophil numbers in 

these embryos.  Therefore, we performed single cell tracking on 3 dpf MPO:GFP embryos 

that were either non-injected or injected with 2 ng MAT, MBT or control MOs.  From the 

single cell tracking data, we quantified three parameters of cell migration: total distance 

(μm), velocity (μm/sec) and persistence, which we defined as the ratio of the distance of the 

cell from the origin at the last frame captured over total distance traveled by the cell.  This 

persistence measurement ultimately determines the directionality of the cell; cells migrating 

away from its original origin have a higher persistence than cells remaining in the vicinity of 

its original orgin.  We did not observe a difference in total distance or velocity between any 

of the groups (Figures 3 A and B), signifying that cells from MARCKS deficient embryos are 

capable of migrating.  However, we did observe decreased persistence in MBT injected 

embryos, although this decrease was not statistically significant (MAT versus non-injected 

and control injected embryos results in p-values of 0.080 and 0.134, respectively) (Figure 

3C).  We did not observe a difference in persistence between MAT injected, control injected 

or non-injected embryos (Figure 3C).  Thus, MARCKS deficient embryos are capable of 

migrating, although Marcksb appears to potentially play a role in mediating neutrophil 

directionality during migration.  Further experimentation is warranted to confirm this result.   
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Discussion 

 

 Neutrophil function is pivotal to the process of inflammation, and in cases of chronic 

inflammation targeting neutrophil function is a potential therapeutic option.  Previously we 

have demonstrated an in vitro role for MARCKS in regulating neutrophil function (14, 15) 

and herein we present preliminary evidence of MARCKS function in the regulation of 

neutrophilic inflammation in vivo.  Zebrafish deficient in Marcksa or Marcksb have 

decreased neutrophils relative to control animals (Figure 1) and Marcksa or Marcksb 

deficient embryos have decreased neutrophil migration in a 4 hour tail wounding assay 

(Figure 2).  However, individual cell tracking experiments reveal that in Marcksa or Marcksb 

deficient animals, neutrophils migrate with the same total distance, velocity and persistence 

as control injected or non-injected animals, although there was a trend for decreased 

persistence in Marcksb deficient embryos (Figure 3).  

We utilized a morpholino approach to determine the role of Marcksa and Marcksb in 

the regulation of neutrophil migration in vivo.  Although morpholinos are a well accepted 

method to study protein function, there are caveats to their use.  The first is that morpholino 

knock down of gene expression occurs throughout the animal.  Traditionally, morpholinos 

have been utilized by developmental biologists to determine what role a particular protein 

plays in mediating the normal development of an organism (36).  However, for our studies, 

knockdown of Marcksa and Marcksb throughout the animal does not rule out that other 

tissues affected by MARCKS knockdown are involved in the observed results.  For instance,  
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we observed decreased neutrophil numbers in Marcksa and Marcksb embryos compared to 

control animals (Figure 1) with two potential explanations for these results.   The first and 

most likely explanation is that MARCKS deficient zebrafish are phenotypically abnormal 

and thus the various tissues involved in neutrophil development are either damaged and/or 

developmentally delayed.  Previously, we have characterized the phenotype of Marcksa and 

Marcksb deficient zebrafish embryos and found various anatomical abnormalities, including 

curved or twisted tails and abnormal muscle cell development.  During zebrafish 

development MPO-expressing cells are detected as early as 18 hours post fertilization (hpf) 

in the posterior intermediate cell mass (ICM) and within 20 hpf MPO expressing cells are 

present in the anterior yolk sac.  At 72 hpf, MPO-expressing cells are observed in the 

posterior ICM, anterior yolk sac and in posterior blood islands and by 96 hpf, MPO-

expressing cells are distributed throughout the animal (37).  Further evidence has indicated 

that development of neutrophils in zebrafish beyond 2 dpf occurs within the caudal 

hematopoietic tissue (38).  Since many of the areas that are involved in neutrophil 

development occur in the tail of developing zebrafish, it could be hypothesized that these 

tissues are incapable of supporting neutrophil development in MARCKS deficient zebrafish.  

Although we used normal to mild embryos for our studies herein, we cannot rule out that the 

slightest abnormalities in these animals that are not observed in our phenotypic analysis 

affect neutrophil development.        

An additional possible explanation for decreased number of neutrophils in Marcksa 

and Marcksb deficient embryos is that the neutrophils are incapable of migrating to the  
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various locations involved in neutrophil development.  We have previously demonstrated a 

role for MARCKS in regulating neutrophil migration in vitro (14) and a role for MARCKS in 

the regulation of migration in other cell types have also been reported (9, 10, 19).  However, 

our migration analysis in zebrafish embryos does not support this hypothesis, as we did not 

observe statistical differences in total distance, velocity or persistence in Marcksa or Marcksb 

deficient embryos.  This observation brings up caveat two of morpholino usage; the dosage 

of morpholino used in experiments.  We chose the maximum MO dose of 2 ng for this study 

based on our phenotypic analysis showing that injection of 2 ng MO resulted in the majority 

of normal to mild phenotype animals that survive to 3 dpf in comparison to higher MO doses 

(Laura Ott, PhD thesis, Chapter 3).  We chose to utilize the lowest dose of MO possible that 

consistently results in predominantly mild or normal phenotypes to reduce any effects that 

MARCKS knockdown has on the entire animal, while still having an effect on neutrophil 

migration.  However, the 2 ng dose of MO that we utilized for these studies are relatively low 

with many other studies utilizing higher concentrations of MO (5-6ng) and thus the 

knockdown rate in our experiments is likely to be small (36, 39).  Utilizing a higher dose of 

morpholino for our studies may have resulted in greater inhibition of neutrophil migration in 

Marcksa and Marcksb deficient animals.  Figures 2 and 3 provide evidence for this, in that 

we did not observe a difference in neutrophil migration between Marcksa deficient and non-

injected or control embryos and thus to observe inhibited neutrophil migration in Marcksa 

deficient zebrafish may require a higher dosage of morpholino.  Higher doses of morpholino, 

however, would also result in more severe phenotypes in our animals, potentially leading to  
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an even further reduction in neutrophil numbers.  Higher doses of morpholino would also 

raise further concerns of off-target effects (36, 39) or if the inhibition of neutrophil migration 

was due to effects on the neutrophil itself or to abnormalities in the surrounding tissue.  

