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Figure 38. !!N-MYO1-enhanced membrane protrusions are not dependent on 
myosin-mediated focal adhesion maturation. Mock- and !N-MYO1-transduced PC3 
cells were starved overnight followed by FBS stimulation in the presence of 5 µM (A) or 
75 µM (B) blebbistatin for an hour and immunostained with phalloidin (red), anti-myc 
(green), and anti-phosphorylated paxillin (blue) antibodies. (A) At low myosin activity, 
myopodin colocalized with the actin structures along the leading cell edge (arrow), with 
actin bundles perpendicular to the leading edge (arrowhead), and actin bundles in the cell 
body. The 8.4 µm x 10 µm areas indicated in the images are magnified 250% in the 
insets. Scale bar=10 µm. (B) At near complete suppression of myosin activity, myopodin 
colocalized with parallel actin bundles within lamella (arrow) and filopodia (inset). A cell 
with low myopodin expression level also lacked extensive membrane protrusions 
(arrowhead). The 17.8 µm x 6.8 µm areas indicated in the images are magnified 250% in 
the insets.  Scale bar=10 µm. 
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Figure 39. !!N-MYO1 colocalizes with actin structures in the lamellipodium and 
dorsal stress fibers prior to prominent actin bundle formation in the cell body.
Mock- and !N-MYO1-expressing PC3 cells were synchronized with serum-free media 
overnight and stimulated with FBS for 15 min, the timepoint before actin bundles in the 
cell body and membrane protrusions became prominent. Transduced cells were 
immunostained with phalloidin (red) and anti-myc (green) antibody. Myopodin 
colocalized with the actin structures within the actin-rich lamellipodium and the 
lamellum (arrows). The 8.1 µm x 4 µm areas indicated in the images are magnified 250% 
in the insets. Scale bar=10 µm. 
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Figure 40. Live imaging analysis of !N-MYO1-stimulated filopodia and 
lamellipodia formation. Spinning disk confocal microscopic analysis of the dynamic 
interaction between myopodin and the actin cytoskeleton using GFP-tagged !N-MYO1 
(green) and PC3 cells stably expressing LifeAct-RFP (red), a marker of F-actin filaments. 
After transfecting myopodin into PC3 cells, cells were starved overnight. Four cells were 
imaged, two of which expressed myopodin and the other two were either untransfected or 
low myopodin expressors. The time post-FBS addition is indicated above each frame. 
After prominent actin bundles were formed in the cell body (45 min post-FBS addition), 
10 µM blebbistatin was added. The dynamics between myopodin and the actin 
cytoskeleton were imaged for another 40 min. Several areas of myopodin-induced 
filopodia and lamellipodia formation are also indicated (arrows; white box). The 
formation of filopodia and lamellipodia at the cell periphery are magnified 250% in the 
insets. Notably, the LifeAct-RFP is not as photostable as GFP and therefore RFP signals 
diminished at the later timepoints. Scale bar= 10 µm. 
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Figure 41. Myopodin promotes membrane protrusions in C2C12 myoblasts and in
3D culture. (A) Control vector and murine MYO1 homologues were stably expressed in 
C2C12 myoblasts. Myopodin localization and actin cytoskeleton structures were 
visualized using anti-myc (green) and phalloidin staining (red), respectively. Myopodin 
was stained strongly along the leading edge (arrow). (B) Mock- and !N-MYO1-
expressing cells were cultured under 5.0 mg/ml three-dimensional matrigel matrix. 
Transduced cells were stained with phalloidin (red) and imaged with confocal 
microscopy. Scale bar= 10µm. 
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CHAPTER 6: CONCLUSIONS 
 

 Myopodin was discovered as an invasive cancer biomarker more than a decade 

ago, but only a handful of studies have examined how myopodin affects cancer cell 

metastasis. This project was very challenging in the beginning because of controversial 

and inconsistent results in the literature on the role of myopodin in cancer cell metastasis, 

and the subsequent emergence of multiple splicing variants of myopodin. My initial goals 

were to try to reconcile the contradictory data on whether myopodin is a tumour promoter 

or tumour suppressor, and to investigate whether different myopodin isoforms exert 

different effects on prostate cancer cell migration and invasion.  

In Chapter 3, my studies with two different chemoattractants demonstrated that 

myopodin can both increase or decrease cell migration in response to different stimuli, 

suggesting myopodin may have diverse effects on cell migration in the complex signaling 

milieu of a tumor microeonvironment. I further showed that all myopodin isoforms exert 

similar affects on cancer cell migration with only modest direct affects on cell invasion. I 

subsequently determined that myopodin isoforms differentially affect actin cytoskeleton 

dynamics. Interestingly, although all myopodin isoforms confer a promigratory 

phenotype to PC3 cells in response to FBS stimulation, they induce biochemically and 

morphologically distinct actin structures within PC3 cells, and the formation of these 

different structures directly correlated with the enhanced chemokinetic activity of PC3. 

These are the first studies to document the effects of myopodin on actin cytoskeleton 

rearrangement in vivo and the relationship between myopodin-regulated actin dynamics 

and enhanced cell migration. 

Based on my discoveries of the differential response of PC3 cells to different 

migration stimuli and the involvement of myopodin in actin cytoskeleton remodeling, I 

decided to investigate the nature of the signaling pathways involved in these processes. 

My results in Chapter 4 indicate that $N-MYO1 promotes cell migration in response to 

FBS via the RhoA/ROCK signaling pathway, the pathway that regulates actin bundle 

formation in the cell body. I further showed that myopodin promotes actin bundle 

formation and rescued a PC3 tail retracton defect in a ROCK-dependent manner. Since 

ROCK inhibition abrogated myopodin-induced actin bundle formation while only 

partially inhibiting myopodin-stimulated cell migration, the induced actin bundles are 
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likely not the only factor that contributes to PC3 chemokinetic activity. Myosin is the 

most studied downstream effector of the RhoA/ROCK signaling pathway, but 

pharmacological inhibition and shRNA knockdown of NM II activity had no affect on 

myopodin-stimulated cell migration.  Therefore, although myopodin-induced formation 

of actin bundles is somehow linked to the pro-migratory phenotype of myopodin, the 

mechanism behind this phenotype is not linked to the levels of NM II activity in cells. 

Although the most obvious change in the cytoskeleton I observed in PC3 cells 

expressing myopodin was the appearance of large actin bundles in the cell body, I also 

noted what appeared to be an increase in actin-rich protrusions at the cell periphery. I 

therefore decided to investigate in more detail the mechanisms responsible for formation 

of these spatially and structurally distinct actin structures. My results in Chapter 5 

indicate that myopodin functions at the cell periphery to promote formation of Arp2/3 

complex-dependent membrane protrusions and affects FA dynamics. When Arp2/3 

complex activity was inhibited, the myopodin-induced formation of smaller membrane 

protrusions containing parallel actin bundles became apparent. Neither type of myopodin-

induced membrane protrusion was affected by inhibiting NM II activity, although FA 

maturation was decreased. Timecourse studies and live imaging further revealed that the 

myopodin-induced actin structures at the cell periphery are subsequently integrated into 

stress fibers in the lamellum in an NM II-dependent manner. These studies revealed for 

the first time that myopodin can promote membrane protrusions via its effects on actin 

dynamics at the cell periphery. 

Based on all of my results, I developed a working model of how myopodin 

promotes PC3 cell migration in response to FBS stimulation (Fig. 42). This model 

explains how decreased myosin activity can lead to prominent membrane protrusions but 

has no effect on myopodin-stimulated cell migration, and suggests that myopodin 

promotes PC3 chemokinetic activity by enhancing membrane protrusions. The model 

also integrates the formation of membrane protrusions at the leading edge with the 

appearance of actin bundles in the cell body and the ability of myopodin to promote tail 

retraction.  

In the absence of FBS, PC3 cells expressing myopodin have low levels of RhoA-

GTP, no stress fibers, and myopodin is distributed throughout the cell. FBS stimulation 
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activates the function of myopodin in actin cytoskeleton remodeling. Since fesselin has 

been shown to promote actin polymerization (Pham and Chalovich, 2006; Schroeter and 

Chalovich, 2004), myopodin may similarly promote actin polymerization at the leading 

edge resulting in increased numbers of branched and/or parallel actin filaments. Fesselin 

has also been shown to crosslink actin, and a similar crosslinking activity by human 

myopodin would lead to actin bundle formation at the leading edge.  Membrane tension 

would result in the retrograde flow of these polymerizing filaments and actin bundles. 

However, actin polymerization in lamellipodia is a signal for the formation of nascent 

adhesions and actin crosslinking activity is a signal for FA maturation and stabilization 

(Oakes et al., 2012). My results are consistent with this viewpoint, since myopodin-

expressing cells showed increased membrane protrusions and increased numbers of 

nascent FAs or focal complexes that matured into FAs over time (Figs. 38 and 39). 

Formation and maturation of these nascent adhesions and their interaction with the 

pointed ends of the growing actin filaments would provide a traction point, allowing the 

growing actin filaments to initiate membrane protrusions. Thus, multiple roles of 

myopodin may contribute to membrane protrusions at the leading edge, directly by 

increasing actin polymerization and crosslinking and indirectly by enhancing FA 

formation and stabilization.  

At later timepoints post-FBS stimulation, myopodin-induced actin bundles appear 

at the lamellipodium-lamellum boundary in association with FAs (Fig. 42B). Within the 

lamellum, NM II constantly recruits actin filaments from the leading edge in toward the 

cell body. The increased numbers of actin filaments or bundles generated by myopodin at 

the leading edge would therefore result in increased stress fiber formation. Since 

myopodin is associated with the actin filaments at the leading edge by its binding and/or 

crosslinking activity, the recruitment of actin bundles by myosin contraction would also 

recruit myopodin into the lamellum. Live cell imaging results are consistent with this 

model, since I found that the actin bundles in the cell body are derived from the cell 

periphery (Fig. 41). 

