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ABSTRACT 

JAIRUS M. REDDY 

PRENYLATION-INDEPENDENT ACTIVATION OF RHOA AND RAC1: EFFECTS 

ON LOCALIZATION AND NEURITE OUTGROWTH 

 

MAY 2015 

 Rho family guanine nucleotide triphosphatases (GTPases) are molecular 

switches that play a fundamental role in axon growth and guidance by directing growth 

cone cytoskeletal changes through interaction with downstream effectors. Small GTPases 

are considered active when bound to guanosine triphosphate (GTP), a process promoted 

by plasma membrane-associated guanine exchange factors (GEFs), and inactive when 

bound to guanosine diphosphate (GDP). RhoA, a member of the Rho family GTPases, 

participates in the formation of focal adhesions, retraction of neuron processes in 

response to injury or insult and growth cone collapse. Rac1, another Rho GTPase, is 

implicated in regulating cell proliferation, cell cycle entry, and extension of neuronal 

processes. Both RhoA and Rac1 require prenylation for membrane targeting, which is 

believed to be required for activation of these GTPases via interaction with GEFs. Meta-

analyses in the early 2000’s showed that people who took statins, global inhibitors of 

protein prenylation, have reduced incidence of neurodegenerative disorders. We 

performed neurite outgrowth studies on cells treated with lovastatin and found statin 

administration increased neurite branching. Global inhibitors do not give us a good 
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indication of what is causing the observed effect as they do not implicate how inhibiting 

the prenylation of a specific protein leads to the observed affect. We constructed vectors 

expressing GFP-fused non-prenylatable RhoA and Rac1 as a protein-specific way of 

determining how prenylation affects neurite morphology and Rho GTPase activation. An 

active, but non-prenylated form of GTP-bound Rac1 and RhoA were found in cellular 

compartments other than the membrane after construct transfection. The non-prenylatable 

constructs affected cell morphology and neurite outgrowth in B35 neuroblastoma cells, 

which indicated that RhoA and Rac1 can be activated independent of prenylation, 

possibly leading to differential signal transduction cascades based on the localization of 

active GTPases. Similar results were obtained after transfection in primary rat cortical 

neurons. Active RhoA was found in primary rat cortical neurons after treatment with 

lovastatin, while Rac1 activation was suppressed. These studies suggest that Rac1 and 

RhoA can be differentially activated, localized, and regulated. Understanding how 

prenylation of RhoA and Rac1, and how their competition impacts function in neurite 

outgrowth may identify novel targets to facilitate axon regeneration in traumatic or 

degenerative neurological conditions.  
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CHAPTER I 

 

 INTRODUCTION TO PRENYLATION AND  

SMALL GTPASE REGULATION 

 

A Paper to be Submitted to Molecular Neurobiology 

Jairus M. Reddy and Dianna L. Hynds 

Abstract 

Mevalonate pathway inhibitors have been extensively studied for their role in 

cholesterol depletion and their role in inhibiting the prenylation and activation of various 

proteins. Inhibition of protein prenylation has potential therapeutic uses against diseases 

like cancer and neurodegeneration.  Protection against neurodegeneration and promotion 

of neuronal regeneration is regulated in large part by Rho family GTPases.  These 

proteins are prenylated to target them to the plasma membrane.  Prenylation of Rho 

GTPases is implicated in neuron process growth and guidance.  Prenylation can be 

specifically inhibited through altering functional enzymes of the mevalonate pathway that 

are necessary for isoprenoid attachment to the target protein, having a variety of effects 

on the cell.  However, global prenylation inhibitors make it difficult to attribute the 

observed effects to a specific protein.  This review focuses on the regulation of small 

GTPase prenylation, the different techniques to inhibit prenylation, and how this 

inhibition has affected cellular processes and morphology.
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Introduction 

Small guanosine nucleotide triphosphates (GTPases) are believed to be in their 

active conformation when they are bound to guanosine triphosphate (GTP) and inactive 

when bound to guanosine diphosphate (GDP).  The cycling between GTP-bound and 

GDP-bound proteins is constant, allowing for differential activation of GTPases (1).  It is 

also believed that GTP loading is largely dependent on whether the complex is bound to 

the plasma membrane.  Interactions with membranous guanine nucleotide exchange 

factors (GEFs) facilitate GTP binding and activation, while association with guanine 

nucleotide dissociation inhibitors (GDIs) in the cytosol and nucleus sequester the 

GTPases in their inactive forms (1; refer to figure 1).  GTPase activating proteins (GAPs) 

facilitate GTP hydrolysis by Rho family proteins, converting them to their inactive form. 

It is believed that proteins that are membrane-bound are activated through GTP loading 

and the protein pools in the cytosol and nucleus are bound to GDP and, thus, inactive (2). 

All this is facilitated by the post-translational modification of the GTPases by prenylation 

(3). 
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Figure 1:  Rho GTPase mode of activation.  Rho GTPase cycle of activation. GDP-bound inactive Rho is 

associated with GDI’s in the cytosol and nucleus.  After an interaction with GEFs in the cytosol, GTP is 

exchanged for GDP and the GDIs dissociate form the Rho GTPase.  Their localization to the plasma 

membrane can occur where the Rho GTPase binds to the membrane in its activated form. If the active Rho 

GTPase interacts with GAPs, GTP hydrolysis will occur and allow the rebinding of GDIs to the Rho 

GTPase and it will become inactive once again. (Samuel and Hynds, 2010) 

 

Prenylation of small family G-proteins (like Rho, Rab and Rap) targets them to 

the various cellular membranes and activates them through GTP loading (4).  After 

membrane attachment, specific GTPases will carry out a variety of functions, from 

neuron outgrowth and guidance (Rac1), to inhibiting neuron extension and growth cone 

collapse (RhoA) by interacting with their respective effectors.  Prenylation is 

accomplished by the addition of 15-carbon (farnesyl isoprenoid) or 20-carbon 

(geranylgeranyl isoprenoid) lipid moiety to the protein of interest in an irreversible 

process (5).  The isoprenoids are added to the C-terminus of the protein after the post-
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transitional modification of the CAAX terminus (where C represents a cysteine, A 

represents any aliphatic amino acid and X represents a specific amino acid) by prenyl 

transferases and the –AAX is subsequently cleaved by a peptidase (6).  This lipid 

modification eventually leads to the targeting of these prenylated proteins to membranes 

where GTP loading and activation occur.  It is commonly accepted that only GTP-bound 

GTPases can interact with their effectors, leading to phosphorylation cascades that 

activate different signaling pathways.  Without this targeting and binding to the 

membrane, these proteins would not interact with the regulatory and effectors proteins 

that are necessary for cell signaling (7). 

The process of prenylation and proteins that require it for activation have been 

explained, but how prenylation or lack of prenylation affects activation and regulation of 

individual proteins has not been completely elucidated.  Before activation occurs, many 

modifications to the isoprenoid and protein must occur and the importance of these 

modifications to prenylation is well-defined.  Understanding these mechanisms is critical 

to elucidating the effects of these modifications on prenylation and how these 

modifications will affect cell functionality and signaling.  Detailed discussion of these 

mechanisms is necessary to understanding how inhibition of different points in the 

mevalonate pathway will affect protein prenylation. 
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Prenylation Dynamics 

In general, prenylation is the addition of a 20-carbon geranylgeranyl group or 15-

carbon farnesyl group to the C-terminus of a target protein (refer to figure 2).  The 

process begins with the synthesis of farnesyl pyrophosphate (FFP) and geranylgeranyl 

pyrophosphate (GGPP) by isoprenyl pyrophosphate synthetase which then allows for 

isoprenoid synthesis (8).  Transfer of the isoprenoid to the CAAX motif of the target 

protein is facilitated by geranylgeranyl transferases (GGTase-I and GGTase-II) or 

farnesyl transferase (FTase; 9).  This allows Ras, Rab and other small G-proteins to carry 

out their functions (10).  Mg
2+

 and Zn
2+ 

appear to be important factors in aiding prenyl 

transferase function.  Farnesylation can occur with many amino acid residues on the X 

residue of the CAAX-terminus, but geranylgeranylation by GGT-I is limited to proteins 

containing a C-terminal leucine or isoleucine (Leu, L; Iso, I) residues (11).  After 

isoprenoid addition, the -AAX motif is cleaved by a protease (4), peptidase (12) or 

metalloprotease (13) thus removing residues that might interfere with targeting to the 

plasma membrane (11).  Methylation, by methyl transferases, of the protein occurs before 

membrane attachment, but it does not appear to play a significant role in the attachment 

process (14).  After methylation, proteins attach to the membrane, and are available for 

intercellular signal transduction. 
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Figure 2:  Farnesylated and geranylgeranylated proteins.  A representative figure of the farnesylation of H-

Ras and the geranylgeranylation of other Ras family G-proteins.  These two forms of prenylation are 

exactly alike in the mechanism of prenylation, with the only difference being the farnesyl group is a 15-

carbon moiety while the geranylgeranyl group is a 20-cabon moiety.  After the synthesis of prenyl 

pyrophosphates, geranylgeranyl transferases I or farnesyl transferase allow the binding of the isoprenoid to 

the target protein.  The –AAX is then cleaved by a protease, peptidase or metalloprotease.  Methylation by 

a methyl transferase is the final step in the prenylation process before binding to the plasma membrane. 

(American Society for Clinical Investigation.) 

 

Ras subfamily G-proteins, the most studied prenylated proteins, depend on 

prenylation for a variety of cellular functions like cell growth, differentiation and 

targeting (15).  Ras proteins promote cell growth and proliferation and require 

farnesylation to associate to the plasma membrane (15).  When prenylation is inhibited, 

the biological functions of these Ras proteins are also inhibited in both human and yeast 
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models, as farnesylation appears to direct the proteins to the correct intracellular position 

(15).  Other G-proteins like Rho, Rac and Rap that are localized to the Golgi need to be 

geranylgeranylated at the CAAL terminus in order to aid in intracellular membrane 

attachment (15).  Without prenylation, these G-proteins lose the ability to carry out their 

cellular functions as deficits in localization and membrane association have been 

documented after prenylation inhibition (16).  Inhibition of prenylation involves 

manipulating the mevalonate pathway, which is the same pathway involved in cholesterol 

synthesis.  This pathway has been extensively studied since meta-analysis revealed 

people who took mevalonate pathway inhibitors had fewer incidences of 

neurodegenerative disorders (17).  

Mevalonate Pathway 

 

The mevalonate pathway enzymes and biosynthetic products are targets for 

inhibiting pyrophosphate biosynthesis and prevent prenylation.  Using the same pathway 

that synthesizes cholesterol, acetoacetyl CoA + acetyl coenzyme A (CoA) is converted to 

3-hydroxy-3-methylglutaryl-CoA (HMG CoA), which is then converted to mevalonic 

acid.  After addition of ATP, mevalonate is converted to mevalonate-5-phosphate, which 

in turn is converted to mevalonate-5-pyrophosphate with the final product being 

dimethylallyl pyrophosphate and isopentenyl-5-pyrophosphate.  These products are 

further modified to produce geranylgeranyl pyrophosphate (GGPP) and farnesyl 

pyrophosphate (FPP; 18).  FPP can also be converted to squalene, leading to cholesterol 
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synthesis.  This has made the mevalonate pathway a good target for therapeutics, as 

blocking this pathway inhibits isoprenoid and cholesterol synthesis.  

Treatment with statins is one method used to inhibit the mevalonate pathway as 

they competitively inhibit HMG CoA reductase (HMGR), preventing the conversion of 

HMG CoA to mevalonic acid.  They do so by blocking HMGR binding to HMG CoA to 

render it catalytically inactive (19, 20).  Statins, like lovastatin and simvastatin, have been 

studied for their potential as a cancer therapeutic because of statin disruption of cell 

signaling mechanisms leading to prevention of cell proliferation or cell differentiation 

(21, 22).  Use of another statin (atorvastatin) has implicated Rac1 geranylgeranylation to 

neuronal protection and plasticity, cell motility and cell adhesion (23), while RhoA 

geranylgeranylation has been associated with decreased motility, increased apoptosis and 

growth cone collapse (24).  More recently, statins have been used in treatments for 

multiple sclerosis, cancer, stroke and the prevention of cardiovascular disease (25, 26, 27, 

28, 29).  While there are benefits of statin use for pharmacological purposes, they cannot 

implicate individual GTPases in a cause-effect manner.  Statins globally inhibit all 

protein prenylation and do not implicate specific proteins to observed effects.  Other 

mevalonate pathway inhibitors have been studied that can target proteins that require 

either farnesylation or geranylgeranylation for membrane attachment.  
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Prenyl Pyrophosphate  

Function 

Both GGPP and FPP are needed for isoprenylation and are synthesized by the 

series of steps involving dimethylallyl pyrophosphate or isopentyl 5-pyrophosphate and 

geranyl pyrophosphate, components of the mevalonate pathway (30).  GGPP and FPP are 

linked to the proteins by thioester bonds through the action of one of three different 

enzymes: geranylgeranyltransferase I (GGTase-I), geranylgeranyltransferase II (GGTase 

II) or farnesyl transferase (FTase, 3).  GGTase-I and FTase allow the transfer of the 

prenyl groups from the pyrophosphate to the target protein with the CAAX terminus.  

Geranylgeranyl transferase-II (GGTase-II) allows the transfer of the prenyl group to the 

cysteine of Rab proteins with a CXC, CC or CCXX terminus (31).  FTase and GGTase-I 

exhibit strong binding to FPP or GGPP, which acts as the prenyl donor in this reaction 

(31).  Transferases have specificity for pyrophosphates with FTase prefrentially 

transfering FPP to proteins, while GGTases-I and II preferentially transfer GGPP.  These 

pyrophosphates are in direct competition for binding to prenyl transferases, and, while 

showing high affinity to their like prenyl transferases, are interchangeable in the 

prenylation of some Ras proteins, lamin B, and other cellular proteins (31).  The transfer 

of the isoprenoid occurs by a noncovalent bond formation between the intermediate and 

the transferase, which allows the transfer of the complex to the CAAX terminus (32).  

This knowledge led to the development of the FPP or GGPP inhibitors, which allowed 
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researchers to view how inhibiting either farnesylation or geranylgeranylation affects 

cellular processes.  

Effects of Prenyl Pyrophosphate Dysfunction on Prenylation 

Prenyl pyrophosphate inhibitors disrupt both the localization and functionality of 

the proteins that are being targeted for prenylation.  Inhibiting the binding of GGPP to 

GGTase-I by disrupting the negatively charged pyrophosphate leads to the inhibition of 

the pathway and mislocalization of the target protein (33).  Analogues for GGPP have 

been created, and one in particular (Z,E,E geranylgeraniol 8) shows that it is possible to 

inhibit prenylation of proteins that are normally geranylgeranylated and lead to 

geranylgeranylation of protein that are normally farnesylated (34).  This is surprising as 

GGTase-I is highly specific for GGPP and does not efficiently prenylate target proteins 

with FT, though they do share a common subunit.  Other analogs, like 7al-GGPP, have 

been found that specifically inhibit GGTase-I binding and can be used to assess how 

inhibiting geranylgeranylation affects underlying biological processes (35).  Creating 

analogs to FPP and GGPP has been an effective way to inhibit activity, but other 

techniques to inhibit prenylation have also been used.   

Other research has targeted the inhibition of the mevalonate pathway as a 

mechanism to inhibit GGPP and FPP formation, which leads to the inhibition of 

prenylation and subsequent activity in the related pathways (36).  Of interest to 

therapeutic techniques, inhibition of GGPP synthesis leads to apoptosis and inhibition of 

growth in cells, similar to statin-mediated inhibition of the mevalonate pathway (36).  
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Treatments with nitrogenous bisphosphonates, which block both farnesylation and 

geranylgeranylation, have demonstrated depletion of pyrophosphate pools through 

inhibition of pyrophosphate synthetase.  Specific biphosphonates, like digeranyl 

biphosphonate, can specifically inhibit either farnesylation or geranylgeranylation (37, 

38).  These methods all strengthen the dogma that inhibition of either GGPP or FPP 

inhibits the localization of the proteins in the cell and affects cellular function, leading to 

a variety of cellular phenotypic changes, like decreased proliferation, loss of cellular 

function and cell death.  Another method to inhibit prenylation is to manipulate the 

transferase ability to bind to their respective pyrophosphate. 

Prenyl Transferases 

Function 

Prenyl transferases are important enzymes for the regulation of prenylation.  They 

bind to specific pyrophosphates and allow the transfer of the prenyl group to the target 

protein by covalent bonding at the C-terminus.  There are three types of prenyl 

transferase enzymes, GGTase-I, GGTase-II and FTase, and it is important to note that 

these prenyl transferases are highly specific to their like pyrophosphates (39).  They have 

binding pockets for the pyrophosphates that increase this specificity, and while GGTase 

can bind to FPP, the affinity of this complex is low.  For example, GGTase-I 

preferentially binds GGPP and specifically geranylgeranylates Rho family G-proteins.  

The same has been demonstrated for GGTase-II and FTase, which will be discussed in 

the following paragraphs as each of the prenyl transferases will be explored. 
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Geranylgeranyl Transferase-I and II 

GGTase-I is specific for binding GGPPs that are targeted to G-proteins like Rho 

GTPases, Rap and the γ subunit of heterotrimeric G-proteins (39).  GGTase-I promotes 

the binding of GGPP to the target protein if the X on the CAAX box is a leucine or 

isoleucine.  GGTase-I is targeted to a large number of G-protein families, like Rho 

GTPases, where GGTase-I is important to cell proliferation, differentiation, cell death 

and cell structure, and Rap, which is linked to malignancy (40, 41).  

GGTase-II specifically targets GGPP to Rab proteins and modifies these protein 

when the C-terminus is CC, CXC or CCXX (39).  Rab GTPases play an essential role in 

specialized membrane trafficking, endocytic and exocytic trafficking, and phagocytosis 

(42).  The GTPase family specificity with which these GGTases interact have made them 

a useful tool to inhibit prenylation.  

Effects of Geranylgeranyl Transferase-I and II Manipulation 

While research has been performed on altering the binding pockets of GGTases, 

most research has concentrated on creating structurally and chemically similar analogs to 

the GGTases to inhibit function.  It has been shown that the inhibition of protein 

prenylation can be directly caused by GGTase-I and GGTase-II inhibition by perillyl 

alcohol (POH) (39, 43).  POH mimics GGTase structure and thus can interact with GGPP 

and competively inhibit the function of the GGTase. Other research has concentrated on 

the binding of simple lipids to CAAL analogs, demonstrating the selective inhibition of 

GGTase-I (44). Other analogs in the form of amino acids (45) and acidic anhydrides (46) 
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have demonstrated that prenylation can be directly inhibited by GGTase-I and GGTase-II 

inhibition.  This validates the normal function of GGTases are essential to prenylation 

and their inhibition will, in turn, alter cellular functions.  