However, a few recent technologic advances resulting in cell specific gene disruption have 

been reported, including: generation of caged compounds (40-42), generation of stable cell 

specific short hairpin RNA (shRNA) transgenic zebrafish lines (46) and generation of 

transient transgenic zebrafish embryos by utilizing the Tol2 transposon system (47).   

Caged compounds are morpholinos, DNA or RNA generated with ultraviolet (UV) 

sensitive caging groups attached.  There have been multiple types of caged morpholinos 

designed, with the technology behind them being that they remain inactive in the zebrafish 

embryo until the embryos are exposed to ultraviolet (UV) light, resulting in activation of the 

morpholino (40-42).  For our purposes, one approach would be to generate caged 

morpholinos against Marcksa or Marcksb and inject them in the single cell stage in the 

absence of light.  Once embryos have developed to 24-48 hpf, we would uncage the 

morpholino by exposure to UV light and perform neutrophil migration experiments at 72 hpf.  

Theoretically, this would allow the embryos to develop normally and would eliminate any of 

the concerns that developmentally abnormal phenotypes may play on neutrophil migration or 

function.  However, uncaging the morpholino would result in MARCKS knockdown 

throughout the entire embryo and again question if the effects observed are specific to 

neutrophils and not due to MARCKS knockdown in surrounding tissue.   
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An additional method besides morpholinos to knock down Marcksa or Marcksb in 

zebrafish is to use a micro RNA (miRNA) approach.  Although the use of antisense RNA in 

zebrafish has been reported to result in off target effects (43), recent advances demonstrate 

that utilizing naturally occuring miRNA in zebrafish is a feasible option.  miRNAs act as 

posttranslational repressors by binding to the 3’ untranslated region (UTR) of target mRNA 

and usually result in gene silencing by the generation of RNA duplexes and activation of the 

RNA-induced silencing complex (RISC) (44, 45).   Recently, Dong, et al described a 

technique in which a shRNA designed against the 3’ UTR of a gene is inserted into the 

naturally occurring zebrafish miRNA-30e precursor.  The resulting mir-shRNA is then 

embedded into an intron of a β-actin genomic fragment that is in frame with a fluorescent 

reporter and placed under a ubiquitous or tissue specific promoter.  Microinjection of this 

construct results in the generation of both transient and stable transgenic zebrafish lines with 

knockdown of both exogenous and endogenous genes.  Interestingly, insertion of multiple 

shRNA into the miRNA results in further knockdown of the gene of interest, indicating that 

different levels of knockdown can be achieved by this method (46).  This system could be 

utilized for our purposes by designing shRNAs against both Marcksa and Marcksb and 

inserting them into the miRNA-30e precursor, generating mir-shRNA against marcksa and 

marcksb.  Inserting this mir-shRNA under the direction of the MPO promoter would result in 

MARCKS knockdown specific to neutrophils and having an in frame fluorescent reporter 

(such as GFP) would allow for visualization of neutrophils with the shRNA construct.  

Generation of stable transgenic lines with these constructs and subsequent tail wounding  
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assays as performed herein would be an alternative approach for determining if MARCKS is 

required for in vivo neutrophil migration.  This is ideal because knockdown of MARCKS 

would occur solely in neutrophils, thus eliminating any concern that knockdown of 

MARCKS in surrounding tissues would be involved in the outcome of the neutrophil 

migration experiment.  Further, this method would eliminate any of the developmental 

abnormalities observed by global MARCKS knockdown by a MO and would give more 

insight into the role of MARCKS in neutrophil development.  Specifically, it would assist in 

determining if the decreased number of neutrophils in MAT and MBT injected embryos was 

because of abnormal or damaged tissue or because of the inability of neutrophils to migrate 

to these tissues.        

Previously, we have utilized the MANS peptide, which is a synthetic myristoylated 

peptide corresponding to the first 24 amino acids of MARCKS, to demonstrate a role for 

MARCKS during in vitro neutrophil migration (14).  The MANS peptide has also been 

utilized to demonstrate a role for MARCKS during both in vitro and in vivo mucin secretion 

(15-18) and leukocyte degranulation (15) and thus it is hypothesized that the MANS peptide 

could be used as a therapeutic treatment for respiratory and other inflammatory disorders.  

However, to confirm that MANS peptide does interfere with neutrophil migration in vivo, 

further studies are required and zebrafish are an excellent model for these in vivo studies.  

The amino terminus of Marcksa, Marcksb and human MARCKS (used to generate the 

MANS peptide) are relatively homologous with only a few differences in the amino acid 

sequence.  Thus, performing the zebrafish tail wounding assay described herein in the  
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presence of MANS peptide would demonstrate in vivo evidence that MANS peptide 

treatment results in decreased neutrophil migration.  However, to do these experiments high 

volumes and/or concentrations of the MANS peptide would be required and if the outcomes 

of the experiments were not as expected, one concern that could be raised is that the  peptide 

did not penetrate the chorion or embryos themselves and reach the neutrophils.  Also, 

theoretically if the MANS peptide did enter the fish, again concerns would be raised if the 

MANS peptide was solely inhibiting neutrophils and not surrounding tissue.  Therefore, an 

additional approach to determine if MANS peptide treatment results in decreased neutrophil 

migration in vivo would be to utilize the Tol2 transposon-mediated transgenesis system.  The 

Tol2 transposon is a transposable element that was identified in medaka fish and studies have 

demonstrated that utilization of this element can result in the chromosomal integration of 

genes in zebrafish (47).  Briefly, construction of a vector with the gene of interest with an in 

frame fluorescent tag (such as GFP) downstream of a cell specific promoter would be 

generated with flanking Tol2 sites.  Co-injection of this vector with transposase mRNA that 

has been in vitro transcribed results in the integration of excised Tol2 fragment into the 

genome of the injected zebrafish.  Expression of the gene of interest will be transiently 

expressed in a mosaic pattern and can be determined by GFP visualization (48-50).  Thus 

cloning the MANS peptide sequence downstream of the MPO promoter and utilizing the 

Tol2 transposon system in zebrafish would produce transiently expressed MANS in 

zebrafish.  This system is ideal because the MANS peptide will be expressed exclusively in 

neutrophils due to the utilization of the MPO promoter, and it is possible to determine which  
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cells are expressing MANS by visualization of GFP.  Thus, tail wounding experiments on 

GFP+/MANS expressing cells would be an alternative approach to determine if MANS 

peptide treatment results in decreased neutrophil migration in vivo.   