Eventually, large actin bundles and stress fibers with associated myopodin appear 

and concentrate in the cell body, either by continued NM II-dependent retrograde flow or 

as the cell moves forward (Fig. 42C). The relevance of these bundles in the cell body to 
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the myopodin-enhanced migration phenotype is still unclear. Inhibiting NM II activity 

with low doses of blebbistatin did not reduce the stimulatory effect of myopodin on cell 

migration, but it also did not inhibit the formation of actin bundles in the cell body (Fig. 

40A). Longer timecourses are needed to see if the typical actin bundles and stress fibers 

in the cell body were also formed under these conditions. High doses of blebbistatin did 

inhibit actin bundle formation in the cell body (Fig. 40B), but these doses were not 

assessed for their effects on cell migration and it is likely that such doses would eliminate 

inherent PC3 cell migration, confounding analysis of the pro-migratory role of myopodin. 

The formation of myopodin-induced actin bundles in the cell body also correlates with 

the ability of myopodin to suppress a tail retraction defect in PC3 cells evident under 

serum-starvation conditions (Fig. 30A). However, myopodin does not promote cell 

migration under these conditions (Fig. 10A). In contrast, ROCK inhibitor does suppress, 

at least partially, the pro-migratory phenotype of myopodin-expressing cells (Fig. 26C) 

and this coincides with a loss of actin bundles in the cell body (Fig. 31B) and a loss of 

myopodin-induced tail retraction (Fig. 31). Whether these three events are functionally 

related is still unclear.  

This working model also provides a possible explanation for the apparent NM II-

independent manner in which myopodin promotes cell migration. Cells need myosin 

contraction to move but the pro-migratory phenotype of myopodin-expressing cells is 

unaffected by inhibiting NM II activity. The fact the PC3 cells still migrate, albeit at 

reduced levels, when NM II was inhibited by low doses of blebbistatin, by ML-7 

treatment to inhibit MLCK-mediated phosphorylation of NM II RLCs, or by shRNA 

knockdown of NM II (Figs. 28 and 29) implies cells retained some low level of 

functional NM II. It therefore seems likely that myopodin functions upstream of NM II, 

presumably by promoting membrane protrusions at the leading edge. If this is true, then 

we must assume that the rate-limiting event in PC3 cell migration is not the level of NM 

II activity in cells but the rate or extent of actin filament and bundle formation at the 

leading edge. 

It remains unclear how, exactly, myopodin promotes actin polymerization. 

Several classes of actin nucleators have been discovered, including Arp2/3 complexes, 

formins, and Spire (Campellone and Welch, 2010). All of these actin nucleators promote 
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actin polymerization by enhancing actin nucleus formation. In vitro biochemical studies 

revealed that fesselin can also accelerate actin polymerization by ~50-fold, eliminating 

the actin nucleation lag phase of actin assembly and enhancing the rate of actin 

elongation (Beall and Chalovich, 2001). This data suggested a potential role for 

myopodin in actin nucleation. However, no detailed molecular and structural studies on 

myopodin have been conducted to examine the mechanism of myopodin-stimulated actin 

polymerization. Formin homodimers can form a ring structure to encircle actin monomers 

(Xu et al., 2004) and Spire has several G-actin binding WH2 domains next to one another 

(Quinlan et al., 2005) to promote actin nucleation. A motif scan of myopodin revealed no 

typical WH2 domains and previous studies showed that the actin-binding site of 

myopodin does not have a typical actin-binding motif (Weins et al., 2001). Therefore, it 

remains to be determined if myopodin possesses non-canonical actin monomer binding 

sites or forms higher order structures to bring actin monomers into close proximity. 

Additional in vitro studies of the actin polymerization activity of human myopodin and 

further definition of the G-actin binding sites in myopodin might be useful for analyzing 

myopodin function in membrane protrusion formation. 

The predicted disordered structure of myopodin (Khaymina et al., 2007) 

presumably facilitates interaction with numerous protein partners and suggests that 

myopodin is a multi-functional protein. In addition to polymerization, it seems likely that 

myopodin also affects actin bundling. Actin crosslinkers play an important role in actin 

cytoskeleton organization. For instance, actin bundles are crosslinked by fascin into tight, 

stiff bundles, allowing actin bundles to create membrane protrusions (Nakamura et al., 

2011). In vitro biochemical studies revealed that myopodin can also bundle actin 

filaments (Linnemann et al., 2012). Indeed, what appeared to be crosslinked actin bundles 

associated with myopodin along their length were frequently found in filopodia when 

myosin activity was inhibited (Figs 38 & 40). This data suggested that myopodin might 

strengthen actin bundle stiffness and thereby promote membrane protrusions. The 

presence of crosslinked actin bundles is also important for growth and stabilization of 

FAs (Choi et al., 2008; Oakes et al., 2012), which can promote membrane protrusions 

(Alexandrova et al., 2008). Alpha-actinin is the only actin crosslinker currently known 

that is indispensible for the growth of nascent FA (Choi et al., 2008). Myopodin 
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colocalizes with actin bundles perpendicular to the leading edge, its presence induces FA 

formation (Figs. 38 and 39), and it interacts with focal adhesion-associated proteins (e.g. 

ILK) (Yu and Luo, 2011), suggesting myopodin may be another actin crosslinker that 

promotes focal adhesion formation and membrane protrusions. Photobleaching analysis 

and living imaging of FA dynamics may provide further insights into the direct or 

indirect effects of myopodin on FA formation and disassembly.  

Many proteins involved in actin assembly are multifunctional proteins and their 

functions are regulated by the presence of other proteins or buffer conditions. For 

instance, the effect of Ena/VASP on actin assembly varies under different ionic strength 

conditions. Under low ionic strength, Ena/VASP functions as an anti-capping protein and 

a processive actin polymerase (Hansen and Mullins, 2010). However, this function 

requires the presence of profilin at higher ionic strength buffer. Similarly, the actin 

polymerization activity of fesselin is inhibited by #-actinin and calcium-bound 

calmodulin. Furthermore, calcium-bound calmodulin inhibits myopodin binding to G-

actin but not F-actin, suggesting that the actin polymerizing and F-actin binding activities 

of myopodin are regulated independently (Pham and Chalovich, 2006; Schroeter and 

Chalovich, 2004). At this point, it is not possible to conclude whether myopodin 

functions to promote actin polymerization and/or actin crosslinking, two activities that 

may be spatially or temporally regulated by its surrounding context. Myopodin mutants 

defective in either of these functions would be very helpful to resolve the contribution of 

these two potential activities to membrane protrusions and cell migration. 

Although it is well accepted that Arp2/3 complexes nucleate the branched actin 

network within lamellipodia, the genesis of filopodia remains controversial. Some believe 

that Arp2/3 complex-nucleated actin filaments converge to form parallel actin bundles for 

filopodia formation, while others suggest that filopodia are nucleated de novo by formins 

(Yang and Svitkina, 2011).  The supporting evidence for de novo nucleation of filopodia 

is that filopodia remain evident in Arp2/3-depleted cells (Steffen et al., 2006). Myopodin-

expressing cells exhibited substantial membrane protrusions but inhibiting Arp2/3 

complex formation with CK666 impaired, but did not eliminate, myopodin-stimulated 

protrusions (Fig. 35). These results imply that Arp2/3-nucleated actin networks are 

involved in, but are not necessary for, myopodin-induced membrane protrusion 
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formation. However, two alternate possibilities can also explain the formation of 

membrane protrusions at low levels of Arp2/3. First, it is possible that 20 µM CK666 

does not completely eliminate Arp2/3 activity and that the residual Arp2/3 complexes 

nucleate actin filaments to promote formation of small protrusions. Second, it is possible 

that other unidentified actin-polymerizing factors, besides Arp2/3 complexes, can 

promote actin nucleation; myopodin could be one such factor. This could also provide an 

explanation for why filopodia can be formed in Arp2/3-depleted cells.  

Most of my project focused on the positive role of myopodin on cell migration 

following FBS stimulation as these conditions confered a striking and consistent 

phenotype. Importantly, studies of myopodin under FBS conditions provided several new 

insights into how myopodin can regulate cell migration under distinct environmental 

conditions and in different cell lines. First, I discovered that myopodin could 

differentially regulate RhoA activation in the presence of different migration stimuli (Fig. 

24A). Second, I was able to show that myopodin isoforms are able to differentially 

remodel the actin cytoskeleton within PC3 cells, DU145 cells, and BPH-1 cells (Fig. 21). 

Third, my results indicate that !N-MYO1 is able to promote membrane protrusions in 

PC3 cells in three-dimensional or two-dimensional culture conditions and also within 

C2C12 myoblast cells (Fig. 41). The FBS stimulation model therefore provided a useful 

system to study myopodin function in actin cytoskeleton dynamics.  

I recognize that there are several limitations in extrapolating my results to an 

explanation of how myopodin affects prostate cance cell invasion. For example, it is 

unlikely that FBS stimulation mimics the complex signaling environment found in a 

tumour microenvironment. Analysis of a single cell type in isolation and in two-

dimensional cell culture also does not reflect the complex intracellular interactions that 

occur between multiple cell types in the three-dimensional tissue environment. However, 

the first two caveats are the limitations of almost all cell culture approaches, and my 

preliminary 3D analysis in matrigel confirmed that myopodin has profound effects on the 

formation of cellular protrusions (Fig. 41). Perhaps the greatest restriction to 

extrapolating my results to the in vivo situation is the reliance of my studies on ectopic, 

overexpression of myopodin. However, siRNA knockdown of endogenous myopodin 

isoforms in PC3 cells showed reduced cell migration in response to FBS stimulation (De 
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Ganck et al., 2009), consistent with my results showing that ectopic expression of 

myoposin increases PC3 cell migration under the same stimulus. Future studies might 

want to exploit the Tet-inducible expression system to control and synchronize the levels 

of myopodin expression (Loew et al., 2010). 

My PhD project obtained a macroscopic view of myopodin-stimulated cell 

migration mechanisms. I also investigated the signaling pathways regulated by 

myopodin, focusing on the Rho GTPase pathways. In conclusion, I would like to present 

some additional analysis I conducted using high throughput screening to examine the 

effects of myopodin expression on several pathways and proteins involved in regulating 

cytoskeleton dynamics. I conducted a phosphorylation antibody microarray screen to 

identify potential signaling pathways regulated by myopodin. Since I determined that 

myopodin affects actin dynamics, I selected an antibody microarray that includes 141 

phospho-specific antibodies that recognize proteins involved in actin cytoskeleton 

rearrangement. The screen identified several interesting targets (Fig. 43A) and the hits 

that showed the same trend within two out of three independent experiments, although 

the extent varied, are listed in Figs. 43B and 43C. 

