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ABSTRACT 

Rho GTPases are critical regulators of actin cytoskeletal dynamics. The three most well 

characterized Rho GTPases, Rac1, RhoA and Cdc42 share a common inhibitor, 

RhoGDI. It is only recently becoming clear how upstream signals cause the selective 

release of individual Rho GTPases from RhoGDI. For example, our laboratory showed 

that diacylglycerol kinase  (DGK), which converts diacylglycerol (DAG) to 

phosphatidic acid (PA), activates PAK1-mediated RhoGDI phosphorylation on Ser-

101/174, causing selective Rac1 release and activation. Phosphorylation of RhoGDI on 

Ser-34 by PKC has recently been demonstrated to selectively release RhoA, promoting 

RhoA activation. Here, I show DGK is required for optimal RhoA activation and 

RhoGDI Ser-34 phosphorylation. Both were substantially reduced in DGK-null 

fibroblasts and occurred independently of DGK activity, but required a function DGK 

PDZ-binding motif. In contrast, Rac1 activation required DGK-derived PA, but not 

PDZ-interactions, indicating DGK regulates these Rho GTPases by two distinct 

regulatory complexes. Interestingly, RhoA bound directly to the DGK C1A domain, the 

same region known to bind Rac1. By direct interactions with RhoA and PKC, DGK 

was required for the efficient co-precipitation of these proteins, suggesting it is important 

to assemble a signalling complex that functions as a RhoA-specific RhoGDI dissociation 

complex. Consequently, cells lacking DGK exhibited decreased RhoA signalling 

downstream and disrupted stress fibers. Moreover, DGK loss resulted in decreased 

stress fiber formation following the expression of a constitutively active RhoA mutant, 

suggesting it is also important for RhoA function following activation. This is consistent 
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with the ability of DGK to bind both active and inactive RhoA conformations. 

Collectively, these findings suggest DGK is central to two distinct Rho GTPase 

activation complexes, each having different requirements for DGK activity and PDZ 

interactions, and might regulate the balance of Rac1 and RhoA activity during dynamic 

changes to the actin cytoskeleton. 
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INTRODUCTION 

The cell is the basic unit of life. A key to our understanding of biology is 

appreciating the vast number of changes, both metabolically and structurally, that are 

essential for cells to perform their individual and collective roles within living organisms. 

Elucidating how specific molecules and signalling networks contribute to physiological 

and mechanical changes in the cell is critical to this endeavour.  

 

The cytoskeleton 

The eukaryotic cytoskeleton is an intracellular network of filaments essential for 

maintaining cell morphology. It is largely responsible for cell shape changes following 

the response to stimuli from the extracellular environment (Janmey, 1998). The 

cytoskeleton is comprised of three main types of filaments (Fuchs, 1996). Microfilaments, 

the smallest (6 nm in diameter), are primarily composed of actin polymers. Larger 

intermediate filaments (10 nm in diameter) are comprised of cell type-specific proteins, 

such as keratin found in skin cells, hair and nails. The largest filaments, microtubules (23 

nm in diameter), are comprised mainly of  and  tubulin monomers. All three filament 

types undergo reorganization to meet cellular needs; however, the membrane associated-

actin cytoskeleton responds most rapidly to external and internal cues and is the driving 

force behind initial shape changes (Hall, 1998; Heng and Koh, 2010; Janmey, 1998; 

Janmey and Lindberg, 2004; Pollard and Cooper, 2009; Schmidt and Hall, 1998).  

Actin monomers (globular or G-actin) polymerize into filaments (filamentous or 

F-actin). Actin filaments adopt a variety of forms, including linear and branched. These 

filaments are organized into a diverse array of structures that cause local membrane 
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protrusions to allow cell migration, cytokinesis, endocytosis and vesicle movement 

(Pollard and Cooper, 2009). Conversely, changes in the lipid composition of the plasma 

membrane are closely tied to changes in actin dynamics. Many actin remodelling proteins 

are activated by specific signalling lipids that control the spatial and temporal regulation 

of actin dynamics (Dos Remedios et al., 2003; Uribe and Jay, 2009). It is this interplay 

between the plasma membrane and the underlying cortical actin cytoskeleton that causes 

mechanical changes to cell shape that are essential for the response to external and 

internal cues (Saarikangas et al., 2010). 