Taken together, the data presented herein provide preliminary evidence of a role for 

MARCKS during in vivo neutrophil migration.  However, further experimentation is 

warranted with alternative approaches to alter MARCKS expression described above.  The 

ultimate goal is to confirm that targeting MARCKS is a potential therapeutic option to 

combat neutrophilic inflammation, which we have previously presented in vitro evidence for.                 

      

Materials and Methods 

Zebrafish maintenance and husbandry 

 Experiments were approved by the North Carolina State University Institutional 

Animal Care and Use Committee (IACUC).  Wild type, EKK (EKKwill Waterlife Resources, 

Ruskin, FL) and MPO:GFP (23) (a kind gift from Stephen Renshaw, The University of 

Sheffield) adult zebrafish were maintained in a recirculating aquarium facility (Aquatic 

Habitats, Apopka, FL) at 28°C and were fed a commercial grade zebrafish diet.  Zebrafish 

were mated and embryos were collected in egg water (0.005% Methylene blue and 60 μg/mL 

aquarium salt mixture in reverse osmosis/deionized (RO/DI) water). 
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Morpholino Injections 

  

 The following MOs were purchased from GeneTools (Philomath, OR): standard 

control MO; Marcksa translation blocking (MAT) 5’ CTG TTT TTG TGA ATT GCG CTC 

CCA T; Marcksb translation blocking (MBT) 5’ TTT TGG AGA TTT GTG CTC CCA TGC 

T.  MOs were suspended to 100 nM with sterile water and stock solutions were stored at 

room temperature.  Prior to loading MOs into calibrated needles, MOs were diluted in 0.5% 

phenol red.  For 0.5 and 1 ng injections, MOs were diluted 1:10 and one or two pumps were 

injected into each embryo, respectively.  For 2 ng injections, MOs were diluted 1:1 and one 

pump was injected into each embryo.   Injected embryos were transferred to a petri dish 

containing egg water and incubated at 28°C with egg water being changed daily with 

removal of dead embryos.    

 

Flow cytometry analysis 

 

 For flow cytometric analysis samples were performed in duplicate or triplicate with 

one sample containing five normal or mild phenotyped embryos.  Wild type EKK embryos 

were used as negative controls for GFP expression.  Embryos were euthanized in 0.17% 

Tricaine methanesulfonate (Finquel MS-222, Argent Chemical Laboratories, Redmond, VA) 

and embryos were transferred to eppendorf tubes and resuspended in sterile PBS containing 

5% fetal bovine serum (FBS).  Embryos were passed through a 40 μm cell strainer (Becton  
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Dickinson, Franklin Lakes, NJ) into a 50 mL conical vial with a 1 cc syringe plunger and the 

mesh strainer was rinsed with sterile PBS containing 5% FBS.  Cells were transferred to 

polystyrene flow cytometry tubes and centrifuged for 10 minutes at 12,000 rpm and washed 

once in sterile PBS containing 5% PBS.  Flow cytometry analysis was performed by gating 

on GFP+ (using wild type embryos as a reference) cells using a FACSCalibur flow cytometer 

and Cellquest Pro software (Becton Dickinson, San Diego, CA) with all events in the tube 

collected for each sample.       

 

Tail wounding assay and real time video microscopy 

 

 Tail wounding of MPO:GFP embryos were performed as previously described (22, 

35).  Briefly, 3 dpf embryos were embedded in 35 x 10 mm petri dishes in 1% low melting 

point agarose (Genesee Scientific, San Diego, CA) in egg water containing 0.017% Tricaine.  

Embryos were positioned on the bottom of the petri dish and the agarose was allowed to 

solidify.  Once solidified, embryos were wounded on the tailfin by a 25-guage needle and 

egg water containing 0.017% tricaine was gently placed on top of the agarose.  Pictures were 

obtained immediately after tail wounding and 4 hours later on an AZ100 microscope (Nikon, 

Melville, NY) with a Ri1 camera and NIS-Elements AR 3.1 software (Nikon). 

 For real time video microscopy, embryos were embedded as described above.  Real 

time images were obtained on an AZ100 microscope (Nikon) using the DQC-FS Digital 

Camera (Roper Scientific, Sarasota, FL) camera and NIS-Elements AR 3.1 software (Nikon).   
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Images were captured at 60X magnification and images were obtained every 45 seconds for 

duration of 80 minutes with a total of 107 frames per embryo.  Stacked TIFF files were 

generated and total distance, velocity and persistence (distance from origin at the last 

frame/total distance traveled) were determined by Image J software (National Institute of 

Health, Bethesda, MD) with 3-4 cells per embryo analyzed per movie.        

 

Statistical Analysis 

 

 Statistical Analysis was performed by using one-way ANOVA and Sigma Stat 

Software (Systat Software, Inc., Chicago, IL) with P<0.05 considered statistically significant. 
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Figure 1: MARCKS deficiencies result in decreased neutrophils in zebrafish.  MPO:GFP 
embryos were injected in the single cell stage with 2 ng (A and B), 1 ng (C) or 0.5 ng (D) 
MAT, MBT or control MOs and 72 hour later, embryos were processed for flow cytometric 
analysis as described in Materials and Methods.  Representative dot plots are depicted from 
non-injected or 2 ng injected MAT, MBT and control MPO:GFP embryos (A) and 
quantification of 2ng (B), 1 ng (C) and 0.5 ng (D) injected embryos are shown with data 
reported as % GFP+ cells/larvae.  MAT (2ng and 1 ng) and MBT (2, 1 and 0.5 ng) injection 
results in a statistically significant decrease in % GFP+ cells/larvae relative to control 
injected and non-injected embryos, as designated by * and #, respectively (p>0.05).  The 
number of replicates per sample are as follows: no inject (A, B, C), n=24; control 2 ng (A), 
n=10; MAT 2 ng (A), n=9; MBT 2 ng (A), n=10; control 1 ng (B), n=10; MAT 1 ng (B), 
n=9; MBT 1 ng (B), n=10; control 0.5 ng (C), n=10; MAT 0.5 ng (C), n=10; MBT 0.5 ng 
(C), n=10.      
  



 186 

 
 
A.  



 187 

 
B. 

  



 188 

C. 
 

  



 189 

D.  