Novel therapeutic treatments for the anti-proliferative effects of Rab inhibition 

have evolved over the past ten years.  These approaches have targeted GGTase-II 

inhibition to stop prenylation and subsequent cell proliferation.  A specific GGTase-II 

inhibitor, 3-(3-Pyridyl)-2-hydroxy-2-phosphonopropanoic acid (3-PEHPC), increases the 

amount of unprenylated Rab in the cell, while decreasing osteoclast number and 

tumorgenesis in bone disease (47).  It almost completely inhibits cancerous bone loss in 

vitro.  Similar research shows phosphonocarboxylates inhibit Rab prenylation and 

localization by disrupting GGTase-II in osteoclasts (48).  Both of these experiments show 

significant therapeutic potential in bone cancer and osteoclast reduction.  More recent 

studies on these phosphonocarboxylates have shown that the pharmacological effects of 

bone loss inhibition and decreased tumor burden are due to specific inhibition of 

GGTase-II (49).  Continued research of GGTase-II inhibition is necessary as Rab 

GTPases have been shown to be associated with human disease (50) and therapeutic 

approaches have shown the advantages of GGTase-II inhibition.  Beyond the therapeutic 

benefits of GGTase-I and GGTase-II inhibition, it has also been demonstrated that 

GGTases affect the cellular processes of geranylgeranylation requiring proteins.  While 

GGTase-I and GGTase-II are important to the regulation of prenylation, FTase activity is 

also implicated in disease and has been extensively studied as a cancer therapeutic. 
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Farnesyl Transferase 

FTase has the same mechanism as GGTases, except FTases allow the covalent 

transfer of a 15-carbon prenyl group to the CAAX-terminus (the X representing  a serine, 

glutamine or methionine) of Ras proteins (51).  The modified proteins are then targeted to 

membranes for activation and effector binding (52, 53).  Farnesylation is essential for the 

Ras proteins to carry out their biological functions, but mutant, constitutively active Ras 

can cause human disease.  Oncogenic Ras is known to cause carcinomas in several 

orangs including the pancreas and colon and has become a focal point in therapeutic 

techniques that inhibit farnesylation (54).  The effects of FTase inhibition on prenylation 

has also been studied through analog synthesis or mutation of the FTases (51).  Recent 

studies have provided many insights on the benefit of these techniques for inhibiting cell 

proliferation, especially in cancerous cells. 

Effects of Farnesyl Transferase Manipulation 

FTases were targeted for inhibition in the late 1990’s as an anticancer target since 

they are responsible for the activation of Ras, which cause pancreatic and colon cancer 

when constitutively active.  FTases are essential to the prenylation of the target proteins 

and FTase inhibition prevents activation and subsequent signal transduction.  One early 

study demonstrated that inhibition of RhoB farnesylation was the key factor in Ras-

transformed reversion to a normal phenotype and led to an increase in tumor suppression 

(55).  Analogs like XR 3054 have also been created to inhibit binding of FTase to the 

CAAX motif, by mimicking the structure of the farnesyl group (56).  This inhibition 
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prevents Ras farnesylation, inhibits mitogen-activated protein (MAP) kinase activation 

and has anti-proliferative effects on prostate cancer cells.  Treatment with another analog, 

R115777, reduces proliferation of cancer cell lines by inducing FTase inhibition (57), 

which prevents the phosphorylation of extracellular signal-regulated kinase (ERK), signal 

transducer and activator of transcription 3 (STAT3) and the signaling of growth factors 

like epidermal growth factor (EGF).  FTase inhibitors are being used in therapeutic trials 

involving multiple myelomas (58), leukemia (59) and in chemotherapeutics for many 

other types of cancers (60).  Inhibition of FTases has even been shown to redistribute 

mevalonate pathway intermediates, like GGPP, which can help in the anti-inflammatory 

response (61).  All of the techniques mentioned above are aimed at inhibiting FTase 

activity to inhibit farnesylation, thereby increasing tumor suppression by inhibiting Ras 

activity.  Like pyrophosphate inhibitors, GGTase and FTase inhibitors can inhibit the 

prenylation of specific GTPase families, but none of the observed effects can be directly 

linked to any specific protein as FTase inhibitors prevent all protein farnesylation and 

GGTase inhibitors prevent all protein geranylgeranylation.  

Manipulation of CAAX proteases 

While most research has focused on statins, pyrophosphate and transferase 

inhibitors to inhibit prenylation, some research has focused on cleavage of the –AAX 

from the C-terminus and its importance to prenylation.  Manipulation of –AAX cleavage 

does not inhibit isoprenoid binding, but it does inhibit targeting to the membrane, which 

should prevent the activation of these proteins.  Ras Converting Enzyme (Rce1p) and 
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Ste24p are proteases that many believe are important to the cleavage of the –AAX from 

the cysteine and which promotes the maturation of the modified proteins (62).  Rce1p and 

Ste24p are inhibited by peptidyl (acyloxy) methyl ketones (AOMKs).  Others have 

focused on the inhibition of serine and cysteine proteases like CatB (63).  These protease, 

metalloprotease and peptidase inhibitors stop the maturation of the lipid modified 

proteins by keeping the –AAX attached to the prenylated cysteine.  Most of the proteases 

being targeted are metal-dependent metalloproteases as type II membrane-bound CAAX 

endopeptidases have been identified as metalloproteases (64).  Along with the fact that 

Rce1 was also identified as a metalloprotease, the focus has shifted to studying these 

metalloproteases and they look to be novel therapeutic anti-cancer targets (65).  In 

another study, suppression of Rce leads to a 20 fold decrease in cell proliferation and 

drastic cell morphological changes (66).  This method to suppress protein function will 

still globally inhibit protein prenylation as both farnesylation and geranylgeranylation 

require AAX removal for membrane attachment. 

Methylation of the Prenylated Protein 

 

Function 

 

Before attachment to the plasma membrane, carboxyl methylation of the protein 

occurs (67).  It has been debated whether this is a necessary feature to membrane 

trafficking and attachment, or if this is a non-essential process.  If this is an essential 

process to membrane attachment, manipulation of methylation should inhibit the 

membrane attachment or trafficking of the prenylated protein.  The process simply 
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involves a methyltransferase enzyme transferring the methyl group to the cysteine at the 

C-terminus following –AAX cleavage (14).  The importance of methylation to 

prenylation is relatively unknown and not well elucidated. 

Effects of Methylation Manipulation  

As stated above, the importance of carboxyl methylation has not been as well 

established. Cimato et al. (68) determined that methylation of proteins is essential in the 

signal transduction of nerve growth factor (NGF) in PC-12 cells leading to neurite 

outgrowth, demonstrating the importance of methylation in this context (68).  In retinoic 

acid-treated SH-SY5Y cells, methylation of N-acetyl-S-trans, trans-farnesyl-L-cysteine 

(AFC) was inhibited by 75%, which caused a decrease in the levels RhoA and H-Ras 

GTPases, but caused an increase in Rab3A GTPase levels (69).  This shows that 

methylation does affect RhoA and H-Ras membrane trafficking, but not Rab3A.  It is 

thought that methylation is essential for proper intracellular trafficking, but is not 

essential for membrane attachment (70).  In short, methylation is important for the 

efficient intracellular targeting but more studies on its importance to membrane 

attachment need to be performed. 

The CAAX Motif 

Function  

As a substrate of GGTase-I and FTase, the CAAX motif is essential for protein 

prenylation.  As was previously stated, the transfer of the prenyl group to the CAAX box 

of the target protein is a critical step in the prenylation process. For geranylgeranylation, 
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the geranylgeranyl group is added to the cysteine of the CAAX box with a leucine or 

isoleucine, while farnesylation involves the addition of the farnesyl group to the CAAX 

box when serine, glycine, alanine or methionine is in the X position (71).  After the 

addition of the prenyl group to the target protein, the –AAX must be cleaved off by a 

protease, peptidase or metalloprotease for proper localization of the prenylated protein 

(11).  The addition of the 20-carbon geranyl geranyl group or 15-carbon farnesyl group to 

the target protein is the final step of prenylation, though the subsequent cleavage and 

methylation is necessary for proper localization and function (4).  Since there is such a 

high affinity for binding to the CAAX motif, this box has been targeted for manipulation 

in order to inhibit prenylation, which will be explored in the following section.  

Effects of Manipulation of CAAX Box to Inhibit Prenylation 

Much attention in prenylation research has focused on the inhibition of 

prenylation by manipulation of the CAAX box. Using mimetics as a tool to create 

structurally inhibited Ras, a methionine derivative analog, CAAM, decreases Ras-

mediated cancer proliferation (72).  Inhibition of Ras prenylation is important for 

therapeutic approaches for cancer.  More recent research has focused on inhibiting 

prenylation by manipulating the cysteine in the CAAX box using site-directed 

mutagenesis (6, 73).  In the study by Roberts et al. (2008), altering the C-terminal 

cysteine changes the structure of the cell and mutated proteins are mislocalized.  Other 

investigators have demonstrated that non-prenylatable Rac1 can be made active in the 

cytosol and increases cell clustering (73).  This method of prenylation inhibition gives us 
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a protein specific mechanism for observing how prenylation affects the localization of 

specific proteins, and how this localization affects activation and cellular signaling.  This 

method can be used on other GTPases requiring prenylation for activation to observe how 

prenylation affects the activation and function of those proteins. 

Conclusion 

 

As demonstrated in figure 3, there are many ways in which protein prenylation 

has been manipulated and studied, but only one gives insight on how prenylation affects 

the function of a specific protein.  Using non-prenylatable constructs of GTPases, 

generated by mutating the CAAX box, will provide insight into how the use of statins, 

pyrophosphate inhibitors, and transferase inhibitors affect the localization, activation and 

function of specific proteins.  It has been demonstrated that non-prenylatable GTPases 

retain the ability to be activated.  Importantly, inhibiting prenylation of Rho GTPases 

could affect cellular processes like migration, proliferation, and neuronal process 

extension.  These discoveries could serve as a starting point to study if endogenous 

GTPases retain this ability in vivo, and if so, how long-term mevalonate pathway 

inhibitors affect the functioning of GTPases that require prenylation for membrane 

targeting.  These studies would aid in understanding the regulation of prenylation of Rho 

GTPases and how prenylation or lack thereof, affects cellular processes when using 

mevalonate pathway inhibitors for pharmaceutical purposes. 
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Fig 3:  Mevalonate pathway inhibitors.  Figure 3 shows the differnet manners in which the mevalonate 

pathway has been manipulated to inhibit cholesterol formation or prenylation.  The arrows coming from the 

inhibitors show exactly where in the mevalonate pathway the manipulation occurs, all of which involve 

inhibiting prenylation and cholesterol synthesis in some manner. 
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CHAPTER II 

 

 TREATMENT WITH LOVASTATIN INCREASES NEURITE  

ARBORIZATION IN B35 CELLS 

 

An Except from a Paper Published in Molecular Neurobiology, (50): 49-59. 

Filsy Samuel, Jairus Reddy, Radhika Kaimal, Vianey Segovia,  

Huanbiao Mo and DiAnna L. Hynds 

ABSTRACT 

Inhibitors of the mevalonate pathway, including the highly prescribed statins, 

reduce the production of cholesterol and isoprenoids such as geranylgeranyl 

pyrophosphates.  The Rho family of small guanine triphosphatases (GTPases) requires 

isoprenylation, specifically geranylgeranylation, for activation.  Because Rho GTPases 

are primary regulators of actin filament rearrangements required for process extension, 

neurite arborization and synaptic plasticity, statins may affect cognition or recovery from 

nervous system injury.  Here, we assessed how manipulating geranylgeranylation affects 

neurite initiation, elongation and branching in neuroblastoma growth cones.  Treatment 

with the statin, lovastatin (20 µM) decreased measures of neurite initiation by 17.0% to 

19.0% when a source of cholesterol was present and increased neurite branching by 4.03 

to 9.54 fold (regardless of exogenous cholesterol).  Neurite elongation was increased by 

treatment with lovastatin only in cholesterol-free culture conditions.  Treatment with 

lovastatin decreased growth cone actin filament content by up to 24.3%.  In all cases,  
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co-treatment with the prenylation precursor, geranylgeraniol (10 µM), reversed the effect 

of lovastatin.  In prior work, statin effects on outgrowth were linked to modulating the 

actin depolymerizing factor, cofilin.  In our assays, treatment with lovastatin or 

geranylgeraniol decreased cofilin phosphorylation in whole cell lysates.  However, 

lovastatin increased cofilin phosphorylation in cell bodies and decreased it in growth 

cones, indicating differential regulation in specific cell regions.  Together, we interpret 

these data to suggest that protein geranylgeranylation likely regulates growth cone actin 

filament content and subsequent neurite outgrowth through mechanisms that also affect 

actin nucleation and polymerization.    

INTRODUCTION 

Statins are pharmacological inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 

A (HMG CoA) reductase, the rate limiting enzyme for the mevalonate pathway [1], that 

are widely prescribed to treat hypercholesterolemia and other lipid disorders [2-3].  

Along with cholesterol, the mevalonate pathway produces protein modifying 

intermediates, including the 15 and 20 carbon isoprenoids, farnesyl and geranylgeranyl 

pyrophosphates (FPP, GGPP) [4].  Farnesyl transferase (FTase) and geranylgeranyl 

transferases (GGTase) I and II facilitate the transfer of farnesyl and geranylgeranyl 

moieties to cysteine residues of proteins having a C terminal CAAX domain, including 

the Ras superfamily of monomeric guanine triphosphatases (GTPases) [5-7].  Levels of 

GGPP increase in aged brain and Alzheimer’s disease [8,9], and the action of GGTase I 

is required for plasticity [10].  Since members of the Rho subfamily of Ras GTPases are 
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exclusively geranylgeranylated through the action of GGTase I [7], modulation of their 

isoprenylation may be important in preventing cognitive decline.   

Synaptic remodeling requires arborization and extension of neuronal processes, 

followed by synapse formation and stabilization [11-13].  Rearrangement of the actin 

cytoskeleton in process tips (growth cones, developing synapses) is necessary for each of 

these mechanisms, and is primarily controlled by Rho subfamily GTPases (e.g. RhoA, 

Rac1, Cdc42) [10,14-19].  Rho GTPases regulate regional actin filament content through 

affecting actin nucleation, polymerization, severing and depolymerization [19].   

Treatment with statins affects neurite outgrowth in several systems, but results vary 

according to the type of neuron and statin employed [10,20-27].  Interestingly, statin 

effects on neurite outgrowth are linked to manipulation of geranylgeranylation, rather 

than to decreases in cholesterol [10,20,21,24,27].  For example, atorvastatin decreases 

neurite initiation in PC12 cells and elongation in rat embryonic cortical neurons, effects 

rescued by geranylgeranylation precursors but not cholesterol [20,21].  However, 

pravastatin [22,23], simvastatin [22,28] and mevastatin [26] have all been reported to 

increase neurite outgrowth that is at least partly dependent on geranylgeranylation.  In 

most of these studies, a single measure of outgrowth was reported, generally measuring 

neurite initiation as either the percent of neurite-bearing cells or the number of 

neurites/cell.  In works addressing branching or elongation, statin treatment increases 

these measures [10,20,23].  The mechanisms leading to these results have yet to be fully 
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defined, but several works suggest geranylgeranylation is important for regulating Rho 

GTPase and cofilin activity [27].   

Here, we comprehensively assess the effects of inhibiting geranylgeranylation in a 

neuroblastoma cell line to distinguish isoprenoid from cholesterol effects and separate 

plasticity from degeneration.  In the current work, we performed a comprehensive 

analysis of neurite outgrowth in the B35 neuroblastoma model system, evaluating neurite 

initiation, elongation and branching in response to manipulating geranylgeranylation, and 

assessing whether changes in growth cone actin filament content correlate with growth 

cone cofilin activity. 

METHODS 

Cell Culture and Treatment.   

B35 rat neuroblastoma cells (ATCC, Manassas, VA) were routinely maintained at 

37C in 1:1 Dulbecco’s modified Eagle’s medium and nutrient mixture F12 

(DMEM/F12, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 

(FBS, Sigma, St. Louis, MO) and were passed when 90% confluent.  For western blotting 

experiments, cells were seeded in 6 well or 10 cm tissue culture plates at 20,000 

cells/cm
2
. For neurite outgrowth and immunochemical studies, cells were seeded on 12 or 

25 mm glass coverslips coated overnight at 37C with 25 µg/ml collagen (Sigma, St. 

Louis, MO) in phosphate buffered saline (PBS) at a density of 5,000 cells/cm
2
.  To 

decrease production of isoprenoids, cells were treated for 24 hours with 20 µM lovastatin 

(gift from Merck, Whitehouse Station, NJ or from Sigma, St. Louis, MO).  In lovastatin 
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treated cells, co-treatment with 10 µM of the geranylgeranylation precursor, 

geranylgeraniol (GGOH, EMD Biosciences, San Diego, CA or Sigma, St. Louis, MO), 

was employed to promote protein geranylgeranylation [39].  To provide a source of 

external cholesterol, experiments were generally performed with cells maintained in 

serum containing media (SCM).  However, in some experiments cells were cultured in 

serum-free medium (SFM) or serum-free medium containing synthetic cholesterol 

(SFM+Chol, 1:500 dilution; Sigma, St. Louis, MO) to assess the role of cholesterol in 

neurite outgrowth.   

Microscopy.   

Following treatments, cells were fixed in 4.0% paraformaldehyde for 20-30 

minutes at room temperature.  Fixed cultures were washed three times with PBS and 

either fluorescently labeled (see below) or directly mounted onto slides with mounting 

media containing 4, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories, 

Burlingame, CA).  Digital images (1 image per each replicate culture) were captured 

through either 40X or 100X objectives using a Zeiss Axiovert 200M interfaced with the 

Axiovision image analysis system (Zeiss, Jena, Germany) or a Nikon A1R-A1 confocal 

system with a Nikon Eclipse Ti inverted microscope and NIS elements imaging software 

(Nikon Instruments, Melville, NY).  For fluorescently labeled cultures, image capture 

conditions, including lamp intensity and exposure time, were held constant.   
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Analysis of Neurite Outgrowth. 

Each image was assessed for the number of neurites/cell (for cells with neurites), 

the percent of neurite-bearing cells, the number of branch points/neurite and the total 

neurite length/cell.  All quantifiable cells in each image were analyzed (8-15 cells/image).  

A cell was considered quantifiable if it and all its neurites were contained in the image.  

A neurite was defined as an extension greater than 10 μm; branches were bifurcations 

where each extension terminated in a growth cone; and the total neurite length was the 

sum of all neurites and branches from a single cell (quantified using only cells 

elaborating neurites).  The average values from each culture (n) were analyzed for 

differences from controls (SCM, SFM or SFM+Chol) using analysis of variance 

(ANOVA) and Least Significant Difference (LSD) post hoc tests at α = 0.05 (SPSS, 

Chicago, IL).   