Interestingly, the endogenous level of several key proteins involved in regulating 

cytoskeleton dynamics was significantly elevated in myopodin-expressing compared to 

mock-transduced cells (Fig. 43B). These proteins were ezrin, focal adhesion kinase 

(FAK), LIM kinase (LIMK1/2), MEK1, Src, and VASP (Fig. 43B). After normalization 

to the total protein amount, the phosphorylation levels of several additional signaling 

proteins were also either upregulated (positive value) or downregulated (negative value) 

in myopodin-expressing cells (Fig. 43C). These proteins included proteins involved in 

actin assembly (VASP, WAVE1, LIMK), focal adhesion-associated proteins (FAK, Src), 

Rho GTPase signaling pathways (GAP and Rho/Rac GEF-2), and membrane-associated 

proteins (ezrin, PI3K). VASP can function as an anti-capping protein or an actin 

polymerase, depending on the conditions (Hansen and Mullins, 2010). Increased VASP 

levels could facilitate actin polymerization under FBS conditions by its anti-capping or 

actin polymerization activity. However, phosphorylation of VASP at Ser157 has no effect 

on its recruitment to focal adhesions, oligomerization, or interaction with profilin but 

attenuates VASP’s ability to polymerize actin and interact with actin filaments (Harbeck 
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et al., 2000).  Why increased VASP levels but also increased VASP phosphorylation 

might help myopodin effect changes actin cytoskeleton rearrangement and cell migration 

needs to be investigated. It is possible that the increase in the total amount of VASP 

facilitates actin polymerization.  

Another hit, WAVE1, is one of the NPFs that promote Arp2/3 actin nucleation 

activity (Machesky et al., 1999). WAVE1 is inhibited by a multiprotein complex 

composed of Nap1/Nap125, Sra-1/Pir21, HSPC300, and Abi (Steffen et al., 2004). 

Phosphorylation of WAVE1 at Tyr125 by Src does not release WAVE1 from the 

inhibitory complex but it does enhance WAVE1-inhibitory complex binding of Arp2/3 

complexes, thereby suppressing Arp2/3-mediated stress fiber formation (Ardern et al., 

2006). It is therefore possible that the robust effect of myopodin at the leading edge turns 

off other alternative pathways that promote actin assembly.  

Myopodin promotes activation of RhoA GTPase in PC3 cells (Fig. 24A), so it 

was interesting to see an enhanced phosphorylation level of Rho/Rac guanine nucleotide 

exchange factor-2 (GEF-2) in the Full Moon screen. GEF-2 increases GTP-bound 

GTPase levels. Rho/Rac GEF2 is commonly known as GEF-H1, which is a microtubule-

localized GEF. Interaction between microtubules and GEF-H1 inhibits its guanine 

nucleotide exchange function. When GEF-H1 dissociates from microtubules, the 

exchange factor can lead to RhoA activation and stress fiber formation (Krendel et al., 

2002). The p21-activated kinase-1 (PAK), which is activated by Cdc42 or Rac1, 

phosphorylates GEF-H1 at Ser885, leads to increased binding of 14-3-3 to GEF-H1 and 

therefore relocates 14-3-3 to microtubules (Zenke et al., 2004). Interestingly, 14-3-3 also 

interacts with murine myopodin, suggesting a potential link between the upregulation of 

GEF-H1 phosphorylation levels and myopodin-stimulated cell migration. One possiblity 

is that the interaction between myopodin, 14-3-3 and phosphorylated GEF-H1 dissociates 

GEF-H1 from microtubules. GEF-H1 would then be free to activate RhoA within 

myopodin-transduced cells.  

Another hit in the Full Moon screen was GTPase activation protein (GAP), which 

promotes hydrolysis of GTP to GDP by GTPases. GAP is phosphorylated at Ser387 by 

Aurora B, which activates its latent GAP activity that is important for cytokinesis. 

(Minoshima et al., 2003). However, no studies have examined the effect of GAP 
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phosphorylation on cell migration. Since the phosphorylation level of GAP at Ser387 

within myopodin-expressing cells was lower than mock-transduced cells, it is possible 

that myopodin suppresses GAP phosphorylation levels and therefore maintains a high 

Rho-GTP level. 

The effect of myopodin on the formation of nascent adhesions and nascent 

complexes was also evident in the Full Moon screen. Phosphorylation levels of focal 

adhesion kinase (FAK) were decreased. FAK is one of the earliest FA proteins recruited 

to the nascent adhesions. FAK is autophosphorylated at Tyr397 upon integrin clustering, 

and this autophosphorylation promotes its kinase activity, allowing Src binding and 

p130Cas activation that can modulate the activity of multiple GEFs and therefore affect 

Rho GTPase activity (Fonseca et al., 2004; Roca-Cusachs et al., 2012).  

Some of the hits from the Full Moon screen may well be spurious. For example, 

according to the Full Moon screen, the total amount of LIMK was increased while the 

phosphorylation levels were slightly decreased in myopodin-expressing cells. However, 

my results did not confirm this hit; LIMK phosphorylation levels were not decreased 

when assessed by phospho-specific western blotting (Fig. 32). Thus, thorough and careful 

validation of the phosphorylation screen to rule out false positive results is necessary and 

determining the relevance of any of these hits requires further investigation. 

 In summary, downregulation of myopodin gene expression is frequently found in 

diverse invasive cancers, suggesting myopodin plays a critical role in cancer metastasis. 

My current studies demonstrated that myopodin has a robust effect on cell migration in 

response to FBS stimulation, providing a reproducible and consistent system to examine 

the effects of myopodin on actin cytoskeleton dynamics and cell migration. More 

importantly, my project highlights that the complexities of signaling factors in the tumor 

microenvironment need to be considered when evaluating how myopodin loss might 

correlate with invasive tumour development.  
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Figure 42. Model of myopodin-stimulated PC3 cell migration. (A) At the early stage 
of FBS stimulation, myopodin promotes the formation of actin bundles at the leading cell 
edge, presumably by increasing the rate of actin polymerization and/or actin crosslinking 
activity. The enhanced actin dynamics and bundle formation within the lamellipodium 
allows the formation and growth of nascent adhesions and prevents the disassembly of 
FAs. Mature FAs can then convert the retrograde flow of F-actin into forward 
protrusions. (B) While membrane protrusions advance (>15 min post-FBS addition), the 
actin filaments end up in the lamellum, the region that has abundant myosin. Myosin can 
pull on the actin bundles and integrates the actin network from the cell front in toward the 
cell body. At the same time, myosin promotes the growth of FAs. Notably, the effect of 
myopodin is within the leading edge illustrated in panel (A), and therefore inhibition of 
myosin has no effect on myopodin-stimulated cell migration but enhances membrane 
protrusions. (C) Myopodin-crosslinked actin bundles eventually end up in the cell body 
as the cell advances.  As myopodin and myosin competitively bind to actin filaments, the 
enrichment of myopodin on actin bundles outcompetes the binding of myosin, leading to 
the formation of actin bundles that are devoid of myosin.  The actin bundles in the cell 
body can subsequently rescue the tail retraction defect of PC3 cells in RhoA/ROCK-
dependent manner. FAs with different size and shade of blue are indicated in the figure 
legend. 
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Figure 43. Identification of potential signaling pathways regulated by !!N-MYO1. 
(A) Cell lysates of mock- and !N-MYO1-expressing PC3 cells were collected and the 
protein levels were analyzed using Full Moon Cytoskeleton Phosphorylation Microarray 
slides as described in Materials and Methods. Representative images of microarray 
results from mock- (left) and myopodin-expressing cells (right) are shown. Each antibody 
has six replicate dots, and the top left and bottom right lanes on each slide are the positive 
controls. Total protein levels (B) or the phosphorylated protein levels (C) upregulated or 
downregulated in myopodin-expressing cells are listed. Only results that were consistent 
from two out of three independent experiments are listed. These results were 
quantitatively analyzed by Full Moon Biosystem, Inc. Signal fold change of total protein 
amount was calculated from the equation = (protein levels in myopodin-expressing cells 
– proteins levels in mock-transduced cells)/protein levels in mock-transduced cells. (C) 
Ratio of phosphorylated over non-phosphorylated proteins was analyzed and the ratio 
difference between mock- and !N-MYO1-expressing cells is listed. Positive and negative 
values indicate an increase or a decrease in total protein levels or phosphorylation levels 
in myopodin-expressing cells, respectively. 



 

 175 

 

BIBLIOGRAPHY 
 

Abercrombie, M., J.E. Heaysman, and S.M. Pegrum. 1970. The locomotion of fibroblasts 
in culture. II. "RRuffling". Experimental cell research. 60:437-444. 

Alberts, B., J.H. Wilson, and T. Hunt. 2008. Molecular biology of the cell. Garland 
Science, New York. xxxiii, 1601, 1690 p. pp. 

Alexandrova, A.Y., K. Arnold, S. Schaub, J.M. Vasiliev, J.J. Meister, A.D. Bershadsky, 
and A.B. Verkhovsky. 2008. Comparative dynamics of retrograde actin flow and focal 
adhesions: formation of nascent adhesions triggers transition from fast to slow flow. PloS 
one. 3:e3234. 

Alvarez-Mugica, M., V. Cebrian, J.M. Fernandez-Gomez, F. Fresno, S. Escaf, and M. 
Sanchez-Carbayo. Myopodin methylation is associated with clinical outcome in patients 
with T1G3 bladder cancer. J Urol. 184:1507-1513. 

Amann, K.J., and T.D. Pollard. 2001. Direct real-time observation of actin filament 
branching mediated by Arp2/3 complex using total internal reflection fluorescence 
microscopy. Proceedings of the National Academy of Sciences of the United States of 
America. 98:15009-15013. 