 

Lipids regulate actin dynamics 

Increasing evidence suggests plasma membrane lipids regulate actin dynamics 

(Saarikangas et al., 2010). For instance, phosphatidylinositol-4,5-bisphosphate 

(PI(4,5)P2) controls the activity of several actin-associating proteins by increasing their 

plasma membrane association and subsequently promoting actin polymerization (Janmey, 

1995; Janmey and Lindberg, 2004; Sechi and Wehland, 2000). The hydrolysis of 

PI(4,5)P2 by phospholipase C (PLC) into diacylglycerol (DAG) and inositol 3-phosphate 

(IP3) also contributes to changes in actin dynamics. IP3 binding to the endoplasmic 

reticulum elicits Ca
2+

 release, which modulates the activity and function of many actin 

remodelling proteins (Janmey, 1994). DAG, the other product of PI(4,5)P2 hydrolysis by 

PLC, is a crucial second messenger and binds/potently activates proteins with cysteine-

rich C1 domains such as conventional protein kinase C (PKC) isoforms (Goni and 

Alonso, 1999; Griner and Kazanietz, 2007; Newton, 1997). Stimulating cells with DAG, 

or non-hydolyzable DAG analogs such as phorbol esters, causes dramatic reorganization 
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of the actin cytoskeleton (Keller et al., 1989). These compounds cause changes in actin 

dynamics by activating PKC and other DAG-activated enzymes.  

DAG can be phosphorylated to yield phosphatidic acid (PA). PA is a lipid with 

distinct signalling properties (Cai et al., 2009). PA activates several proteins involved in 

actin reorganization such as phosphatidylinositol-4-phosphate 5-kinase (PIP5K), Raf-1, 

PKC and p21 activated kinase 1 (PAK1) (Bokoch et al., 1998; Limatola et al., 1994; 

Stace and Ktistakis, 2006; Yang et al., 2001). Moreover, PA can stimulate actin stress 

fiber assembly (Cross et al., 1996; Komati et al., 2005). It is now widely accepted that 

modulating these and other lipids in distinct plasma membrane regions can have 

significant effects on local and global changes in actin (Janmey and Lindberg, 2004). 

Thus, enzymes that alter the relative abundance of signalling lipids can significantly 

regulate the state of actin organization.  

Many of these lipids regulate pathways that inevitably impinge on the activity of 

the Rho family of small GTPases (Rho GTPases) (Dermardirossian and Bokoch, 2005). 

Over 20 mammalian Rho GTPases are known to exist, the majority of which have been 

identified as critical regulators linking extracellular growth signals to actin cytoskeletal 

reorganization (Boureux et al., 2007; Hall, 1998). Therefore, many signalling lipids 

indirectly regulate actin dynamics by modulating the activity of specific Rho GTPase 

isoforms. 

 

Rho GTPases are key actin regulators   

Rho GTPases function as molecular switches, cycling between inactive GDP-

bound and active GTP-bound conformations (Bourne et al., 1990; Bourne et al., 1991). 
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Early methods established direct roles for individual Rho GTPases in actin reorganization 

by making use of constitutively active and dominant-negative mutants of the three most 

studied Rho GTPases: Rac1, Cdc42 and RhoA. On the basis of these early studies, Rac1 

is conventionally thought to regulate
 
lamellipodia formation and membrane ruffling 

(Ridley et al., 1992). Cdc42 promotes
 
filipodia extensions (Nobes and Hall 1995). Finally, 

RhoA is responsible for the assembly
 
of actin stress fibers, focal adhesions, and 

contributes to actin-myosin contractility during migration and cell division (Charras, 

2008; Paterson et al., 1990; Ridley and Hall, 1992).  

New evidence has revealed an increasingly complicated picture for the spatial and 

temporal regulation of Rho GTPases. For example, while RhoA was traditionally thought 

to provide contractility at the tail-end of migrating cells, recent data has shown that RhoA 

is also important at the leading edge (Heasman et al., 2010; Pertz et al., 2006), a region of 

actin reorganization previously thought to be driven by Rac1 and Cdc42 activity (Ridley, 

2004). Moreover, extensive crosstalk between Rho GTPases coordinates actin 

reorganization (Spiering and Hodgson, 2011). Collectively, spatial and temporal control 

of multi-protein signalling complexes involved in Rho GTPase regulation is required to 

organize specific signals into dynamic changes in the actin cytoskeleton (Pertz, 2010).  