RESULTS 

Inhibiting Geranylgeranylation Increases Neurite Branching.   

We first assessed how manipulating protein geranylgeranylation affected neurite 

initiation, elongation and arborization.  To inhibit geranylgeranylation, cells were treated 

with the HMG CoA reductase inhibitor, lovastatin (LOV).  To promote 

geranylgeranylation, cells in which the mevalonate pathway was inhibited with lovastatin 

were treated with the geranylgeranylation precursor, geranylgeraniol (GGOH), because 

GGOH alone inhibits the mevalonate pathway through negative feedback.  We assessed 

changes in outgrowth from cells cultured in serum containing medium (SCM, providing a 
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source of cholesterol), serum-free medium (SFM, a condition known to induce outgrowth 

in B35 cells but not providing exogenous cholesterol), and SFM with the addition of a 

physiological concentration of synthetic cholesterol (SFM+Chol, Fig. 4).  Compared to 

control cultures (Fig. 4a, d, g), cells treated with an optimal concentration of LOV (20 

µM; determined from maximal effect on cell morphology in absence detectable toxicity) 

induced cell body rounding and the elaboration of more highly branched neurites (Fig. 

4b, e, h), effects that were generally reversed by co-treatment with 10 µM GGOH (Fig. 

4c, f, i).     
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Fig. 4 Geranylgeranylation alters B35 cell morphology.  Representative differential interference contrast 

(DIC) images captured through a 40X objective showing cellular morphology of B35 cells cultured under 

control conditions including maintenance in serum containing medium (SCM) alone (a), in serum free 

medium (SFM) with no added cholesterol (d), or in SFM plus synthetic cholesterol (g).  Compared to these 

baseline conditions, cells treated with 20 µM lovastatin (LOV; b, d, h) for 24 hours led to cells with 

rounder cell bodies, fewer neurites and prominent neurite branching.  Co-treatment with 20 µM LOV and 

10 µM geranylgeraniol (Lov+GGOH; c, f, i) returned cells to morphology similar to that seen in control 

conditions.  Scale bar in a = 20 µm and is valid for all images. 
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Quantification of outgrowth indicated that protein geranylgeranylation limits 

neurite branching, and may promote neurite initiation.  For assessment of neurite 

initiation, treatment with LOV decreased the percent of neurite-bearing cells (Fig. 5a) by 

19.0% and the number of neurites/cell (Fig. 5b) by 19.8%,  compared to cells cultured in 

cholesterol-containing baseline conditions (SCM) or co-treated with GGOH in 

SFM+Chol conditions.  No differences were found in neurite initiation among treatments 

in cells cultured in SFM without cholesterol (Fig. 5a, b).  Treatment with LOV increased 

neurite arborization, measured by the number of branch points/neurite, between 4.03 and 

5.35 fold over control cultures, regardless of whether a source of exogenous cholesterol 

was present (Fig. 5c).  Neurite elongation, assessed as the total neurite length/cell in cells 

bearing neurites, was increased 81.1% by treatment with LOV only in cells cultured in 

SFM without an exogenous source of cholesterol.  A similar result was found when the 

length of the longest neurite was assessed.  Each of the outgrowth effects elicited by 

treatment with LOV was reversed when cells were co-treated with GGOH, indicating that 

the primary effects likely were realized through decreased protein geranylgeranylation.  

Interestingly, the presence of cholesterol was necessary to observe the effects of LOV on 

neurite initiation, but negatively impacted neurite elongation.   Because the most dramatic 

result was the LOV induced increase in neurite branching, which was not affected by 

cholesterol, we elected to perform the next experiments in cells cultured in SCM. 
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Fig. 5 Geranylgeranylation limits neurite branching.  B35 cells were cultured under control conditions 

(black bars in all graphs), including maintenance in serum containing medium (SCM), serum-free medium 

without added cholesterol (SFM) and SFM with synthetic cholesterol added (SFM+Chol) and either not 

treated further or were treated for 24 hours with 20 µM lovastatin (LOV, gray bars) or 20 µM LOV plus 10 

µM geranylgeraniol (LOV+GGOH, white bars).  Cultures were fixed and evaluated by image analysis for 

measures of different aspects of neurite outgrowth, including initiation using the percent of neurite-bearing 

cells (a) and the number of neurites/cell (b), arborization using the number of branch points/neurite (c), and 

elongation using the total neurite length/cell (d) for cells with neurites.  Data are means ± SEM for n = 4 

separate cultures with 6-17 cells/culture.  * indicates significant difference compared to control cultures 

(SCM, SFM or SFM+Chol) or LOV+GGOH and ** indicates significant difference from LOV+GGOH at p 

≤ 0.05 (ANOVA with LSD post-hoc). 
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DISCUSSION 

We performed the present study to further define the mechanisms through which 

protein geranylgeranylation regulates process outgrowth and arborization by directing 

actin cytoskeletal rearrangements in growth cones.  The work was also designed to 

address previously reported results that were inconclusive on statin influences on 

outgrowth [10,20-27] and potential mechanisms through which statins mediate their 

effects.  We found that inhibiting gernylgeranylation: (1) decreases neurite initiation 

under conditions where cholesterol is present; (2) increases neurite branching in the 

presence or absence of an exogenous source of cholesterol. 

The neurite outgrowth results reported here agree with prior studies showing that 

statin effects on neurite outgrowth are primarily attributable to decreased protein 

isoprenylation [10,20,21,24,27].  However, some studies indicate that, similar to our 

results, statins decrease neurite initiation [20], but others report that statin increase neurite 

initiation [23,26,27].  The basis behind these differences is unknown, but may reflect 

differences in models, applied statins or assay conditions.  We were unable to determine 

any pattern across different model systems.  For example, studies employing PC12 cells 

under similar growth conditions variably showed that statin treatment could increase 

[20,27] or decrease outgrowth [20].  Interestingly, prior studies conducted with the statin, 

atorvastatin, indicated a decrease in neurite outgrowth [20,21], while those employing 

pravastatin [22,23], simvastatin [22,28] or mevastatin [26] all reported either enhanced or 

unaffected outgrowth.  This may indicate a difference between the actions of 
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fermentation-derived (type 1; pravastatin, simvastatin, mevastatin) and synthetic (type 2; 

atorvastatin) statins on specific isoprenylated targets.  However, our results with 

lovastatin, a fermentation-derived statin, stand in contradiction to those reported by 

Fernandez-Hernando and colleagues (2005), a group who did use a different model 

system [27].  Thus, it is likely that the pleiotrophic effects of statins result in a complex 

regulation of protein isoprenylation and cholesterol production to influence neuronal 

process extension. 

We interpreted our data as indicating that modulation of protein 

geranylgeranylation is the primary mode through which inhibiting the mevalonate 

pathway affects growth cone actin filament content and outgrowth.  Proteins with a 

primary sequence having a C terminal CAAX motif can be isoprenylated, with 

farnesylation occurring when X is serine or threonine and geranylgeranylation occurring 

when X is leucine or phenylalanine [5].  Because our outgrowth and actin filament 

content results depend on alterations in geranylgeranylation, the paper focused on 

signaling from Rho family GTPases, important regulators of actin dynamics and 

outgrowth that are exclusively geranylgeranylated by GGTase I.  Activation (GTP 

loading) of the Rho GTPases occurs through interaction with GEFs, many of which 

associate with the plasma membrane [7].  Thus, translocation of Rho GTPases to the 

plasma membrane is thought to be required for their activation [32,33].  If this is true, 

then regulation of Rho GTPase membrane localization may play an important role in 

compartmentalizing activation of specific Rho GTPases.  This might explain differential 
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activation of RhoA and Rac1 in growth cones compared to whole cell lysates [34].  

Additionally, regulation of Rho GTPase membrane localization may be important in 

determining the role of GTPase crosstalk and specific roles during outgrowth.  This will 

help determine the source of differences seen with traditional dominant active and 

dominant negative Rho GTPase constructs, where activated Rac1 and Cdc42 generally 

promote process extension and RhoA promotes retraction [14], and more recent studies 

indicating that all three proteins play prominent roles in directing efficient extension of 

neuronal processes [15-17].   

Finally, treatment with statins has been reported in some studies to decrease the 

incidence of Alzheimer’s disease or cognitive decline in aging [46].  While some of the 

effects are related to decreased cholesterol [47], there is good evidence that the decrease 

in protein isoprenylation may also play an important role [46,48,49].  Our data suggest 

that statins increase neurite arborization, an aspect of neurite outgrowth that likely 

correlates with increased synaptic plasticity.  If this is true, we would expect statins to 

protect cognitive decline by decreasing the amount of farnesylated or geranylgeranylated 

proteins.  This hypothesis is consistent with studies showing that statins enhance long-

term potentiation [48], and demonstrating that decreasing prenyltransferases like farnesyl 

transferase ameliorate cognitive decline in a mouse model of Alzheimer’s disease [49].  It 

will be interesting to learn whether similar results are seen with geranylgeranyl 

transferase inhibitors. 
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The results reported here support a hypothesis where inhibiting geranylation 

promotes neurite arborization, in a process associated with decreased growth cone actin 

filament content and activation of cofilin.  However, regulation of actin polymerization 

appears to be important for outgrowth under conditions where protein 

geranylgeranylation is promoted.  It is interesting to speculate that reports of statins 

decreasing the incidence of Alzheimer’s disease or cognitive decline in aging might be 

related to statin-induced process arborization.  Thus, additional studies are required to 

address the implications of statin-induced arborization in establishing neuronal networks 

and the effects on synaptic plasticity.  In all, the results reported here suggest that 

mechanisms regulating Rho GTPase signaling, and subsequent effects on growth cone 

actin dynamics, need to be further elucidated to better define how neurons develop and 

establish synaptic connections, as well as determine novel sites for targeted intervention 

for degenerative or traumatic nervous system lesions.    
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CHAPTER III 

 

 NON-PRENYLATABLE RAC1 CAN BE ACTIVATED IN THE CYTOSOL AND 

INCREASES CELL CLUSTERING IN B35 CELLS 

 

A Paper Published in Cellular Signalling, 27(3): 630-637. 

 

Jairus M. Reddy, Filsy G. Samuel, Jordan M. McConnell, Cristina P. Reddy, 

 Brian W. Beck, DiAnna L. Hynds 

Preface 

Treating B35 cells with 20 M lovastatin increased neurite arborization, an effect 

that was lost after addition of GGOH. The observed effect cannot be attributed to any 

particular protein as statins globally inhibit prenylation. Little is known on how 

prenylation, or lack thereof, affects the activation and function of proteins that require 

prenylation for membrane targeting. Most studies use global prenylation inhibitors, or 

inhibit either geranylgeranylation or farnesylation. However we used site directed 

mutagenesis to mutate the cysteine on the CAAX box on specific proteins to inhibit 

prenylation. Rac1, a known regulator of actin filament dynamics, was mutated to inhibit 

prenylation. The non-prenylatable Rac1 construct provides a protein specific method to 

determine how inhibiting Rac1 prenylation affects Rac1 localization, activation and 

function in B35 neuroblastoma cells.
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Abstract 

Rac1 is an important regulator of axon extension, cell migration and actin 

reorganization.  Like all Rho guanine triphosphatases (GTPases), Rac1 is targeted to the 

membrane by the addition of a geranylgeranyl moiety, an action thought to result in Rac1 

guanosine triphosphate (GTP) binding.  However, the role that Rac1 localization plays in 

its activation (GTP loading) and subsequent activation of effectors is not completely 

clear.  To address this, we developed a non-prenylatable emerald green fluorescent 

protein (EmGFP)-Rac1 fusion protein (EmGFP-Rac1
C189A

) and assessed how expressing 

this construct affected neurite outgrowth, Rac1 localization and activation in 

neuroblastoma cells.  Expression of EmGFP-Rac1
C189A

 increased localization to the 

cytosol and induced cell clustering while increasing neurite initiation.  EmGFP-Rac1
C189A

 

expression also increased Rac1 activation in the cytosol, compared to cells expressing 

wild-type Rac1 (EmGFP-Rac1).  These results suggest that activation of Rac1 may not 

require plasma membrane localization, potentially leading to differential activation of 

cytosolic signaling pathways that alter cell morphology.  Understanding the 

consequences of differential localization and activation of Rho GTPases, including Rac1, 

could lead to new therapeutic targets for treating neurological disorders. 

  



50 

 

1. Introduction 

The Rho family small guanosine triphosphatase (GTPase), Rac1, is an important 

regulator of axon and dendrite extension [1,2], actin filament organization [3,4, growth 

cone morphology [5], and plasticity and synapse formation [6].  Rac1 dysfunction is 

implicated in several human neurological disorders, including amyotrophic lateral 

sclerosis [7], ischemic stroke [8] and Alzheimer’s disease [9].  For instance, aberrant 

Rac1 activity promotes degeneration in post-ischemic mice and inhibits recovery of 

spatial memory [10].  Therefore, it is imperative to understand the mechanisms regulating 

Rac1 activation to facilitate development of effective therapies for disorders associated 

with altered Rac1 signaling. 

Rac1 is considered active when bound to guanosine triphosphate (GTP) and able to 

interact with its effectors, whereas Rac1 is inactive when bound to guanosine diphosphate 

(GDP; [2]). GTP loading of Rac1 is facilitated by guanine exchange factors (GEFs).  

Since many Rac1 GEFs (e.g. Dbl, Vav, Tiam-1) need to associate with the plasma 

membrane for activation, it is widely held that Rac1 translocation to the plasma 

membrane is required for its activation [11,12].  This is accomplished through post-

translational geranylgeranylation via geranylgeranyl transferase I (GGTaseI; [13,14]), 

which attaches a geranylgeranyl moiety to the cysteine in the C terminal CaaX (where a 

is an aliphatic amino acid and X is any amino acid) motif in Rac1 (which is CLLL), 

followed by cleavage of the terminal three amino acids and methylation [15].  The 
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geranylgeranylation of Rac1 is specifically implicated in neuronal plasticity and 

protection [16], formation of lamellipodia, cell adhesion and motility [17]. 

Geranylgeranylation is pharmacologically blocked by statin inhibitors of 3-hydroxyl-

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

mevalonate pathway that produces cholesterol and isoprenoids like geranylgeranyl 

pyrophosphate and farnesyl pyrophosphate [18].  In our prior work, we found that 

treatment with lovastatin increases neurite branching and decreases neurite initiation, 

while affecting both cofilin activity and actin filament content in growth cones [19].  

Since lovastatin prevents geranylgeranylation of Rho GTPases, this discovery led us to 

hypothesize that a cytosolic pool of activated, GTP-bound Rac1 might be causing the 

observed effects.  However, it is difficult to link diverse effects of statin treatment to 

alteration of Rac1, specifically.  Thus, we have constructed a non-prenylatable Rac1 

mutant (EmGFP-Rac1
C189A

) by mutating the cysteine in the CaaX motif to an alanine, 

which should decrease Rac1 membrane association and signal propagation.  Here, we 

assess how expressing EmGFP-Rac1
C189A

 in neuroblastoma cells affects cell morphology, 

neurite outgrowth and GTP loading of Rac1. 

2. Materials and Methods 

2.1 Generation of expression vectors: Mammalian expression vectors containing the open 

reading frame (ORF) for human Rac1 in frame with an N-terminal Emerald Green 

Fluorescent Protein (EmGFP) tag were constructed by homologous recombination of the 

gene supplied in entry vector, pENTR221 (Open Biosystems human, OHS4559-
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99868817, now GE, ) with the mammalian expression vector, pcDNA6.2/EmGFP-DEST 

(Vivid Colors, Invitrogen).  Non-prenylatable Rac1 mutants were constructed using site-

directed mutagenesis, according to the manufacturer’s instructions (Quick Change II, 

Stratagene) using a mutagenizing primer (Biosynthesis) that mutated cysteine 189 (C189) 

to alanine (EmGFP-Rac1
C189A

).  After amplification in E. coli, proper insertion and 

orientation of EmGFP-Rac1 and EmGFP-Rac1
C189A

 ORFs were assessed by restriction 

digestion and sequencing (Genewiz).  Plasmids were purified using mini- or midi-prep 

spin columns (Qiagen) and DNA was incubated for 1 hour with appropriate 

concentrations of Stu1 (Invitrogen) at 37º C.  Undigested and digested plasmids were 

electrophoresed in a 1.0% Tris-acetate-EDTA (TAE) agarose gel at 100V for 1 hour and 

incubated with 0.5 µg/ml ethidium bromide for 20 minutes at room temperature.  Gels 

were visualized using an ultraviolet transilluminator and images were captured using an 

HD Fluorochem gel imaging system (Alpha Innotech).  Stu1 was predicted to cut the 

plasmid at two locations, one of which was located within the Rac1 ORF, with expected 

fragments of 1253 bp and 5207 bp. 

2.2 Cell Culture, Treatment and Transfection: B35 rat neuroblastoma cells were routinely 

cultured in DMEM/F12 with 10% fetal bovine serum and passed when 90% confluent.  

Cells were seeded in 6 well plates at 20,000 cells/cm
2
 for western blotting or on 12 mm 

coverslips at a density of 5,000 cells/cm
2
 for microscopy.  For pharmacological 

experiments, cells were either maintained in serum-containing medium (SCM) or treated 

with 10 µM lovastatin (LOV) or a combination of 10 µM LOV and 20 µM 
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geranylgeraniol (GGOH) for 24 hours at 37º C.  Cells were fractionated and assessed by 

western blotting or activation assays as described below.  For all other experiments, cells 

were transfected with EmGFP (without Rac1), EmGFP-Rac1 or EmGFP-Rac1
C189A

 using 

Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.  

Untransfected cells were maintained in serum-free medium (SFM). After 48 hours, cells 

were fixed in 4.0% paraformaldehyde and transfection was observed by direct 

fluorescence or by immunolabeling with rabbit anti-GFP (1:200, overnight at 4.0º C, 

Sigma) and Alexafluor 488 goat anti-rabbit (1:200, 1 hour at room temperature, 

Invitrogen) antibodies to assess transfection efficiency and localization.   

2.3 Subcellular Fractionation: In some experiments, control and transfected cells were 

fractionated into membrane and cytosolic fractions.  Cells were grown to 98% confluent 

and transfected as described above.  After two days, untransfected and transfected cells 

were fractionated using the S-PEK proteolysis kit (Pierce) into cytosolic, membrane, 

nuclear and cytoskeletal fractions.   