Anderson, T.W., A.N. Vaughan, and L.P. Cramer. 2008. Retrograde flow and myosin II 
activity within the leading cell edge deliver F-actin to the lamella to seed the formation of 
graded polarity actomyosin II filament bundles in migrating fibroblasts. Molecular 
biology of the cell. 19:5006-5018. 

Applewhite, D.A., M. Barzik, S. Kojima, T.M. Svitkina, F.B. Gertler, and G.G. Borisy. 
2007. Ena/VASP proteins have an anti-capping independent function in filopodia 
formation. Molecular biology of the cell. 18:2579-2591. 

Ardern, H., E. Sandilands, L.M. Machesky, P. Timpson, M.C. Frame, and V.G. Brunton. 
2006. Src-dependent phosphorylation of Scar1 promotes its association with the Arp2/3 
complex. Cell motility and the cytoskeleton. 63:6-13. 

Asanuma, K., K. Kim, J. Oh, L. Giardino, S. Chabanis, C. Faul, J. Reiser, and P. Mundel. 
2005. Synaptopodin regulates the actin-bundling activity of alpha-actinin in an isoform-
specific manner. The Journal of clinical investigation. 115:1188-1198. 

Asanuma, K., E. Yanagida-Asanuma, C. Faul, Y. Tomino, K. Kim, and P. Mundel. 2006. 
Synaptopodin orchestrates actin organization and cell motility via regulation of RhoA 
signalling. Nat Cell Biol. 8:485-491. 

Balcer, H.I., K. Daugherty-Clarke, and B.L. Goode. 2010. The p40/ARPC1 subunit of 
Arp2/3 complex performs multiple essential roles in WASp-regulated actin nucleation. 
The Journal of biological chemistry. 285:8481-8491. 



 

 176 

 

Bamburg, J.R., and B.W. Bernstein. 2010. Roles of ADF/cofilin in actin polymerization 
and beyond. F1000 biology reports. 2:62. 

Barzik, M., T.I. Kotova, H.N. Higgs, L. Hazelwood, D. Hanein, F.B. Gertler, and D.A. 
Schafer. 2005. Ena/VASP proteins enhance actin polymerization in the presence of 
barbed end capping proteins. The Journal of biological chemistry. 280:28653-28662. 

Beall, B., and J.M. Chalovich. 2001. Fesselin, a synaptopodin-like protein, stimulates 
actin nucleation and polymerization. Biochemistry. 40:14252-14259. 

Bear, J.E., T.M. Svitkina, M. Krause, D.A. Schafer, J.J. Loureiro, G.A. Strasser, I.V. 
Maly, O.Y. Chaga, J.A. Cooper, G.G. Borisy, and F.B. Gertler. 2002. Antagonism 
between Ena/VASP proteins and actin filament capping regulates fibroblast motility. 
Cell. 109:509-521. 

Beli, P., D. Mascheroni, D. Xu, and M. Innocenti. 2008. WAVE and Arp2/3 jointly 
inhibit filopodium formation by entering into a complex with mDia2. Nat Cell Biol. 
10:849-857. 

Blanchoin, L., T.D. Pollard, and S.E. Hitchcock-DeGregori. 2001. Inhibition of the 
Arp2/3 complex-nucleated actin polymerization and branch formation by tropomyosin. 
Current biology : CB. 11:1300-1304. 

Bogenrieder, T., and M. Herlyn. 2003. Axis of evil: molecular mechanisms of cancer 
metastasis. Oncogene. 22:6524-6536. 

Burridge, K., and K. Wennerberg. 2004. Rho and Rac take center stage. Cell. 116:167-
179. 

Campellone, K.G., and M.D. Welch. 2010. A nucleator arms race: cellular control of 
actin assembly. Nature reviews. Molecular cell biology. 11:237-251. 

Carlier, M.F., V. Laurent, J. Santolini, R. Melki, D. Didry, G.X. Xia, Y. Hong, N.H. 
Chua, and D. Pantaloni. 1997. Actin depolymerizing factor (ADF/cofilin) enhances the 
rate of filament turnover: implication in actin-based motility. J Cell Biol. 136:1307-1322. 

Carlier, M.F., and D. Pantaloni. 1997. Control of actin dynamics in cell motility. Journal 
of molecular biology. 269:459-467. 

Cebrian, V., M. Alvarez, A. Aleman, J. Palou, J. Bellmunt, P. Gonzalez-Peramato, C. 
Cordon-Cardo, J. Garcia, J.M. Piulats, and M. Sanchez-Carbayo. 2008. Discovery of 
myopodin methylation in bladder cancer. J Pathol. 216:111-119. 

Chan, A.Y., M. Bailly, N. Zebda, J.E. Segall, and J.S. Condeelis. 2000. Role of cofilin in 
epidermal growth factor-stimulated actin polymerization and lamellipod protrusion. J 
Cell Biol. 148:531-542. 



 

 177 

 

Chan, C., C.C. Beltzner, and T.D. Pollard. 2009. Cofilin dissociates Arp2/3 complex and 
branches from actin filaments. Current biology : CB. 19:537-545. 

Chhabra, E.S., and H.N. Higgs. 2006. INF2 Is a WASP homology 2 motif-containing 
formin that severs actin filaments and accelerates both polymerization and 
depolymerization. The Journal of biological chemistry. 281:26754-26767. 

Chhabra, E.S., and H.N. Higgs. 2007. The many faces of actin: matching assembly 
factors with cellular structures. Nat Cell Biol. 9:1110-1121. 

Choi, C.K., M. Vicente-Manzanares, J. Zareno, L.A. Whitmore, A. Mogilner, and A.R. 
Horwitz. 2008. Actin and alpha-actinin orchestrate the assembly and maturation of 
nascent adhesions in a myosin II motor-independent manner. Nat Cell Biol. 10:1039-
1050. 

Chrzanowska-Wodnicka, M., and K. Burridge. 1996. Rho-stimulated contractility drives 
the formation of stress fibers and focal adhesions. J Cell Biol. 133:1403-1415. 

Conrad, P.A., K.A. Giuliano, G. Fisher, K. Collins, P.T. Matsudaira, and D.L. Taylor. 
1993. Relative distribution of actin, myosin I, and myosin II during the wound healing 
response of fibroblasts. J Cell Biol. 120:1381-1391. 

Cooper, J.A. 2002. Actin dynamics: tropomyosin provides stability. Current biology : 
CB. 12:R523-525. 

Cramer, L.P., M. Siebert, and T.J. Mitchison. 1997. Identification of novel graded 
polarity actin filament bundles in locomoting heart fibroblasts: implications for the 
generation of motile force. J Cell Biol. 136:1287-1305. 

Crowley, E., and A.F. Horwitz. 1995. Tyrosine phosphorylation and cytoskeletal tension 
regulate the release of fibroblast adhesions. J Cell Biol. 131:525-537. 

De Ganck, A., V. De Corte, E. Bruyneel, M. Bracke, J. Vandekerckhove, and J. 
Gettemans. 2009. Down-regulation of myopodin expression reduces invasion and 
motility of PC-3 prostate cancer cells. Int J Oncol. 34:1403-1409. 

De Ganck, A., V. De Corte, A. Staes, K. Gevaert, J. Vandekerckhove, and J. Gettemans. 
2008. Multiple isoforms of the tumor suppressor myopodin are simultaneously 
transcribed in cancer cells. Biochem Biophys Res Commun. 370:269-273. 

DesMarais, V., I. Ichetovkin, J. Condeelis, and S.E. Hitchcock-DeGregori. 2002. Spatial 
regulation of actin dynamics: a tropomyosin-free, actin-rich compartment at the leading 
edge. Journal of cell science. 115:4649-4660. 

Eden, S., R. Rohatgi, A.V. Podtelejnikov, M. Mann, and M.W. Kirschner. 2002. 
Mechanism of regulation of WAVE1-induced actin nucleation by Rac1 and Nck. Nature. 
418:790-793. 



 

 178 

 

Esteban, S., P. Moya, A. Fernandez-Suarez, M. Vidaurreta, P. Gonzalez-Peramato, and 
M. Sanchez-Carbayo. 2012. Diagnostic and prognostic utility of methylation and protein 
expression patterns of myopodin in colon cancer. Tumour biology : the journal of the 
International Society for Oncodevelopmental Biology and Medicine. 33:337-346. 

Etienne-Manneville, S. 2008. Polarity proteins in migration and invasion. Oncogene. 
27:6970-6980. 

Faul, C., A. Dhume, A.D. Schecter, and P. Mundel. 2007. Protein kinase A, 
Ca2+/calmodulin-dependent kinase II, and calcineurin regulate the intracellular 
trafficking of myopodin between the Z-disc and the nucleus of cardiac myocytes. Mol 
Cell Biol. 27:8215-8227. 

Faul, C., S. Huttelmaier, J. Oh, V. Hachet, R.H. Singer, and P. Mundel. 2005. Promotion 
of importin alpha-mediated nuclear import by the phosphorylation-dependent binding of 
cargo protein to 14-3-3. J Cell Biol. 169:415-424. 

Festuccia, C., G.L. Gravina, A. Angelucci, D. Millimaggi, and M. Bologna. 2000. 
Culture conditions modulate cell phenotype and cause selection of subpopulations in PC3 
prostate cancer cell line. Anticancer Res. 20:4367-4371. 

Fink, A.L. 2005. Natively unfolded proteins. Current opinion in structural biology. 
15:35-41. 

Fonseca, P.M., N.Y. Shin, J. Brabek, L. Ryzhova, J. Wu, and S.K. Hanks. 2004. 
Regulation and localization of CAS substrate domain tyrosine phosphorylation. Cellular 
signalling. 16:621-629. 

Fradelizi, J., V. Noireaux, J. Plastino, B. Menichi, D. Louvard, C. Sykes, R.M. Golsteyn, 
and E. Friederich. 2001. ActA and human zyxin harbour Arp2/3-independent actin-
polymerization activity. Nat Cell Biol. 3:699-707. 

Franco, S.J., M.A. Rodgers, B.J. Perrin, J. Han, D.A. Bennin, D.R. Critchley, and A. 
Huttenlocher. 2004. Calpain-mediated proteolysis of talin regulates adhesion dynamics. 
Nat Cell Biol. 6:977-983. 

