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ABSTRACT 

SHWETA DESHMUKH 
 
 

ASSESSMENT OF FOCAL COMPLEXES IN B35 NEUROBLASTOMA GROWTH 
CONES FOLLOWING LOVASTATIN TREATMENT 

 
AUGUST 2013 

Proper development of the nervous system requires efficient and precise axon growth and 

guidance, growths requiring dynamic focal complex adhesion and de-adhesion in the 

neuronal growth cone. The formation of focal complexes is regulated in part by guanine 

triphosphatases (GTPases) of the Rho family, which signal bi-directionally to focal 

complex constituents. Rho GTPases are also regulated through binding of guanosine 

triphosphate (GTP), a process facilitated by membrane targeting through 

geranylgeranylation (a specific type of prenylation) at their C terminus. Prior work in our 

laboratory demonstrated that decreasing geranylgeranylation with the 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG CoA) reductase inhibitor, lovastatin, decreases 

neurite initiation and increases neurite branching and cell body rounding. These effects 

were reversed by co-treatment with geranylgeraniol, a precursor for geranylgeranylation. 

In the current work, we determined whether manipulating protein prenylation decreases 

the association of focal complex proteins (paxillin, talin or vinculin) with β1-integrin in 

B35 growth cones. B35 neuroblastoma cells were grown on uncoated glass coverslips, or 

coverslips coated with 25 µg/ml laminin or collagen. 
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Cells were maintained in media were either not treated, or treated with lovastatin (LOV, 

20 µM) alone or in combination with geranylgeraniol (GGOH, 10 µM). Focal complex 

formation in growth cones on the different substrata was assessed using co-

immunoprecipitation and double-label immunocytochemistry. Culturing on different 

substrata did not alter the amount of paxillin or talin that associated with β1 integrin.  

However, vinculin co-localization with β1 integrin was decreased for cells plated on 

collagen or laminin; and co-localization with talin was increased in cells cultured on 

laminin, compared to cells plated on uncoated coverslips.  For cells plated on collagen, 

GGOH decreased the amount of paxillin, but not talin or vinculin, that co-localized with 

β1 integrin compared to control cells maintained in reduced serum medium or treated 

with LOV. For cells cultured on their native, secreted substratum (undefined) or laminin, 

manipulating geranylgeranylation did not alter the association of focal complex proteins 

with β1 integrin in whole cell lysates, growth cones or cell bodies. However, treatment to 

alter protein geranylgeranylation (LOV, GGOH, LOV+GGOH) decreased the amount of 

co-localization of paxillin and talin, and GGOH treatment decreased the amount of 

vinculin co-localized with β1 integrin in growth cones, compared to cells in reduced 

serum medium (SCM) for cells cultured on collagen. Together, we interpret these data to 

indicate that inhibiting protein prenylation decreases growth cone focal adhesions, likely 

leading to decreased neurite initiation. Understanding the molecular mechanisms that 

regulate Rho GTPase control of neuronal process extension will facilitate our 
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understanding of nervous system development, as well as identify potential therapeutic 

targets for treating developmental, traumatic and degenerative neural lesions.  
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CHAPTER I 

INTRODUCTION 

Living with functional limitations due to nervous system damage or disease is a challenge 

for people in the United States and world-wide (NSCISC, 2011). For the nervous system 

to fully re-establish function post-injury requires an ability to regrow axons and reconnect 

to targets (Alto et al., 2009). However, this does not occur to a large extent in the central 

nervous system (CNS), because regenerative capacity is limited after CNS injury, due to 

release of inhibitors that prevent regeneration (Lu et al., 2004). Formation of a glial scar 

post injury secretes molecular inhibitors like chondroitin sulfate proteoglycans (CSPGs) 

associated with reactive astrocytes and myelin-associated inhibitors from intact 

oligodendrocytes and myelin debris, including myelin-associated glycoprotein (MAG), 

Nogo-A, oligodendrocyte myelin glycoprotein (OMgp), ephrin B3 and transmembrane 

semaphorin 4D (Sema4D) (Yiu et al., 2006). Regeneration and reconnection to targets 

could be encouraged by either eliminating inhibitory molecules to create a growth-

encouraging environment (Fouad et al., 2010) or promoting appropriate cell adhesion 

dynamics (Condic, 2001). Since regeneration is a recapitulation of the development 

process, understanding the underlying factors responsible for axon growth may identify 

novel targets for therapeutic interventions to promote axon regeneration.
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A. Axon Extension 

Axon extension requires migration of neuronal growth cones along a cellular or 

extracellular matrix (ECM) substratum (Letourneau et al., 1994). As seen in Figure 1.1, a 

developing neuron, like any other cell, has a nucleus and a cell body called a soma 

(where most protein synthesis occurs), growing neurites and the growth cones at the tips 

of growing neurites (Nowakowski, 2006).  Growth cones consist of a central domain, 

peripheral domain and transitional domain. As the name suggests, the peripheral region 

lies at the edges of the growth cone, and is made up of an actin-based cytoskeleton 

consisting of dynamic finger-like filopodia and flat sheet-like lamellipodia. Microtubules 

enter the peripheral region transitorily. The center of the growth cone is called the central 

domain and is made up of a microtubule-based cytoskeleton containing organelles and 

vesicles. In between the peripheral and central domain lies the thin band of transitional 

domain (Gordon-Weeks, 2005). 

Axon extension is a consequence of a process known as tip growth (Gordan-

Weeks, 2005).  During extension, continuous addition of new cytoskeleton material takes 

place while simultaneously retaining the old material. This is true for both microtubules 

and actin filaments.  Tubulin and actin polymerize at the leading edge of the central 

domain and peripheral domains, respectively, to produce axon extension. At the same 

time the growth cone attaches to substrata through firm adhesions, generating mechanical 

tension and protrusion through cytoskeleton-associated molecular motors. Thus, fast 



 

growing growth cones are small and have 

slow growing growth cones are large and 

Fig. 1.1: Structure of a developing neuron with nucleus, soma, neurites
growth cone is located at the tip of a growing neurite. The growth cone consist of 
domain composed of microtubules and a 
projections called filopodia and flat sheets in
with rest of the developing neuron
complexes through which the cytoskeleton of a cell connects to the extracellular matrix, or ECM. 
(Adapted from Springer Images
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growing growth cones are small and have a high degree of mechanical tension; 

slow growing growth cones are large and have less tension (Gordon-Weeks, 2005). 

Fig. 1.1: Structure of a developing neuron with nucleus, soma, neurites and a growth cone. The 
growth cone is located at the tip of a growing neurite. The growth cone consist of 

n composed of microtubules and a peripheral domain composed of actin based finger
projections called filopodia and flat sheets in between called lamellipodia. Growth cones along 
with rest of the developing neuron contain focal adhesion proteins that are large, dynamic protein 
complexes through which the cytoskeleton of a cell connects to the extracellular matrix, or ECM. 

om Springer Images; Hirata, 2009) 

al tension; while 

Weeks, 2005).  

and a growth cone. The 
growth cone is located at the tip of a growing neurite. The growth cone consist of a central 

composed of actin based finger-like 
etween called lamellipodia. Growth cones along 

contain focal adhesion proteins that are large, dynamic protein 
complexes through which the cytoskeleton of a cell connects to the extracellular matrix, or ECM. 
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B. Focal Adhesion Complexes 

Growth cone advance requires successive attachment and detachment of focal adhesion 

complexes. Focal adhesion complexes are large macromolecular complexes through 

which both mechanical force and regulatory signals are transmitted. Precisely, they can 

be stated as sub-cellular macromolecules that facilitate cellular events like anchorage to 

the ECM, motility, migration and cell cycle progression (Chen et al., 2003 and Zamir et 

al., 2001). They are located at the plasma membrane closest to ECM (Zaidel-Bar et al., 

2004). Focal adhesion complexes consist of integrins and many cytoplasmic proteins 

such as talin, vinculin, paxillin, and α-actinin (Humphries, 2000). These proteins function 

by regulating kinases such as focal adhesion kinase (FAK) and Src kinase family 

members to phosphorylate substrates and are partially regulated by Rho family guanine 

triphosphatases (GTPases). These focal adhesion complexes attach to the actin 

cytoskeleton. More than 100 proteins have been identified to be present in focal adhesion 

complexes, indicating significant functional diversity depending on cell type (Zamir et 

al., 2001). In this project, we particularly focused on four proteins: paxillin, vinculin, 

talin and β1 integrin.  

Figure 1.2 depicts a model of focal adhesion complex signaling. In this figure, 

attachment to ECM proteins induces β1 integrin clustering, which recruits intracellular 

adaptor proteins such as paxillin, talin, and vinculin, linking actin filaments to the 

membrane. Paxillin and talin form the initial contact between the β1 integrin intracellular 

tail and the actin cytoskeleton. Vinculin crosslinks talin and actin filaments; and α- 



 

actinin interacts with talin, vinculin and 

Additional intracellular proteins (tensin, ponsin, filamin and palladin) are then recruited 

to strengthen the focal adhesion (left side of Fig. 1.2). ECM

activation of Rho GTPases

integrins (right side of Fig. 1.2).