 190 

Figure 2: Marcksa and Marcksb are involved in the regulation of neutrophil migration 
in zebrafish.  MPO:GFP embryos were injected with 2, 1 or 0.5 ng MAT, MBT, or control 
(CONT) MOs and tail wounding assays were performed.  The numbers of cells within 100 
μm of the wound were quantified initially after wounding (0 hour) and 4 hours later.  (A) 
Representative pictures of 0.5 ng control and MBT injected embryos at 0 and 4 hours are 
depicted.  (B) Quantification of the number of GFP+ neutrohpils at 0 and 4 hours are shown 
in graphical representation.  Embryos injected with 2 ng MAT have a statistically decreased 
number of neutrophils within 100 um of the wound at 4 hours post wounding relative to 2 ng 
control injected embryos, as depicted with an # (p<0.05).  Embryos injected with 2, 1 or 0.5 
ng MBT have significantly decreased number of GFP+ neutrophils within 100 μm of the 
wound 4 hours post wounding relative to non-injected or respective control injected embryos, 
as depicted by an * or #, respectively (p<0.05).  The number of embryos per sample are as 
follows: no inject, n=17; control 2 ng, n=10; control 1 ng, n=12; control 0.5 ng, n=9; MAT 2 
ng, n=7; MAT 1 ng, n=8; MAT 0.5 ng, n=7; MBT 2 ng, n=14; MBT 1 ng, n=14; MBT 0.5 
ng, n=10. 
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Figure 3:  MARCKS deficiencies do not result in decreased neutrophil migration as 
measured by total distance, velocity and persistence.  The tails of normal or mild 
phenotyped non-injected (n=13 cells) or injected [2 ng MAT (n=17 cells), 2 ng MBT (n=17 
cells) or 2 ng control (n=13 cells)] MPO:GFP embryos were wounded at 72 hpf.  Single cell 
tracking of cells were performed and total distance (A), velocity (B) and persistence (C) were 
determined.       
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Abstract 

 Endotoxemia occurs when bacterial lipopolysaccharide (LPS) in the blood induces a 

dysregulated inflammatory response, resulting in circulatory shock and multi-organ failure. 

Laminitis is a common complication in endotoxemic horses and is frequently the cause of 

death.  Blood leukocytes are a principal target of LPS in endotoxemia leading to activation of 

multiple signal transduction pathways involved in the induction of a number of pro-

inflammatory genes.  In other animal models, the p38 mitogen activated protein kinase 

(MAPK) pathway has been associated with induced expression of tumor necrosis factor-α 

(TNFα), interleukin (IL)-1β, IL-6 and IL-8.  The goal of this study was to determine the role 

of the p38 MAPK pathway in the induction of these pro-inflammatory cytokine and 

chemokine genes in LPS stimulated equine leukocytes.  Stimulation of equine peripheral 

blood leukocytes resulted in an increase in TNFα, IL-1β, IL-6, and IL-8 mRNA levels.  

Pharmacological inhibition of p38 MAPK activity with SB203580 or SB202190 reduced the 

ability of LPS stimulation to increase mRNA levels for all four genes.  However, only 

SB203580 pre-treatment significantly reduced LPS-stimulated IL-1β and IL-8 mRNA 

expression and only pre-treatment with SB202190 significantly reduced LPS-stimulated 

TNFα and IL-6 mRNA expression. From this study we conclude TNFα, IL-1β, IL-6 and IL-8 

are induced upon LPS stimulation of equine leukocytes and that this induction of gene 

expression is dependent on the p38 MAPK pathway.  However, there are differences in the 

efficacy of the p38 inhibitors tested here that may be explained by differences in specificity  
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or potency.  This study provides evidence for the use of selective p38 MAPK inhibitors as  

potential therapeutics for the treatment of equine endotoxemia. 

 

Keywords: Endotoxemia, LPS, p38, equine, leukocytes, inflammation 

 

Abbreviations: cDNA; complementary DNA, COX; cyclooxygenase, Ct; threshold cycle, 

DEX; dexamethasone, IL; Interleukin, LPS; lipopolysaccharide, LRP; leukocyte rich plasma, 

MAPK; mitogen activated protein kinase, NF-κB; nuclear factor-κB, PGE2; prostaglandin E2, 

TLR; toll-like receptor, TNFα; tumor necrosis factor α, Thr; threonine, Tyr; tyrosine, VC; 

vehicle control.  
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1. Introduction 

 Endotoxemia is a frequent complication of gastrointestinal disorders and gram-

negative bacterial infections and accounts for many deaths each year among horses (Werners 

et al., 2005).  Laminitis is a complication of endotoxemia that contributes significantly to the 

mortality rate.  Although the precise mechanism of laminitis pathogenesis remains unknown, 

there is increasing evidence that a systemic inflammatory response, such as that seen in 

endotoxemia, and subsequent inflammation of the hoof laminae are key features of the 

disease (Belknap et al., 2007; Fontaine et al., 2001; Rodgerson et al., 2001; Waguespack et 

al., 2004). 

Endotoxemia is a clinical syndrome that occurs when bacterial endotoxin 

(lipopolysaccharide (LPS)), from gram-negative bacteria, enters the blood stream and causes 

a systemic inflammatory response (Moore and Barton, 2003; Moore et al., 1981; Werners et 

al., 2005).  LPS triggers inflammation by binding to and activating its receptor complex on 

cellular membranes, comprised of CD14, toll-like receptor-4 (TLR-4), and MD-2.  Ligation 

of the LPS receptor leads to the activation of multiple intracellular signaling pathways, 

including the nuclear factor-κB (NF-κB) and the mitogen activated protein kinase (MAPK) 

pathways (Dauphinee and Karsan, 2006; Fitzgerald et al., 2004; Palsson-McDermott and 

O'Neill, 2004; Zhong and Kyriakis, 2007)  The activation of multiple intracellular signaling 

pathways due to LPS leads to one of the key characteristics of the pathophysiology of 

endotoxemia; induction of a dysregulated systemic inflammatory response (Moore and  

Barton, 2003).  This dysregulated systemic inflammatory response results in the induction of  
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an array of pro-inflammatory mediators: enzymes, eicosanoids, cytokines and chemokines 

(Adrie and Pinsky, 2000; Alluwaimi, 2004; Janicke et al., 2003; Lohmann et al., 2003).  