 

Regulation of Rho GTPase activity 

GDP-GTP cycling of Rho GTPases is tightly controlled by numerous regulatory 

proteins (Figure 1.1). Guanine nucleotide exchange
 
factors (GEFs) activate Rho GTPases 

by promoting the exchange
 
of GDP for GTP. Conversely, GTPase-activating proteins 

(GAPs) inactivate Rho GTPases by enhancing their intrinsic GTPase activity (Spiering 
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Figure 1.1. Regulation of Rho GTPases. Rho GTPases (Rac, in this example) cycle 

between inactive GDP-bound and active GTP-bound conformations. The active 

conformations interact with specific downstream effectors, which propagate signal 

transduction and affect changes in the actin cytoskeleton. This cycle is tightly regulated 

by guanine nucleotide exchange factors (GEFs), which activate Rho GTPases by 

promoting the exchange of GDP for GTP, and by GTPase-activating proteins (GAPs), 

which inactivate Rho proteins by enhancing their intrinsic GTPase activity. Guanine 

nucleotide dissociation inhibitors (GDIs) sequester the Rho GTPases as soluble cytosolic 

complexes and prevent the C-terminal lipid group from inserting into the plasma 

membrane. 
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and Hodgson, 2011). Dozens of GEFs and GAPs exist, each with varying degrees of 

specificity and promiscuity with regard to individual Rho GTPase regulation (Spiering 

and Hodgson, 2011). This indicates that elaborate mechanisms must be in place to control 

specific Rho GTPase activity. Furthermore, many Rho GTPases localize to specific 

subcellular regions following extracellular cues (Ridley, 2006), implying they form 

multiple independent complexes in a spatially controlled manner with different GEFs, 

GAPs and other regulatory partners that control their activity and function. 

Another important level of Rho GTPase regulation occurs by the Rho guanine 

nucleotide dissociation inhibitor
 
(RhoGDI) (Olofsson, 1999). RhoGDI acts in four main 

ways to reduce Rho GTPase activity and inhibit their function: 1) RhoGDI associates 

with GDP-bound GTPases to prevent GDP to GTP exchange; 2) the hydrophobic binding 

cleft of RhoGDI masks the Rho GTPase C-terminal lipid moiety, thus preventing Rho 

GTPase association with GEFs and effectors at the plasma membrane; 3) RhoGDI can 

extract GTP-bound Rho GTPases from the plasma membrane, inhibiting GTP hydrolysis 

and disrupt association with effectors; and finally, 4) RhoGDI maintains Rho GTPase 

homeostasis as its loss causes cytosolic Rho GTPases to become misfolded and degraded 

(Boulter et al., 2010; Dermardirossian and Bokoch, 2005; Dovas and Couchman, 2005; 

Olofsson, 1999). Unlike GEFs and GAPs, only three RhoGDI isoforms exist in 

mammals: RhoGDI1 (RhoGDI), RhoGDI2 (Ly/D4-GDI) and RhoGDI3 (RhoGDI) 

(Dovas and Couchman, 2005). Again unlike most GEFs and GAPs, RhoGDI interacts 

with multiple Rho GTPases, including Rac1, Cdc42 and RhoA (Garcia-Mata et al., 2011). 

Structural studies of the most abundant isoform, RhoGDI, have revealed two 

important functional domains: a roughly 70 amino acid flexible N-terminal domain that 
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includes transient helices between residues 9-20 and 36-58 that are stabilized by Rho 

GTPase binding, as well as a roughly 130 amino acid C-terminal immunoglobulin-like 

domain (Figure 1.2) (Keep et al., 1997; Golovanov et al., 2001; Grizot et al., 2001). The 

switch regions of Rho GTPases make contact with residues in the N-terminal domain. 

The isoprenyl group of Rho GTPases fits securely into the RhoGDI hydrophobic binding 

pocket in the C-terminal domain (Golovanov et al., 2001; Grizot et al., 2001). Thus, both 

the N- and C-terminus of RhoGDI are critical for Rho GTPase binding.  