Fig. 1.2: Focal adhesion complexes. Integrin (
collagen) provides direct and indirect signaling to the actin cytoskel
Millard et al., 2011) 
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actinin interacts with talin, vinculin and actin to further reinforce actin crosslinking.  

Additional intracellular proteins (tensin, ponsin, filamin and palladin) are then recruited 

to strengthen the focal adhesion (left side of Fig. 1.2). ECM-bound integrins also lead to 

activation of Rho GTPases, which signal bidirectional to the intracellular domains of the 

integrins (right side of Fig. 1.2). 

Fig. 1.2: Focal adhesion complexes. Integrin (α, β1) binding to ECM proteins (e.g. 
collagen) provides direct and indirect signaling to the actin cytoskeleton.  (Adapted from 

actin to further reinforce actin crosslinking.  

Additional intracellular proteins (tensin, ponsin, filamin and palladin) are then recruited 

bound integrins also lead to 

, which signal bidirectional to the intracellular domains of the 

 

1) binding to ECM proteins (e.g. 
eton.  (Adapted from 
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When the growth cone migrates, it leads to dynamic changes in the composition 

and the morphology of the focal adhesion complexes. This progression is incompletely 

investigated in the case of neuronal growth cones, but studies in migrating cells suggest a 

particular sequence of events happens (Zimerman et al., 2004).  In fibroblasts, migration 

starts with formation of lamellipodial focal complexes, which is then stabilized through 

association of intracellular adaptor proteins.  Part of this stabilization process involves 

adaptor protein phosphorylation via FAK (Zimerman et al., 2004). Once a focal adhesion 

becomes stable with respect to the extracellular matrix, the cell uses it as an anchor to 

push or pull itself over the matrix, resulting in cell migration (Huttenlocher et al., 1997). 

One major difference between migrating cells and neuronal growth cones is that in the 

growth cones, maturation of focal adhesion is not as complete as in migrating cells 

(Riveline et al., 2001), perhaps reflecting the primary function of a neuronal growth cone 

to guide a growing neurite to an appropriate synaptic target and build the extending 

neurite (Gordon Weeks, 2005).  

C. Focal Adhesion Proteins 

1) Integrins: According to DiPersio and colleagues (1997), members of the βl-integrin 

family are the best-characterized neuronal receptors for ECM components. Integrins are 

transmembrane receptor proteins that link the ECM outside a cell to the cytoskeleton 

inside the cell. The ECM protein to which a growth cone attaches is determined by the 

particular α and β subunits that are present. For example the ligands of integrins are 
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fibronectin, vitronectin, collagen, and laminin (Olberding et al., 2010). Thus integrins 

link two forms of networks across a plasma membrane: the extracellular ECM and the 

intracellular actin cytoskeleton (Hynes, 2002). According to studies conducted by Jones 

and his colleagues (1999), avian optic tectum neuroblasts that have decreased amounts of 

β1 integrin during early stages of development fail to migrate into the tectal plate. 

Integrin β1 subunits are also strongly induced following injury of chick peripheral nerve 

(Lefcort et al., 1992). These findings suggest that integrin-mediated processes are 

essential for neuronal development and regeneration.  

2) Paxillin: Paxillin is a multi-domain protein found at focal adhesion sites localized to 

the ECM and is phosphorylated at Tyr118 by FAK. Paxillin phosphorylation is essential 

for integrin-mediated cytoskeletal reorganization (Turner 2000). According to Brown and 

colleagues (2004), paxillin is an essential component of the molecular clutch that couples 

cell adhesion proteins, such as integrin, to the actin cytoskeleton. Paxillin is recruited to 

focal complexes through its LIM domain, located at its C-terminus, resulting in direct 

association between paxillin and cytoplasmic tail of integrin β subunits.  The N-terminal 

region of paxillin recruits additional proteins to the focal complex (Turner, 2000).  

According to Brown and Turner (2004), paxillin is an adaptor protein that recruits 

signaling components to the cytoskeletal-membrane interface, regulating processes such 

as cell migration and gene expression. According to Huang and his colleagues (2004), 

paxillin phosphorylation by the p38 mitogen-associated protein kinase (MAPK) is 

involved in the neurite extension of PC-12 cells. Also, c-Jun N terminal kinase (JNK) 
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phosphorylation of paxillin mediates neurite extension in N1E-115 neuroblastoma cells 

through Rac1 and Cdc42 signaling cascades (Yamauchi et al., 2006). 

3) Talin: Another protein in the focal adhesion complex, talin, is localized to adherens-

type junctions with the ECM and binds to FAK (Chen et al., 1985), vinculin, actin and 

the cytoplasmic domains of integrins (Hemmings et al., 1996),  attaching actin filaments 

to the integrins (Critchley, 2004). C-terminal rod domain of talin contains bundles of 

alpha helices and an N-terminal F1, F2, and F3 and ezrin, radixin, and moesin (FERM) 

domain (García-Alvarez et al., 2003). The F3 portion of the FERM domain is considered 

to have the highest affinity for β integrin cytoplasmic tails and is associated with 

activation (Chishti et al., 1998).  According to Calderwood (2004), mutations in either 

talin or β integrin tails interrupt complex formation and inhibit integrin activation. Talin 

also binds vinculin to further stabilize the adhesions (Papagrigoriou et al., 2004). 

Microscale chromophore-assisted laser inactivation of talin elicits a temporary cessation 

of filopodial extension and promotes retraction, suggesting that talin acts in filopodial 

motility and may couple both extension and retraction to actin dynamics (Sydor et al., 

1996). 

4) Vinculin: Vinculin is a linker protein specifically associated with focal adhesions, as 

well as with adherens type cell-cell junctions.  It is responsible for actin attachment to the 

plasma membrane, since it can interact with many of the linker proteins involved in such 

binding interactions (Geiger, 1979). Vinculin contains a proline rich domain centrally 
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located between its N- and C-termini, and has a globular head domain with binding sites 

for α-actinin, talin and a tyrosine phosphorylation site. The tail region has binding sites 

for filamentous actin, paxillin, and lipids (Goldman et al. 2001).  Inactivation of vinculin 

results in filopodial bending and buckling, suggesting a role in the structural integrity of 

filopodia (Sydor et al., 1996).  In neurons, vinculin deficiency results in growth cones 

that advance more slowly and have less stable filopodia and lamellipoida (Ezzell et al., 

1997). 

D. Rho GTPases in Adhesion and Axon Extension 

Growth cone actin dynamics, including focal adhesion complexes, are regulated, in part, 

by Rho family GTPases (Bishop et al., 2000). Three subfamilies constitute the 

mammalian Rho GTPases:  Rho (RhoA, RhoB and RhoC), Rac (Rac1, Rac2 and Rac3) 

and Cdc-42 (Cdc-42 and G25K) (Boureux et al., 2007). The prototypical members of 

each subfamily (RhoA, Rac1 and Cdc-42) are the best-characterized Rho GTPases.  Rac1 

stimulates actin polymerization to form lamellipodia, while Cdc-42 induces actin 

polymerization to form filopodia or microspikes.  RhoA promotes bundling of actin 

filaments into stress fibers and the formation of focal adhesion complexes (Ridley, 2006). 

Rho GTPases cycle between (GTP-bound) active and (GDP-bound) inactive states.  The 

activation state of individual Rho GTPases is regulated by interaction with three sets of 

activating or inhibiting enzymes and through membrane localization. 
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E. Rho GTPases Activation Cycle 

Of the regulators of Rho GTPase activity, two of the classes are inhibitory for the 

GTPases and one promotes GTP loading. Guanine nucleotide dissociation inhibitors 

(GDIs) sequester GDP-bound, inactive Rho GTPases in the cytoplasm. Binding to GDIs 

masks the isoprenoid alteration of Rho GTPases (see below) and prevents Rho GTPase 

localization to the plasma membrane.  Rho GTPases localized to the plasma membrane 

can interact with guanine nucleotide exchange factors (GEFs), which promote GTP 

loading and, thus, activation of Rho GTPases (Dovas et al., 2005). Inactivation of Rho 

GTPases is also mediated by GTPase activating proteins (GAPs), which facilitate the 

hydrolysis of GTP to GDP (Bryan et al., 2004) (Fig.1.3, Boureux et al., 2007).  
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Fig. 1.3: Rho-GTPase activation cycle. Guanine dissociation inhibitors (GDIs) sequester GDP-
bound, inactive Rho GTPases in the cytosol. Release from GDIs, allows prenylated Rho GTPases 
to anchors to plasma membrane, facilitating interaction with activating guanine exchange factors 
(GEFs). Inactivation of Rho GTPases is promoted by GTPase activating proteins (GAPs) that 
facilitate GTP hydrolysis (Adapted from Huveneers et al., 2009). 

 

F. Rho GTPase Regulation by Membrane Localization 

The effects of Rho GTPases on focal adhesion complexes are likely to be further 

regulated by the localization of the GTPase.  Indeed, Rho GTPase membrane localization 

through prenylation, specifically geranylgeranylation, has been demonstrated to be 
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important in modulating their function (Solski et al., 2002). In other words, the function 

of Rho GTPases depends on GTP-loading and prenylation (Waiczies et al., 2008).  