These pro-inflammatory mediators alter endothelial permeability and vasoregulation, activate 

platelets, increase neutrophil influx into a number of tissues, and activate the coagulation 

cascade.  Ultimately, endotoxemia can lead to hypotensive shock, multi-organ failure and 

even death (Adrie and Pinsky, 2000; Brady and Otto, 2001).   

Some pro-inflammatory genes that are upregulated during endotoxemia include the 

cytokines tumor necrosis factor-alpha (TNFα), interleukin (IL)-1β (IL-1β), IL-6, the 

chemokine IL-8 and the enzyme cyclooxygenase-2 (COX-2) (Alluwaimi, 2004; Janicke et 

al., 2003; Laan et al., 2005; Zhu et al., 2007).  A recent study demonstrated that LPS from 

Rhodobacter sphaeroides induces the expression of TNFα in equine whole blood and equine 

monocytes (Lohmann et al., 2003).  In a model of equine endotoxemia, where equine smooth 

muscle cells were stimulated with LPS, there was an increase in COX-2 mRNA and protein 

levels (Janicke et al., 2003).  In another study, sow mammary glands were inoculated with 

Escherichia coli (E. coli) and there was upregulation of TNFα, IL-1β, IL-6 and IL-8 mRNA 

within 24 hours of inoculation (Zhu et al., 2007).  These studies indicate that there is a rapid 

induction of pro-inflammatory genes upon LPS stimulation in horses and other species, and 

that these genes play a major role in the pathophysiology of endotoxemia. 

The p38 MAPK pathway is a member of MAPK signal transduction pathway, which 

has a common feature of phosphorylation of both threonine (Thr) and tyrosine (Tyr) residues  

in the motif Thr-X-Tyr.  The middle amino acid in the Thr-X-Tyr motif depends on the  
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MAPK isoform, with p38 MAPK having a glycine (Gly) residue at this site (Herlaar and 

Brown, 1999).  There are 4 isoforms of p38 MAPK, α, β, γ and δ, and the expression of these 

isoforms varies depending on the cell type.  Inflammatory cells, including neutrophils, 

monocytes, macrophages and CD4+ T cells, predominantly express p38α and δ, whereas 

endothelial cells express all isoforms of p38 MAPK (Hale et al., 1999).   

Many pro-inflammatory events are mediated by the p38 MAPK pathway, including 

cytokine and chemokine production, integrin expression, chemotaxis and generation of 

oxidative burst (Detmers et al., 1998; Nick et al., 1999; Read et al., 1997; Ridley et al., 

1997). Our lab and others have demonstrated that LPS stimulation of equine leukocytes 

results in the activation of the p38 MAPK pathway.  It was also demonstrated that upon LPS 

stimulation of equine leukocytes, COX-2 expression increases and COX-2-dependent 

prostaglandin E2 (PGE2) production is upregulated and this upregulation is dependent on the 

p38 MAPK pathway (Brooks et al., 2007; Eckert et al., 2007; Laan et al., 2005).  We 

analyzed the expression of COX-2 in LPS stimulated equine leukocytes and showed that 

SB203580 and SB202190, specific inhibitors of p38 MAPK in the pyridinyl imidazole 

family of compounds (Frantz et al., 1998; Young et al., 1997), significantly decreased both 

protein and mRNA expression of this pro-inflammatory enzyme (Eckert et al., 2007).  These 

studies suggest that the p38 MAPK pathway is involved in pro-inflammatory gene expression 

in horses suffering from endotoxemia. 
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In other animal models besides the horse, the importance of the p38 MAPK pathway  

in pro-inflammatory gene expression has been demonstrated (Kotlyarov et al., 1999; Lappas 

et al., 2007; Lee et al., 1994; Lee and Young, 1996; van den Blink et al., 2001; Zhu et al., 

2000).   In one study, researchers deleted one of the downstream targets of p38 MAPK, 

MAPKAP kinase 2 (MK2), in mice and showed that there was a decrease in LPS dependent 

stimulation of TNFα protein expression.  This same group also showed that there was a 

decrease in IL-1β and IL-6 protein levels in these knock out mice when stimulated with LPS 

compared to the wild type control mice (Kotlyarov et al., 1999).  This study indicates that the 

p38 MAPK pathway plays a pivotal role in pro-inflammatory gene expression during 

endotoxemia.  This study also indicates that the p38 MAPK pathway may be a suitable target 

for therapeutics designed for the treatment of endotoxemia and other pro-inflammatory 

diseases.  In vivo and in vitro studies have been performed in human models indicating that 

the use of p38 MAPK inhibitors in the treatment of endotoxemia would be a beneficial 

therapeutic (Branger et al., 2002; Fijen et al., 2001).   

 In the current study, we assessed the role of p38 MAPK in the mRNA expression of 

the pro-inflammatory cytokines TNFα, IL-1β, IL-6 and the pro-inflammatory chemokine IL-

8 in equine peripheral blood leukocytes that have been stimulated with LPS.  We 

hypothesized that mRNA expression of TNFα, IL-1β, IL-6 and IL-8 will be upregulated in 

LPS stimulated equine leukocytes.  We also hypothesized that this increase in expression is 

dependent on the p38 MAPK pathway. We tested these hypotheses by using a quantitative 

real time PCR approach 

 



 209 

2. Materials and Methods 

2.1. Leukocyte Collection 

 Fresh whole blood was collected via the jugular vein from 10 healthy horses.  A 60-cc 

luer tip syringe was pre-coated with Heparin sodium salt (Baxter, Deerfield, IL) and an 18-

gauge polypropylene hub hyperdermic needle (Kendall, Mansfield, MA) was used to collect 

60 mL of blood.  Blood was then transferred to two sterile endotoxin free 50 mL conical 

tubes (Sarstedt, Newton, NC) and blood was allowed to settle for 40 minutes at room 

temperature.  The leukocyte rich plasma (LRP) was then collected and placed into a fresh 

sterile endotoxin free 50 mL conical tube. 

 

2.2. Pretreatment with p38 inhibitors and LPS stimulation 

 Three mL of LRP was added to sterile, endotoxin free 15 mL conical tubes (Sarstedt).  

The LRP was pretreated with 10 μM SB203580 or SB202190 (Invitrogen, Carlsbad, CA) or 

vehicle control (VC), dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO).  In some 

experiments, the LRP was pretreated with 10 μM Dexamethasone (Sigma, St. Louis, MO) or 

VC, ethanol (Fisher Scientific, Pittsburg, PA).  Pretreatment was at 37˚C for 30 minutes.  