2.4 Western blotting: Lysates were electrophoresed through 12% SDS/PAGE gels and 

electrotransferred to nitrocellulose.  Membranes were blocked in 5% nonfat dry milk in 

Tris buffered saline containing 0.1% Tween-20 (TBST).  Blots were probed with rabbit 

anti-Rac1 (1:500, Cell Signaling Technologies) or rabbit anti-GFP (1:1000, Sigma) 

antibodies overnight at 4º C.  Blots were incubated in appropriately conjugated goat anti-

rabbit secondary antibodies overnight at 4º C and immunoreactive bands were visualized 

by enhanced chemiluminescence or near infrared detection (Licor Odyssey system). 
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2.5 Neurite Outgrowth: Digital images were captured through 40X and 100X objectives 

using either phase contrast optics and a Zeiss Axiovert 200M interfaced with the 

Axiovision image analysis system or differential interference contrast (DIC) imaging 

using a Nikon Ti confocal system.  Neurite outgrowth was measured using the number of 

neurites/cell, the number of branch points/neurite, the length of longest neurite/cell, the 

total neurite length/cell and percentage of neurite bearing cells as previously described 

[19]. 

2.6 Measurement of Rac1 Activation: Cells were grown to 98% percent confluence and 

transfected with EmGFP, EmGFP-Rac1 or EmGFP-Rac1
C189A

.  After two days, cells 

were fractionated as described above and snap frozen and stored in liquid nitrogen.  Rac1 

activation was assayed using either a Rac1 G-LISA kit (Cytoskeleton), according to the 

manufacturer’s instructions, or pull-down assays [20].  For pull-downs, cell lysates were 

incubated with agarose beads coated with the PAK protein binding domain overnight at 

4.0º C, washed in lysis buffer and total and activated Rac1 was visualized by western 

blotting for GFP or Rac1. 

2.7 Statistical Analysis: For all experiments, the sampling units were individual cultures.  

The number of sample replicates in each condition is indicated in the results for 

individual experiments.  Data are reported as average values and were analyzed for 

differences across groups using univariant analyses of variance (ANOVA) with treatment 

as a fixed factor at a significance level of α = 0.05.  When there was a significant main 
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effect for treatment, differences from control cultures were determined using the Least 

Significant Difference (LSD) post hoc test at α = 0.05 (SPSS). 

3. Results 

3.1 EmGFP-Rac1
C189A

 localizes primarily to the cytosol  

The effects of statin treatment on neurite outgrowth vary with the particular statin 

and system employed [14,16,19,21-28].  However, most studies suggest that observed 

effects on outgrowth are through inhibiting geranylgeranylation leading to inhibition of 

Rho GTPases [16,21-23].  In prior experiments, we found that inhibiting 

geranylgeranylation using the statin, lovastatin (LOV), leads to decreased neurite 

initiation and increased branching in B35 neuroblastoma cells [19].  These effects are 

likely elicited through altered localization of and signaling from Rac1.  To assess effects 

of LOV treatment on Rac1 localization, we separated treated cells into 

membrane/organelle and cytosol fractions and assessed the total amount of Rac1 in each 

fraction.  As expected, treatment with 10 or 25 µM LOV significantly decreased the 

amount of Rac1 associated with the membrane, as assessed by the ratio of membranous 

to cytosolic Rac1 (Fig. 6A; F3,10 = 6.940, p = 0.017, n = 4 for SCM, 2 for 5 µM LOV, 3 

for 10 µM LOV and 3 for 25 µM LOV).  Efficient separation of the membrane/organelle 

and cytosol fractions was demonstrated by immunoblotting for the 2 subunit of the 

GABA-A receptor and ERK1/2.  GABA- segregated only to the membrane fraction, 

while ERK1/2, a cytosolic cellular signaling protein that can associate with membrane-

bound receptors, was found in approximately equal amounts in the cytosol and membrane 
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fractions (Fig. 6B).  We next assessed whether cytosol-localized Rac1 is active using 

commercially available plate-based activation and pull-down assays.  Overall, Rac1 

activation was greater in the membrane/organelle fraction (Fig. 6C) than in the cytosol 

fraction (Fig. 6D).  As expected, treatment with lovastatin caused a consistent, but non-

significant, decrease in the amount of active Rac1 in the membrane, an effect that was 

reversed by the addition of geranylgeraniol (GGOH, Fig. 6C).  Interestingly, we observed 

a small amount of activated Rac1 in the cytosol in untreated controls maintained in 

serum-containing medium (SCM), which increased when cells were treated with 

lovastatin alone or in combination with geranylgeraniol (Fig. 6D).  The latter result 

suggests that there may be a pool of activated Rac1 within the cytosol, leading to 

speculation on whether Rho GTPases can be activated without association with the 

plasma membrane.   
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Fig. 6.  Lovastatin decreases the amount of total and activated Rac1 associated with membranes.  B35 cells 

were treated with 0 (serum-containing medium, SCM), 5, 10 or 25 µM lovastatin (LOV) for 24 h at 37º C.  

Cells were fractionated into membrane/organelle and cytosol fractions and subjected to western blotting for 

Rac1.  (A) The ratio membranous to cytosolic Rac1 significantly decreased with 10 or 25 µM LOV, 

compared to SCM controls (LSD; p = 0.006 for 10 µM LOV, p = 0.016 for 25 µM LOV).  (B) Western 

blotting for a membrane-associated protein, the 2 subunit of the GABA-A receptor, revealed detectable 

bands only in membrane fractions (representative blot of 3 separate experiments), indicating efficient 

separation of the membrane/organelle and cytosolic fractions, and a protein expected to associate with both 

the membrane and cytosol fractions, ERK1/2, was present in roughly equal amounts in both fractions.  (C) 

Treatment with 10 µM LOV consistently decreased the amount of activated Rac1 present in the membrane 

fraction, as measured using G-lisa assays.  This effect was reversed by co-treatment with 20 µM 

geranylgeraniol (GGOH).  (D)  Rac1 activation was consistently increased in cytosol fraction of cells 

treated with 10 µM LOV or 10 µM LOV + 20 µM GGOH.  Data in A, C and D are expressed as means ± 

s.e.m. and *indicates significant difference from SCM controls at p < 0.05 (ANOVA and LSD posthoc). 
 



58 

 

To determine the effects of altering Rac1 geranylgeranylation, we constructed 

mammalian expression vectors containing N-terminal Emerald Green Fluorescent Protein 

(EmGFP) fusions with wild-type Rac1 (EmGFP-Rac1) or Rac1 with a mutated cysteine 

in the CaaX motif (to alanine), thereby preventing geranylgeranylation (EmGFP-

Rac1
C189A

) and membrane localization (Fig. 7A).  Based on its crystal structure, a 

computational model of Rac1 (pdb: 1mh1) strongly suggests that substitution of an 

alanine for the original cysteine in the CaaX motif is unlikely to perturb the core folding 

of the protein and, thus, is expected to prevent only geranylgeranylation.  Restriction 

digest mapping of the construct identified two StuI sites within the vector, with one site 

located asymmetrically within Rac1, leading to predicted fragment sizes of 1253 b.p. and 

5207 b.p.  Compared to undigested plasmids, digestion of EmGFP-Rac1 and Em-GFP-

Rac1
C189A

 with StuI produced two bands of the expected sizes (Fig. 7B), suggesting Rac1 

open reading frames were inserted correctly into the expression vectors.  Sequencing 

confirmed successful alteration of nucleotides to produce the C189A mutation.  When 

constructs were expressed in neuroblastoma cells, western blotting for GFP or Rac1 (Fig. 

7C, upper two panels) identified a band at approximately 51 kDa, the expected size of the 

fusion product, in cells transfected with either EmGFP-Rac1 or EmGFP-Rac1
C189A

.  Rac1 

immunoreactive bands were also evident at approximately 25 kDa, representing the 

endogenous Rac1 (Fig. 7C, bottom panel).  Different exposure times were required to 

visualize the expressed constructs and endogenous proteins.  Therefore, band intensities 

are not representative of the amount of expressed proteins compared to the level of 
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endogenous proteins.  Expression levels of EmGFP-Rac1
C189A

 were consistently lower 

that expression levels of EmGFP-Rac1.  However, this would decrease the magnitude of 

any effect where expression of EmGFP-Rac1
C189A 

is compared to cells expressing 

EmGFP-Rac1.  Thus, increasing confidence that measurable differences between the two 

culture conditions is not due to Type I errors.  

  

 

Fig. 7. Verification of plasmids and expression. (A) In this model depicting the expected results of 

expressing wild-type, EmGFP-Rac1 (with the normal C-terminal CaaX box, left panel) or non-prenylatable, 

EmGFP-Rac1
C189A

 (with a C-terminal AaaX box, right panel) where expression of EmGFP-Rac1 and 

EmGFP-Rac1
C189A

 result in or prevent translocation to the plasma membrane, respectively.  (B) 

Representative gel of undigested (UD) and StuI-digested (StuI) EmGFP-Rac1 and EmGFP-Rac1
C189A

 

expression plasmids amplified in E. Coli.  StuI was predicted to cut at 2 sites within the plasmid, including 

one asymmetric site within the inserted Rac1 ORF, resulting in expected fragments of 1253 b.p. and 5207 

b.p.  Gels depict bands at approximate predicted length, indicating correct orientation of insert.  Proper 

orientation and mutation for C189A was also confirmed by sequencing.  (C) Representative western blots 

showing anti-GFP (top panel) and anti-Rac1 immunoreactive bands (middle panel) at approximately 51 

kDa, the expected size of the GFP-Rac1 fusion protein.  Levels of endogenous Rac1 were not affected 

(bottom blot). 

 



60 

 

Since EmGFP-Rac1
C189A

 should not be able to localize to the plasma membrane, 

we assessed localization of each construct using immunocytochemistry, cell fractionation 

and western blotting.  Compared to untransfected cells, expressing empty vector (GFP 

only), EmGFP-Rac1 or EmGFP-Rac1
C189A

 was not deleterious for cell viability or 

structure (Fig. 8A, top panels). Untransfected cells did not show any GFP 

immunoreactivity (Fig. 8A), while cells expressing only EmGFP showed a homogenous 

distribution throughout the cells (Fig. 8A).  In contrast, there was an even distribution of 

EmGFP-Rac1 throughout cells (Fig. 8A) and associated with membrane extensions 

(brightly labeled puncta in lower panel).  These puncta were absent in cells expressing 

EmGFP-Rac1
C189A 

(Fig. 8A).  Little GFP immunoreactivity was observed in the nucleus.  

To further determine the subcellular localization of EmGFP-Rac1 and EmGFP-

Rac1
C189A

, transfected cells were separated into membrane/organelle and cytosolic 

fractions and the amount of expressed construct in each case was determined.  Western 

blotting of these fractions for either GFP (Fig. 8B, top blot) or Rac1 (Fig. 8B, lower blot) 

demonstrated differences in the localization between wild-type EmGFP-Rac1and mutant 

EmGFP-Rac1
C189A

.  In particular, EmGFP-Rac1 was identified in both the cytosolic and 

membrane fractions, while EmGFP-Rac1
C189A

 localized primarily to the cytosol (Fig. 8B, 

western blots).  Quantification suggested that approximately twice the amount of 

EmGFP-Rac1 is associated with the membrane, compared to the cytosol, while the 

majority of EmGFP-Rac1
C189A

 associates with the cytosol and a fraction (approximately 

31%) associates with the membrane (Fig. 8B, graph).   
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Fig. 8. Expression of EmGFP-Rac1
C189A

 decreases association with the plasma membrane.  (A) 

Representative differential interference contrast (DIC, top panels) and fluorescent (bottom panels) images 

of B35 cells either untransfected (left panels) or transfected with EmGFP only, EmGFP-Rac1 or EmGFP-

Rac1
C189A

 (remaining panels, left to right).  All EmGFP-containing vectors efficiently transfected the cells 

with cells expressing EmGFP-Rac1 showing increased, and EmGFP-Rac1
C189A

 showing decreased EmGFP 

localization to the plasma membrane.  Scale bar = 20 µm and is valid for all images.  (B) Representative 

western blots of B35 cells transfected with EmGFP-Rac1 or EmGFP-Rac1
C189A

, fractionated into cytosolic 

(Cyt) and membrane (Mem) fractions and with equal protein concentrations loaded onto SDS-PAGE gel, 

demonstrated similar levels of EmGFP-Rac1 associated with each fraction for 51 kDa bands 

immunoreactive for either GFP (top blot) or Rac1(bottom blot).  These levels of immunoreactivity were 

dramatically decreased in the membrane fraction for cells expressing EmGFP-Rac1
C189A

 (quantification by 

scanning densitometry from GFP immunoreactive bands shown in the grap; similar results were observed 

in 3 separate experiments).   
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3.2 Expressing either EmGFP-Rac1 or EmGFP-Rac1
C189A

 increases neurite initiation 

To determine whether expressing a non-prenylatable Rac1 leads to phenotypic 

effects, we next assessed how expressing EmGFP-Rac1 or EmGFP-Rac1
C189A

 affected 

cellular morphology or neurite outgrowth in neuroblastoma cells.  Neuroblastoma cells 

expressing EmGFP-Rac1 readily expressed neurites and the expressed protein was 

enhanced at membrane extensions (see brightly-labeled areas in left image of Fig. (9A).  

In contrast, expressing EmGFP-Rac1
C189A

 led to increased cell adhesion and clumping 

(Fig. 9A, right image).  When quantified, approximately 94% of cells transfected with 

EmGFP-Rac1
C189A

 were in clusters, while only 60-70% of cells resided in clusters in 

EmGFP only or EmGFP-Rac1 transfected cells (Fig. 9B; F2,11 = 13.449, p = 0.001, n = 4 

for EmGFP and EmGFP-Rac1, n = 6 for EmGFP-Rac1
C189A

).   
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Fig. 9.  Expressing EmGFP-Rac1
C189A

 increases cell-cell adhesion.  (A) B35 cells transfected with EmGFP-

Rac1 (left photomicrograph) display a spreading phenotype with the highest localization of expressed 

protein in membranous cellular extension, whereas cells transfected with EmGFP-Rac1
C189A

 (right 

photomicrograph) have a more perinuclear distribution of the expressed protein with more compact and 

aggregated cells.  (B) Quantification of the number of cells in clusters (lower graph) indicates that 

expressing EmGFP-Rac1
C189A

 significantly increased cell clustering compared to cells expressing EmGFP-

Rac1 (LSD; p = 0.008).  Scale bar in right image indicates 20 µm and is valid for both images.   

 

Expressing either EmGFP-Rac1 or EmGFP-Rac1
C189A

 increased neurite initiation, 

as measured by the percent of neurite-bearing cells, compared to cells expressing only 

EmGFP (Fig. 10A; F2,25 = 4.048, p = 0.018, n = 8 for EmGFP or EmGFP-Rac1, n = 5 for 

EmGFP-Rac1
C189A

).  However, only the expression of EmGFP-Rac1, but not EmGFP-

Rac1
C189A

, displayed a consistent increase in measures of arborization (Fig. 10B) and 

elongation, as measured by the length of the longest neurite/cell (Fig. 10C) or the total 

neurite length/cell (Fig. 10D).  While the patterns in arborization and elongation did not 

quite rise to the level of statistical significance, we interpret the overall data to suggest 

that Rac1 geranylgeranylation is important for promoting some aspects of neurite 

outgrowth, perhaps through regulating Rac1 GTP-loading as well as distribution. 
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Fig. 10.  Expressing EmGFP-Rac1
C189A

 decreases neurite outgrowth.  Compared to cells expressing 

EmGFP only, cells expressing either EmGFP-Rac1 or EmGFP-Rac1
C189A

 had increased neurite initiation as 

measured by the percent of neurite-bearing cells (A; LSD, p = 0.016 for EMGFP-Rac1; p = 0.013 for 

EmGFP-Rac1
C189A

).  For measures of neurite arborization (number of branch points/neurite, B) or 

elongation (length of the longest neurite/cell, C; total neurite length/cell, D), cells expressing EmGFP-Rac1 

had consistent, but not significant, increased outgrowth compared to cells expressing only EmGFP, 

whereas expression of EmGFP-Rac1
C189A

 returned each of the measures to EmGFP control values (C-E).  

All data are expressed as means ± s.e.m. and *indicates significant difference from EmGFP only controls at 

p < 0.05 (ANOVA and LSD posthoc).  Horizontal line in each graph indicates values obtained using 

untransfected cells. 

 

3.3 EmGFP-Rac1
C189A

 GTP loading and activation in cytosol 

To interact with effectors, Rac1 needs to be loaded with GTP.  This may be 

prevented if Rac1 cannot translocate to the plasma membrane.  Therefore, we next tested 

the extent of activation of either EmGFP-Rac1 or EmGFP-Rac1
C189A

 in both 

membrane/organelle and cytosol fractions.  Expressing EmGFP-Rac1 doubled activation 

of Rac1 associated with the membrane (Fig. 11A, F2,6 = 25.102, p = 0.001, n = 3/group), 

whereas a significant effect was not observed in cytosolic Rac1 activation in cells 
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expressing EmGFP-Rac1 (Fig. 11B).  In cells expressing EmGFP-Rac1
C189A

, however, no 

increase in Rac1 GTP loading in the membrane was seen, while cytosolic activation of 

Rac1 increased 2.7 times over cells expressing only EmGFP (Fig. 11A,B; F2,6 = 7.116, p 

= 0.026, n = 3/group).  In general, cytosolic Rac1 GTP loading levels were low except 

when cells were expressing EmGFP-Rac1
C189A

.  The results described above were 

obtained using an ELISA-based Rac1 activation assay and do not limit the assessment of 

Rac1 activation to the expressed proteins.  To assess whether non-prenylatable Rac1 

(EmGFP-Rac1
C189A

) can also be activated, we performed pull-down assays for active 

Rac1, followed by immunoblotting for the expressed proteins.  Comparing the amount of 

activated, expressed proteins in membrane and cytosol fractions showed that the majority 

of active EmGFP-Rac1 associated with the membrane, with a lesser amount of active 

EmGFP-Rac1 localizing to the cytosol (Fig. 11C).  However, the overwhelming majority 

of detectable active EmGFP-Rac1
C189A

 was located in the cytosol fraction (Fig. 11C).  