Prenylation is the process of the addition of hydrophobic molecules (farnesyl or 

geranylgeranyl) to C-terminus of an appropriate protein (Fig. 1.4).  Prenyl groups (3-

methyl-2-buten-1-yl) enable attachment to cell membranes and protein-protein binding 

through specialized prenyl-binding domains. Farnesyl pyrophosphate (FPP) and 

geranylgeranyl pyrophosphate (GGPP) are the intermediates produced from the 

mevalonate biosynthetic pathway, which also produces cholesterol.  FPP or GGPP 

provide the farnesyl and geranylgeranyl that are transferred to cysteine residues by 

specific farnesyl or geranylgeranyl transferases (Fenton et al., 1992).  
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Fig. 1.4: Modifications of C-terminal cysteine residues by prenyl groups. C-terminal cysteine 
residue of the protein is outlined by the dotted line. The thiol group is thioether-linked to either a 
farnesyl or a geranylgeranyl group, and the exposed carboxyl group is methylated (from Casey et 
al., 1996) 

Protein prenylation can be pharmacologically manipulated using statins, 

molecules that inhibit the mevalonate pathway (Fig. 1.5).  Statins inhibit 3-hydroxy-

3methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme for the 

biosynthetic mevalonate pathway (Fig. 1.5). In this pathway, HMG-CoA is converted 

through a series of reactions, to farnesyl pyrophosphate (FPP) and geranylgeranyl 

pyrophosphate (GGPP), precursors for protein prenylation. When the GGPP precursor, 

geranylgeraniol (GGOH) is added in the presence of a statin, it restores the capacity for 

proteins to become geranylgeranylated (Ownby et al., 2002). 

Several studies have employed statins in cell culture to determine the effects on 

neurite outgrowth.  However, the results of these experiments varied with the statin 

employed and the cell type tested.  In some studies, statins inhibit neurite outgrowth 
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(Koch et al., 1997; Schulz et al., 2004). Rho GTPases require polyisoprenylation for 

membrane association and further activation of actin cytoskeleton but lovastatin prevents 

isoprene synthesis and thereby lipid modification of the Rho protein carboxy terminus 

thus inhibiting neurite outgrowth (Koch et al., 1997). Conversely, according to 

Fernandez-Hernando and colleagues (2005), statins promote neurite outgrowth since 

inhibition of geranylgeraniol synthesis leads to sterol-dependent neurite outgrowth that is 

mediated by inhibition of RhoA signaling. In non-neuronal cells, statins activate Rac1 

(Dunford et al., 2006) and inactivate RhoA (Fernandez-Hernando et al., 2005). 

 



 

Fig. 1.5: The Mevalonate Pathway.
pathway produces prenylation intermediates, farnesyl pyrophosphate and geranylgeranyl 
pyrophosphate. Lovastatin and geranylgera
further affecting production of prenylation intermediates (From Samuel and Hynds, 2010). 

  In prior work, we determined that treatment with lovastatin decreased neurite 

initiation (Samuel, 2009).  These 

geranylgeranylation since they were rescued by co

geranylgeranylation precursor, geranylgeraniol.  

cells treated with lovastatin assumed rounded cell morph

decreased neurite initiation, suggested that some of the effects of the statin treatment 

resulted from altered substrate attachment
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: The Mevalonate Pathway. The key enzyme of this pathway is HMGCoA reductase. This 
pathway produces prenylation intermediates, farnesyl pyrophosphate and geranylgeranyl 
pyrophosphate. Lovastatin and geranylgeraniol alone inhibit the key enzyme of this pathway, 
further affecting production of prenylation intermediates (From Samuel and Hynds, 2010). 

In prior work, we determined that treatment with lovastatin decreased neurite 

initiation (Samuel, 2009).  These effects likely occurred through decreased 

geranylgeranylation since they were rescued by co-treatment with the 

geranylgeranylation precursor, geranylgeraniol.  Interestingly, Samuel also observed that 

cells treated with lovastatin assumed rounded cell morphology.  This, coupled with 

decreased neurite initiation, suggested that some of the effects of the statin treatment 

altered substrate attachment.   

The key enzyme of this pathway is HMGCoA reductase. This 
pathway produces prenylation intermediates, farnesyl pyrophosphate and geranylgeranyl 

niol alone inhibit the key enzyme of this pathway, 
further affecting production of prenylation intermediates (From Samuel and Hynds, 2010).  

In prior work, we determined that treatment with lovastatin decreased neurite 

through decreased 

treatment with the 

Interestingly, Samuel also observed that 

ology.  This, coupled with 

decreased neurite initiation, suggested that some of the effects of the statin treatment 
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G. Overview of Project 

The studies discussed above suggest that geranylgeranylation influences Rho GTPase 

activity and that Rho GTPases control focal complex formation.  Furthermore, statin-

induced changes in morphology suggest a primary role for ECM adhesion in regulating 

neurite outgrowth.  We hypothesized that manipulating geranylgeranylation will decrease 

the association of focal complex proteins (paxillin or talin or vinculin) with β1 integrin in 

B-35 growth cones. To test this, we used B35 rat neuroblastoma cell line as our model 

system, as B35 cells are easy to grow and differentiate, approximate neurons and 

elaborate neurites (Otey et al., 2003).  The analysis of focal complex composition 

described herein relies on the co-localization and interaction of ubiquitous focal adhesion 

adaptor proteins (e.g. paxillin, talin and vinculin), previously identified in the focal 

complexes in growth cones of neurons and neuron-like (PC12) cell lines  and in 

association with β1-integrin (Arregui et al., 1994). We have used the following specific 

aims to test this hypothesis: (i) to assess the extent of co-localization of focal adhesion 

proteins (paxillin, talin, vinculin and β1-integrin) in the growth cones of B35 

neuroblastoma cells cultured on different substrata using double-label 

immunocytochemistry; (ii) to determine how manipulating geranylgeranylation affects 

the association of focal adhesion complex proteins with β1 integrin in growth cones using 

co-immunoprecipitation and western blot analyses; (iii) to assess how manipulating 

protein geranylgeranylation affects the association of focal complex proteins in cell 

bodies and growth cones in cells cultured on collagen; and (iv) to address the effect of 
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manipulating protein geranylgeranylation on focal complexes using co-localization 

analysis. 
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 CHAPTER II 

METHODS 

A. Cell Culture and Treatment 

B35 rat neuroblastoma cells were routinely cultured in 1:1 Dulbecco’s modified Eagles 

medium and Ham’s F12 nutrient mixture (DMEM/F12, Invitrogen), supplemented with 

10% fetal bovine serum (FBS, Atlanta Biotech) at 37°C and passed when 90% confluent.  

In this work, we performed two types of analyses: (1) immunocytochemical evaluation of 

focal complex proteins; and (2) co-immunoprecipitation analysis of interactions between 

focal complex proteins.  For immunocytochemical experiments, cells were seeded at 

5,000/cm2 on 12 mm glass coverslips, either not coated or coated with different substrata 

(see below).  Cultures were maintained for 24 hours in media containing 10% FBS and 

were then washed twice with phosphate buffered saline (PBS), and placed in media 

containing 0.5% serum with or without 20 µM lovastatin (Sigma) or 10 µM 

geranylgeraniol (GGOH, Sigma) for an additional 24 hours.  For co-immunoprecipitation 

experiments, cells were seeded at a density of 20,000 cells/cm2 on 10 cm plates that were 

either not coated or coated with substrata. Cultures were maintained in media containing 

10% FBS until 90% confluent (24-72 hours) and were then washed twice with phosphate 
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buffered saline (PBS), then treated for 24 hours with lovastatin (20 µM) or lovastatin + 

GGOH (10 µM) in media containing 0.5% FBS. 

B. Substratum Preparation 

Glass coverslips were placed in 24-well tissue culture plates and sterilized by ultraviolet 

(UV) irradiation for 20 minutes on each side.  Coverslips or tissues culture plates were 

then incubated with 25 µg/ml collagen (Sigma Aldrich) or laminin (Sigma Aldrich) in 

PBS for 2 hours at room temperature.  Plates were washed twice with PBS and were 

seeded with the appropriate density of B35 cells. 

C. Immunocytochemistry  

B35 cultures, treated as described above, were fixed in 4.0% paraformaldehyde and 

blocked for 30 minutes in PBS containing 1.5% pre-immune secondary serum, 0.1% 

bovine serum albumin and 0.1% Triton-X 100 (blocking buffer).  We first determined the 

optimal concentration for staining for each primary antibody on uncoated glass coverslips 

(where the ECM substratum is secreted by the cells and is currently undefined).  

Antibody dilutions of 1:200, 1:400, and 1:600 for each primary antibody were screened.  