Recent studies suggest post-translational modifications of both regions can 

modulate Rho GTPase binding. For example, phosphorylation on RhoGDI Ser-34 by 

PKC leads to the selective dissociation of RhoA from RhoGDI (Dovas et al., 2010). In 

contrast, PAK1-mediated phosphorylation of Ser-101/174, residues which lie adjacent to 

the isoprenyl-binding pocket, causes the selective release of Rac1 (Dermardirossian et al., 

2004). These findings give rise to an interesting problem. Since both Rho GTPases 

interact with RhoGDI in essentially the same manner, why does phosphorylation affect 

the two Rho GTPases differently? One possible solution to this question lies with the 

ability of different Rho GTPases to form multi-protein complexes with unique sets of 

signalling proteins. Moreover, both of these selective release mechanisms require input 

from specific signalling lipids in the plasma membrane: PI(4,5)P2 promotes non-

canonical PKC activation in the former example (Figure 1.3) (Corbalan-Garcia 2009; 

Dovas et al., 2010), while PA activates PAK1 in the latter (Abramovici et al, 2009).  
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Figure 1.2. RhoGDI structure when bound to Rho GTPases. The Rho GTPase, Rac1 

in this case, is shown in blue and its C-terminal isoprenyl moiety in purple, while 

RhoGDI is shown in green. The yellow and orange regions represent the switch I and II 

regions of Rac1. GDP and Mg
2+

, an important co-factor for binding, are also indicated. 

Amino acids 1-67 comprise the regulatory N-terminal domain of RhoGDIα in green. The 

switch regions (swI and swII) of Rho GTPases Rac1, Cdc42 and RhoA stabilize the 

RhoGDI helix–loop–helix motif between amino acids 34-58. The Rho GTPase isoprenyl 

moiety fits securely into the C-terminal immunoglobulin-like (Ig-like) motif. Image 

reproduced with permission from Grizot et al. 2001, ACS Publications, 1155 Sixteenth 

Street, NW, Washington, DC 20036, USA.  
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Figure 1.3. Schematic representations of the canonical (left) and non-canonical 

(right) pathways for conventional PKC activation. Canonical activation of 

conventional PKC isoforms such as PKC includes the binding of DAG to C1 domains 

(left). PKC-mediated phosphorylation of RhoGDI on Ser-34, however, uses the non-

canonical pathway (right). This mechanism involves the binding of PI(4,5)P2 to the C2 

domain. 

 

 

 

 

 

 

 

 



 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14 

Rho GTPase/RhoGDI dissociation mechanisms 

Several different mechanisms have emerged as possible RhoGDI dissociation 

factors. One includes the displacement of Rho GTPases by factors including integrins, 

ERM proteins and the p75 NGF receptor (Kim et al., 2002; Maeda et al., 1999; Takahashi 

et al., 1997; Yamashita and Tohyama, 2003). Another involves direct phosphorylation of 

RhoGDI by protein kinases (see Table 1.1) (Dermardirossian et al., 2004; Dovas et al., 

2010; Mehta et al., 2001). Conversely, phosphorylation of Rho GTPases themselves 

appears to generally increase their association with RhoGDI, thereby inhibiting their 

activity (Garcia-Mata et al., 2011). Collectively, this indicates that different kinases 

modulate individual Rho GTPase/RhoGDI complexes by phosphorylating either Rho 

GTPases themselves or RhoGDI. 

Recent findings suggest signalling lipids that regulate Rho GTPase activation are 

generated by lipid modifying enzymes residing within specific signalling complexes 

(Garcia-Mata et al., 2011). These lipids act locally on proteins, such as PKC or PAK1, 

to activate specific downstream signalling pathways that effect changes in the actin 

cytoskeleton (Almena and Mérida, 2011; Cocco et al., 2004). For example, the assembly 

of the Rac1/RhoGDI dissociation complex requires the lipid kinase diacylglycerol kinase-

 (DGK) (Figure 1.4). DGK stably associates with Rac1, PAK1 and RhoGDI 

(Abramovici et al., 2009; Yakubchyk et al., 2005). Following stimulation by platelet 

derived growth factor (PDGF), PA produced by DGK activates PAK1 (Abramovici et 

al., 2009). Once activated, PAK1 phosphorylates RhoGDI and releases Rac1, which 

interacts with GEFs and effectors at the plasma membrane (Abramovici et al., 2009; 