Quantification of these results (Fig. 11D) revealed that activation of EmGFP-Rac1 was 

about 1.5 times higher in the membrane fraction, while over 85% of active EmGFP-

Rac1
C189A

 was located in the cytosol fraction.  We interpret these data to demonstrate that 

there is a significant pool of activated Rac1 that is situated within the cytosol.  Further, it 

appears that a version of Rac1 that cannot be geranylgeranylated can still be activated.  
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Fig. 11. Expressing EmGFP-Rac1
C189A

 increases Rac1 activation in the cytosol.  (A) Compared to cells 

transfected with EmGFP only, expressing EmGFP-Rac1 increased the amount of Rac1 activation 

associated with the membrane fraction (LSD, p ≤ 0.001), while expressing EmGFP-Rac1
C189A

 prevented 

this increase (G-lisa assay).  (B) In contrast, expressing EmGFP-Rac1
C189A

 increased the amount of Rac1 

GTP loading in the cytosol fraction, compared to EmGFP (LSD, p = 0.01), while the amount of cytosolic 

Rac1 GTP loading was similar in mock (EmGFP only) and EmGFP-Rac1 transfected cells.  (C) Similar 

results were seen, specifically for the expressed proteins, in pull-down assays for activated Rac1 that 

associated with PAK protein binding domain conjugated agarose beads.  Quantification by scanning 

densitometry indicates that the majority (1.5 times that in the cytosol) of active EmGFP-Rac1 was located 

in the membrane fraction (Mem), with an appreciable proportion of activated EmGFP-Rac1 located in the 

cytosol (Cyt, D).  GTP-bound EmGFP-Rac1
C189A

 was barely detectable in membrane fractions (Mem), 

while a large amount of GTP-bound EmGFP-Rac1
C189A

 localized to the cytosol (Cyt, see C and D).  Data in 

A, B and D are expressed as means ± s.e.m. and *indicates significant difference from EmGFP at p < 0.05 

(ANOVA and LSD posthoc).  Horizontal line in A and B indicates values obtained using untransfected 

cells. 
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4. Discussion 

The goal of this work was to determine how geranylgeranylation of Rac1 affected 

its activation (GTP loading), cellular localization and neurite outgrowth in a neuronal cell 

model.  We found that expressing a non-prenylatable Rac1 mutant (EmGFP-Rac1
C189A

) 

in neuroblastoma cells increased localization of the expressed protein to the cytosol, 

compared to cells expressing wild-type Rac1 (EmGFP-Rac1).  Expression of EmGFP-

Rac1
C189A

 correlated with cellular morphological changes, including increased cellular 

clustering and neurite initiation.  Interestingly, we identified a large pool of activated 

Rac1 in the cytosol of cells expressing EmGFP-Rac1
C189A

, which we interpreted to 

suggest that some portion of Rac1 might not require membrane localization for 

activation, perhaps leading to utilization of unique, cytosol-localized signaling pathways. 

From the current results, it appears that increasing the amount of activated Rac1 

in the cytosol affects cell adhesion and actin reorganization differently than expressing 

wild-type Rac1.  Based on similar morphological changes that we have observed in 

related experiments, we suggest that expressing non-prenylatable Rac1 (EmGFP-

Rac1
C189A

) shifts the levels of activation of the Rac1/WAVE and Rac/LIMK/cofilin 

pathways (Fig. 11A,B).  For instance, the cell clustering we observed with EmGFP-

Rac1
C189A

 expression was associated with lamellipodial formation and increased cell-cell 

adhesion, a phenotype we also observe when a constitutively active Arp2/3 complex is 

induced (Mahadik et al., unpublished results).  This may suggest increased branching 

actin nucleation and polymerization occurs at some distance from the plasma membrane.  
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Additionally, cytosol-localized, activated Rac1 could induce SMAD2/3 actin 

reorganization, similar to Rac1-induced cell-cell adhesion reported by Huang and 

colleagues [4].  

In prior work, we determined that inhibiting geranylgeranylation led to decreased 

actin accumulation, concomitant with a decrease in cofilin phosphorylation, specifically 

in growth cones [19].  Cofilin is inactivated by phosphorylation [29]; thus our results 

suggest that membrane localization of geranylgeranylated proteins (e.g. Rac1) activate 

the PAK/LIMK/cofilin pathway to promote actin polymerization near the plasma 

membrane (Fig. 12A).   These results were consistent with previous studies regarding the 

role of Rac1 in neurite and dendritic elongation [30].  
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Fig. 12.  Model of potential signaling pathways that may be differentially affected by activated Rac1 in the 

membrane or cytosolic that might explain the morphological changes observed with expressing EmGFP-

Rac1
C189A

.  (A) In the case that Rac1 is able to be prenylated (green moiety in membrane), it may decrease 

severing and promote actin nucleation at the membrane.  (B) For non-prenylatable or cytosol-localized 

Rac1, actin nucleation through the WAVE:Arp2/3 pathways may occur at aberrant sites, such as within the 

cytosol. 

 

The mechanisms through which cytosol-localized Rac1 can be loaded with GTP and 

activated are undefined.  Our results suggest that this can occur without membrane 

translocation of Rac1.  Most GEFs require membrane localization for their activation, 

although only two appear to have transmembrane domains [12].  Which GEFs may 

function without translocation to the plasma membrane or nucleus has yet to be 

completely elucidated.  Conversely, interaction with inhibiting GDIs might contribute to 

cytosolic signaling.  Our activation and pull-down assays indicate that non-prenylatable 

Rac1 can interact with effectors, suggesting that it is not sequestered by GDIs in an 

inactive form in the cytosol.  Since GDIs generally require protein prenylation [31], non-
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prenylatable Rac1 should require interaction with GAPs for inactivation.  It remains to be 

seen if this is the case.   

The observation that expressing either wild-type (EmGFP-Rac1) or non-prenylatable 

(EmGFP-Rac1
C189A

) Rac1 increases neurite initiation suggests that neurites can be 

formed under conditions when protein prenylation is reduced.  This is consistent with 

recent observations using statin inhibition of the mevalonate pathway.  For instance, we 

have reported that treatment with lovastatin increases neurite branching in neuroblastoma 

cells [19], and Hughes and colleagues [32] observed that neurite-like structures form 

when the mevalonate pathway is blocked.  However, results with statins vary across 

different model systems, likely due to the pleiotropic effects of statins [14].  While many 

of these works implicate altered protein geranylgeranylation as an important mechanistic 

component, the roles of individual geranylgeranylated proteins need to be further defined.  

This work would help to elucidate additional consequences of the observed decrease in 

activity of geranylgeranyl transferase I and the roles of individual geranylgeranylated 

proteins in aging and neurodegenerative disorders [33]. 

The experiments described herein were performed in cells with endogenous 

expression of Rac1.  It is possible that competition exists between the expressed 

constructs and the endogenous protein, perhaps masking some of the consequences of 

cytosol-localized Rac1.  Since knocking out Rac1 is lethal [34], additional studies using 

conditional Rac1 knockouts or RNA silencing strategies, in combination with expression 

of non-prenylatable Rac1 could be performed.   
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5. Conclusions 

In sum, we have demonstrated a cytosolic pool of Rac1 and a version of Rac1 that 

cannot be prenylated is exclusively localized to the cytosol, where it alters cell 

morphology and neurite outgrowth.  We interpret our results to suggest that activation of 

Rho GTPases may occur in the absence of translocation to the plasma membrane.  The 

consequences of these potential cytosolic signaling pathways may be important in 

regulating normal neuronal development and plasticity.  Furthermore, aberrant 

localization of Rac1 might contribute to several neurological disorders, including 

ischemia, degenerative disorders and plasticity [6,10, 16].  Finally, side effects from 

highly prescribed statins may be attributable to altered localization of geranylgeranylated 

proteins, indicating a need for more study in this area. 
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CHAPTER IV 

 

 NON-PRENYLATABLE, ACTIVE RHOA LOCALIZES TO THE 

 NUCLEUS AND INCREASES OUTGROWTH 

 

A Paper Submitted For Publication in ASN Neuro 

 

Jairus M. Reddy, Jordan A. McConnell, Cristina P. Reddy, Filsy G. Samuel, 

Sanil Kulangarath Valappil, Jo G. Contreras, Namrata Raut,  

Brian W. Beck, and DiAnna L. Hynds.  

Preface 

 After finding that Rac1 is able to be activated in cytosol independent of 

prenylation and induced morphological changes in B35 cells, we wanted to see if other 

prenylation requiring GTPases could be made active when prenylation was inhibited. 

RhoA is considered a direct competitor of Rac1 as they both compete for activation by 

binding to some of the same GEFs (like ARGEF6). The sizes of RhoA and Rac1 are 

similar and their structure is similar enough to compete for the same binding sites. Thus, 

we wanted to test if RhoA could still be active when RhoA prenylation was inhibited, and 

if so, if there were any functional consequences. 

Abstract 

The Rho family guanine triphosphatase, RhoA, is a key regulator of neuronal 

development and regeneration.  It is currently thought that RhoA is active when bound to 

guanosine triphosphate (GTP) after translocation to the plasma membrane through the 
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addition of a geranylgeranyl moiety.  However, the molecular details governing the 

subcellular localization of RhoA and subsequent effects on its activation are incompletely 

elucidated.  To address this, we expressed a non-prenylatable RhoA, fused with GFP 

(EmGFP-RhoA
C190A

), in B35 rat neuroblastoma cells. Compared to cells expressing wild-

type RhoA (EmGFP-RhoA), EmGFP-RhoA
C190A

 had a similar subcellular distribution.  

However, expression of EmGFP-RhoA
C190A 

 increased neurite elongation as measured by 

the length of the longest neurite/cell and the total neurite length/cell.  Furthermore, cells 

expressing EmGFP-RhoA
C190A

 had lower RhoA activation in the cytosol and higher 

RhoA activation in the nucleus than cells expressing EmGFP-RhoA.  These results 

suggest that differential RhoA signaling may occur in discrete subcellular locations, 

necessitating more investigation into the spatial/temporal activation of RhoA in neurons.  

Understanding the molecular details regulating RhoA activity may lead to highly specific 

therapeutic targets for neurodegenerative or neurotraumatic disorders.   

Introduction 

The Rho family of small guanosine triphosphatases (GTPases) are well-known 

regulators of neuronal development and regeneration or synaptic plasticity after nervous 

system dysfunction.  In particular, activation of the prototypical Rho GTPase, RhoA, is 

important in axon retraction and growth cone collapse in vivo (Deng et al., 2013). More 

importantly, dysfunction of RhoA is implicated in the pathogenesis of a variety of 

neurodegenerative disorders (DeGeer and Lamarche-Vane, 2013).  RhoA dysfunction 

seems to occur as a result of improper cellular localization and/or aberrant activation in 
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models of neurodegenerative disease. For example, expressing constitutively active 

RhoA or increasing its localization to cellular membranes exacerbates retinal 

degeneration in Drosophila with a mutated loechrig gene (Cook et al., 2012).    Likewise, 

abnormal cellular distribution of RhoA is associated with Alzheimer’s and Pick’s disease 

in humans and in a transgenic mouse model of Alzheimer’s disease (Huesa et al, 2010). 

Inhibiting RhoA signaling also decreases aggregation of neurodegenerative 

polyglutamine proteins (Pollitt et al, 2003) and may be associated with progression of 

lower motor neuron disease (Maystadt et al, 2007).  Defining the link between subcellular 

distribution of RhoA and its effect on activation may provide key insights into treating a 

myriad of neurodegenerative conditions. 

RhoA is active when bound to guanosine triphosphate (GTP) through interaction 

with guanine nucleotide exchange factors (GEFs).  Once in its active state, RhoA can 

interact with downstream effectors (Tan, 2002; Schmidt and Hall, 2002). Inactivation 

occurs through GTP-bound RhoA interaction with GTPase activating proteins (GAPs) or 

guanine dissociation inhibitors (GDIs) leading to GTP hydrolysis (Ueda et al, 1990).  In 

the currently accepted model of activation, RhoA is targeted to the plasma membrane by 

the addition of a geranylgeranyl isoprenoid.  The addition of the isoprenoid occurs at the 

cysteine of the CLVL terminus of RhoA, with subsequent proteolysis of –LVL and 

methylation of the cysteine, allowing for membrane attachment and activation (Roberts et 

al., 2008). However, recent evidence suggests that similar GTPases are also active in the 

cytosol and other cellular compartments (Reddy et al., 2014).   
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Cellular compartmentalization of RhoA has been investigated using mainly 

pharmacological approaches.  In particular, the most common way to inhibit prenylation 

is through statin inhibition of 3-hydroxyl-3-methylglutaryl coenzyme A (HMG CoA) 

reductase, the rate limiting step of the mevalonate pathway (Samuel and Hynds, 2010; 

Holstein, 2011).  Statin treatment inhibits all protein membrane targeting by prenylation 

and is believed to decrease the activation of Rho GTPases, including RhoA (Higgins and 

Casey, 1996). However, statins also limit cholesterol production, perhaps confounding 

the interpretation of results from these pharmacological studies or leading to inconsistent 

observations across systems. For instance, pleiotropic effects of lovastin treatment may 

explain observations that statin treatment both increases (Reina et al., 2013; Pooler et al., 

2006) and decreases (Schulz et al., 2004) neurite outgrowth.  Furthermore, lovastatin 

treatment increases RhoA protein levels in the cytosol, but reduces levels of activation 

(Von Zee et al., 2009).  In our hands, lovastatin increases neurite branching in B35 

neuroblastoma cells (Samuel et al, 2014).  Interestingly, RhoA geranylgeranylation has 

been directly implicated in decreased cell motility, increased cell apoptosis, increased 

focal adhesion complexing, neurodegenerative proliferation and growth cone collapse 

(Rousseau et al, 2011; Cook et al, 2012).   

To investigate the role of RhoA geranylgeranylation on neurite outgrowth, RhoA 

subcellular localization and activation, we developed a non-prenylatable RhoA emerald 

green fluorescent protein  (EmGFP) fusion construct using site directed mutagenesis to 

change the C-terminal CLVL sequence to ALVL (EmGFP-RhoA
C190A

).   Here, we report 
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that expressing this construct decreases RhoA activation in the cytosol, but that activated 

RhoA is found associated with the membrane, cytosol and nucleus, indicating novel 

cytosolic and nuclear signaling pathways.  We have found that RhoA that is not targeted 

to the plasma membrane can be activated.  Understanding the detailed molecular 

regulation of RhoA will further define the molecular mechanisms involved in cell 

migration, differentiation and proliferation, potentially identifying unique targets for 

therapeutic intervention in neurodegenerative or neurotraumatic conditions.    

Materials and Methods 

Generation of expression vectors:  Mammalian expression vectors containing the open 

reading frame for human RhoA (Open Biosystems, OHS1770-202320474) were 

propagated in E. coli and transferred by homologous recombination into mammalian 

expression vector pcDNA6.2/EmGFP-DEST (Vivid Colors, Invitrogen) to create a wild-

type Rac1 fused in frame with N terminal Emerald Green Fluorescent Protein(EmGFP).  

Non-prenylatable RhoA mutants were constructed by site-directed mutagenesis according 

to manufacturer’s instructions (Quickchange II, Stratagene) using a primer (Biosynthesis) 

that mutated cysteine 190 (C190) to alanine (EmGFP-RhoA
C190A

).  After amplification in 

E. coli, proper insertion and orientation of EmGFP-RhoA or EmGFP-RhoA
C190A

 open 

reading frames were assessed by restriction digestion and sequencing (Biosynthesis).  

Plasmids were purified by using mini- or midi-prep spin columns (Qiagen) and DNA was 

incubated for 1 hour with appropriate concentrations of EcoRV (Invitrogen) at 37
° 
C.  

Undigested and digested plasmids were run on a 1% Tris-acetate-EDTA (TAE) agarose 
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gel at 100V for 1 hour and treated with 0.5 µg/ml ethidium bromide for 45 minutes. Gels 

were visualized using an ultraviolet transilluminator and images were captured using and 

HD Fluorochem gel imaging system (Alpha Innotech).  EcoRV was expected to cut the 

plasmids in two locations, one in the RhoA open reading frame, and one in the 

mammalian expression vector, with expected fragments of 1135 and 5335. 

Cell Culture and Transfection: B35 rat neuroblastoma cells were cultured in 1:1 

Dulbecco’s Modified Eagle’s Medium and F12 Nutrient Mixture (DMEM/F12) with 10% 

fetal bovine serum and passed when 90% confluent.  For experiments, cells were seeded 

in 6 well plates at 20,000 cells/cm
2
 for western blotting or on 12 mm coverslips at a 

density of 5,000 cells/cm
2
 for microscopy.  Cells were transfected with 3 µg of EmGFP 

without RhoA, with EmGFP-RhoA or EmGFP-RhoA
C190A

 by Lipofectamine 2000 (which 

allowed a transfection efficiency of 98%) (Invitrogen), according to the manufacturer’s 

instructions, with untransfected cells being maintained in serum-free medium (SFM).  

After 48 hours, cells were fixed in 4.0% paraformaldehyde and observed by 

immunolabeling with mouse anti-GFP primary (1:500, overnight at 4
°
C, Sigma) and 

Alexafluor 488 anti-mouse secondary (1:500, 1 hour at room temperature, Invitrogen) 

antibodies to assess transfection efficiency and localization. Alternatively cells were 

subjected to protein lysis or subcellular fractionation and subjected to blotting as 

described below.   

Subcellular Fractionation: Two days after transfection, untransfected and transfected 

cells were fractionated using the S-PEK proteolysis kit into cytosolic (fraction 1), 
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membrane (fraction 2), nuclear (fraction 3) and cytoskeletal (fraction 4) fractions 

(Calbiochem), as indicated in the manufacturer’s instructions.  Efficient separation of cell 

fractions was routinely assessed by western blotting for the membrane-associated protein, 

calnexin, the nuclear-associated protein, histone 1.1 and extracellular regulated kinase 1/2 

(ERK1/2), which is associated with membrane, cytosolic and nuclear fractions. 

Western blotting: Cell lysates were electrophoresed through 12% SDS/PAGE gels and 

electrotransferred to nitrocellulose membrane.  Membranes were blocked in 5% nonfat 

dry milk in Tris buffered saline containing 0.1% Tween-20 (TBST). Blots were probed 

with rabbit anti-RhoA (1:500, Abcam) or mouse anti-GFP (1:1000, Sigma) antibodies 

overnight at 4°C.  Blots were washed extensively with TBST and incubated in goat anti-

rabbit (for RhoA) or goat anti-mouse (for GFP) secondary antibodies (Li-cor 

Biosciences) conjugated to IR700 or IR800 fluorophores overnight at 4°C. 

Immunoreactive bands were visualized near infrared detection using a Li-cor Odyssey 

system.  Immunoreactive bands were quantified using scanning densitometry by 

determining the integrated area under the curve generated by band intensity, with 

minimum profile background substraction. 

Neurite Outgrowth: Digital images were captured through a 63X and 100X objectives 

using differential interference contrast (DIC) imaging on a Nikon Ti confocal system.  

Neurite outgrowth in GFP-positive cells was measured using the number of neurites/cell, 

the number of branch points/neurite, the length of longest neurite/cell, the total neurite 
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length/cell and percentage of neurite bearing cells as previously described (Samuel et al., 

2014). 

Measurement of RhoA activation:  After transfection and subcellular fractionation, 

fraction lysates were snap frozen and stored in liquid nitrogen until use.  RhoA activation 

was assayed using either RhoA G-LISA kits (Cytoskeleton, BK124) or by pull-down 

assays.  For pull-downs, fractions were incubated with agarose beads coated with the 

Rhotekin Rho binding domain (Cytoskeleton, RT01) at 4°C for two hours with rocking.  

Beads were washed 3 times in lysis buffer and extracted proteins were analyzed by 

western blotting for GFP. 

Statistical Analysis: For all experiments, the sampling unit was an individual culture.  