The primary antibodies used were mouse anti-paxillin, rabbit anti-talin, mouse anti-β1 

integrin and rabbit anti-vinculin antibodies (all from AbCam).  Following identification 

of optimal staining concentrations, co-localization of focal complex adaptor proteins and 

β1 integrin were performed, using specific pairwise combinations (Table 2.1).  In all 

cases, samples were incubated overnight at 4°C with primary antibodies in blocking 
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buffer, followed by washing 2-3 times with blocking buffer.  Samples were then exposed 

to a 1:200 dilution of appropriate fluorophore-conjugated secondary antibodies 

[Alexafluor 555 (goat anti-mouse)/488(donkey anti-rabbit) Table 2.1] in blocking buffer 

for 30 minutes at room temperature.  Samples were washed 2-3 times with blocking 

buffer and twice with PBS.  Coverslips were then mounted on slides with mounting 

media containing 4', 6-diamidino-2-phenylindole fluorescent stain (DAPI) to stain nuclei 

of the cells.  For double-labeling, the immunocytochemical procedure was performed 

sequentially.  

     Table 2.1: Pairwise Antibody Staining 

Substratum Primary antibody Secondary fluorophore-
conjugated antibody 

 

 

Collagen 

Laminin 

Undefined  

Mouse anti-β1-
integrin/rabbit anti-vinculin 

Alexa 555 (goat anti-mouse)/ 
Alexa 488(donkey anti-rabbit)  

Mouse anti-paxillin/rabbit 
anti-β1-integrin 

Alexa 555 (goat anti-mouse)/ 
Alexa 488(donkey anti-rabbit)  

Mouse anti-vinculin/rabbit 
anti-talin 

Alexa 555 (goat anti-mouse)/ 
Alexa 488(donkey anti-rabbit)  

Mouse anti-paxillin/rabbit 
anti-talin 

Alexa 555 (goat anti-mouse)/ 
Alexa 488(donkey anti-rabbit)  

Mouse anti-paxillin/rabbit 
anti-vinculin 

Alexa 555 (goat anti-mouse)/ 
Alexa 488(donkey anti-rabbit)  

 

 



 

D. Image Capture and Ana

To assess localization and colocalization of focal complex proteins, digital images (1 per 

coverslip, 5 growth cones/coverslip (i.e., each image represents one experimental 

condition) were captured through a 100X objective on a Nikon AR1

with a Nikon Ti inverted microscope.  Image capture conditions were held constant 

within each experiment.   Areas containing growth cones were searched, captured, and 

the regions of interests of those growth cones were zoomed in and analyzed for co

localization of paxillin, vinculin, 

Co-localization can be observed when two or more proteins are present in the close 

proximity to each other inside the cell

different fluorophores.  

respectively, protein co-localization would be identified by yellow in images where the 

red and green channels are merged (Fig. 2.1)

 

  

Fig. 2.1: Co-localization. In double
fluorophore (represented by the green 
red-emitting fluorophore (represent
red and green channel are merged.  In the figure, the yellow area in the rightmost cloud
the region of co-localization.

+
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D. Image Capture and Analysis 

To assess localization and colocalization of focal complex proteins, digital images (1 per 

coverslip, 5 growth cones/coverslip (i.e., each image represents one experimental 

condition) were captured through a 100X objective on a Nikon AR1-AI confocal 

with a Nikon Ti inverted microscope.  Image capture conditions were held constant 

within each experiment.   Areas containing growth cones were searched, captured, and 

the regions of interests of those growth cones were zoomed in and analyzed for co

localization of paxillin, vinculin, β1 integrin and talin focal adhesion complex proteins. 

observed when two or more proteins are present in the close 

proximity to each other inside the cell and can be demonstrated by overlap of two 

  For instance, with two proteins, labeled green and red, 

localization would be identified by yellow in images where the 

red and green channels are merged (Fig. 2.1).   

  

In double-labeled images, proteins identified with a green
fluorophore (represented by the green cloud) that are co-localized with proteins labeled with a 

represented by the red cloud) will appear yellow in images where the 
red and green channel are merged.  In the figure, the yellow area in the rightmost cloud

localization. 

+ = 

To assess localization and colocalization of focal complex proteins, digital images (1 per 

coverslip, 5 growth cones/coverslip (i.e., each image represents one experimental 

AI confocal system 

with a Nikon Ti inverted microscope.  Image capture conditions were held constant 

within each experiment.   Areas containing growth cones were searched, captured, and 

the regions of interests of those growth cones were zoomed in and analyzed for co-

1 integrin and talin focal adhesion complex proteins. 

observed when two or more proteins are present in the close 

and can be demonstrated by overlap of two 

For instance, with two proteins, labeled green and red, 

localization would be identified by yellow in images where the 

 

labeled images, proteins identified with a green-emitting 
localized with proteins labeled with a 

) will appear yellow in images where the 
red and green channel are merged.  In the figure, the yellow area in the rightmost cloud represents 
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The extent of protein co-localization in defined regions of interest (ROIs) was analyzed 

according to the protocol described by Zinchuk, et al. (2008).  Images were analyzed 

using the co-localization module of the NIS-Elements AR™ software, interfaced with the 

confocal microscope.  This module performs an automated measure of the extent of co-

localization, which can be estimated using either Pearson’s correlation or Mander’s 

overlap coefficients.  The analysis produces a scattergram of the intensity profile of each 

fluorophore (Fig. 2.2).  Pearson’s correlation coefficient estimates co-localization of 

pixels according to the intensity profile, with a value of -1 indicating no co-localization 

and a value of 1 indicating 100% co-localization.  Pearson’s correlation coefficient 

depends on the intensity of each fluorophore.  In contrast, Mander’s overlap coefficient is 

insensitive to differences in signal intensities between the two channels, photo-bleaching 

or amplifier settings. Values for Mander’s overlap range from 0 to 1 (0: no colocalization, 

1: all pixels colocalize).  Mander’s overlap coefficients ([k1] and [k2]) indicate intensity 

variations between the two fluorophores.  In this work, we use Mander’s overlap to 

estimate the extent of co-localization.  In brief, the process used to estimate co-

localization in this work involved first acquiring the image, then correcting for non-

specific background staining and tracing ROIs (in this case growth cones), and then 

calculating the Mander’s overlap for each ROI (Fig. 2.3).  Average Mander’s overlaps 

were calculated for each treatment condition.   



23 

 

 

Fig. 2.2: Representative scatter-gram produced by the co-localization module. The degree of co-
localization is estimated by either Pearson’s correlation or Mander’s overlap and Mander’s 
overlap coefficients (from Zinchuk, et al., 2008). 
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Fig. 2.3: Representation of image processing for determination of co-localization.  In Step 1 
images of growth cones are acquired using 100 X oil immersion objective (arrows pointing at 
growth cones). In Step 2 background correction is done to correct image defects and Region of 
Interest (ROI) is marked by drawing a big rectangular box and small polygrams inside that 
rectangle, to distinguish more specific regions of interest. In Step 3 for each ROI and small 
polygrams, a default document is created that gives a pixelated picture and values for Mander’s 
overlap and co-localization co-efficient for those overlapping pixels. These values are further 
statistically analyzed.  

 

E. Cell Lysis and Fractionation 

The amount of interaction between focal complex proteins in response to manipulating 

protein geranylgeranylation was determined using co-immunoprecipitation and western 

blotting.  To investigate protein interactions within growth cones, specifically, cells were 

separated into growth cone and cell body fractions (Seifert et al., 2009). Cells were 

washed twice with ice cold EDTA buffer and cultures were mechanically harvested and 

suspended in EDTA buffer (0.54 mM EDTA, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM 
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KCL, and 0.15 mM KH2PO4 solution) in individual tubes and homogenized with 

Teflon/glass homogenizer. The homogenate was layered onto a 3.5 ml cushion of 20% 

sucrose in EDTA buffer for 15 minutes on ice and then centrifuged at 500 X g for 4 

minutes. Growth cones at the cushion/load interface and the cell bodies in the pellet were 

collected in new microfuge tubes. Protein concentrations in cell fractions or whole cell 

lysates were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). 

Lysate samples (25 µg/µL) were resuspended in 20 µL 4% sodium dodecyl sulfate (SDS), 

20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue and 0.125 M Tris HCl 

(Laemmli buffer) and boiled for 5 minutes. 

F. Co-immunoprecipitation 

Protein samples (200 µg total proteins) were incubated with 5 µg/sample rabbit or mouse 

anti-β1-integrin antibodies or rabbit or mouse anti-paxillin antibodies overnight at 4°C, 

with shaking.  Prewashed protein A conjugated agarose beads (35 µl of a 50% 

solution/sample) or IgG magnetic beads (15 µL of a 50% solution/sample) were washed 

twice in lysis buffer  and added to each sample  and incubated at room temperature with 

rocking for 2 hours. Beads and bound proteins were precipitated by magnet or 

centrifugation and washed twice in IGEPAL buffer.  Precipitated proteins were separated 

by resuspension in 20 µl Laemmli buffer. Samples were boiled for 5 minutes. 
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G. Western Blotting  

Cell fraction immunoprecipitates and whole cell lysates were electrophoresed through 

12% SDS/polyacrylamide gels (SDS/PAGE) and electro-transferred to nitrocellulose 

membranes. Membranes were blocked with 5% non-fat dry milk in Tris buffered saline 

containing 0.1% Tween-20 (TBST) for 1 hour at room temperature with rocking. 