Friedl, P., and K. Wolf. 2010. Plasticity of cell migration: a multiscale tuning model. J 
Cell Biol. 188:11-19. 

Geiger, B., J.P. Spatz, and A.D. Bershadsky. 2009. Environmental sensing through focal 
adhesions. Nat Rev Mol Cell Biol. 10:21-33. 

Gentry, B.S., S. van der Meulen, P. Noguera, B. Alonso-Latorre, J. Plastino, and G.H. 
Koenderink. 2012. Multiple actin binding domains of Ena/VASP proteins determine actin 
network stiffening. European biophysics journal : EBJ. 41:979-990. 



 

 179 

 

Giannone, G., B.J. Dubin-Thaler, O. Rossier, Y. Cai, O. Chaga, G. Jiang, W. Beaver, 
H.G. Dobereiner, Y. Freund, G. Borisy, and M.P. Sheetz. 2007. Lamellipodial actin 
mechanically links myosin activity with adhesion-site formation. Cell. 128:561-575. 

Gournier, H., E.D. Goley, H. Niederstrasser, T. Trinh, and M.D. Welch. 2001. 
Reconstitution of human Arp2/3 complex reveals critical roles of individual subunits in 
complex structure and activity. Molecular cell. 8:1041-1052. 

Guo, W.H., and Y.L. Wang. 2012. A three-component mechanism for fibroblast 
migration with a contractile cell body that couples a myosin II-independent propulsive 
anterior to a myosin II-dependent resistive tail. Molecular biology of the cell. 23:1657-
1663. 

Hannigan, G.E., C. Leung-Hagesteijn, L. Fitz-Gibbon, M.G. Coppolino, G. Radeva, J. 
Filmus, J.C. Bell, and S. Dedhar. 1996. Regulation of cell adhesion and anchorage-
dependent growth by a new beta 1-integrin-linked protein kinase. Nature. 379:91-96. 

Hansen, S.D., and R.D. Mullins. 2010. VASP is a processive actin polymerase that 
requires monomeric actin for barbed end association. J Cell Biol. 191:571-584. 

Harbeck, B., S. Huttelmaier, K. Schluter, B.M. Jockusch, and S. Illenberger. 2000. 
Phosphorylation of the vasodilator-stimulated phosphoprotein regulates its interaction 
with actin. The Journal of biological chemistry. 275:30817-30825. 

Harris, E.S., T.J. Gauvin, E.G. Heimsath, and H.N. Higgs. 2010. Assembly of filopodia 
by the formin FRL2 (FMNL3). Cytoskeleton. 67:755-772. 

Heit, B., and P. Kubes. 2003. Measuring chemotaxis and chemokinesis: the under-
agarose cell migration assay. Science's STKE : signal transduction knowledge 
environment. 2003:PL5. 

Higgs, H.N., and T.D. Pollard. 2000. Activation by Cdc42 and PIP(2) of Wiskott-Aldrich 
syndrome protein (WASp) stimulates actin nucleation by Arp2/3 complex. J Cell Biol. 
150:1311-1320. 

Hirata, H., H. Tatsumi, and M. Sokabe. 2008. Mechanical forces facilitate actin 
polymerization at focal adhesions in a zyxin-dependent manner. Journal of cell science. 
121:2795-2804. 

Hoffman, L.M., C.C. Jensen, A. Chaturvedi, M. Yoshigi, and M.C. Beckerle. 2012. 
Stretch-induced actin remodeling requires targeting of zyxin to stress fibers and 
recruitment of actin regulators. Molecular biology of the cell. 23:1846-1859. 

Hoffman, L.M., C.C. Jensen, S. Kloeker, C.L. Wang, M. Yoshigi, and M.C. Beckerle. 
2006. Genetic ablation of zyxin causes Mena/VASP mislocalization, increased motility, 
and deficits in actin remodeling. J Cell Biol. 172:771-782. 



 

 180 

 

Honda, M., K. Takiguchi, S. Ishikawa, and H. Hotani. 1999. Morphogenesis of liposomes 
encapsulating actin depends on the type of actin-crosslinking. Journal of molecular 
biology. 287:293-300. 

Hotulainen, P., and P. Lappalainen. 2006. Stress fibers are generated by two distinct actin 
assembly mechanisms in motile cells. J Cell Biol. 173:383-394. 

Huttenlocher, A., and A.R. Horwitz. 2011. Integrins in cell migration. Cold Spring 
Harbor perspectives in biology. 3:a005074. 

Huttenlocher, A., S.P. Palecek, Q. Lu, W. Zhang, R.L. Mellgren, D.A. Lauffenburger, 
M.H. Ginsberg, and A.F. Horwitz. 1997. Regulation of cell migration by the calcium-
dependent protease calpain. The Journal of biological chemistry. 272:32719-32722. 

Ichetovkin, I., W. Grant, and J. Condeelis. 2002. Cofilin produces newly polymerized 
actin filaments that are preferred for dendritic nucleation by the Arp2/3 complex. Current 
biology : CB. 12:79-84. 

Ivarsson, Y. 2012. Plasticity of PDZ domains in ligand recognition and signaling. FEBS 
Lett. 586:2638-2647. 

Jing, L., L. Liu, Y.P. Yu, R. Dhir, M. Acquafondada, D. Landsittel, K. Cieply, A. Wells, 
and J.H. Luo. 2004. Expression of myopodin induces suppression of tumor growth and 
metastasis. Am J Pathol. 164:1799-1806. 

Jung, H.S., S. Komatsu, M. Ikebe, and R. Craig. 2008. Head-head and head-tail 
interaction: a general mechanism for switching off myosin II activity in cells. Molecular 
biology of the cell. 19:3234-3242. 

Kachroo, N., and V.J. Gnanapragasam. 2013. The role of treatment modality on the 
utility of predictive tissue biomarkers in clinical prostate cancer: a systematic review. 
Journal of cancer research and clinical oncology. 139:1-24. 

Kaverina, I., and A. Straube. 2011. Regulation of cell migration by dynamic 
microtubules. Seminars in cell & developmental biology. 22:968-974. 

Kelleher, J.F., S.J. Atkinson, and T.D. Pollard. 1995. Sequences, structural models, and 
cellular localization of the actin-related proteins Arp2 and Arp3 from Acanthamoeba. J 
Cell Biol. 131:385-397. 

Khaymina, S.S., J.M. Kenney, M.M. Schroeter, and J.M. Chalovich. 2007. Fesselin is a 
natively unfolded protein. Journal of proteome research. 6:3648-3654. 

Kim, A.S., L.T. Kakalis, N. Abdul-Manan, G.A. Liu, and M.K. Rosen. 2000. 
Autoinhibition and activation mechanisms of the Wiskott-Aldrich syndrome protein. 
Nature. 404:151-158. 



 

 181 

 

Kovac, B., J.L. Teo, T.P. Makela, and T. Vallenius. 2012. Assembly of non-contractile 
dorsal stress fibers requires alpha-actinin-1 and Rac1 in migrating and spreading cells. 
Journal of cell science. 

Kozma, R., S. Ahmed, A. Best, and L. Lim. 1995. The Ras-related protein Cdc42Hs and 
bradykinin promote formation of peripheral actin microspikes and filopodia in Swiss 3T3 
fibroblasts. Mol Cell Biol. 15:1942-1952. 

Krause, M., J.E. Bear, J.J. Loureiro, and F.B. Gertler. 2002. The Ena/VASP enigma. 
Journal of cell science. 115:4721-4726. 

Krendel, M., F.T. Zenke, and G.M. Bokoch. 2002. Nucleotide exchange factor GEF-H1 
mediates cross-talk between microtubules and the actin cytoskeleton. Nat Cell Biol. 
4:294-301. 

Kuo, J.C., X. Han, C.T. Hsiao, J.R. Yates, 3rd, and C.M. Waterman. 2011. Analysis of 
the myosin-II-responsive focal adhesion proteome reveals a role for beta-Pix in negative 
regulation of focal adhesion maturation. Nat Cell Biol. 13:383-393. 

Kurokawa, K., and M. Matsuda. 2005. Localized RhoA activation as a requirement for 
the induction of membrane ruffling. Molecular biology of the cell. 16:4294-4303. 

Lammers, M., S. Meyer, D. Kuhlmann, and A. Wittinghofer. 2008. Specificity of 
interactions between mDia isoforms and Rho proteins. The Journal of biological 
chemistry. 283:35236-35246. 

Lammers, M., R. Rose, A. Scrima, and A. Wittinghofer. 2005. The regulation of mDia1 
by autoinhibition and its release by Rho*GTP. The EMBO journal. 24:4176-4187. 

Langanger, G., M. Moeremans, G. Daneels, A. Sobieszek, M. De Brabander, and J. De 
Mey. 1986. The molecular organization of myosin in stress fibers of cultured cells. J Cell 
Biol. 102:200-209. 

Lappalainen, P., and D.G. Drubin. 1997. Cofilin promotes rapid actin filament turnover 
in vivo. Nature. 388:78-82. 

Lebensohn, A.M., and M.W. Kirschner. 2009. Activation of the WAVE complex by 
coincident signals controls actin assembly. Molecular cell. 36:512-524. 

Lebrand, C., E.W. Dent, G.A. Strasser, L.M. Lanier, M. Krause, T.M. Svitkina, G.G. 
Borisy, and F.B. Gertler. 2004. Critical role of Ena/VASP proteins for filopodia 
formation in neurons and in function downstream of netrin-1. Neuron. 42:37-49. 

Lee, J.H., T. Katakai, T. Hara, H. Gonda, M. Sugai, and A. Shimizu. 2004. Roles of p-
ERM and Rho-ROCK signaling in lymphocyte polarity and uropod formation. J Cell 
Biol. 167:327-337. 



 

 182 

 

Leinweber, B.D., R.S. Fredricksen, D.R. Hoffman, and J.M. Chalovich. 1999. Fesselin: a 
novel synaptopodin-like actin binding protein from muscle tissue. Journal of muscle 
research and cell motility. 20:539-545. 