Each condition had 3 replicates in each experiment, and each experiment was repeated at 

least 3 times.  Data are reported as average values and were analyzed for differences 

across groups using two-way univariant analyses of variance (ANOVA) with treatment as 

a fixed factor and experiment replicate as a random factor at a significance level of α = 

0.05.  Differences from control cultures were determined using the Least Significant 

Difference (neurite outgrowth and nuclear GTP loading) when equal variance could be 

assumed. When equal variances acorss groups could not be assumed, indicated by a 

significant Levine’s test for homogeneity, Tamhane’s T2 post hoc test was used (for 

cytosolic GTP loading. Significance was defined at values less than α = 0.05 (SPSS, 

Chicago, IL). 
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Results 

Both EmGFP-RhoA and EmGFP-RhoA
C190A

 localize primarily to the cytosol and nucleus 

 

Inhibiting prenylation of B35 neuroblastoma increases neurite branching and 

outgrowth, likely due to changes in effector signaling of Rho GTPases (Samuel et al, 

2014).  Furthermore, statin treatment alters RhoA localization and activation (Fig. 13).  

Specifically, treatment with lovastatin (LOV, 20 µM) did not alter the amount of active 

RhoA associated with the membrane (Fig. 13A), while it increased the amount of 

activated RhoA in the cytosol (Fig 12B) in assays that measure RhoA activation using 

enzyme-linked immunosorbance (ELISA)-based assays (RhoA G-LISA).  This effect 

appears to be attributable to alterations in protein geranylgeranylation as co-treatment 

with geranylgeraniol (GGOH) partially ameliorated the effects of lovastatin on cytosolic 

RhoA activation (Fig. 13B, top panel).  We saw similar results using pull-down assays to 

measure activation of RhoA in cellular fractions.  Following treatment with lovastatin, 

agarose beads coated with a substrate for RhoA, the rhotekin rho binding domain tagged 

with glutathione S transferase (RBD-GST), pulled down more active RhoA in both 

membrane (Fig. 13C, top blot) and cytosolic (Fig. 13D, top blot) fraction than vehicle-

treated control cultures or those co-treated with geranylgeraniol.  Interestingly, the 

amount of total RhoA was increased by treatment with lovastatin (Fig. 13C and D, 

bottom blots).  These results suggest that RhoA does not require localization to the 

plasma membrane for activation.  However, the effects observed by using a 
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pharmacological approach could be due to indirect effects on RhoA activation, rather 

than a direct effect of altering prenylation of RhoA. 

 

Fig. 13:  Inhibiting geranylgeranylation alters cellular location and activation of RhoA.  (A) In B35 cells 

treated with 20 µM lovastatin (LOV) for 24h, there is minimal effect on the amount of active RhoA 

associated with cell membranes, as measured using an ELISA-based RhoA activation assay.  (B) However, 

treatment with LOV increased the amount of cytosol-associated, activated RhoA, an effect reduced by co-

treatment with 10 µM geranylgeraniol (GGOH).  Pull down assays for activated RhoA showed an increase 

in activation with LOV treatment (C and D, top blot) and a less prominent increase in the amount of RhoA 

proteins (C and D, bottom blots). These results were partially reversed by Lov + GGOH co-treatment (C 

and D). 
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Therefore, we designed a protein-specific method for assessing the effects of 

prenylation on RhoA localization, activation and biological action.  We did this by 

creating a non-prenylatable RhoA by altering the CaaX terminus (CLVL for RhoA) to 

ALVL, henceforth referred to as EmGFP-RhoA
C190A

.  Restriction digest mapping 

identified two EcoRV sites in each of the EmGFP-RhoA and EmGFP-RhoA
C190A

 

constructs.  One EcoRV site was located asymmetrically within the RhoA open reading 

frame (ORF).  Consistent with fragment sizes predicted by EcoRV restriction enzyme 

digest mapping, digestion with EcoRV yielded band sizes of approximately 863 bp and 

5562 bp (Fig. 14A). This, coupled with sequence analysis, indicated that RhoA ORFs 

were inserted in the correct orientation in both constructs and that the desired mutation to 

the CaaX terminus was successful.  When constructs were expressed in neuroblastoma 

cells, western blotting of whole cell lysates for GFP or RhoA identified immunoreactive 

bands at approximately 51kD, the predicted size of GFP-RhoA fusion proteins, after 

transfection of the EmGFP-RhoA or EmGFP-RhoA
C190A

 (Fig. 14B).  Immunoreactive 

bands of approximately 25 kDa were also observed in anti-RhoA western analyses, 

indicating that the levels of endogenously-expressed RhoA were not altered across 

transfection conditions (data not shown). 
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Fig. 14: Verification on plasmid construct, orientation and expression. Representative gel of EcoRV 

digested EmGFP-RhoA and EmGFP-RhoA
C190A

 (A). The two predicted cut sites of 5562 bp and 863 bp, 

one in the RhoA ORF and one in the EmGFP sequemce, indicated correct insert orientation.  Construct 

orientation and mutagenized plasmid were confirmed by sequence analysis.  Western blot analysis showed 

immunoreactive bands at 51 kDa after probing with anti-RhoA or anti-GFP (B), demonstrating construct 

expression in neuroblastoma cells.  

  

Because EmGFP-RhoA
C190A 

does not have an appropriate geranylgeranylation 

site, the expressed protein should not be able to translocate to the plasma membrane (Fig. 

15A).  Western blotting of subcellular fractions indicated that cells expressing EmGFP-

RhoA or EmGFP-RhoA
C190A

 had bands immunoreactive for GFP (Fig. 15B, top blot) or 

RhoA (Fig. 3B, bottom blot) in whole cell lysates (WCL) and in cytosol (Cyt), membrane 

(Mem) and nuclear (Nuc) fractions.  The levels of expressed EmGFP-RhoA and EmGFP-

RhoA
C190A

 that were associated with membranes were similar across experimental 

conditions (Fig. 15B).    A lesser amount of GFP immunoreactivity was observed in 

membrane fractions, compared to the large and equal distribution of either EmGFP-RhoA 

or EmGFP-RhoA
C190A

 in both the cytosol and nuclear fractions (Fig. 15B).  Efficient 
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separation of cell fractions was assessed by western blotting for proteins enriched in the 

different fractions.  For instance, immunoreactive bands for the nuclear protein, Histone 

1.1, were identified only in the nuclear fraction (Fig. 15C, top blot), while the cytosolic 

protein, calnexin, was identified only in the cytosol fraction (Fig. 15C, middle blot).  

Similarly, ERK 1/2, proteins expected to be present in multiple cell fractions, was 

identified in nuclear, membranous and cytosolic cell fractions (Fig. 15C bottom blot).    
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Fig. 15:  (A) Model demonstrating the predicted localization of EmGFP-RhoA and EmGFP-RhoA
C190A 

proteins.  EmGFP-RhoA should localize to the membrane and be activated through GTP loading, while 

EmGFP-RhoA
C190A

 should remain in the cytosol and nucleus.  (B) Regardless of the ability of expressed 

RhoA to become prenylated, similar levels of RhoA are localized to membranes, the cytosol (depicted in 

the top blot), and the nucleus (bottom blot).  The majority of RhoA segrated with the cytosolic and nuclear 

fractions.  (C) Efficient separation of cell fractions was demonstrated by routine western blotting for 

nuclear (anti-histone 1.1) and cytosolic (anti-calnexin) proteins, as well as for proteins that distribute to all 

three fractions (ERK 1/2).  The nearly equal distribution of ERK 1/2 to the plasma membrane, cytosol and 

nucleus allows it to also serve as a loading control.   
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We also assessed localization of EmGFP-RhoA and EmGFP-RhoA
C190A

 by 

immunocytochemistry for GFP.  Compared to the sparse, non-specific anti-GFP antibody 

detection seen in untransfected control cultures (Fig. 16A), cells transfected with EmGFP 

alone (Fig. 16B), EmGFP-RhoA (Fig. 16C) or EmGFP-RhoA
C190A

 were immunoreactive 

for GFP.  The immunofluorescent intensity was evenly distributed, with little nuclear 

fluorescent puncta, in cells transfected with EmGFP alone (Fig. 16B).  Cells transfected 

with EmGFP-RhoA or EmGFP-RhoA
C190A

 had few, low fluorescent puncta associated 

with the plasma membrane, but highly fluorescent puncta were abundant in cytosolic and 

nuclear areas (Fig. 16C and D). These results suggest that both wild type EmGFP-RhoA 

and non-prenylatable EmGFP-RhoA
C190A

 are localized in the cytosol and nucleus 

regardless of their ability to be prenylated and targeted to the plasma membrane.     

 Fig. 16: Construct localization by confocal microscopy. (A) Minimal immunofluorescence was observed 

in untransfected cells immunolabeled using anti-GFP antibodies.  EmGFP transfected cells displayed 

uniform, cytosolic GFP immunoreactivity (B), whereas while EmGFP-RhoA (C) and EmGFP-RhoA
C190A

 

(D) transfected cells increased cytosolic and nuclear localization.  In panels C and D, a few fluorescent 

puncta were membrane localized. Scale bar in = 20 µm and is valid for all conditions.  Transfection 

efficiencies were generally about 99% when assessed using immunocytochemistry. 
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EmGFP-RhoA
C190A

 increases neurite outgrowth 

 

The results described above show that either wild-type or non-prenylatable RhoA 

is similarly distributed in the cell.  However, expressing non-prenylatable RhoA may still 

affect cellular function differently than wild-type RhoA.  Therefore, we assessed the 

effect of expressing EmGFP-RhoA
C190A

 on neurite outgrowth from B35 cells.  Compared 

to cells transfected with EmGFP alone, expressing either EmGFP-RhoA or EmGFP-

RhoA
C190A

 did not affect the initiation of neurites, as measured by the number of 

neurites/cell (Fig. 17A).  However, expressing EmGFP-RhoA increased the percent of 

neurite-bearing cells (Fig. 17B), suggesting that wild-type RhoA has a role in stabilizing 

neurites.  Expression of neither RhoA construct (EmGFP-RhoA nor EmGFP-RhoA
C190A

) 

had an effect on neurite arborization, as measured by the number of branch points/neurite 

(Fig. 17C; F2,14 = 5.345, p ≤ 0.019).  Consistent with its role in opposing neurite 

outgrowth, expression of non-prenylatable RhoA (EmGFP-RhoA
C190A

) increased 

measures of neurite elongation, including the length of the longest neurite/cell (Fig. 17D) 

and the total neurite length/cell (Fig. 17E; F2,14 = 6.821, p ≤ .009).   
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Fig. 17: EmGFP-RhoA
C190A

 increases neurite outgrowth. Compared to EmGFP transfected cells, cells 

expressing EmGFP-RhoA had variable effects on neurite initiation, not affecting the number of 

neurites/cell (A), but increasing the percent of neurite-bearing cells (B, LSD, p ≤ .027).  Expressing either 

EmGFP-RhoA or EmGFP-RhoA
C190A

 did not affect the number of branch points/neurite (C).  However, 

expression of either EmGFP-RhoA or EmGFP-RhoA
C190A

 increased neurite elongation, as measured by the 

length of the longest neurite/cell (D; EmGFP, LSD, p = .01; EmGFP-RhoA, LSD, p ≤ .016) or the total 

neurite length/cell (E; EmGFP, LSD, p ≤ .003; EmGFP-RhoA, LSD, p ≤ .021). Data are means ± SEM. 

*indicates significant difference from other conditions at p < 0.05 (ANOVA and LSD posthoc.) Horizontal 

line indicates measures for untransfected cells. 
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EmGFP-RhoA increases cytosolic GTP Loading while EmGFP-RhoA
C190A

 increases 

nuclear GTP loading 

 

As indicated above, the distribution of expressed RhoA protein is similar in cells 

expressing either EmGFP-RhoA or EmGFP-RhoA
C190A

.  However, there are clear 

differential effects on neurite stabilization (percent of neurite-bearing cells) and 

elongation (length of the longest neurite/cell and total neurite length/cell) between cells 

expressing wild-type (EmGFP-RhoA) and cell expressing non-prenylatable (EmGFP-

RhoA
C190A

) RhoA.  It is highly likely that these differential effects reflect differences in 

RhoA activation for cells expressing wild-type versus non-prenylatable RhoA. We first 

assessed RhoA activation using commercially-available G-LISA analysis kits, which 

measure the total amount of activated RhoA.   EmGFP-RhoA transfected cells had 

increased activation in the cytosol fraction, compared to cells expressing only EmGFP 

(Figure 18A, F 2,6 = 39.8, p ≤ .001), while transfection with EmGFP-RhoA
C190A

, which 

cannot be targeted to the plasma membrane, displayed activation levels between those 

seen in cells transfected with EmGFP alone or EmGFP-RhoA (Fig. 18A).  There was not 

a significant difference in activation of membrane-associated RhoA across any conditions 

(Fig. 18B). In nuclear fractions, transfection with EmGFP-RhoA
C190A

 increased RhoA 

activation compared to cells transfected with EmGFP (Fig. 18C). 
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Fig. 18: Expressing EmGFP-RhoA
C190A

 increases activation in the nucleus while EmGFP-RhoA increase 

cytosolic activation.  G-LISA demonstrating RhoA activation in cells expressing empty vector (GFP), wild-

type GFP-RhoA (WT), or EmGFP-RhoA
C190A

 (Mut) fractions were analyzed by absorbance.  Compared to 

cells expressing EmGFP or EmGFP-RhoA
C190A

 , cells expressing EmGFP-RhoA increased RhoA GTP 

loading in the cytosol (A, Tamhane’s, p ≤ .005). EmGFP-RhoA
C190A

 increases RhoA GTP loading in the 

nucleus compared to EmGFP or EmGFP-RhoA expression (C, LSD, p ≤ .046). Membranous GTP loading 

remained consistent for all conditions (B).  Rhotekin pulldowns assays demostrated similar results, as the 

total activated RhoA were primarily cytosolic (WC and MC) and nuclear (WN and MN) in nature in 

EmGFP-RhoA (W) and EmGFP-RhoA
C190A

 (M) expressing cells (D). Little membranous active RhoA was 

found in either sample (WM and MM). *indicates significant difference from other conditions at p < 0.05 

(ANOVA and either Tamhane’s (A) or LSD (C) posthoc.)  

 

A caveat of G-LISA assays is that they measure the total amount of RhoA 

activation in any given sample.  As our samples have both expressed and endogenous 

RhoA, it would be desirable to have an assay that measures the amount of activity of only 

the expressed RhoA constructs.  Fortunately, this is possible using standard pull-down 

assays employing the Rho binding domain of rhotekin, a RhoA substrate, conjugated to 
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agarose beads.  Precipitation and analysis by western blotting allows measurement of the 

expressed protein (migrating at about 51 kDa) and the endogenously expressed RhoA 

(migrating at about 25 kDa).   Large pools of GTP loaded RhoA were localized in the 

cytosol and nucleus of EmGFP-RhoA and EmGFP-RhoA
C190A 

transfected cells, and very 

little active protein was found in the membrane of all samples (Fig. 17D). This gives 

further credence that RhoA that is not membrane attachable, can still be made active.  In 

fact, EmGFP-RhoA
C190A 

increases nuclear RhoA GTP loading while EmGFP-RhoA 

increases cytosolic RhoA GTP loading.  This differential activation based on localization 

and the ability to be prenylated leads to more questions on the mechanism of Rho 

GTPase activation and how localization of active protein changes effector signaling 

cascades. 

Discussion 

 

The primary goal of this study was to determine the importance of prenylation to 

RhoA cellular localization, activation through GTP loading and its effects on neurite 

outgrowth in neuroblastoma cells.  We found that both EmGFP-RhoA and EmGFP-

RhoA
C190A

 localize primarily to the cytosol and nucleus, with little membranous protein 

localization.  EmGFP-RhoA
C190A

 transfected neuroblastoma cells had increases in the 

longest neurite/cell and total neurite length/cell, compared to cells transfected with 

EmGFP alone.  Measurements of EmGFP-RhoA activation demonstrated an increase in 

cytosolic activation, while EmGFP-RhoA
C190A 

led to an increase in nuclear activation.  
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The data suggests a method for RhoA activation that is independent of membrane 

localization by prenylation that increases neurite extension through nuclear activation. 

It appears that EmGFP-RhoA and EmGFP-RhoA
C190A

 localize to the cytosol and 

nucleus in a strikingly similar manner, but are differentially activated and interact with 

different effectors based on the localization of the active RhoA.  It is possible that 

EmGFP-RhoA is being activated by membranous GEFs, like ARGEF, with subsequent 

translocation back to the cytosol and nucleus where RhoA can transduce cytosolic 

signaling through Rho associated kinase (ROCK) to inhibit neurite outgrowth (Da Silva 

et al, 2003).  This would allow normal RhoA function via membrane attachment of a 

GDP-bound RhoA and translocation to the cytosol after GTP loading.  It is highly likely 

that non-prenylatable EmGFP-RhoA
C190A

, which is compartmentalized to the cytosol and 

nucleus, activates different downstream effectors in the nucleus via ROCK inhibition (to 

LIMK, cofilin and outgrowth) or GDIa (to ARP 2/3 to induce nucleation) (Figure 19; Da 

Silva et al., 2003). It is also possible that RhoA may interact with Rac1 to increase 

outgrowth and there is evidence of crosstalk between Rac1 and RhoA.  The 

demonstration of RhoA activation in different cellular compartments, leading to 

differentially activated signal transduction pathways, provides an exciting avenue for 

design of highly specific therapeutics that alter function of cellular proteins based on 

knowledge of their spatial and temporal patterns of activation.   
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Fig. 19. Model of potential signaling pathways involved for EmGFP-RhoA and EmGFP-RhoA
C190A

 

activation. EmGFP-RhoA induces ROCK mediated phosphorylation of myosin leading to neurite 

retraction. EmGFP-RhoA
C190A

 induces ROCK mediated phosphorylation of LIMK and cofilin, leading to 

neurite elongation. Alternative neurite elongation signaling pathways include ROCK mediated 

phosphorylation of GDIa and ARP 2/3. All models proposed need to be elucidated through effector 

phosphorylation studies by western blot, GLisa and effector pull down assays. 
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The mechanisms through which EmGFP-RhoA
C190A

 becomes GTP loaded and 

activated is not entirely clear.  It is thought that most GEFs require membrane 

localization to activate their respective G protein substrates.  Additionally, GEFs can be 

persistently membrane attached, or be translocated to different cellular compartments.  

Our results indicate a method of activation that can occur without membrane attachment 

of RhoA, implicating the presence of a functional, nuclear RhoA GEF.  Nuclear RhoA 

GEFs, like Net1, have been identified.  However it is still assumed that these GEFs only 

interacte with RhoA when it is associated with the plasma membrane (Dubash et al., 

2011; Guilluy et al., 2011). The GEFs that are directly involved with cytosolic or nuclear 

activation is unclear.  It is also possible that GDIs, which are generally thought to prevent 

membrane localization and bind to inactive RhoA, could account for cytosolic and 

nuclear activation through as yet undefined mechanisms via ARP2/3.  