Following blocking, membranes were immunoblotted overnight at 4°C using 1:2000 

dilutions of mouse or rabbit anti-paxillin, anti-vinculin, anti-talin and anti-β1-integrin 

antibodies. Membranes were then washed with TBST 4 times (10 minutes each) and 

exposed to 1:20,000 dilutions of 680RD goat anti-rabbit IgG or 680RD goat anti-mouse 

IgG infrared dyes for 2 hours at room temperature with rocking. Membranes were 

washed 3-4 times with TBST (10 minutes each) and visualized and analyzed on Odyssey 

CLx infrared imaging system.  Some membranes were stripped and reprobed for another 

protein of interest. 

H. Statistical Analysis 

Data from immunocytochemical experiments were analyzed using univariate Analysis of 

Variance (ANOVA) with individual treatment groups as the independent variable and the 

Mander’s coefficient values as the dependent variable. Differences between treatment 

groups were determined using the Least Significant Difference (LSD) post-hoc test at the 

0.05 level of significance.  
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Data from co-immunoprecipitation experiments were analyzed using a Repeated 

Measures ANOVA with individual treatment groups as the independent variable and the 

different ratios of immunoprecipitate to lysate values as the dependent variable. 

Differences between treatment groups were determined using the LSD post-hoc test at the 

0.05 level of significance. 
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CHAPTER III 

RESULTS 

A. Optimization of Antibody Staining 

Focal complexes, the sites of growth cone attachment to ECM substrata, typically involve 

β1 integrin binding to the ECM proteins and several adaptor proteins, including paxillin, 

talin and vinculin (Alphin et al., 1998).  The first goal of this project was to assess the 

extent of co-localization of these proteins in the growth cones of B35 neuroblastoma cells 

cultured on different substrata.  To prepare for this, we first determined the optimum 

dilutions of primary antibodies for immunocytochemical labeling for the focal complex-

associated proteins, paxillin, vinculin, talin and β1 integrin  The best specific staining 

was defined as the dilution of primary antibody that provided the highest signal to noise 

ratio in B35 cells, assessed using confocal microscopy.  Each primary antibody was 

diluted 1:200, 1:400 or 1:600 and images captured through a 40X objective were visually 

analyzed.  Optimal dilutions of primary antibodies ranged between 1:600 and 1:200, 

depending on the antigen (Fig. 3.1). For paxillin, the optimal dilution of primary antibody 

was determined to be 1:400 (Fig. 3.1). The optimal primary antibody dilution was 1:200 

for β1 integrin and 1:600 for vinculin and talin (Fig. 3.1). These dilutions of primary 

antibody were used for the remainder of the immunocytochemical experiments.  
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B. Attachment to Different Substrata Changes the Amount of Focal Adhesion Complex 

Protein Co-localization 

To determine whether attachment to different substrata affects the amount of co-

localization of focal complex-associated proteins, we performed double labeling for pairs 

of focal complex proteins (β1 integrin and vinculin; paxillin and talin).  Representative 

images (Fig. 3.2 and 3.3) show a large extent of co-localization for β1-intergin/vinculin 

Fig 3.1: Optimization of primary antibody staining. B35 cells, cultured on the undefined ECM 
secreted by cells, were fixed and labeled with different concentrations of primary antibodies 
(1:200, 1:400 or 1:600) and a 1:200 dilution of an appropriate secondary antibody.  Highlighted 
panels indicate the optimum dilution for each primary antibody. Scale bar shown in the 1:600 anti-
talin is 100 µm and is valid for all images. 
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and paxillin/talin immunostaining, demonstrated by yellow areas in merged images. 

Similar results were found with double labeling for paxillin and β1 integrin, paxillin and 

vinculin, and vinculin and talin (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Glass Collagen Laminin 

DIC  

Vinculin 

Merge  

β1 Integrin 

100 μm 

Fig 3.2: β1 integrin and vinculin co-localize on different ECM substrata. Representative 
images of B35 cells grown on ECM secreted by cells (undefined), collagen or laminin, and 
immunolabeled for focal complex proteins. The top row shows differential interference 
contrast (DIC) images of B35 cells. The second row indicates labeling for β1 integrin (green).  
The third row shows immunostaining for vinculin (red). The bottom row shows the merged 
images, indicating co-localization of two proteins in yellow.  Scale bar: 100 µm 
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Fig. 3.3: Paxillin and talin co-localize on different ECM substrata Representative images 
of B35 cells grown on ECM secreted by cells (undefined), collagen or laminin, and 
immunolabeled for focal complex proteins. The top row shows differential interference 
contrast (DIC) images of B35 cells. The second row indicates labeling for paxillin 
(green).  The third row shows immunostaining for talin (red). The bottom row shows the 
merged images, indicating co-localization of two proteins in yellow.  Scale bar: 100 µm 

 

To quantify the degree of focal complex protein co-localization, we used Mander’s 

overlap coefficient values to estimate the amount of co-localization for pairs of focal 

adhesion proteins.  For all substrata, Mander’s overlap coefficients indicate a high degree 

of co-localization, with values ranging between 0.8 and 1.0 (Figs. 3.4 - 3.8).  Compared 
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to B35 growth cones from cells cultured on the substrata they secrete (undefined), growth 

cones from cells cultured on collagen or laminin had decreased co-localization of β1 

integrin and vinculin (Fig. 3.4). No differences in the amount of co-localization of β1 

integrin and paxillin (Fig. 3.5), paxillin and talin (Fig. 3.6) or paxillin and vinculin (Fig. 

3.7) were evident in the growth cones of B35 cells cultured on different substrata.  

However, the amount of talin and vinculin co-localization was significantly higher in the 

growth cones of cells cultured on laminin, compared to those cultured on collagen (Fig. 

3.8).  Collectively, these data suggest that focal complex proteins in B35 growth cones 

respond differently to the signals received from different ECM substrata. 
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Fig 3.4: Average Mander’s overlap co-efficient for co-localization of β1-
integrin and vinculin. B35 cells were grown on different substrata 
(undefined, collagen, laminin), double immunolabeled for β1 integrin 
and vinculin, and analyzed using co-localization software.  Data are 
average ± SEM for n = 5 growth cones/each condition. Asterisk indicates 
significant difference at p < 0.05 compared to growth cones from cells 
plated on undefined substrata (ANOVA with LSD post-hoc, F 14, 2 = 
33.474). 
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Fig 3.5: Quantification of the Mander’s overlap co-efficient for co-
localization of paxillin and β1 integrin in different treatment groups. Data 
are average ± SEM for n = 5 growth cones. (ANOVA, F 14, 2 = 1.008) 

 

Fig 3.6: Quantification of the Mander’s overlap co-efficient for co-
localization of paxillin and talin in different treatment groups. Data are 
average ± SEM for n = 5 growth cones (ANOVA, F 14, 2 = 1.066)  
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Fig 3.7: Quantification of the Mander’s overlap co-efficient for co-
localization of paxillin and vinculin in different treatment groups. Data 
are average ± SEM for n = 5 growth cones (ANOVA F 14, 2 = 0.600) 
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In Figure 3.8 we found that more vinculin/talin co-localizes on laminin as compared to 

collagen. 

 

 

 

 

C. Modulating Geranylgeranylation does not Affect the Association of Focal Complex 

Proteins on Different Substrata 

The co-localization experiments described above indicated a high degree of co-

localization for focal complexes in B35 growth cones on different substrata, and 

suggested that the amount of vinculin may vary dependent on substrata.  Because 

activation of Rho GTPases is partly controlled through geranylgeranylation, we next 

determined whether modulating geranylgeranylation affects the amounts of focal 

adhesion proteins associated with β1 integrin in cells cultured on different substrata.  
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Fig. 3.8: Quantification of the Mander’s overlap co-efficient for co-
localization of vinculin and talin in different treatment groups. Data are 
average ± SEM for n = 5 growth cones.  Asterisk indicates significant 
difference at p < 0.05 (ANOVA and LSD post-hoc F 14, 2 = 2.431), 
compared to growth cones of cells cultured on collagen.   
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Cells were cultured on collagen, laminin or uncoated glass coverslips (undefined 

substrata) and were left untreated or treated with lovastatin (20 µM, LOV), 

geranylgeraniol (10 µM, GGOH) or both LOV and GGOH (LG), followed by 

immunoprecipitation with β1 integrin antibodies and western blotting for the focal 

complex-associated proteins paxillin, talin and vinculin. 

For cells cultured on collagen, a 68 kDa protein that was recognized by anti-

paxillin antibodies (Fig. 3.9a) was pulled down by β1 integrin immunoprecipitation (Fig. 