Liang, J., G. Ke, W. You, Z. Peng, J. Lan, M. Kalesse, A.M. Tartakoff, F. Kaplan, and T. 
Tao. 2008. Interaction between importin 13 and myopodin suggests a nuclear import 
pathway for myopodin. Mol Cell Biochem. 307:93-100. 

Lin, F., Y.P. Yu, J. Woods, K. Cieply, B. Gooding, P. Finkelstein, R. Dhir, D. Krill, M.J. 
Becich, G. Michalopoulos, S. Finkelstein, and J.H. Luo. 2001. Myopodin, a synaptopodin 
homologue, is frequently deleted in invasive prostate cancers. Am J Pathol. 159:1603-
1612. 

Linnemann, A., P. Vakeel, E. Bezerra, Z. Orfanos, K. Djinovic-Carugo, P.F. van der Ven, 
G. Kirfel, and D.O. Furst. 2012. Myopodin is an F-actin bundling protein with multiple 
independent actin-binding regions. Journal of muscle research and cell motility. 

Linnemann, A., P.F. van der Ven, P. Vakeel, B. Albinus, D. Simonis, G. Bendas, J.A. 
Schenk, B. Micheel, R.A. Kley, and D.O. Furst. The sarcomeric Z-disc component 
myopodin is a multiadapter protein that interacts with filamin and alpha-actinin. Eur J 
Cell Biol. 89:681-692. 

Linnemann, A., P.F. van der Ven, P. Vakeel, B. Albinus, D. Simonis, G. Bendas, J.A. 
Schenk, B. Micheel, R.A. Kley, and D.O. Furst. 2010. The sarcomeric Z-disc component 
myopodin is a multiadapter protein that interacts with filamin and alpha-actinin. Eur J 
Cell Biol. 89:681-692. 

Liu, A.Y. 2000. Differential expression of cell surface molecules in prostate cancer cells. 
Cancer Res. 60:3429-3434. 

Liu, Z., and J. Klominek. 2004. Chemotaxis and chemokinesis of malignant 
mesothelioma cells to multiple growth factors. Anticancer research. 24:1625-1630. 

Loew, R., N. Heinz, M. Hampf, H. Bujard, and M. Gossen. 2010. Improved Tet-
responsive promoters with minimized background expression. BMC biotechnology. 
10:81. 

Machacek, M., L. Hodgson, C. Welch, H. Elliott, O. Pertz, P. Nalbant, A. Abell, G.L. 
Johnson, K.M. Hahn, and G. Danuser. 2009. Coordination of Rho GTPase activities 
during cell protrusion. Nature. 461:99-103. 

Machesky, L.M., and A. Hall. 1997. Role of actin polymerization and adhesion to 
extracellular matrix in Rac- and Rho-induced cytoskeletal reorganization. J Cell Biol. 
138:913-926. 

 



 

 183 

 

Machesky, L.M., R.D. Mullins, H.N. Higgs, D.A. Kaiser, L. Blanchoin, R.C. May, M.E. 
Hall, and T.D. Pollard. 1999. Scar, a WASp-related protein, activates nucleation of actin 
filaments by the Arp2/3 complex. Proceedings of the National Academy of Sciences of 
the United States of America. 96:3739-3744. 

Maciver, S.K. 1998. How ADF/cofilin depolymerizes actin filaments. Current opinion in 
cell biology. 10:140-144. 

Maekawa, M., T. Ishizaki, S. Boku, N. Watanabe, A. Fujita, A. Iwamatsu, T. Obinata, K. 
Ohashi, K. Mizuno, and S. Narumiya. 1999. Signaling from Rho to the actin cytoskeleton 
through protein kinases ROCK and LIM-kinase. Science. 285:895-898. 

McGough, A., B. Pope, W. Chiu, and A. Weeds. 1997. Cofilin changes the twist of F-
actin: implications for actin filament dynamics and cellular function. J Cell Biol. 
138:771-781. 

Miki, H., S. Suetsugu, and T. Takenawa. 1998. WAVE, a novel WASP-family protein 
involved in actin reorganization induced by Rac. The EMBO journal. 17:6932-6941. 

Millius, A., N. Watanabe, and O.D. Weiner. 2012. Diffusion, capture and recycling of 
SCAR/WAVE and Arp2/3 complexes observed in cells by single-molecule imaging. 
Journal of cell science. 125:1165-1176. 

Minoshima, Y., T. Kawashima, K. Hirose, Y. Tonozuka, A. Kawajiri, Y.C. Bao, X. 
Deng, M. Tatsuka, S. Narumiya, W.S. May, Jr., T. Nosaka, K. Semba, T. Inoue, T. Satoh, 
M. Inagaki, and T. Kitamura. 2003. Phosphorylation by aurora B converts MgcRacGAP 
to a RhoGAP during cytokinesis. Developmental cell. 4:549-560. 

Mockrin, S.C., and E.D. Korn. 1980. Acanthamoeba profilin interacts with G-actin to 
increase the rate of exchange of actin-bound adenosine 5'-triphosphate. Biochemistry. 
19:5359-5362. 

Mseka, T., M. Coughlin, and L.P. Cramer. 2009. Graded actin filament polarity is the 
organization of oriented actomyosin II filament bundles required for fibroblast 
polarization. Cell motility and the cytoskeleton. 66:743-753. 

Mseka, T., and L.P. Cramer. 2011. Actin depolymerization-based force retracts the cell 
rear in polarizing and migrating cells. Current biology : CB. 21:2085-2091. 

Mullins, R.D., J.A. Heuser, and T.D. Pollard. 1998. The interaction of Arp2/3 complex 
with actin: nucleation, high affinity pointed end capping, and formation of branching 
networks of filaments. Proceedings of the National Academy of Sciences of the United 
States of America. 95:6181-6186. 

Mundel, P., H.W. Heid, T.M. Mundel, M. Kruger, J. Reiser, and W. Kriz. 1997. 
Synaptopodin: an actin-associated protein in telencephalic dendrites and renal podocytes. 
J Cell Biol. 139:193-204. 



 

 184 

 

Nakamura, F., T.P. Stossel, and J.H. Hartwig. 2011. The filamins: organizers of cell 
structure and function. Cell adhesion & migration. 5:160-169. 

Nakamura, T., K. Kurokawa, E. Kiyokawa, and M. Matsuda. 2006. Analysis of the 
spatiotemporal activation of rho GTPases using Raichu probes. Methods in enzymology. 
406:315-332. 

Nemethova, M., S. Auinger, and J.V. Small. 2008. Building the actin cytoskeleton: 
filopodia contribute to the construction of contractile bundles in the lamella. J Cell Biol. 
180:1233-1244. 

Neuhaus, J.M., M. Wanger, T. Keiser, and A. Wegner. 1983. Treadmilling of actin. 
Journal of muscle research and cell motility. 4:507-527. 

Nezami, A.G., F. Poy, and M.J. Eck. 2006. Structure of the autoinhibitory switch in 
formin mDia1. Structure. 14:257-263. 

Nicholson-Dykstra, S.M., and H.N. Higgs. 2008. Arp2 depletion inhibits sheet-like 
protrusions but not linear protrusions of fibroblasts and lymphocytes. Cell motility and 
the cytoskeleton. 65:904-922. 

Nikolopoulos, S.N., and C.E. Turner. 2001. Integrin-linked kinase (ILK) binding to 
paxillin LD1 motif regulates ILK localization to focal adhesions. The Journal of 
biological chemistry. 276:23499-23505. 

Niwa, R., K. Nagata-Ohashi, M. Takeichi, K. Mizuno, and T. Uemura. 2002. Control of 
actin reorganization by Slingshot, a family of phosphatases that dephosphorylate 
ADF/cofilin. Cell. 108:233-246. 

Nolen, B.J., N. Tomasevic, A. Russell, D.W. Pierce, Z. Jia, C.D. McCormick, J. 
Hartman, R. Sakowicz, and T.D. Pollard. 2009. Characterization of two classes of small 
molecule inhibitors of Arp2/3 complex. Nature. 460:1031-1034. 

Oakes, P.W., Y. Beckham, J. Stricker, and M.L. Gardel. 2012. Tension is required but not 
sufficient for focal adhesion maturation without a stress fiber template. J Cell Biol. 
196:363-374. 

Otomo, T., D.R. Tomchick, C. Otomo, S.C. Panchal, M. Machius, and M.K. Rosen. 
2005. Structural basis of actin filament nucleation and processive capping by a formin 
homology 2 domain. Nature. 433:488-494. 

Pankov, R., E. Cukierman, B.Z. Katz, K. Matsumoto, D.C. Lin, S. Lin, C. Hahn, and 
K.M. Yamada. 2000. Integrin dynamics and matrix assembly: tensin-dependent 
translocation of alpha(5)beta(1) integrins promotes early fibronectin fibrillogenesis. J 
Cell Biol. 148:1075-1090. 



 

 185 

 

Paterson, H.F., A.J. Self, M.D. Garrett, I. Just, K. Aktories, and A. Hall. 1990. 
Microinjection of recombinant p21rho induces rapid changes in cell morphology. J Cell 
Biol. 111:1001-1007. 

Paul, A.S., and T.D. Pollard. 2008. The role of the FH1 domain and profilin in formin-
mediated actin-filament elongation and nucleation. Current biology : CB. 18:9-19. 

Pavalko, F.M., and K. Burridge. 1991. Disruption of the actin cytoskeleton after 
microinjection of proteolytic fragments of alpha-actinin. J Cell Biol. 114:481-491. 

Pelham, R.J., Jr., and Y. Wang. 1997. Cell locomotion and focal adhesions are regulated 
by substrate flexibility. Proceedings of the National Academy of Sciences of the United 
States of America. 94:13661-13665. 

Pellegrin, S., and H. Mellor. 2007. Actin stress fibres. Journal of cell science. 120:3491-
3499. 

Petrie, R.J., and K.M. Yamada. 2013. At the leading edge of three-dimensional cell 
migration. Journal of cell science. 

Pham, M., and J.M. Chalovich. 2006. Smooth muscle alpha-actinin binds tightly to 
fesselin and attenuates its activity toward actin polymerization. Journal of muscle 
research and cell motility. 27:45-51. 