Future studies should focus on knocking down the endogenous RhoA either by 

using siRNA on pre-transfected or a knockout model system. This would allow better 

evidence how the constructs directly affected localization and function, and would be a 

good system to analyze translocation, since there would be no RhoA pre-bound to the 

membrane or active in any compartment. The different effectors of RhoA signaling 

should be explored after transfection to determine if there are different signaling cascades 

based on localization of active RhoA, and if so, what cascades are involved. More 

importantly, these tests should be studied in a primary neuron system to ensure it is a 

viable model for an animal or human system.  
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Finally, RhoA and Rac1 interplay needs to be explored as these “competitors” are 

localized differently, differently activated by GTP loading, and seem not to be as directly 

competitive as previously thought.  Activated RhoA is normally cytosolic and nuclear, 

while Rac1 is generally membranous in nature when activated.  However, non-

prenylatable mutants of both RhoA and Rac1 can be activated without translocating to 

the plasma membrane (this study and Reddy et al., 2014).  Considering the increase in the 

incidence of neurodegenerative disorders and the promiscuous use of statins to control 

cholesterol, there is clearly a need to unpack the intricacies of the spatial and temporal 

regulation of Rho family activation to better treat neurological conditions. 

To sum, we demonstrate here, and in prior work, that Rho family GTPases can be 

activated independently of prenylation.  This implies the existence of novel signal 

transduction pathways that are regulated by the localization of signaling modules within 

neurons.  Should this line of inquiry continue to yield evidence of differential regulation 

of Rho GTPase activity, it is possible that novel therapeutic targets for neuronal 

regeneration and plasticity may be identified and developed for highly specific treatments 

for neurological disorders.      
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CHAPTER V 

 

 RAC1 AND RHOA ARE DIFFERENTIALLY REGULATED AND 

ACTIVATED IN RAT CORTICAL NEURONS 

 

Excerpts From a Paper to be Submitted For Publication in Neuron 

 

Jairus M. Reddy and Dianna L. Hynds 

Preface 

We have demonstrated that both RhoA and Rac1 were able to retain the ability to 

be activated independent of prenylation. The implication that RhoA and Rac1 can be 

activated by GEFs directly without membrane association is novel, but this has not been 

demonstrated in a primary neuron system. Our use of over-expression as the sole means 

to study RhoA and Rac1 activation and its effect on function does not take into 

consideration that Rac1 and RhoA compete directly for some of the same GEF binding 

sites. Manipulating endogenous RhoA and Rac1 prenylation by treatment with lovastatin 

would be helpful in verifying whether Rac1 and RhoA can be active independent of 

prenylation. 

Introduction 

Rho GTPases are molecular switches that regulate actin filament dynamics (1) 

important for neuronal process extension and retraction. Two Rho GTPases, RhoA and 

Rac1, are believed to be direct competitors for activation and have opposite functions. 

Rac1 induces neuronal outgrowth and cell migration, while RhoA promotes neuronal 

retraction and growth cone collapse (2, 3).  Inhibition of their activation has implicated 
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both in a variety of neurodegenerative disorders (i.e. amyotrophic lateral sclerosis (ALS) 

for Rac1 or Alzheimer’s Disease (AD) for RhoA) (4).  

Both RhoA and Rac1 are believed to require the post-translational addition of a 

geranylgeranyl moiety to the CAAX motif at their C-termini for membrane targeting and 

activation (5). After attachment to the plasma membrane, RhoA and Rac1 are believed to 

be activated through GTP loading by guanosine exchange factors (GEFs).  When in their 

GTP-bound state, Rho GTPases can interact with their effectors (6), initiating 

phosphorylation cascades of downstream effectors to mediate their biological effects. 

Thus, both RhoA and Rac1 require geranylgeranylation for initiating signal transduction 

cascades that regulate actin filament dynamics during neuronal process remodeling.  

Yet to be determined are the functional consequences of inhibiting prenylation on 

proteins that require prenylation for activation. Statins, global inhibitors of prenylation 

and cholesterol synthesis, are the most prescribed drug in the United States (7), but their 

effects on neuronal processes have not been determined.  The prenylation of GTPases 

that regulate actin dynamics is of particular interest, since some studies have suggested 

that statins have neuroprotective effects.  However, other recent studies have also 

implicated statin use in memory deficits (8, 9). Inhibiting Rac1 activation leads to 

clustering of cells that resemble morphologically the hallmark clusters of tauopathic 

neurodegeneration.  Additionally, inhibition of RhoA geranylgeranylation is linked to an 

increase in degenerative clustering (10, 11, 12).  We found that non-prenylatable RhoA 

and Rac1 can be activated and interact with effectors, leading to morphological changes 
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in B35 neuroblastoma cells.  We interpret these findings to indicate that the RhoA and 

Rac1 not associated with the membrane might participate in different signal transduction 

pathways than those that are membrane attached (10, 13). These differences may be 

associated with regulation of different targets, such as those that are responsible for 

specific actin filament functions like inducing neuronal extension or branching. 

The goal of the experiments described in this chapter is to determine whether the 

non-prenylatable constructs retain the ability to be activated in rat cortical neurons, and if 

so, to determine their functional consequences.  Manipulating endogenous RhoA and 

Rac1 activity using activators or inhibitors allows another method for determining how 

Rho GTPase activation affects neuronal morphology.  Furthermore, these studies are 

necessary for interpreting morphological changes that might occur with over-expression 

of non-prenylatable Rho GTPases.  Finally, inhibitors of prenylation are used to 

determine if either RhoA or Rac1 remains active when global prenylation is inhibited.  

Together, these investigations are necessary for elucidating the mechanism through 

which Rho GTPases are activated, and how prenylation affects neuronal morphology. 

Material and Methods 

 

Generation of expression vectors:  

Mammalian expression vectors containing open reading frame (ORF) for human 

RhoA and Rac1 were obtained (Open Biosystems, RhoA: OHS1770-202320474, Rac1: 

OHS4559-99868817), transformed in E. coli and transferred by homologous 

recombination into the mammalian expression vector, pcDNA6.2/EmGFP-DEST, 



106 

 

creating an N terminal fusion with Emerald Green Fluorescent Protein (EmGFP; Vivid 

Colors, Invitrogen). Non-prenylatable RhoA and Rac1 mutants were constructed by site-

directed mutagenesis according to manufacturer’s instructions (Quickchange II, 

Stratagene) using a mutagenizing primer (Biosynthesis) that mutated cysteine (position 

190 for RhoA and position 189 for Rac1) to alanine (EmGFP-RhoA
C190A

, EmGFP-

Rac1
C189A

).  After amplification in E. coli, proper insertion and orientation of all 

constructs’ open reading frames were assessed by restriction digestion and sequencing 

(Biosynthesis). Plasmids were purified by using mini- or midi-prep spin columns 

(Qiagen) and DNA was incubated for 2 hours with appropriate concentrations of 

restriction enzyme (EcoRV for RhoA and Stu1 for Rac1, Invitrogen) at 37
o
C. Undigested 

and digested plasmids were run on a 1% Tris-acetate-EDTA (TAE) agarose gel at 100V 

for 1 hour and treated with 0.5 µg/ml ethidium bromide for 45 minutes. Gels were 

visualized using an ultraviolet transilluminator and images were captured using an HD 

Fluorochem gel imaging system (Alpha Innotech).  

Rat brain dissection, cell culture and transfection: 

All animal procedures were approved by the TWU Institutional Animal Care and 

Use Committee. Sprague-Dawley untimed pregnant dams were housed on a 12 on/12 off 

light cycle with food and water provided adlibitum until delivery.  Brains were extracted 

aseptically from P1 Sprague Dawley pups.  Extracted brains were transferred to cold HG-

SCDMEM in a 60 mm petri dish. Coronal 2 mm slices through the cerebrumwere made 

using a scapel, the cortices were dissected out and any blood vessels or meninges were 
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removed. The cortical tissue was transferred to a sterile 35 mm petri dish and were cut 

into pieces no more than 1 mm in length. We removed the media and digested the cortical 

tissue in papain (2 mg/ml HG- SFDMEM) for 30 minutes at 37
o 
C. The digestion was 

terminated by the addition of 1 ml fetal bovine serum. Pieces of the cut cortex were then 

transferred to a 15 ml tube in HG-DMEM and cells were triturated with a sterile pipette, 

avoiding air bubble formation. Cells were then pelleted by centrifugation at 800 X g for 5 

minutes and the supernatant was removed. Cells were then resuspended in HG-

SCDMEM and seeded onto poly-D-Lysine coated plates or coverslips. After 4 hours, 

media was changed to neurobasal media (NBM) with a 10% B27 (NBM/B27) 

supplement and this was used for all following experiments.  

Cortical neurons were plated at 75,000 cells/cm
2
 for experiments using cell 

fractions (GLISA) and at 10,000 cells/cm
2
 for confocal microscopy. Cells were kept in 

NBM for 7 days prior to any treatments. On day 7, cells were transfected with EmGFP-

RhoA, EmGFP-Rac1, EmGFP-RhoA
C190A

, EmGFP-Rac1
C189A

 or EmGFP alone using 

Lipofectamine 2000 (which allowed a transfection efficiency of 30-40% (Invitrogen) 

according to manufacturer instructions and left for four days. 500 µL of NBM/B27 was 

added on day 3 and, on day 4, cells were either fixed in 4% paraformaldehyde for 

microscopy or fractionated using the S-PEK proteolysis kit (Pierce) for GLISA 

experiments. For pharmacological experiments cultures were treated with 20 µM 

lovastatin (LOV) or a combination of 20 µM LOV and 10 µM geranylgeraniol (GGOH), 

in NBM for 2 days. Following transfection, cells were fixed and were immunolabeled 
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with mouse anti-GFP (Sigma-Aldrich) overnight at 4
o 
C and donkey anti-mouse Alexa 

Fluor 488 for two hours. Immunolabeled cells were analyzed for transfection efficiency 

and localization by confocal microscopy. 

Subcellular fractionation:  

For experiments using GLISA based assays, transfected cells were fractionated 

using the S-PEK proteolysis kit (Pierce). Cells were cultured and treated as described 

above. The membrane and cytosol were separated in cells transfected with EmGFP-Rac1 

constructs; the membrane, cytosol and nucleus were separated in cells transfected with 

EmGFP-RhoA constructs. Lysates were snap frozen and stored in liquid nitrogen until 

use. 

Neurite outgrowth:  

Digital images of GFP positive cells were captured through a 60X objective using 

differential interference contrast (DIC) imaging (Nikon Ti).  Neurite outgrowth was 

measured using the number of neurites/cell, the number of branch points/neurite, the 

length of longest neurite/cell, the total neurite length/cell and percentage of neurite 

bearing cells as previously described (Samuel et al, 2014). 

Measurement of activation:  

After transfection with all constructs, fractionation, and storage in liquid nitrogen 

(described above), activation was analyzed using a Rac1 GLISA kit (Cytoskeleton) in 

EmGFP-Rac1 construct transfected cells or RhoA GLISA kit (Cytoskeleton) in EmGFP-

RhoA transfected cells according to manufacturer instructions. 



109 

 

In-situ activation:  

After the pharmacological treatments of the cortical neurons and fixation as 

described above, one sample in each triplicate was untreated, one was treated with Pak-

GST Protein (Cytoskeleton, Denver) and the last was treated with Rhotekin-RBD Protein 

(Cytoskeleton) overnight at 4
o 
C. After incubation, cells were treated with rabbit anti-

GST overnight at 4
o 
C and for 2 hours in donkey anti-rabbit Alexa Fluor 649 secondary 

antibody. Localization of active RhoA and Rac1 was determined by confocal microscopy 

at 600X objective. 

Statistical analysis:  

For all experiments, the sampling units were individual cultures.  The number of 

sample replicates in each condition is indicated in the results for individual experiments.  

Data are reported as average values and were analyzed for differences across groups 

using univariant analyses of variance (ANOVA) with treatment as a fixed factor and a 

significance level of α = 0.05.  When there was a significant main effect for treatment, 

differences from control cultures were determined using the Least Significant Difference 

(LSD) post hoc test at α = 0.05 (SPSS). 

Results 

 

EmGFP-Rac1 localizes to the membrane while EmGFP-Rac1
C189A

, EmGFP-RhoA and 

EmGFP-RhoA
C190A

 localize to the cytosol and nucleus:  

To determine the construct localization, cells were transfected with EmGFP alone, 

EmGFP-Rac1, EmGFP-Rac1
C189A

, EmGFP-RhoA or EmGFP-RhoA
C190A

. EmGFP-
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tagged constructs were localized by confocal microscopy by images captured through a 

60X objective. Untransfected cells were used as a control for auto-fluorescence (Figure 

20A). EmGFP alone (transfection control) was localized primarily to the nucleus (Figure 

20B). EmGFP-Rac1 was localized to both the membrane and cytosol, with evident 

fluorescent puncta on the membrane (Figure 20C). EmGFP-Rac1
C189A

 was localized 

primarily to the cytosol and nucleus with very few puncta on the membrane (Figure 

20D). EmGFP-RhoA and EmGFP-RhoA
C190A

 were both localized to the cytosol and 

nucleus after transfection (Figure 20E, F). This indicated that the construct localization 

was changed by inhibiting Rac1 prenylation but RhoA localization did not change as a 

result of inhibiting prenylation.   
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Figure 20: Construct localization following transfection. Representative 60x images of cells transfected 

with Rac1 and RhoA constructs. Cells were probed with anti-GFP to determine the localization of GFP 

fused constructs. Untransfected cells were used as a control for auto-fluorescence (A). Cells transfected 

with EmGFP alone, EmGFP-RhoA, EmGFP-RhoA
C190A

 and EmGFP-Rac1
C189A

 did not localize to any 

specific cellular compartment and were observed all throughout the primary rat cortical neurons (B, D, E 

and F). After EmGFP-Rac1 transfection, pixels in the membrane were more prominent, compared to all 

other conditions (C). N = 3/condition. 

All GFP-tagged constructs affect cell morphology:  

Localization differences in Rac1 construct transfected cells and similarities in 

RhoA construct transfected cells did not establish the functionality of the constructs. To 

demonstrate if there were functional differences between the EmGFP fused Rac1 and 

RhoA constructs, cells were transfected and neurite outgrowth studies were performed. 

Compared to cells transfected with EmGFP alone, EmGFP-Rac1
C189A

, EmGFP-RhoA 

C

. 

B. 

F. E. D. 

A. 
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and EmGFP-RhoA
C190A

 increased the number of neurites per cell (Figure 21A, F4,10 = 

14.794, p ≤ .001). EmGFP-Rac1
C189A 

increased the number of neurites/cell compared 

with EmGFP-Rac1 (Figure 21A, F4,10 = 14.794, p ≤ .001). There were no differences in 

the percent of neurite-bearing cells between any conditions (Fig. 21B). Expression of 

EmGFP-RhoA increased neurite arborization measured by the number of branch 

points/neurite, compared to cells expressing EmGFP alone (Figure 21C, F4,10 = 3.307, p 

≤ .057). The length of the longest neurite/cell was increased in cells expressing EmGFP-

Rac1 or EmGFP-RhoA
C190A

, compared to cells expressing only EmGFP.  Expression of 

EmGFP-RhoA and EmGFP-Rac1
C189A

 restored neurite lengths to levels comparable with 

EmGFP transfection alone (Figure 21D, F4,10 = 2.618, EmGFP-Rac1 p ≤ .099). All cells 

transfected with Rac1 and RhoA constructs increased the total neurite length/cell, 

compared to cells transfected with EmGFP (Figure 21E, F4,10 = 7.802, p ≤ .006).  Thus, 

while EmGFP-Rac1 and EmGFP-RhoA
C190A

 increase the length of the longest 

neurite/cell, all constructs initiated neurite outgrowth (i.e. increasing the number of 

neurites/cell or increasing neurite branching). 
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A. 

B. 

C. 
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Figure 21: Neurite outgrowth studies following construct transfection. Graphs after transfection of rat 

cortical neurons and following neurite outgrowth studies. EmGFP-Rac1
C189A

, EmGFP-RhoA and EmGFP-

RhoA
C190A

 increased the number of neurites per cell compared with EmGFP alone (LSD, EmGFP-

Rac1
C189A

 p ≤ .001, EmGFP-RhoA p ≤ .001, EmGFP-RhoA
C190A 

p ≤ .001) (A). EmGFP-Rac1
C189A 

increased 

the number of neurites per cell after in group comparison with EmGFP-Rac1 (LSD, p ≤ .001) (A). The 

percent neurite bearing cells showed no significant differences in any condition (B). EmGFP-RhoA 

increased the neurite arborization measured in the number of branches per neurite compared to EmGFP 

(LSD, p ≤ .044) (C). EmGFP-Rac1 (LSD, p ≤ .027) and EmGFP-RhoA
C190A

 (LSD, p ≤ .020) increased the 

longest neurite per cell (D) and the total neurite outgrowth significantly increased following all Rac1 (LSD, 

p ≤ .035 for WT and p ≤ .015 for MUT) and RhoA (LSD, p ≤ .002 for WT and p ≤ .001 for MUT) construct 

transfection (E). * represents p ≤ .05 (ANOVA and LSD post hoc). N = 3/ condition. 

 

  

D. 

E. 



115 

 

Expressing EmGFP-Rac1 increases membrane-associated Rac1 activation:  

Since morphological changes were observed in neurons transfected with any of 

the Rho GTPase constructs, we next performed GLISA analyses to determine the 

subcellular location of Rac1 and RhoA activation in cells expressing Rho GTPase 

constructs.  EmGFP-Rac1 transfected cells showed increased active, membranous Rac1 

compared to all other conditions, while EmGFP-Rac1
C189A

 increased membranous, active 

Rac1 compared to EmGFP (Figure 22A, F2,6 = 792.18, p ≤ .001). Interestingly, both 

EmGFP-Rac1 and EmGFP-Rac1
C189A

 increased cytosolic, active Rac1 when compared to 

neurons transfected with EmGFP alone.  However, all transfected cells had lower levels 

of activated Rac1 in the cytosol that untransfected neurons (Figure 22B; F2,6 = 25.01, p ≤ 

.001).  There was not a significant difference observed for RhoA activation in the cytosol, 

nucleus or membrane after transfection with the RhoA constructs (Figures 22C-E).  Thus, 

while there were differences in the localization of activated Rac1 under conditions where 

prenylation was inhibited, differences were not observed in RhoA activation after 

prenylation inhibition. Because the activation data does not appear to correlate directly 

with the outgrowth data, it appears that the relationship between Rac1 and RhoA 

activation and process extension is complex.   
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Figure 22: Activation differences between EmGFP-RhoA and EmGFP-Rac1 constructs. Figure 21 are 

graphs of Rac1 and RhoA activity after construct transfection. Membranous Rac1 activity (A) was 

significantly increased after transfection with EmGFP-Rac1 compared to both EmGFP (LSD, p ≤ .001) and 

EmGFP-Rac1
C189A

 (LSD, p ≤ .001). EmGFP-Rac1
C189A

 increased membranous GTP loading compared to 

EmGFP (LSD, p ≤ .001) but it was consistently lower than endogenous membranous Rac1 activation in 

untransfected cells (A). Both EmGFP-Rac1 (LSD, p ≤ .001) and EmGFP-Rac1
C189A

 (LSD, p ≤ .001) 

increased cytosolic GTP loading, though both were consistently below normalized, endogenous levels (B). 