3.9b).  Treatment with GGOH decreased the amount of paxillin associated with β1 

integrin, compared to control cells maintained in reduced serum medium or cells treated 

with lovastatin (LOV; Fig. 3.9c), estimated from the ratio of immunoprecipitated protein 

to the amount in the cell lysate.  Treatment with LOV, GGOH or LOV + GGOH did not 

affect the amount of talin (Fig. 3.10) or vinculin (Fig. 3.11) that associated with β1 

integrin for cells cultured on collagen. Control conditions included western blotting for 

immunoprecpitated β1 integrin, which showed a consistent amount of 

immunoprecipiation in each condition, and a negative control for immunoprecipitation 

using an irrelevant isotype-matched antibody, which showed a lack of immunorectivity 

for each antigen in western blots (data not shown).  
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1) Substratum: Collagen:  

(a)         

   

(b)  

(c) 
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Fig 3.9: Paxillin association with β1 integrin for cells on collagen. (a) 
Representative western blot of cell lysates of cells in reduced serum medium 
(SCM) or treated with 20 µM lovastatin (LOV), 10 µM geranylgeraniol (GGOH) 
or LOV + GGOH (LG) and immunoblotted for paxillin, showing immunoreactive 
bands at 68 kDa. (b) Representative western blot for paxillin from β1 integrin 
immunoprecipitations, also showing immunoreactive bands at 68 kDA. (c) 
Average ratio of Area X intensities (calculated as: Total-Background*Area) from 
immunoreactive bands in IP and lysates (IP/Ly ± SEM for n = 4 experiments) 
indicated a decreased amount of paxillin associated with β1 integrin for cells on 
collagen treated with GGOH, compared to cells in SCM or treated with LOV 
(repeated measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 2.042). 
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3.10: Vinculin association with β1 integrin. (a) Representative western 
from cells treated with SCM ,LOV, LOV + GGOH (LG) 

and GGOH] immunoblotted for vinculin, each showing band of 130 kDa. (b) 
estern blot of β1 integrin IP immunoblotted for vinculin, 

showing band of 130 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SEM for n=4) (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 0.285). 
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Fig 3.11: Talin association with 
lysates [from cells treated with 
immunoblotted for talin, each showing band of 200 kDa. (b) Representative 
blot of β1 integrin IP immunoblotted for t
Quantification of fluorescence intensities from immunoreactive bands in IP 
Lysate (IP/Ly ± SEM for n = 4) 
p < 0.05 and F 32, 3 = 1.626
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3.11: Talin association with β1 integrin. (a) Representative western blot of cell 
from cells treated with SCM, LOV, LOV + GGOH (LG) and GGOH] 

alin, each showing band of 200 kDa. (b) Representative w
egrin IP immunoblotted for talin showing band of 200 kD

Quantification of fluorescence intensities from immunoreactive bands in IP 
Lysate (IP/Ly ± SEM for n = 4) (Repeated measures ANOVA and LSD post-

= 1.626). 

 

estern blot of cell 
LOV + GGOH (LG) and GGOH] 

western 
alin showing band of 200 kDa. (c) 

Quantification of fluorescence intensities from immunoreactive bands in IP and 
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For cells plated on laminin, treatment to manipulate geranylgeranylation did not alter the 

amounts of paxillin (Fig. 3.12), vinculin (Fig. 3.13) or talin (Fig. 3.14) that associated 

with β1 integrin.   

2) Substratum: Laminin: 
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Fig 3.12: Paxillin association with 
[from cells treated with SCM
paxillin, each showing band of 68 kDa. (b) Representative 
immunoblotted for paxillin showing band of 68 kD
intensities from immunoreactive bands in IP 
measures ANOVA and LSD post
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For cells plated on laminin, treatment to manipulate geranylgeranylation did not alter the 

amounts of paxillin (Fig. 3.12), vinculin (Fig. 3.13) or talin (Fig. 3.14) that associated 
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68 kDa

Fig 3.12: Paxillin association with β1 integrin. (a) Representative western blot of cell lysates 
SCM, LOV, LOV + GGOH (LG) and GGOH] immunoblotted for 

axillin, each showing band of 68 kDa. (b) Representative western blot of β1 int
in showing band of 68 kDa. (c) Quantification of fluorescence 

intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4) 
measures ANOVA and LSD post-hoc, at p  < 0.05 and F 32, 3 = 2.156). 

For cells plated on laminin, treatment to manipulate geranylgeranylation did not alter the 

amounts of paxillin (Fig. 3.12), vinculin (Fig. 3.13) or talin (Fig. 3.14) that associated 
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Fig 3.13: Vinculin association with 
blot of cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) 
and GGOH) immunoblotted for vinculin, each showing band of 130 kDa. (b) 
Representative western blot of 
showing band of 130 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
measures ANOVA and LSD post
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LOV LG GGOH

Treatments

LOV LG GGOH 

LOV LG GGOH 

130

association with β1 integrin. (a) Representative western 
blot of cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) 
and GGOH) immunoblotted for vinculin, each showing band of 130 kDa. (b) 
Representative western blot of β1 integrin IP immunoblotted for vinculin, 
showing band of 130 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 0.872). 
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1 integrin. (a) Representative western 
blot of cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) 
and GGOH) immunoblotted for vinculin, each showing band of 130 kDa. (b) 
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showing band of 130 kDa. (c) Quantification of fluorescence intensities from 
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Fig 3.14:Talin association with 
cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) and 
GGOH) immunoblotted for talin, each showing band of 200 kDa. (b) 
Representative western blot of 
band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
measures ANOVA and LSD post
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 200

200

association with β1 integrin. (a) Representative western blot of 
cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) and 
GGOH) immunoblotted for talin, each showing band of 200 kDa. (b) 
Representative western blot of β1 integrin IP immunoblotted for talin showing 
band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 1.430) 
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For cells cultured on their native, secreted substratum, treatments to manipulation protein 

geranylgeranylation, likewise, did not alter the amount of paxillin (Fig. 3.15), vinculin 

(Fig. 3.16) or talin (Fig. 3.17) that associated with β1 integrin.  We interpret the co-

immunoprecipitation data to indicate that geranylgeranylation is important for the 

association of paxillin with β1 integrin in whole cell lysates of B35 cells cultured on 

collagen, but not other substrata. 
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Fig 3.15: Paxillin association with 
of cell lysates [from cells treated with 
GGOH] immunoblotted 
Representative western blot of 
showing bands of 68 kDa
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n
measures ANOVA and LSD post
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Undefined Connections to Glass: 
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Fig 3.15: Paxillin association with β1 integrin. (a) Representative western blot 
from cells treated with SCM, LOV, LOV + GGOH (LG) or 

 for paxillin, each showing band of 68 kDa. (b) 
estern blot of β1 integrin IP immunoblotted for paxillin 

a. (c) Quantification of fluorescence intensities from 
in IP and Lysate (IP/Ly ± SD for n = 4). (Repeated 

measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 0.652) 
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Fig 3.16: Vinculin association with 
blot of cell lysates [from cells treated with SCM, LOV, LOV +GGOH or 
GGOH] immunoblotted for vinculin, each showing band of 130 kDa
Representative western blot of 
vinculin, showing band of 130 kDa. (c) Quantification of fluorescence 
intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 
4). (Repeated measures ANOVA and LSD 
3.735) 
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Fig 3.16: Vinculin association with β1 integrin. (a) Representative western 
blot of cell lysates [from cells treated with SCM, LOV, LOV +GGOH or 
GGOH] immunoblotted for vinculin, each showing band of 130 kDa. (b) 
Representative western blot of β1 integrin IP and immunoblotted for 
vinculin, showing band of 130 kDa. (c) Quantification of fluorescence 
intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 

(Repeated measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 

 

1 integrin. (a) Representative western 
blot of cell lysates [from cells treated with SCM, LOV, LOV +GGOH or 

. (b) 
1 integrin IP and immunoblotted for 

vinculin, showing band of 130 kDa. (c) Quantification of fluorescence 
intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 
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Fig 3.17: Talin association with 
cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or 
GGOH] immunoblotted for talin, each showing band of 200 kDa. (b) 
Representative western blot of 
band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
measures ANOVA and LSD post
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Treatments

LG GGOH 

LG GGOH 

 200 kDa 

200 kDa 

association with β1 integrin. (a) Representative western blot of 
cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or 
GGOH] immunoblotted for talin, each showing band of 200 kDa. (b) 
Representative western blot of β1 integrin IP immunoblotted for talin showing 
band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 3.735) 

 

1 integrin. (a) Representative western blot of 
cell lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or 
GGOH] immunoblotted for talin, each showing band of 200 kDa. (b) 
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D. Modulating Geranylgeranylation Minimally Affects the Amount of Focal Complex 

Proteins Associated with β1 Integrin in Different Cell Fractions  

In the results presented above, treatments to alter protein geranylgeranylation only 

affected the association of focal complex proteins when the cells were plated on collagen.  

However, results seen in whole cells may dilute any specific effects on growth cone focal 

complexes.  Therefore, we next assessed how manipulating protein geranylgeranylation 

affects the association of focal complex proteins in cell bodies and growth cones in cells 

cultured on collagen. Cells on collagen were treated with lovastatin, geranylgeraniol, or 

both and fractionated into growth cone and cell body fractions using differential 

centrifugation, with each fraction being subjected to β1 integrin immunoprecipitation and 

western blotting for paxillin, vinculin or talin.   