Dermardirossian et al., 2004). Consistent with these findings, cells lacking DGK have 
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Table 1.1. RhoGDI post-translational modifications that modulate Rho GTPases 

binding. Phosphorylation of RhoGDI generally serves to decrease affinity for Rho 

GTPases. Several specific sites identified as important for Rho GTPase binding are a 

listed, along with the kinase responsible. Table adapted from Garcia-Mata et al., 2011. 
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Table 1.1. RhoGDI post-translational modifications and Rho GTPase binding 

Phosphorylation Site Kinase Effect Sources 

Ser-34 on RhoGDI PKC RhoA dissociation Dovas et al., 2010 

Ser-96 on RhoGDI PKC RhoA and RhoG 

dissociation 

Elfenbein et al., 2009 

Ser-101/174 on 

RhoGDI 

PAK1 Rac1 dissociation Dermardirossian et 

al., 2004 

Ser-174 on RhoGDI PKA Inhibits binding to RhoA Qiao et al., 2008 

Tyr? on RhoGDI PKC RhoA, Rac1 and Cdc42 

dissociation 

Chianale et al. 2010 

Tyr-27/156 on 

RhoGDI and RhoGDI2 

Src RhoA, Rac1 and Cdc42 

dissociation 

Dermardirossian et 

al., 2006; Wu et al., 

2009  

Tyr-156? on RhoGDI Fer Rac1 dissociation Fei et al., 2010 
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Figure 1.4. Release of Rac1 from RhoGDI. 1) DGK conversion of DAG to PA causes 

PAK1 to undergo auto-phosphorylation, thereby activating it. The C-terminal lipid 

moiety of Rac1-GDP is sequestered in a hydrophobic pocket of RhoGDI. 2) Once 

activated, PAK1 phosphorylates RhoGDI at two serine residues in the C-terminal 

immunoglobulin-like domain (Ser-101/174) causing the selective release of Rac1. DGK 

binding to Rac1 may also facilitate insertion of the lipid group into the plasma membrane. 

3) Membrane translocation allows Rac1 to interact with a GEF and become activated. For 

all known post-translational modifications to RhoGDI, and their effect on RhoGTPase 

binding, please see Table 1.1. Adapted from Abramovici et al., 2009. 
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mislocalized PAK1, significantly reduced PAK1 and Rac1 activity levels, decreased 

Rac1-dependent actin structures and attenuated cell migration (Abramovici et al., 2009).  

PA derived from another isozyme, DGK can also stimulate Rac1/RhoGDI 

dissociation. In this case, following hepatocyte growth factor (HGF) stimulation of 

endothelial cells, DGK-derived PA activates an atypical PKC isoform, PKC, to 

promote Rac1 release from RhoGDI (Chianale et al., 2007; Chianale et al., 2010). It is 

currently unclear how PKC specifically performs this task, although it is suspected that 

it phosphorylates a yet unidentified tyrosine residue on RhoGDI (Chianale et al., 2010; 

Garcia-Mata et al., 2011). Collectively, these studies indicate the importance of forming 

distinct multi-protein complexes, together with lipid modifying enzymes such as DGKs, 

in a spatially controlled manner to allow selective Rho GTPase/RhoGDI dissociation. 

Given the previous examples, regulation of Rho GTPases by DGKs is likely an important 

intermediary for the dynamic relationship between changes to the lipid composition of 

the plasma membrane and the actin cytoskeleton.  

 

DGKs are a large family of lipid modifying enzymes  

DGKs sit at a pivotal position in lipid signalling by effectively terminating DAG 

while simultaneously producing PA (Figure 1.5) (Cai et al., 2009). DGKs play critical 

roles in diverse signalling pathways regulated by these two lipids (Topham, 2006). Ten 

mammalian DGK isozymes have been identified to date (Topham and Epand, 2009). The 

DGK family becomes even larger when taking into account the fact that six of the 

isozymes are known to be differentially spliced (Luo et al., 2004b; Shulga et al., 2011). 
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Figure 1.5. DGKs terminate DAG signalling and stimulate PA signalling. DGKs 

utilize ATP to phosphorylate DAG, yielding PA. By metabolizing DAG, DGKs attenuate 

the function of DAG-activated signalling proteins including conventional PKC isozymes, 

RasGRP, and others. The product of the reaction, PA, positively regulates several 

important signalling molecules including PAK1, PI5K and atypical PKC isozyme PKC. 