LRP was then stimulated for either 2 or 4 hours with 10 ng/ml LPS from E. coli O55: B5 

(Sigma, St. Louis, MO) or phosphate buffered saline (PBS) at 37˚ C.   
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2.3. RNA isolations and complementary DNA (cDNA) synthesis 

After the LPS stimulation, the reaction was stopped by adding 60 μL of 0.5 M 

Ethylenediaminetetraacetic acid (EDTA) (Fisher, St. Louis, MO).  The cell suspension was 

gently mixed and then centrifuged for 8 minutes at 1200 rpm.  The supernatant was then 

aspirated and the cells were resuspended in 500 μL of ice cold sterile PBS and transferred to 

a sterile RNase/DNase free microcentrifuge tube.  The cells were then centrifuged for 5 

minutes at room temperature and at 1500 rpm.   

 Cells were homogenized using the RLT buffer supplied in Qiagen’s RNeasy Protect 

mini kit and QIAshredder™ columns (Qiagen, Valencia, CA).  β-mercaptoethanol was added 

to the RLT buffer, and the RNA isolations were performed according to the kit 

manufacturer’s guidelines.  An RNase-Free DNase Set (Qiagen, Valencia, CA) was used for 

an on column DNase digestion step that was suggested by the manufacturer of the RNeasy 

Protect Mini Kit.  RNA was eluted into 30 μL of RNase/DNase free water (Fisher) and the 

concentration was determined using an Eppendorf BioPhotometer and 

RNase/DNAase/protein-free cuvettes (Eppendorf, Westbury, NY).  Samples were stored at -

80˚C until reverse transcriptase PCR was performed. 

 Complementary DNA (cDNA) synthesis was performed using 1 μg of RNA.  The 

PCR reaction was set up with the appropriate amount of RNase/DNase free water, 2 μL of 10 

mM dNTPs (Applied Biosystems, Foster City, CA), 2 μL of random hexamers (Applied 

Biosystems) and the appropriate amount of RNA to total 30 μL.  The samples were then 

incubated for 10 minutes at 70˚C.  Using Superscript II RT enzyme kit (Invitrogen), a master  
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mix was made.  The volume for one reaction of the master mix is as follows: 10 μL 5X First 

Strand Buffer, 5 μL 0.1 M DTT, 2.5 μL RNase inhibitor (Applied Biosystems) and 2.5 μL 

Superscript II RT.  Twenty μL of the master mix was added to each sample and the  

thermocycling parameters were as follows: 25˚C, 10 minutes; 42˚C, 60 minutes; 42˚C, 60 

minutes; 75˚C, 15 minutes; 4˚C, infinity.  The thermocycler used was MyIQ single color real 

time PCR detection system (Bio-Rad, Hercules, CA).  cDNA was stored at -20°C until 

further use. 

 

2.4. Quantitative Real Time PCR 

 The optimal annealing temperature was determined for each primer pair (IDT, 

Coralville, IA) by the temperature gradient aspect of the MyIQ thermocycler.  A 20X volume 

master mix was made comprising of 124 μL PCR water, 12 μL of 5 μM forward primer, 12 

μL of 5 μM reverse primer, and 252 μL of 2X SYBR Green PCR Master Mix (Applied 

Biosystems).  A separate master mix was made for each primer pair and 1μL of cDNA was 

added to each master mix.  Twenty μL of the master mix/cDNA mixture was added in 

duplicate to the PCR plate and the plate was sealed with an adhesive plastic plate sealer (Bio-

Rad) and placed into the thermocycler.  The thermocycling conditions are as follows: 95˚C 

for 10 minutes, 50 cycles of [95˚C for 15 sec, gradient temperature for 60 sec], 90 cycles 

increasing the temperature 0.5˚C every 0.05 sec starting at 50˚C, and 4˚C for infinity.  The 

temperature gradient was: 65°C, 64.5°C, 63.5°C, 61.4°C, 58.9°C, 57.1°C, 55.8°C and 55°C.  

Refer to table 1 for annealing temperatures used for each primer pair. 
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Quantitative Real Time PCR was performed in triplicate wells by adding 1.2 μL 

cDNA into wells containing a master mix for each of the primers used. TNFα, IL-1β, IL-6, 

IL-8 and GAPDH primer sequences have been published (Bogaert et al., 2006; Garton et al.,  

2002) and are listed in table 1. The primer validation was performed as described (Trivedi 

and Arasu, 2005).  For one reaction, the master mix was as follows: 15 μL of RNase/DNase  

free water, 0.6 μL of 5 μM forward primer, 0.6 μL of 5 μM reverse primer and 12.6 μL of 2X 

SYBR Green Master Mix (Applied Biosystems).   The thermocycling conditions for the real 

time PCR reaction were: 95˚C for 10 minutes, 50 cycles of [95˚C for 15 sec, appropriate 

annealing temperature for 60 sec], 90 cycles increasing the temperature 0.5˚C every 0.05 sec 

starting at 50˚C, and 4˚C for infinity.  The MyIQ single color Real Time PCR Detection 

System Thermocycler was used (Bio-Rad) and each primer pair was assayed on a separate 

plate.  The results were then analyzed using the MyIQ software and the ΔΔCt method of 

analysis.   

 

2.5. Statistical Analysis 

 Statistical analysis was preformed using a paired t-test with p-value (p<0.05) 

considered significant. 
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3. Results 

3.1. p38 MAPK activity is required for LPS induction of TNFα expression  

First, we analyzed the expression of TNFα mRNA after 2 hours of LPS stimulation 

and observed a significant increase in mRNA levels in LPS stimulated equine leukocytes 

compared to PBS alone (Figure 1).  To determine whether p38 MAPK activity was necessary 

for LPS-stimulated increase in TNFα mRNA levels, we pretreated the cells with the specific  

p38 MAPK inhibitors, SB203580 or SB202190 (10 μM of each).  We chose this 

concentration based on the reported potency of each compound in cells from other species as 

well as from our own data demonstrating that 10 μM maximally inhibits LPS-induced  

increase in COX-2 mRNA and protein levels in equine leukocytes (Eckert et al., 2007).  