Manipulating protein geranylgeranylation did not significantly alter the amount of 

paxillin (Figs. 3.18, 3.19), vinculin (Figs. 3.20, 3.21) or talin (Figs. 3.22, 3.23) associated 

with β1 integrin in either the growth cone (Figs. 3.18, 3.20, 3.22) or cell body (Figs. 3.19, 

3.21, 3.23) fractions.  While some trends were emerging, the data were variable across 

experiments.  For instance, paxillin association with β1 integrin was slightly decreased by 

lovastatin treatment in growth cone fractions (Fig. 3.18) but variably decreased by



 

GGOH in cell body fractions (Fig. 3.19), more similar to the result with whole cell 

lysates on collagen (see Fig 3.9).  
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Fig 3.18: Paxillin association with 
fraction lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or GGOH] 
immunoblotted for paxillin, each showing band of 68 kDa. (b) Representative western blot of 
integrin IP immunoblotted for paxillin showing bands of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
(Repeated measures ANOVA and LSD post
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GGOH in cell body fractions (Fig. 3.19), more similar to the result with whole cell 

lysates on collagen (see Fig 3.9).   

1) Substratum Collagen: Growth Cone Fraction (Paxillin/β1 integrin): 
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 68 kDa

68 kDa

association with β1 integrin. (a) Representative western blot of growth cone 
fraction lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or GGOH] 
immunoblotted for paxillin, each showing band of 68 kDa. (b) Representative western blot of 

in IP immunoblotted for paxillin showing bands of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
(Repeated measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 3.789). 

GGOH in cell body fractions (Fig. 3.19), more similar to the result with whole cell 
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1 integrin. (a) Representative western blot of growth cone 
fraction lysates [from cells treated with SCM, LOV, LOV + GGOH (LG) or GGOH] 
immunoblotted for paxillin, each showing band of 68 kDa. (b) Representative western blot of β1 

in IP immunoblotted for paxillin showing bands of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 



 

(a)     

   

 

(b)      

 

(c) 

 

 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

SCM

Ip
/L

y

SCM 

SCM 

Fig 3.19: Paxillin association with 
of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for paxillin; and each showing band 
of 68 kDa. (b) Representative western blot of 
immunoblotted for paxillin showing band of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 
SEM for n = 4). (Repeated measures ANOVA and LSD post
and F 32, 3 = 1.168) 
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 68 kDa

68 kDa

association with β1 integrin. (a) Representative western blot 
of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for paxillin; and each showing band 
of 68 kDa. (b) Representative western blot of β1 integrin IP and 
immunoblotted for paxillin showing band of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 

(Repeated measures ANOVA and LSD post-hoc, at p < 0.05
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1 integrin. (a) Representative western blot 
of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for paxillin; and each showing band 

egrin IP and 
immunoblotted for paxillin showing band of 68 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 
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Fig 3.20: Vinculin association with 
blot of growth cones fraction lysates [from cells treated with SCM, LOV, 
LOV + GGOH (LG) or GGOH] immunoblotted for vinculin, each showing 
band of 130 kDa. (b) Representative western blot of 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 
SEM for n = 4). (Repeated measures ANOVA and LSD post
and F 32, 3 = 1.154) 
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2) Growth Cones Fraction (Vinculin/β1 integrin): 
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LG GGOH 

 130 kDa

130 kDa

association with β1 integrin. (a) Representative western 
blot of growth cones fraction lysates [from cells treated with SCM, LOV, 
LOV + GGOH (LG) or GGOH] immunoblotted for vinculin, each showing 
band of 130 kDa. (b) Representative western blot of β1 integrin IP 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 

(Repeated measures ANOVA and LSD post-hoc, at p < 0.05
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1 integrin. (a) Representative western 
blot of growth cones fraction lysates [from cells treated with SCM, LOV, 
LOV + GGOH (LG) or GGOH] immunoblotted for vinculin, each showing 

grin IP 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 
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Fig 3.21: Vinculin association with 
blot of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for vinculin, each showing band of 
130 kDa. (b) Representative Western blot of 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 
SEM for n=4). (Repeated measures ANOVA and LSD post
and F 32, 3 = 2.073) 
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3) Cell Body Fraction (Vinculin/β1 Integrin) 
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130 kDa 

association with β1 integrin. (a) Representative western 
blot of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for vinculin, each showing band of 
130 kDa. (b) Representative Western blot of β1 integrin IP and 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
fluorescence intensities from immunoreactive bands in IP and Lysate (IP/Ly ± 

(Repeated measures ANOVA and LSD post-hoc, at p < 0.05
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blot of cell body fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for vinculin, each showing band of 

in IP and 
immunoblotted for vinculin, showing band of 130 kDa. (c) Quantification of 
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Fig 3.22: Talin association with 
growth cones fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH] immunoblotted for talin, each showing band of 200 
kDa. (b) Representative western blot of 
showing band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). 
measures ANOVA and LSD post
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4) Growth Cones Fraction (Talin/β1 Integrin): 

  

 

5) Cell Body Fraction (Talin/β1 integrin): 
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200 kDa 

 200 kDa 

association with β1 integrin. (a) Representative western blot of 
growth cones fraction lysates [from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH] immunoblotted for talin, each showing band of 200 
kDa. (b) Representative western blot of β1 integrin IP immunoblotted for talin 
showing band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SD for n = 4). (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 2.118). 
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E. Modulating Geranylgeranylation 
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Fig 3.23: Talin association with 
cell bodies fraction lysates ([from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for talin, each showing band of 200 
kDa. (b) Representative western blot of 
showing band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SEM for n = 4). 
measures ANOVA and LSD post

53 

 

 

E. Modulating Geranylgeranylation Affects the Co-localization of 

LOV LG GGOH

Treatments

 LG GGOH 

LG GGOH 

200 kDa 

association with β1 integrin. (a) Representative western blot of 
cell bodies fraction lysates ([from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for talin, each showing band of 200 
kDa. (b) Representative western blot of β1 integrin IP immunoblotted for talin 
showing band of 200 kDa. (c) Quantification of fluorescence intensities from 
immunoreactive bands in IP and Lysate (IP/Ly ± SEM for n = 4). (Repeated 
measures ANOVA and LSD post-hoc, at p < 0.05 and F 32, 3 = 2.260) 

 

localization of Focal Complex 

1 integrin. (a) Representative western blot of 
cell bodies fraction lysates ([from cells treated with SCM, LOV, LOV + 
GGOH (LG) or GGOH]  immunoblotted for talin, each showing band of 200 

in IP immunoblotted for talin 
showing band of 200 kDa. (c) Quantification of fluorescence intensities from 

(Repeated 



 

Because data in co-immunoprecipitation studies from cell fractions were inconclusive, 

we sought to address the effect of manipulating protein geranylgeranyl

complexes using co-localization analysis.  For this, B35 cells cultured on collagen were 

double-labeled for the focal complex proteins paxillin/talin and 

followed by co-localization analysis using Mander’s overlap coeff

that altered protein geranylgeranylation (LOV, GGOH, LOV+GGOH) decreased the 

amount of co-localization of paxillin and talin, compared to cells in reduced serum 

medium (SCM), for growth cones of cells cultures in collagen (Fig. 3.24

localization of β1 integrin and vinculin was assessed, treatment with GGOH decreased 

the amount of co-localization in growth cones, compared to untreated cells or cells 

treated with lovastatin (Fig. 3.25).
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immunoprecipitation studies from cell fractions were inconclusive, 

we sought to address the effect of manipulating protein geranylgeranyl

localization analysis.  For this, B35 cells cultured on collagen were 

labeled for the focal complex proteins paxillin/talin and β1 integrin/vinculin, 

localization analysis using Mander’s overlap coefficients.  Any treatment 

that altered protein geranylgeranylation (LOV, GGOH, LOV+GGOH) decreased the 

localization of paxillin and talin, compared to cells in reduced serum 

medium (SCM), for growth cones of cells cultures in collagen (Fig. 3.24

1 integrin and vinculin was assessed, treatment with GGOH decreased 

localization in growth cones, compared to untreated cells or cells 

treated with lovastatin (Fig. 3.25). 
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immunoprecipitation studies from cell fractions were inconclusive, 

we sought to address the effect of manipulating protein geranylgeranylation on focal 

localization analysis.  For this, B35 cells cultured on collagen were 

1 integrin/vinculin, 

icients.  Any treatment 

that altered protein geranylgeranylation (LOV, GGOH, LOV+GGOH) decreased the 

localization of paxillin and talin, compared to cells in reduced serum 

medium (SCM), for growth cones of cells cultures in collagen (Fig. 3.24).  When co-

1 integrin and vinculin was assessed, treatment with GGOH decreased 

localization in growth cones, compared to untreated cells or cells 
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Fig 3.24: Quantification of the 
of paxillin and talin in different treatment groups. Data are average 
are ± SEM for n = 10 growth cones
< 0.05, compared to SCM (
and F 39, 3 = 15.767)  

Fig 3.25: Quantification of the Mander’s overlap co
integrin and vinculin. Data are average ± SE
significant difference at p <
(Univariate ANOVA and LSD post
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Treatments

*

: Quantification of the Mander’s overlap co-efficient for co-localization 
alin in different treatment groups. Data are average and whiskers 

are ± SEM for n = 10 growth cones. Asterisk indicates significant difference at p 
(Univariate ANOVA and LSD post-hoc, at p < 0.05

: Quantification of the Mander’s overlap co-efficient for co-localization of 
inculin. Data are average ± SEM for n =10 growth cones. Asterisk indicates 

< 0.05, compared to cells in SCM or cells treated with LOV 
ANOVA and LSD post-hoc, at p < 0.05 and F 39, 3 = 5.745)  

 

localization 
and whiskers 

at p 
0.05 

localization of β1-
. Asterisk indicates 

0.05, compared to cells in SCM or cells treated with LOV 
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     CHAPTER IV 

DISCUSSION 

The main goal in performing this project was to determine whether decreasing protein 

geranylgeranylation affects the composition of growth cone focal complexes and, 

subsequently ECM attachment and neurite outgrowth.  In prior work, we observed that 

decreasing geranylgeranylation led to cell rounding and decreased neurite initiation in 

B35 cells plated on collagen, suggesting that adhesion might be altered (Samuel, 2009).  