No significant differences were observed in membranous, cytosolic or nuclear RhoA activation but active 

RhoA was observed in all cell fractions (C, D and E). Activation studies were normalized to untransfected 

cell data. N=3 * represents p ≤ .05 (ANOVA and LSD post hoc). 

 

A. B. 

D. C. 

E. 

# 

* 

* * 
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Rac1 activation is dependent on prenylation while RhoA can be activated independent of 

prenylation: 

Since the non-prenylatable RhoA constructs did not show differences in 

activation, activation studies in-situ were run to demonstrate whether Rac1 and RhoA 

were activated by different mechanisms. Cells were treated with a prenylation inhibitor 

(lovastatin) or with lovastatin and GGOH (one of the biosynthetic products inhibited by 

lovastatin).  The co-treatment with lovastatin and GGOH allows prenylation to continue.  

GST-tagged effectors of Rac1 (PAK) and RhoA (Rhotekin) were used to detect the 

location of activated Rac1 and RhoA. In the presence of lovastatin, Rac1 activation was 

inhibited (Figure 23; Row 2 Column 2), an effect rescued by addition of GGOH (Figure 

23; Row 3, Column 2). RhoA activation was reduced by lovastatin treatment, but not 

eliminated. Active RhoA was still present after lovastatin treatment suggesting a 

prenylation-independent mechanism of RhoA activation (Figure 23; Row 2, Column 3). 
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Figure 23: In-situ activation studies. Representative 60x images of rat cortical neuron that were untreated 

(Lane 1), treated with 10 µM lovastatin (Lane 2) or treated with 10 µM lovastatin and 20 µM GGOH (Lane 

3). Cells were then incubated overnight with PAK-GST protein for Rac1 activity (Column 2) or Rhotekin-

GST protein for RhoA activity (Column 3). Little Rac1 activity was observed in lovastatin treated cells 

which was restored after addition of GGOH. RhoA activity, while reduced, was observed in lovastatin 

treated cells. N=3. 
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Discussion 

The primary objective of this research was to elucidate how inhibiting prenylation 

of RhoA and Rac1 affected their localization and activation in rat cortical neurons. The 

results obtained can be interpreted to suggest that Rac1 and RhoA: (1) are localized in 

their active forms in different cellular compartments; and (2) are activated in different 

manners.  These observations are interesting because Rac1 and RhoA are thought to 

compete for some of the same GEF binding sites.  In this work, we found that Rac1 is 

localized primarily to the membrane and cytosol, while RhoA is localized in the 

membrane, cytosol and nucleus. Non-prenylatable RhoA and Rac1 constructs both retain 

the ability to be activated independent of prenylation, but only RhoA was found to be 

active after treatment with lovastatin.  Interestingly, both non-prenylatable constructs 

induced neurite outgrowth changes in rat cortical neurons.  

Consistent with previous results, non-prenylatable Rac1 and RhoA are able to be 

activated independent of prenylation (10, 13). The localization of the activated Rac1 was 

consistent with similar studies in B35 cells, where expression of  non-prenylatable Rac1 

could be activated in the cytosol. Non-prenylatable, activated RhoA was active in the 

membrane, cytosol, and nucleus, as is the wild-type RhoA.  This is consistent with 

previous findings that RhoA and Rac1 appear to have different methods of activation and 

localization. Pools of activated RhoA are found in the cytosol and nucleus, but the 

majority of scientists hypothesize that the active pools were translocated to the different 

cellular compartments after being activated at the plasma membrane (14). Rac1 has long 
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been associated with solely membranous activation, but both RhoA and Rac1 GEFs have 

been found in compartments other than the membrane (15, 16).  

This research, along with previous studies, demonstrate both Rac1 and RhoA 

retain the ability to be activated without membrane targeting, which could be made 

possible by GEFs “sequestered” in these other cellular compartments. If is further 

corroborated, it would be possible to identify these GEFs, along with their downstream 

effectors to elucidate the signal transduction pathways associated with the specific 

compartment of the localized RhoA or Rac1. This might lead to finding signal 

transduction pathways that are dependent on the localization of the active GTPase, which 

could be manipulated to induce the desired morphological change in neurons.  

The results from the in-situ activation reveal differences in the activation of RhoA 

and Rac1. While both require prenylation for maximum activation, RhoA remains active 

even when global prenylation is inhibited (albeit at lower levels than untreated cells). 

This indicates RhoA can be activated in ways that do not require prenylation and plasma 

membrane targeting.  Identifying such a mechanism may lead to new avenues of 

understanding neuronal process extension and remodeling.   

Interestingly, Rac1 seems dependent on prenylation for activation.  However, 

questions remain as to whether Rac1 would overcome long-term mevalonate pathway 

inhibitor use, and perhaps become activated through direct interaction with GEFs without 

being prenylated. Being that statins are the most prescribed drug in the United States, it is 
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important to know how long term use affects the functionality of proteins that require 

prenylation for activation and normal function (CDC). 

Long term studies in statin-treated rats could determine whether Rac1 and other 

prenylation-requiring proteins would develop the ability to become active under 

conditions when prenylation is inhibited. Experiments assessing the ability of Rho 

GTPases to be activated in human brain tissue from individuals subjected to long-term 

statin use may also provide insight into the spatial and temporal regulation of Rho 

GTPase activity.   These studies would help aid in the understanding of how statins affect 

proteins that regulate actin filament dynamics, and if this is beneficial or detrimental to 

long term mental health.   
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CHAPTER VI 

 DISSERTATION SUMMARY AND CONCLUSIONS 

The objectives of the current studies were to determine how inhibiting RhoA and 

Rac1 prenylation affected the localization and function of these GTPases in B35 

neuroblastoma cells and rat cortical neurons. Focus on RhoA and Rac1 since RhoA and 

Rac1 inhibition has been implicated in the progression of many degenerative disorders 

(1,2,3,4), were selected for this study Much is known about the consequences of 

inhibiting RhoA and Rac1 activity, but the role prenylation plays in Rho GTPase 

activation and function has not been well established. Based on preliminary data, I 

hypothesized that: 

1. Non-prenylatable RhoA and Rac1 would be able to be activated independent of 

prenylation  

2. Non-prenylatable, active RhoA would be localized to the cytosol and nucleus and 

non-prenylatable, active Rac1 would be localized to the cytosol. 

3. Non-prenylatable RhoA and Rac1 would increase neurite outgrowth in B35 cells 

and rat cortical neurons. 

In B35 cells, the localization of Rac1 was altered with non-prenylatable Rac1 

being found primarily in the cytosol while prenylatable Rac1 was associated with both 

membrane and cytosol fractions (5). Expressing wild-type Rac1 increased the amount of 
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activated Rac1 associated with membranes (measured by an effector interaction assay), 

supporting the current dogma that Rac1 activation is facilitated by the prenylation and 

subsequent membrane association (5). Non-prenylatable Rac1 increased the levels of 

cytosolic, activated Rac1, supporting the preliminary data that Rac1 retains the ability to 

be activated, even when prenylation is inhibited (5). Non-prenylatable Rac1 increased 

cell clustering compared to all other conditions, though neurite outgrowth differences 

were not observed (5). In sum, these experiments led us to hypothesize that prenylatable 

Rac1 is localized to both the cytosol and the plasma membrane, but is primarily activated 

when associated with the plasma membrane after prenylation. Non-prenylatable Rac1 is 

found primarily in the cytosol in both its active and inactive form and induces cell 

clustering not observed in the cells transfected with wild-type Rac1. These data lead us to 

believe that the localization of active Rac1 might be activating different signal 

transduction pathways from the two cellular locations, perhaps making it a molecular 

target for obtaining a desired actin filament phenotype. 

 After demonstrating that Rac1 could be activated independent of 

prenylation and that non-prenylatable Rac1 induced cell clustering, we constructed a non-

prenylatable RhoA construct. RhoA is a competitor of Rac1 and is thought to be 

regulated and activated in a similar manner.  Therefore, determining if RhoA could be 

activated independent of prenylation in B35 cells was the next objective. Both 

prenylatable and non-prenylatable RhoA were localized primarily in the cytosol and 

nucleus with a smaller amount of RhoA associating with membranes (6). Similar 
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localization of active RhoA was observed for both prenylatable and non-prenylatable 

RhoA using an effector pulldown assay, with most active RhoA in the cytosol and 

nucleus (6). These results were consistent with the current model that suggests RhoA is 

translocated in its GTP-bound form from the membrane to other cellular compartments 

like the cytosol and nucleus. There were no differences in RhoA localization to this point, 

so little could be hypothesized with these data alone. Neurite outgrowth studies suggest 

that expression of non-prenylatable RhoA increased the length of the longest neurite/cell 

and total neurite length/cell (6). When quantifying active RhoA in the different cellular 

compartments, expression of wildtype RhoA increased the amount of activated RhoA in 

the cytosol, while expression of non-prenylatable RhoA increased nuclear RhoA 

activation (6). These data imply that while the localization of RhoA did not change, non-

prenylatable RhoA could be activated independent of prenylation and its increased 

activation in the nucleus correlated with increased neurite outgrowth. Along with the 

Rac1 data, these studies suggest that both Rac1 and RhoA can be activated independent 

of prenylation and that the cellular function could be determined by localization of the 

active GTPase.  

 The previous experiments were performed in B35 neuroblastoma cells, 

which is a transformed model for neuronal extension. To determine whether our findings 

would hold true in neurons, we next assessed how expressing non-prenylatable RhoA or 

Rac1 affected process extension from rat cortical neurons (7). Similar to the localization 

observed in B35 cells, Rac1 was localized to both the cytosol and membrane, while non-
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prenylatable Rac1 was localized primarily to the cytosol (7). Similar to the localization 

observed in B35 cells, Rac1 was localized to both the cytosol and membrane, while non-

prenylatable Rac1 was localized primarily to the cytosol (7). Prenylatable and non-

prenylatable RhoA was localized to the membrane, cytosol and nucleus (7). Expressing 

prenylatable Rac1 led to an increase in membrane-associated activation, but similar Rac1 

activation was evident in the cytosol in neurons expressing either prenylatable or non-

prenylatable Rac1 (7). There was no observable difference in RhoA activation in neurons 

expressing either prenylatable or non-prenylatable RhoA (7). Expression of wild-type 

Rac1 or non-prenylatable RhoA increased the neurite elongation; and expression of wild-

type RhoA increased the neurite arborization, with expression of any constructs 

increasing the total neurite length/cell (7). After treatment with lovastatin, a global 

inhibitor of prenylation, Rac1 activity was abolished, while a portion of RhoA was still 

found to be active in cortical neurons (7). This suggests that RhoA and Rac1 are 

differentially localized and can be activated by different mechanisms, but both retain the 

ability to be GTP-bound independent of prenylation.  

While the previous findings are novel, it is not surprising that both RhoA and 

Rac1 can be activated when sequestered in the cytosol or nucleus, when unable to bind to 

the membrane. The CNS has been shown to retain plasticity and the ability to overcome 

injury, or deficits, so mechanisms that regulate CNS growth and neuronal remodeling 

should also be responsive to multiple cues (8). What remains to be seen is how long-term 
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statin use affects neuronal morphology differences and, ultimately, functional 

consequences.  

There were similarities and differences in the results between the B35 

neuroblastoma cell line and the rat cortical neurons (Table 1).  The localization of the 

constructs remained consistent in both models, as did the localization of the active 

GTPases. There was no increase in the level of activation, except for the membranous 

Rac1 increase after EmGFP-Rac1 transfection, but the overall transfection efficieny of 

these cells was much lower. The B35 cells had a 98% transfection efficiency while only 

30-40% of rat cortical neurons were transfected. The endogenous active RhoA and Rac1 

in the non-transfected cells in the rat cortical neurons may have masked the results in 

some manner, leaving interpretation of these results inconclusive. The clustering 

observed in the B35 cells after the transfection of Rac1 mutant was not observed in the 

rat cortical neurons. These neurons do not migrate or proliferate as the B35 cells do, so 

they make a poor model to test cell clustering. The lack of migration makes it a good 

model for neurite outgrowth studies. My original focus was on neurite outgrowth, not cell 

clustering.  I interpret the overall data to suggest the cell clustering induced by the 

expression of the mutant Rac1 should be further explored in neuroblast cells (that do 

migrate) or an animal model. The results were mostly consistent across both the in vivo 

and ex vivo models and further studies in a living model would make a good system to 

explore whether the observed results remain consistent in an organism.  
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Table 1
a
: Similarities and differences of results between models 

Construct expressed 

(Purpose) 

B35 Cortical Similar of different 

RhoA 

(Where Localized) 

Membrane, cytosol, and 

nucleus 

Membrane, cytosol, and 

nucleus (Prelim) 

Similar 

Mutant RhoA 

(Where Localized) 

Membrane, cytosol, and 

nucleus 

Membrane, cytosol, and 

nucleus (Prelim) 

Similar 

RhoA 

(Morphology Changes) 

No Effect on cells Increases branching and 

total outgrowth 

Different 

Mutant RhoA 

(Morphology Changes) 

Increases neurites per 

cell, total outgrowth and 

longest neurite per cell 

Increases neurites per 

cell, total outgrowth and 

longest neurite per cell 

Similar 

RhoA 

(Where Active) 

Mostly in the cytosol 

(sig. increased) and 

nucleus, with little 

membranous 

Membrane, cytosol, and 

nucleus. No sig 

difference 

Similar location, 

different in activity 

levels 

Mutant RhoA 

(Where Active) 

Mostly in the cytosol 

and nucleus (sig. 

increased), with little 

membranous 

Membrane, cytosol, and 

nucleus. No sig. 

difference 

Similar location, 

different in activity 

levels 

Rac1 

(Where Localized) 

Membrane and cytosol Membrane and cytosol Similar 

Mutant Rac1 

(Where Localized) 

Mainly cytosol Mainly cytosol Similar 

Rac1 

(Morphology Changes) 

No Effect Increases total 

outgrowth and longest 

neurite per cell 

Different 

Mutant Rac1 

(Morphology Changes) 

Increased clustering Increased neurites per 

cell and total outgrowth 

Different 

Rac1 

(Where Active) 

Increased membrane 

activity 

Increased membrane 

activity 

Similar 

Mutant Rac1 

(Where Active) 

Increased cytosol 

activity 

Decreased membrane 

activity 

Different 

a 
Table 1 shows the differences and similarities after construct expression between B35 neuroblastoma cell 

and rat cortical neurons. Similarities and differences in construct localization, where it is activated, and 

neurite morphology changes after expression are listed above. 
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Both Rac1 and RhoA are able to be active independent of prenylation and alter 

neuronal morphology when they are “aberrantly” active (5, 6). Questions on whether the 

localization of the active RhoA and Rac1 leads to the phosphorylation of different 

effectors and signal transduction cascades remain. We hypothesize that active, cytosolic 

Rac1 induces cell clustering and actin filament accumulation via WAVE-ARP2/3 

complexing (Figure 24). Current research in our lab demonstrates an ARP3 mutant has a 

similar phenotype to cells or neurons expressing non-prenylatable Rac1.  Perhaps the 

effects on the actin cytoskeleton reflect a common, downstream mechanism that is in play 

when Rac1 prenylation is inhibited and the ARP2/3 complex is activated.   The clustering 

induced by expressing non-prenylatable Rac1 is reminiscent of tauopathies seen in 

neurodegenerative proliferation, which has been shown in mislocalized, active Rac1 (3). 

Long term statin use in rats may provide a better indication of whether Rac1 becomes 

activated in the cytosol after prenylation is inhibited and if this leads to degeneration.  

Expression of the mutant, non-prenylatable RhoA increased neurite outgrowth 

and we postulate that this is via activation of the LIMK-cofilin phosphorylation cascade 

(Figure 24). This seems to be from the increase in active nuclear RhoA levels and not 

from increased activation of Rac1 as Rac1 activation was tested after transfection of non-

prenylatable RhoA, and Rac1 activation does not change.  However, more in depth 

studies are needed to completely elucidate the signal transduction pathways involved in 

nuclear, cytosolic and membranous RhoA signaling. 

  



131 

 

 

Figure 24: Model for differential signaling of RhoA and Rac1. Fig 24 is the proposed signaling model 

of the differently localized, active Rac1 and RhoA. The effectors and cellular consequnces are shown in the 

diagram.    
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More comprehensive studies to elucidate the GEFs, GAPs, GDIs, and 

downstream effectors of differently localized, active RhoA and Rac1 also need to be 

performed. Incorporating pharmacological RhoA and Rac1 inhibitors and activators in 

vitro and in vivo may help to demonstrate common GEFs shared by these two proteins. 

This would eliminate direct competitive inhibition as a possible mechanism for the 

apparently opposite effects observed with expressing non-prenylatable Rho GTPase 

constructs and would support the idea that active GTPases are initiating different 

phosphorylation signaling cascades. Using an inducible Rac1 or RhoA construct that are 

localized differently would provide an additional system to study how the localization of 

the activated RhoA or Rac1 affects neuronal morphology and signaling cascades. These 

studies could yield molecular targets to induce specific neuronal processes by inducing a 

desired actin filament function. 

These studies give rise to more questions on how inhibiting prenylation of other 

GTPases, like Rab, Rap, or CDC42, affects neuronal process outgrowth and actin 

filament dynamics. Studies such as those performed within this project, but focused on 

other GTPases, could provide insight into the molecular mechanisms that govern 

GTPases function normally, and the effects that may occur during abberent functioning. 

Elucidating RhoA and Rac1 dynamics (along with the other Rho family GTPases) is 

necessary to understand how they are dependently and independently regulated and how 

this regulation affects actin filament dynamics. 

. 
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In sum, we have demonstrated that RhoA and Rac1 can be active independent of 

prenylation and induce neuronal morphology changes. This implicates that other proteins 

that require prenylation for membrane targeting could be also be active independent of 

prenylation and induce functional consequences. If the localization of the active proteins 

dictates specific signal transduction pathway phosphorylation, then these specifically 

localized, active proteins could serve as therapeutic targets to induce neuro-regeneration, 

direct neuronal outgrowth or to induce a wanted neuronal phenotype change. The effects 

of global prenylation inhibitors on cellular function should also be explored if these 

GTPases can be active and can induce functional changes in neuronal like cells. 
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