Inhibition of p38 MAPK with either compound reduced TNFα levels in LPS-stimulated 

equine leukocytes (Figure 1).  However, this reduction was significant only for SB202190 

treatment when compared to LPS-stimulated VC treated cells (Figure 1).  Dexamethasone 

treatment was used as a control for the ability to inhibit LPS-stimulated TNFα mRNA.  As 

expected, dexamethasone treatment significantly reduced TNFα mRNA levels in LPS-

stimulated cells compared to LPS-stimulated VC treated cells (Figure 1).  There was no 

different between the cells treated with PBS alone and the PBS treated cells that were 

pretreated with SB203580, SB202190 or dexamethasone. 
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3.2 LPS induced IL-1β and IL-6 expression is dependent on p38 MAPK signaling  

Next, we analyzed the expression of IL-1β and IL-6 after 4 hours of LPS stimulation  

and observed a significant increase in mRNA levels for both genes in LPS-stimulated equine 

leukocytes compared to PBS alone (Figure 2 and Figure 3).  Pretreatment with both 

SB203580 and SB202190 inhibited the LPS-stimulated increase in IL-1β mRNA levels, but 

this decrease was only significant for SB203580 treatment compared to LPS-stimulated VC 

treated cells (Figure 2).  Pretreatment with both SB202190 and SB203580 also inhibited 

LPS-stimulated elevation in IL-6 mRNA levels, but this decrease was only significant for  

SB202190 compared to VC treated LPS-stimulated cells (Figure 3).  As with TNFα, there 

was no significant difference in IL-1β or IL-6 mRNA levels in cells treated with PBS with or 

without SB203580 or SB202190 pretreatment (Figure 2 and Figure 3, respectively).   

 

3.3 Increased IL-8 chemokine expression is dependent on p38 MAPK signaling in LPS 

stimulated equine leukocytes 

 Finally, we analyzed the expression of IL-8 after 4 hours of LPS stimulation.  We 

observed a significant increase in IL-8 mRNA levels in LPS-stimulated cells when compared 

to PBS alone (Figure 4).  Both SB202190 and SB203580 inhibited LPS-induced IL-8 mRNA 

levels, but this was only significant for SB203580 when compared to LPS-stimulated cells 

treated with VC (Figure 4).  We found no difference in IL-8 mRNA levels in cells treated 

with PBS with or without pretreatment with the p38 MAPK inhibitors. 
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4. Discussion 

 In this study, we investigated the role of the p38 MAPK pathway in pro-inflammatory 

cytokine and chemokine expression in equine leukocytes stimulated with LPS.  The purpose 

of this study was to determine whether p38 MAPK activity was essential for induction of key 

pro-inflammatory genes in LPS-stimulated equine leukocytes.  We used mRNA as a measure 

of gene expression because of the utility of this method to screen for expression of multiple 

genes and because of the strong correlation between mRNA and cellular protein levels for 

these genes.  While mRNA levels may not ultimately be equivalent to the secretion of active  

products, particularly for genes such as TNFα and IL-1β that undergo post-translational 

modifications dictating physiological activity, mRNA is a sensitive indicator of gene 

expression that is suitable for this mechanistic study defining the role for p38 MAPK in the 

upregulation of inflammatory genes in leukocytes stimulated by LPS.   

This study demonstrated that the pro-inflammatory genes, TNFα, IL-1β, IL-6 and IL-

8, are induced in equine leukocytes stimulated with LPS.  Pretreatment with the selective p38 

MAPK inhibitors, SB203580 or SB202190, inhibited the increase in gene expression induced 

by LPS.  However, the ability of each compound to inhibit gene expression was not 

statistically significant for every gene analyzed.  SB203580 significantly inhibited LPS 

induction of IL-1β and IL-8 and SB202190 significantly inhibited LPS induction of TNFα 

and IL-6.  These results suggest that there may be subtle p38 MAPK isoform requirements 

for each set of genes.  It is notable that both SB203580 and SB202190 significantly inhibited  
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the LPS induction of COX-2 expression in equine leukocytes, demonstrating that for some 

genes, at least, both inhibitors are effective (Eckert et al., 2007).   

Other possible explanations for the differential effects of SB203580 and SB202190 

include potential effects on other kinases or differences in potency.  Although both inhibitors 

are relatively specific for p38 MAPK at the concentrations used in this study, they have been 

found to inhibit, albeit less potently, stress-activated protein kinases/c-Jun N-terminal kinases 

(SAPKs/JNKs) leukocyte-specific protein tyrosine kinase (Lck), glycogen synthase kinase 3β 

(GSK3β) and protein kinase B α (PKBα) (Clerk and Sugden, 1998; Davies et al., 2000; Lali 

et al., 2000). The concentrations of both SB203580 and SB202190 used in this study were  

those that maximally inhibit the expression of a number of genes in our system by each 

respective compound.  Further, we found that the pattern of inhibition was different, 

depending on the gene.  Together, these observations argue that differences in potency do not 

a priori explain the differential effects of the compounds in this study.  However, differences  

in potency amongst the various cell types in this mixed leukocyte population remain possible 

if the various cells in our preparation (e.g. neutrophils and monocytes) contribute differently 

to the overall production of each cytokine or chemokine measured here. 

 Our lab and others have demonstrated the involvement of the p38 MAPK pathway in 

production of eicosanoids in endotoxic horses.  These studies indicated that COX-2 

dependent upregulation of prostaglandin E2 is dependent on the p38 MAPK pathway (Brooks 

et al., 2007; Eckert et al., 2007).  This dependency on p38 MAPK lies at the level of 

induction of COX-2 gene expression.  This study demonstrates that p38 MAPK is essential 
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for the upregulation of a panel of key pro-inflammatory genes that are important in the 

pathophysiology of equine endotoxemia.  

The p38 MAPK pathway can regulate gene expression by one of two mechanisms, 

activation of transcription and stabilization of mRNA transcripts (Ono and Han, 2000).  

Messenger RNA transcripts that contain an ARE region, consisting of multiple copies of the 

overlapping AUUUA motif, are destabilized by deadenylation (Dean et al., 1999; Dean et al., 

2003; Xu et al., 1997).  Activation of the p38 MAPK pathway leads to inhibition of ARE 

induced mRNA destabilization, thus stabilizing the mRNA transcript and increasing the 

levels (Lasa et al., 2000; Winzen et al., 1999).  The p38 MAPK pathway is involved in  

stabilization of multiple pro-inflammatory genes that contain ARE sequences, including 

COX-2, IL-6, TNFα, IL-1β and IL-8 (Dean et al., 1999; Dean et al., 2003; Lasa et al., 2000; 

Miyazawa et al., 1998).       