Thus, DGKs regulate the balance of functions controlled by these two important 

signalling lipids. Source: Cai et al., 2009.  
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Individual isozymes vary in expression patterns, subcellular localization, 

structural domains and modes of regulation (Tables 1.2 and 1.3). Two structural elements 

common among all DGKs are a catalytic domain and at least two cysteine-rich C1 

domains (Topham and Epand, 2009). DGK catalytic domains are composed of two 

subunits: a catalytic domain and an accessory domain (or, extended catalytic domain). 

ATP binding to the catalytic domains can be interrupted by mutating a glycine in this 

region to alanine, rendering the enzyme catalytically inactive (Shulga et al., 2011). These 

mutants have proved useful in confirming the catalytic function of DGKs in lipid 

metabolism and signalling. 

DGK C1 domains are homologous to PKC diacylglycerol/phorbol ester-binding 

motifs. Despite this homology, only two DGK isozymes tested,  and , could bind DAG 

analogues (Shindo et al., 2003). Consistent with this finding, sequence alignments 

previously suggested the C1 domains of other DGK isozymes were too different from 

those in PKCs to bind DAG (Hurley et al., 1997). Rather, DGK C1 domains have been 

proposed to serve as sites for important protein-protein interactions (Mérida et al., 2008; 

Shulga et al., 2011). 

In addition to the catalytic and C1 domains, individual DGK isozymes contain 

unique structural domains. DGKs are divided into five different subtypes based on 

commonality with respect to shared structural elements (Figure 1.6). For example, Type 1 

DGKs (DGK, DGK, and DGK) have calcium-binding motifs. Type 1 DGK activity is 

increased considerably in the presence of Ca
2+

. Type 2 DGKs (DGK, DGK and 

DGK) have pleckstrin homology (PH) motifs and sterile alpha motifs (SAM); PH 

domains mediate protein-protein interactions and associations with phosphatidylinositol  
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Table 1.2. Mammalian DGK tissue distribution and subcellular localization. The 

expression profiles and subcellular localization of all known mammalian DGK isozymes. 

Sources include: Goto et al., 2008; Ohanian and Ohanian, 2001; Raben and Tu-Sekine, 

2008; Topham, 2006; Shulga et al., 2011; and van Blitterswijk and Houssa, 2000.  
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Table 1.2. Mammalian DGK tissue distribution and subcellular localization 

 

DGK isozyme 

(size in kDa) 

Confirmed Tissue  

Expression 

Subcellular  

Localization 

DGK  

(80 kDa) 

Thymus, spleen, kidney, brain, 

lung and endothelial cells 

Plasma membrane, cytosol and 

nucleus 

DGK  

(90 kDa) 

Brain, adrenal gland, intestine 

and small arteries 

Actin cytoskeleton 

DGK

(90 kDa) 

Retina and brain Cytoskeleton, golgi apparatus and 

nucleus 

DGK

(130 kDa) 

Skeletal muscle, testis, liver 

and leukocytes 

Endoplasmic reticulum, endosomes 

and golgi apparatus 

DGK  

(134 kDa) 

Testis, lung, spleen, brain, 

heart, muscle, kidney and liver 

Cytosol and endosomes 

DGK

(142 kDa) 

Testis, brain and ovary Plasma membrane and cytosol 

DGK

(64 kDa) 

Testis, skeletal muscle, lung, 

pancreas, retina and brain 

Endoplasmic reticulum and actin 

cytoskeleton 

DGK

(104 kDa) 

Thymus, brain, intestine, eye, 

endothelial cells, heart, lung, 

small arteries and muscle 

Plasma membrane, cytosol, nucleus 

and actin cytoskeleton 

DGK

(117 kDa) 

Retina and brain Plasma membrane, cytosol and 

nucleus 

DGK

(110 kDa) 

Brain, intestine, duodenum, 

liver and small arteries 

Plasma membrane and nucleus 
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Table 1.3. Known regulators of DGKs. DGK regulators. Sources: Sakane et al., 2007; 