Pollitt, A.Y., and R.H. Insall. 2009. WASP and SCAR/WAVE proteins: the drivers of 
actin assembly. Journal of cell science. 122:2575-2578. 

Ponti, A., M. Machacek, S.L. Gupton, C.M. Waterman-Storer, and G. Danuser. 2004. 
Two distinct actin networks drive the protrusion of migrating cells. Science. 305:1782-
1786. 

Pruyne, D., M. Evangelista, C. Yang, E. Bi, S. Zigmond, A. Bretscher, and C. Boone. 
2002. Role of formins in actin assembly: nucleation and barbed-end association. Science. 
297:612-615. 

Qualmann, B., and M.M. Kessels. 2009. New players in actin polymerization--WH2-
domain-containing actin nucleators. Trends in cell biology. 19:276-285. 

Quinlan, M.E., J.E. Heuser, E. Kerkhoff, and R.D. Mullins. 2005. Drosophila Spire is an 
actin nucleation factor. Nature. 433:382-388. 

Revenu, C., R. Athman, S. Robine, and D. Louvard. 2004. The co-workers of actin 
filaments: from cell structures to signals. Nature reviews. Molecular cell biology. 5:635-
646. 

Ridley, A.J., and A. Hall. 1992. The small GTP-binding protein rho regulates the 
assembly of focal adhesions and actin stress fibers in response to growth factors. Cell. 
70:389-399. 



 

 186 

 

Ridley, A.J., H.F. Paterson, C.L. Johnston, D. Diekmann, and A. Hall. 1992. The small 
GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell. 
70:401-410. 

Riedl, J., A.H. Crevenna, K. Kessenbrock, J.H. Yu, D. Neukirchen, M. Bista, F. Bradke, 
D. Jenne, T.A. Holak, Z. Werb, M. Sixt, and R. Wedlich-Soldner. 2008. Lifeact: a 
versatile marker to visualize F-actin. Nature methods. 5:605-607. 

Roca-Cusachs, P., T. Iskratsch, and M.P. Sheetz. 2012. Finding the weakest link: 
exploring integrin-mediated mechanical molecular pathways. Journal of cell science. 
125:3025-3038. 

Rohatgi, R., L. Ma, H. Miki, M. Lopez, T. Kirchhausen, T. Takenawa, and M.W. 
Kirschner. 1999. The interaction between N-WASP and the Arp2/3 complex links 
Cdc42-dependent signals to actin assembly. Cell. 97:221-231. 

Romero, S., C. Le Clainche, D. Didry, C. Egile, D. Pantaloni, and M.F. Carlier. 2004. 
Formin is a processive motor that requires profilin to accelerate actin assembly and 
associated ATP hydrolysis. Cell. 119:419-429. 

Rose, R., M. Weyand, M. Lammers, T. Ishizaki, M.R. Ahmadian, and A. Wittinghofer. 
2005. Structural and mechanistic insights into the interaction between Rho and 
mammalian Dia. Nature. 435:513-518. 

Rottner, K., A. Hall, and J.V. Small. 1999. Interplay between Rac and Rho in the control 
of substrate contact dynamics. Current biology : CB. 9:640-648. 

Safer, D., M. Elzinga, and V.T. Nachmias. 1991. Thymosin beta 4 and Fx, an actin-
sequestering peptide, are indistinguishable. The Journal of biological chemistry. 
266:4029-4032. 

Sahai, E., and C.J. Marshall. 2003. Differing modes of tumour cell invasion have distinct 
requirements for Rho/ROCK signalling and extracellular proteolysis. Nat Cell Biol. 
5:711-719. 

Sakai, N., J. Chun, J.S. Duffield, T. Wada, A.D. Luster, and A.M. Tager. 2013. LPA1-
induced cytoskeleton reorganization drives fibrosis through CTGF-dependent fibroblast 
proliferation. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology. 

Sanchez-Carbayo, M., K. Schwarz, E. Charytonowicz, C. Cordon-Cardo, and P. Mundel. 
2003. Tumor suppressor role for myopodin in bladder cancer: loss of nuclear expression 
of myopodin is cell-cycle dependent and predicts clinical outcome. Oncogene. 22:5298-
5305. 

Sander, E.E., J.P. ten Klooster, S. van Delft, R.A. van der Kammen, and J.G. Collard. 
1999. Rac downregulates Rho activity: reciprocal balance between both GTPases 
determines cellular morphology and migratory behavior. J Cell Biol. 147:1009-1022. 



 

 187 

 

Sarmiento, C., W. Wang, A. Dovas, H. Yamaguchi, M. Sidani, M. El-Sibai, V. 
Desmarais, H.A. Holman, S. Kitchen, J.M. Backer, A. Alberts, and J. Condeelis. 2008. 
WASP family members and formin proteins coordinate regulation of cell protrusions in 
carcinoma cells. J Cell Biol. 180:1245-1260. 

Schafer, C., S. Born, C. Mohl, S. Houben, N. Kirchgessner, R. Merkel, and B. Hoffmann. 
2010. The key feature for early migratory processes: Dependence of adhesion, actin 
bundles, force generation and transmission on filopodia. Cell adhesion & migration. 
4:215-225. 

Schmoller, K.M., O. Lieleg, and A.R. Bausch. 2009. Structural and viscoelastic 
properties of actin/filamin networks: cross-linked versus bundled networks. Biophysical 
journal. 97:83-89. 

Schonichen, A., and M. Geyer. 2010. Fifteen formins for an actin filament: a molecular 
view on the regulation of human formins. Biochimica et biophysica acta. 1803:152-163. 

Schroder, F.H., J. Hugosson, M.J. Roobol, T.L. Tammela, S. Ciatto, V. Nelen, M. 
Kwiatkowski, M. Lujan, H. Lilja, M. Zappa, L.J. Denis, F. Recker, A. Berenguer, L. 
Maattanen, C.H. Bangma, G. Aus, A. Villers, X. Rebillard, T. van der Kwast, B.G. 
Blijenberg, S.M. Moss, H.J. de Koning, A. Auvinen, and E. Investigators. 2009. 
Screening and prostate-cancer mortality in a randomized European study. N Engl J Med. 
360:1320-1328. 

Schroeter, M., and J.M. Chalovich. 2004. Ca2+-calmodulin regulates fesselin-induced 
actin polymerization. Biochemistry. 43:13875-13882. 

Schroeter, M.M., B. Beall, H.W. Heid, and J.M. Chalovich. 2008. The actin binding 
protein, fesselin, is a member of the synaptopodin family. Biochem Biophys Res 
Commun. 371:582-586. 

Schroeter, M.M., and J.M. Chalovich. 2005. Fesselin binds to actin and myosin and 
inhibits actin-activated ATPase activity. Journal of muscle research and cell motility. 
26:183-189. 

Schultheiss, T., J. Choi, Z.X. Lin, C. DiLullo, L. Cohen-Gould, D. Fischman, and H. 
Holtzer. 1992. A sarcomeric alpha-actinin truncated at the carboxyl end induces the 
breakdown of stress fibers in PtK2 cells and the formation of nemaline-like bodies and 
breakdown of myofibrils in myotubes. Proceedings of the National Academy of Sciences 
of the United States of America. 89:9282-9286. 

Sellers, J.R., E. Eisenberg, and R.S. Adelstein. 1982. The binding of smooth muscle 
heavy meromyosin to actin in the presence of ATP. Effect of phosphorylation. The 
Journal of biological chemistry. 257:13880-13883. 

Shutova, M., C. Yang, J.M. Vasiliev, and T. Svitkina. 2012. Functions of nonmuscle 
myosin II in assembly of the cellular contractile system. PloS one. 7:e40814. 



 

 188 

 

Simpson, K.J., A.S. Dugan, and A.M. Mercurio. 2004. Functional analysis of the 
contribution of RhoA and RhoC GTPases to invasive breast carcinoma. Cancer Res. 
64:8694-8701. 

Small, J.V. 1981. Organization of actin in the leading edge of cultured cells: influence of 
osmium tetroxide and dehydration on the ultrastructure of actin meshworks. J Cell Biol. 
91:695-705. 

Small, J.V., and G.P. Resch. 2005. The comings and goings of actin: coupling protrusion 
and retraction in cell motility. Current opinion in cell biology. 17:517-523. 

Small, J.V., T. Stradal, E. Vignal, and K. Rottner. 2002. The lamellipodium: where 
motility begins. Trends in cell biology. 12:112-120. 

Smith, A., M. Bracke, B. Leitinger, J.C. Porter, and N. Hogg. 2003. LFA-1-induced T 
cell migration on ICAM-1 involves regulation of MLCK-mediated attachment and 
ROCK-dependent detachment. Journal of cell science. 116:3123-3133. 

Sousa, A.D., and R.E. Cheney. 2005. Myosin-X: a molecular motor at the cell's 
fingertips. Trends in cell biology. 15:533-539. 

Spillane, M., A. Ketschek, S.L. Jones, F. Korobova, B. Marsick, L. Lanier, T. Svitkina, 
and G. Gallo. 2011. The actin nucleating Arp2/3 complex contributes to the formation of 
axonal filopodia and branches through the regulation of actin patch precursors to 
filopodia. Developmental neurobiology. 71:747-758. 

Steffen, A., J. Faix, G.P. Resch, J. Linkner, J. Wehland, J.V. Small, K. Rottner, and T.E. 
Stradal. 2006. Filopodia formation in the absence of functional WAVE- and Arp2/3-
complexes. Molecular biology of the cell. 17:2581-2591. 

Steffen, A., K. Rottner, J. Ehinger, M. Innocenti, G. Scita, J. Wehland, and T.E. Stradal. 
2004. Sra-1 and Nap1 link Rac to actin assembly driving lamellipodia formation. The 
EMBO journal. 23:749-759. 

Stokes, D.L., and D.J. DeRosier. 1991. Growth conditions control the size and order of 
actin bundles in vitro. Biophysical journal. 59:456-465. 

Stone, K.R., D.D. Mickey, H. Wunderli, G.H. Mickey, and D.F. Paulson. 1978. Isolation 
of a human prostate carcinoma cell line (DU 145). International journal of cancer. 
Journal international du cancer. 21:274-281. 