Our studies suggest that p38 inhibitors may be an effective treatment for equine  

patients with endotoxemia that have a high risk for developing laminitis.  In this study, we 

pretreated equine leukocytes with the p38 MAPK inhibitors prior to LPS stimulation.  While 

this pretreatment protocol is not clinically relevant since treatment of endotoxemia in patients 

is usually initiated when clinical signs appear after the onset of LPS-stimulated gene 

expression has already occurred, our results provide proof of principle that inhibition of p38 

may be a viable therapeutic strategy for treating systemic inflammation associated with 

endotoxemia in equine patients. Further support for this strategy is provided by studies in 

endotoxic rodents where pharmacological inhibition of the p38 MAPK pathway decreases 
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TNFα levels in myocardial tissue (Peng et al., 2003) and decreases TNFα protein levels in 

plasma (Badger et al., 1996; Underwood et al., 2000).  Moreover, two human studies in  

which p38 MAPK inhibitors, BIRB 796 BS (Branger et al., 2002) and RWJ-67657 (Fijen et 

al., 2001), were given orally to healthy human patients before intravenous injection of LPS.  

Both of these studies reported a decrease in the clinical symptoms associated with 

endotoxemia in patients who received the oral p38 MAPK inhibitors in comparison to 

patients who received placebo.  These studies also demonstrated that these p38 MAPK 

inhibitors decrease the protein concentrations of TNFα, IL-6 and IL-8 in human plasma 

(Branger et al., 2002; Fijen et al., 2001).   

Our current study, along with the human data, indicates the importance of the p38 

MAPK pathway in pro-inflammatory cytokine production during endotoxemia.  The human 

studies support the potential therapeutic benefit of p38 MAPK pathway inhibitors for the  

treatment of horses suffering from endotoxemia.  Moreover, our results suggest that p38 

MAPK inhibitors may reduce the induction of inflammatory gene expression in other tissues, 

such as the hoof lamina where several inflammatory genes are increased during laminitis 

(Belknap et al., 2007; Fontaine et al., 2001; Rodgerson et al., 2001; Waguespack et al., 

2004).  However, the effects of p38 MAPK inhibitor treatment on the equine lamina in 

horses with or without endotoxemia must be examined.  It is notable that inhibition of p38 

MAPK adversely affects mucosal repair in a model of intestinal ischemia (Shifflett et al., 

2004).  Thus, it remains to be determined whether unwanted tissue affects will limit the 

usefulness of p38 MAPK inhibitors in practice. 
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Table 1.  Primer sequences and annealing temperature used for quantitative real time 
PCR experiments. 
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Figure 1.  LPS induces a p38 MAPK dependent increase in TNFα mRNA expression.  
Equine peripheral blood leukocytes were pretreated with 10 μM SB203580 (203), 10 μM 
SB202190 (202) or 10 μM Dexamethasone (DEX) for 30 minutes at 37°C.  Leukocytes were 
then stimulated with 10 ng/ml LPS for 2 hours at 37°C and mRNA was subsequently 
isolated.  The mRNA was then synthesized into cDNA, which was then used in quantitative 
real time PCR with equine GAPDH as the housekeeping gene.  Data points are mean 
(±S.E.M) of 7 horses, normalized to the PBS (vehicle control) sample.  The asterisk denotes 
that upon LPS stimulation, there was a significant increase in TNFα mRNA expression 
relative to PBS treated samples (p<0.05).  The pound sign indicates a significant decrease in 
TNFα mRNA expression in SB202190 and DEX pretreated samples relative to LPS 
stimulation alone (p<0.05).   
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Figure 2.  Equine peripheral blood leukocytes stimulated with LPS express IL-1β 
mRNA and this expression is inhibited by the p38 MAPK inhibitor SB203580.  
Peripheral blood leukocytes were pretreated with 10 μM SB203580 (203) or 10 μM 
SB202190 (202) for 30 minutes and then stimulated for 4 hours with 10 ng/ml LPS all at 
37˚C.  Quantitative real time PCR was performed on mRNA isolated from the samples using 
GAPDH as the housekeeping gene.  Data points represent the mean (±S.E.M.) of 6 horses, 
normalized to the PBS sample.  The asterisk denotes a significant increase in IL-1β mRNA 
expression LPS stimulated leukocytes relative to PBS treatment (p<0.05).  The pound sign 
denotes a significant decrease in IL-1β mRNA expression in SB203580 pretreated samples 
stimulated with LPS relative to LPS stimulated samples without pretreatment (p<0.05). 
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Figure 3. The p38 MAPK inhibitor SB202190 significantly decreases LPS-induced IL-6 
mRNA expression in equine peripheral blood leukocytes.  Leukocytes were pretreated 
with 10 μM SB203580 (203) or 10 μM SB202190 (202) for 30 minutes at 37°C.  Leukocytes 
were then stimulated with 10 ng/ml LPS for 4 hours at 37°C and quantitative real time PCR 
was performed on mRNA isolated from the samples with GAPDH as the housekeeping gene.  
Data points represent the mean (±S.E.M.) of 8 horses, normalized to the PBS sample.  The 
asterisk denotes a significant increase in IL-6 mRNA expression in LPS stimulated samples 
relative to PBS treated samples (p<0.05).  The pound sign denotes significant decrease in IL-
6 mRNA expression in SB202190 pretreated samples stimulated with LPS relative to LPS 
stimulated samples without pretreatment (p<0.05). 
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Figure 4. LPS stimulation induces the expression of IL-8 mRNA in equine peripheral 
blood leukocytes and this expression is inhibited by the p38 MAPK inhibitor SB203580.  
Peripheral blood leukocytes were pretreated with 10 μM SB203580 (203) or 10 μM 
SB202190 (202) for 30 minutes at 37̊C and then stimulated for 4 hours with 10 ng/ml LPS.  
Quantitative real time PCR was performed on mRNA isolated from the leukocytes and 
GAPDH was used as the housekeeping gene.  Data points represent the mean (±S.E.M.) of 7 
horses, normalized to the PBS sample.  The asterisk indicates a significant increase in IL-8 
mRNA expression in LPS stimulated leukocytes relative to PBS control (p<0.05).  The 
pound sign indicates a significant decrease in IL-8 mRNA expression in SB203580 
pretreated samples with LPS stimulation relative to LPS stimulation without pretreatment 
(p<0.05). 
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