Here, we used co-localization and co-immunoprecipitation analyses to assess whether 

different substrata or manipulating geranylgeranylation changed the association of 

proteins typically found in focal complexes (e.g. β1 integrin, paxillin, vinculin and talin).  

We found that  (a) all proteins associated with each other on all substrata (collagen, 

laminin, undefined); (b) vinculin co-localization with β1 integrin decreased in the growth 

cones of cells cultured on collagen and laminin, compared to cells on their native 

substratum; (c) vinculin c-localization with talin decreased in growth cones of cells 

cultured on laminin compared to those on collagen; (d) the amount of paxillin associated 

with β1 integrin decreased in whole cell lysates of cells cultured on collagen and treated 

with GGOH; and (e) while data from cell fractionation studies were variable, 

manipulating geranylgeranylation (LOV, LOV + GGOH, GGOH) decreased the amount 

of paxillin and talin co-localization and treatment with GGOH decreased the amount β1 

integrin and vinculin co-localization in growth cones of cells cultured on collagen. 
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Throughout this project, we used two main techniques to assess association of 

focal complex proteins with β1 integrins: co-localization using double-label 

immunocytochemistry and β1 integrin co-immunoprecipitation with western blotting.  In 

general, both types of analyses demonstrated little change in the association of focal 

complex proteins (Tables 4.1 and 4.2).  Co-localization assesses whether two proteins are 

located in the same area of the cell, but does not determine whether these proteins 

associate physically.  Our co-localization results (table 4.1), suggest that the available 

substratum affects the association of vinculin and talin, but not paxillin, with β1 integrin.  

Specifically, culture on collegen decreased co-localization of vinculin with both β1 

integrin and talin, while culture on laminin increased co-localization of vinculin and talin 

compared to ECM secreted by cells (undefined, Table 4.1)).  These data may indicate that 

different stoichiometric ratios of focal complex proteins may contribute to differential 

adhesion of growth cones to complex ECM.  According to Burridge et al. (1996), growth 

cone focal complex proteins participate in extending filopodial and lamellipodial 

projections and variances observed in the adhesiveness with different substrata decide the 

direction of motility.  
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Table 4.1 Effect of Substratum on Focal Complex Protein Localization 

 

Focal complex protein 
pair   Substratum 

Collagen Laminin (Control) 
Undefined 
connections to 
glass 

β1-integrin/vinculin Decreased  Decreased  Baseline 
Paxillin/β1-integrin No difference No difference Baseline 
Vinculin/talin Decreased  Increased  Baseline 
Paxillin/talin No difference No difference Baseline 
Paxillin/vinculin No difference No difference Baseline 
 

Integrins have no intrinsic enzymatic or actin-binding activity and, thus, rely on 

adaptor molecules, which bind to the short cytoplasmic tails of integrins, to mediate and 

regulate these functions (Jones, et al., 1999). Many adaptors compete for relatively few 

binding sites on integrin tails so once occupied there might not be many sites available 

for binding. In another theory proposed by Miyamoto and his colleagues (1995b), focal 

adhesion proteins do not associate randomly; they require integrin aggregation followed 

by sequential recruitment of tyrosine phosphorylation events and signal transduction 

molecules. Any changes in the above sequences may lead to a decrease in adaptor protein 

association. Thus, collectively we interpret the data reported here to suggest that focal 

complex proteins in B35 growth cones co-localize, but with slightly different affinity 

towards diverse ECM substrata and that the amount of vinculin may vary with different 

substrata. 
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Our second set of results (table 4.2) tested the effect of manipulating 

geranylgeranylation on physical association of focal complex proteins using co-

immunoprecipitation.  This technique allows assessment of whether proteins directly or 

indirectly interact, but limits the assessment of the location of the focal complexes.  To 

partially address this shortcoming, we performed co-immunoprecipitations in whole cell 

lysates and cells fractionated into growth cone and cell body fractions.  We found that for 

cells plated on native (undefined substratum) and laminin, treatment to manipulate 

geranylgeranylation did not alter the amounts of paxillin, vinculin or talin that associated 

with β1 integrin.  However, for cells plated on collagen, GGOH treatment decreased the 

amount of paxillin association with β1 integrin in consistently in whole cell lysates and 

variably in cell body fractions, compared to control cells (Table 4.2).  However, under 

these same conditions, treatment with LOV decreased paxillin association with b1 

integrin in growth cones (Table 4.2), suggesting differential regulation of focal 

complexes in different cellular compartments.  Co-localization analysis in growth cones 

was similar with LOV treatment slightly decreasing the amount of paxillin co-localizing 

with β1 integrin.  Together, these results suggest that manipulating geranylgeranylation 

affects the stoichiometry of paxillin integration into growth cone focal complexes. 
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Table 4.2 Effect of Manipulating Geranylgeranylation on Association of Focal Complex 
Proteins in Cells on Collagen 

 

Sample Type Treatment 
Focal Complex Protein Associated with β1 Integrin 

Paxillin Talin Vinculin 

Whole cell 

lysate 

SCM Baseline Baseline Baseline 

LOV No difference No difference No difference 

GGOH Decreased No difference No difference 

LOV + GGOH No difference No difference No difference 

Growth cone 

fraction 

SCM Baseline Baseline Baseline 

LOV Slightly decreased No difference No difference 

GGOH No difference No difference No difference 

LOV + GGOH No difference No difference No difference 

Cell body 

fraction 

SCM Baseline Baseline Baseline 

LOV No difference No difference No difference 

GGOH Variably decreased No difference No difference 

LOV + GGOH No difference No difference No difference 

 

The mechanisms through which protein geranylgeranylation contributes to focal 

adhesions are incompletely defined, but may involve regulation of Rho GTPase activity, 

since Rho GTPases signal bi-directionally to integrins.  Inhibition of GGPP production 

by lovastatin does not allow interaction of Rho-GTPases with GEFs and, hence, 

decreases Rho GTPase activation (Waiczies et al., 2008). Since regulation of focal 

adhesion complexes is partly conducted by Rho GTPases (Bishop et al., 2000), and 

function of Rho GTPases depends on GTP-loading and prenylation (Waiczies et al., 

2008), we interpret our results as suggesting that geranylgeranylation is important to cell 

adhesion on collagen, specifically. According to Samuel (2009), lovastatin decreases 

neurite outgrowth but increases neurite branching in B35 neuroblastoma cells. The 

decrease in neurite outgrowth might be due to a decrease in the amounts of focal 
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adhesion complexes associated with integrin β1, aspects that should be further assessed 

with adhesion assays. 

Molecularly, manipulating protein geranylgeranylation may affect how focal 

complex proteins associate.  Paxillin contains LIM domains, an SH3 domain-binding site 

and SH2 domain-binding sites that serve as docking sites for other focal adhesion 

proteins such as talin (Horwitz, 1986). We already know that geranylgeranylation is 

important for paxillin signaling that can further recruit other adaptor proteins at the site 

(Schaller et al., 1995). Any alteration in geranylgeranylation might disrupt the 

recruitment of talin at docking site of paxillin. Also β1 integrin’s activity that is regulated 

Rho GTPase activation plays an important role to interact with other adaptor proteins 

such as vinculin for controlling cytoskeletal mechanics, cell spreading, and lamellipodia 

formation (Ziegler et al., 2008).  

Overall, co-localization studies indicated presence of two proteins in close proximity to 

each other while co-immunoprecipitation studies indicated interactions between two or 

more proteins. Here β1 integrin and vinculin showed decreased co-localization as 

compared to the control, indicating that there might be other proteins present in between 

integrin and vinculin, placing two of them far from each other. While vinculin and talin 

showed increased co-localization indicating two proteins may be present very close to 

each other. Co-immunoprecipitation studies indicated that paxillin interacts with β1 

integrin and that geranylgeranylation was important for association. 
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