Takenawa, T., and S. Suetsugu. 2007. The WASP-WAVE protein network: connecting 
the membrane to the cytoskeleton. Nature reviews. Molecular cell biology. 8:37-48. 

Thierry-Mieg, D., and J. Thierry-Mieg. 2006. AceView: a comprehensive cDNA-
supported gene and transcripts annotation. Genome biology. 7 Suppl 1:S12 11-14. 



 

 189 

 

Tojkander, S., G. Gateva, and P. Lappalainen. 2012. Actin stress fibers--assembly, 
dynamics and biological roles. Journal of cell science. 125:1855-1864. 

Tojkander, S., G. Gateva, G. Schevzov, P. Hotulainen, P. Naumanen, C. Martin, P.W. 
Gunning, and P. Lappalainen. 2011. A molecular pathway for myosin II recruitment to 
stress fibers. Current biology : CB. 21:539-550. 

Tu, Y., Y. Huang, Y. Zhang, Y. Hua, and C. Wu. 2001. A new focal adhesion protein that 
interacts with integrin-linked kinase and regulates cell adhesion and spreading. J Cell 
Biol. 153:585-598. 

Umemoto, S., A.R. Bengur, and J.R. Sellers. 1989. Effect of multiple phosphorylations of 
smooth muscle and cytoplasmic myosins on movement in an in vitro motility assay. The 
Journal of biological chemistry. 264:1431-1436. 

Van Aelst, L., and C. D'Souza-Schorey. 1997. Rho GTPases and signaling networks. 
Genes & development. 11:2295-2322. 

Van Impe, K., V. De Corte, L. Eichinger, E. Bruyneel, M. Mareel, J. Vandekerckhove, 
and J. Gettemans. 2003. The Nucleo-cytoplasmic actin-binding protein CapG lacks a 
nuclear export sequence present in structurally related proteins. J Biol Chem. 278:17945-
17952. 

Vega, F.M., and A.J. Ridley. 2008. Rho GTPases in cancer cell biology. FEBS Lett. 
582:2093-2101. 

Vicente-Manzanares, M., X. Ma, R.S. Adelstein, and A.R. Horwitz. 2009. Non-muscle 
myosin II takes centre stage in cell adhesion and migration. Nature reviews. Molecular 
cell biology. 10:778-790. 

Vicente-Manzanares, M., J. Zareno, L. Whitmore, C.K. Choi, and A.F. Horwitz. 2007. 
Regulation of protrusion, adhesion dynamics, and polarity by myosins IIA and IIB in 
migrating cells. J Cell Biol. 176:573-580. 

Vignjevic, D., S. Kojima, Y. Aratyn, O. Danciu, T. Svitkina, and G.G. Borisy. 2006. Role 
of fascin in filopodial protrusion. J Cell Biol. 174:863-875. 

Watanabe, N., T. Kato, A. Fujita, T. Ishizaki, and S. Narumiya. 1999. Cooperation 
between mDia1 and ROCK in Rho-induced actin reorganization. Nat Cell Biol. 1:136-
143. 

Wear, M.A., A. Yamashita, K. Kim, Y. Maeda, and J.A. Cooper. 2003. How capping 
protein binds the barbed end of the actin filament. Current biology : CB. 13:1531-1537. 

Weber, K., and U. Groeschel-Stewart. 1974. Antibody to myosin: the specific 
visualization of myosin-containing filaments in nonmuscle cells. Proceedings of the 
National Academy of Sciences of the United States of America. 71:4561-4564. 



 

 190 

 

Wegner, A. 1976. Head to tail polymerization of actin. Journal of molecular biology. 
108:139-150. 

Wehrle-Haller, B. 2012. Structure and function of focal adhesions. Current opinion in 
cell biology. 24:116-124. 

Weins, A., K. Schwarz, C. Faul, L. Barisoni, W.A. Linke, and P. Mundel. 2001. 
Differentiation- and stress-dependent nuclear cytoplasmic redistribution of myopodin, a 
novel actin-bundling protein. J Cell Biol. 155:393-404. 

Wells, A. 2000. Tumor invasion: role of growth factor-induced cell motility. Adv Cancer 
Res. 78:31-101. 

Wilt, T.J., M.K. Brawer, K.M. Jones, M.J. Barry, W.J. Aronson, S. Fox, J.R. Gingrich, 
J.T. Wei, P. Gilhooly, B.M. Grob, I. Nsouli, P. Iyer, R. Cartagena, G. Snider, C. 
Roehrborn, R. Sharifi, W. Blank, P. Pandya, G.L. Andriole, D. Culkin, T. Wheeler, and 
G. Prostate Cancer Intervention versus Observation Trial Study. 2012. Radical 
prostatectomy versus observation for localized prostate cancer. N Engl J Med. 367:203-
213. 

Wong, J.S., E. Iorns, M.N. Rheault, T.M. Ward, P. Rashmi, U. Weber, M.E. Lippman, C. 
Faul, M. Mlodzik, and P. Mundel. 2012. Rescue of tropomyosin deficiency in Drosophila 
and human cancer cells by synaptopodin reveals a role of tropomyosin alpha in RhoA 
stabilization. The EMBO journal. 31:1028-1040. 

Worthylake, R.A., and K. Burridge. 2003. RhoA and ROCK promote migration by 
limiting membrane protrusions. The Journal of biological chemistry. 278:13578-13584. 

Worthylake, R.A., S. Lemoine, J.M. Watson, and K. Burridge. 2001. RhoA is required 
for monocyte tail retraction during transendothelial migration. J Cell Biol. 154:147-160. 

Wu, C., and S. Dedhar. 2001. Integrin-linked kinase (ILK) and its interactors: a new 
paradigm for the coupling of extracellular matrix to actin cytoskeleton and signaling 
complexes. J Cell Biol. 155:505-510. 

Xu, Y., J.B. Moseley, I. Sagot, F. Poy, D. Pellman, B.L. Goode, and M.J. Eck. 2004. 
Crystal structures of a Formin Homology-2 domain reveal a tethered dimer architecture. 
Cell. 116:711-723. 

Yam, P.T., C.A. Wilson, L. Ji, B. Hebert, E.L. Barnhart, N.A. Dye, P.W. Wiseman, G. 
Danuser, and J.A. Theriot. 2007. Actin-myosin network reorganization breaks symmetry 
at the cell rear to spontaneously initiate polarized cell motility. J Cell Biol. 178:1207-
1221. 

Yamashiro-Matsumura, S., and F. Matsumura. 1986. Intracellular localization of the 55-
kD actin-bundling protein in cultured cells: spatial relationships with actin, alpha-actinin, 
tropomyosin, and fimbrin. J Cell Biol. 103:631-640. 



 

 191 

 

Yanagida-Asanuma, E., K. Asanuma, K. Kim, M. Donnelly, H. Young Choi, J. Hyung 
Chang, S. Suetsugu, Y. Tomino, T. Takenawa, C. Faul, and P. Mundel. 2007. 
Synaptopodin protects against proteinuria by disrupting Cdc42:IRSp53:Mena signaling 
complexes in kidney podocytes. Am J Pathol. 171:415-427. 

Yang, C., L. Czech, S. Gerboth, S. Kojima, G. Scita, and T. Svitkina. 2007. Novel roles 
of formin mDia2 in lamellipodia and filopodia formation in motile cells. PLoS biology. 
5:e317. 

Yang, C., and T. Svitkina. 2011. Filopodia initiation: focus on the Arp2/3 complex and 
formins. Cell adhesion & migration. 5:402-408. 

Yang, N., O. Higuchi, K. Ohashi, K. Nagata, A. Wada, K. Kangawa, E. Nishida, and K. 
Mizuno. 1998. Cofilin phosphorylation by LIM-kinase 1 and its role in Rac-mediated 
actin reorganization. Nature. 393:809-812. 

Yoshigi, M., L.M. Hoffman, C.C. Jensen, H.J. Yost, and M.C. Beckerle. 2005. 
Mechanical force mobilizes zyxin from focal adhesions to actin filaments and regulates 
cytoskeletal reinforcement. J Cell Biol. 171:209-215. 

Yoshizaki, H., Y. Ohba, K. Kurokawa, R.E. Itoh, T. Nakamura, N. Mochizuki, K. 
Nagashima, and M. Matsuda. 2003. Activity of Rho-family GTPases during cell division 
as visualized with FRET-based probes. J Cell Biol. 162:223-232. 

Yu, Y.P., and J.H. Luo. 2006. Myopodin-mediated suppression of prostate cancer cell 
migration involves interaction with zyxin. Cancer Res. 66:7414-7419. 

Yu, Y.P., and J.H. Luo. 2011. Phosphorylation and interaction of myopodin by integrin-
link kinase lead to suppression of cell growth and motility in prostate cancer cells. 
Oncogene. 30:4855-4863. 

Yu, Y.P., G.C. Tseng, and J.H. Luo. 2006. Inactivation of myopodin expression 
associated with prostate cancer relapse. Urology. 68:578-582. 

Zaidel-Bar, R., C. Ballestrem, Z. Kam, and B. Geiger. 2003. Early molecular events in 
the assembly of matrix adhesions at the leading edge of migrating cells. Journal of cell 
science. 116:4605-4613. 

Zenke, F.T., M. Krendel, C. DerMardirossian, C.C. King, B.P. Bohl, and G.M. Bokoch. 
2004. p21-activated kinase 1 phosphorylates and regulates 14-3-3 binding to GEF-H1, a 
microtubule-localized Rho exchange factor. The Journal of biological chemistry. 
279:18392-18400. 

Zhang, Y., K. Chen, Y. Tu, A. Velyvis, Y. Yang, J. Qin, and C. Wu. 2002. Assembly of 
the PINCH-ILK-CH-ILKBP complex precedes and is essential for localization of each 
component to cell-matrix adhesion sites. Journal of cell science. 115:4777-4786. 
 
 



 

 192 

 

APPENDIX A: LETTER OF COPYRIGHT PERMISSION 
 

 
 

 



 

 193 

 

 

 

 
 

 



 

 194 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 195 

 

 

 

 
 

 



 

 196 

 

 

 

 
 

 



 

 197 

 

 

 

 
 

 