Topham et al., 1998 ; Yakubchyk et al., 2005; and Wattenberg et al., 2006.  
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Table 1.3. Known regulators of DGKs 

 

DGK isozyme Known Upstream 

Regulator 

Effect on DGK 

DGK Src Activation by Tyr 334 phosphorylation 

Ca
2+

 Activation 

PI(4,5)P2 and PIP3 Activation; translocation to plasma membrane 

DGK Ca
2+

 Activation 

PI(4,5)P2 Activation 

DGK Ca
2+

 Activation 

PKC Activation by Ser 776/779 phosphorylation 

Phorbol ester Translocation to plasma membrane 

DGK PKC Inhibition of plasma membrane localization by 

phosphorylation at Ser 22/26 

DGK Src Tyr 78 phosphorylation 

DGK Src Activation by phosphorylation 

PKC MARCKS domain phosphorylation by PKC 

causes: decreased catalytic activity; nuclear exit; 

DGK dissociation from PKC and pRB and 

active Rac1; plasma membrane localization  

ERK Inhibition of actin cytoskeletal localization by 

phosphorylation 

Leptin Receptor Not determined 

Syntrophin Recruitment to actin cytoskeleton 

pRB Activation in nucleus 

DGK RhoA Inactivation 

PCK Phosphorylation causes increase plasma 

membrane localization 
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Figure 1.6. Structural differences of mammalian DGK isozymes. The ten members of 

the mammalian DGK family classified under five different subtypes on the basis of 

shared structural homology. A catalytic domain and at least two C1 domains are common 

to all DGKs. Type 1 DGKs have two EF hand motifs, responsible for binding Ca
2+

. Type 

2 DGKs are unique in that they have PH and SAM domains. Type 3 DGK is the most 

simple in structure. Type 4 DGKs have a domain homologous to the PKC 

phosphorylation site of the MARCKS protein, as well as four ankyrin repeats and a C-

terminal PDZ-binding motif. Type 5 DGK has a PH domain and is the only member to 

have three C1 domains. Adapted from Topham and Epand, 2009.  
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lipids while SAM domains support homo- and hetero-dimerization. DGK, the only Type 

3 DGK, is the simplest structurally. Unlike other DGKs, DGK has an affinity for 

arachidonoyl-DAG. Type 4 DGKs (DGK and DGK) have domains structurally 

homologous to the PKC phosphorylation site on the MARCKS protein. Type 4 DGKs 

are also unique in that they have four ankyrin repeats and a C-terminal PDZ (postsynaptic 

density 95, PSD-95; disc large, Dlg; zonula occludens-1, ZO-1)-binding motif. The only 

Type 5 DGK, DGK, has a PH domain and three C1 domains. These different structural 

motifs allow individual DGK isozymes to form unique multi-protein complexes in 

distinct subcellular compartments, suggesting diverse functions for each subtype.  

Like many other lipid modifying enzymes, DGK activity is spatially restricted 

(Kobayashi 2007; Sakane et al., 2007; Wattenberg et al., 2006). Because DGKs localize 

to different subcellular regions, it is thought that individual isozymes metabolize distinct 

DAG pools in cells (Almena and Mérida, 2011; Topham and Epand, 2009).  Moreover, 

DGKs are expressed in various tissue types (see Table 1.2). More than one DGK can be 

present at a time in a given cell type; when this is the case, they are often from different 

subtypes (Topham and Ephand 2009). This suggests different subtypes have unique cell-

type specific functions. Strikingly, members of the same subtypes can have drastically 

different functions when present in a given cell-type, such as the opposing effects of 

Type 4 DGKs, DGK and DGK, on Ras signalling (Regier et al., 2005). 

 

Biological roles of DGK  

DGK is a ubiquitously expressed isoform and a component of several distinct 

protein complexes in many cell types and tissues (Rincón et al., 2011). Studies of this 
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isoform have provided important clues to our understanding of how this enzyme family 

regulates diverse cellular processes. In the brain, dendritic spine maintenance requires the 

removal of DAG at synapses by DGK in complex with the postsynaptic density protein 

PSD-95 (Kim et al., 2009). In the heart, DGK attenuates cardiac hypertrophy, left 

ventricular remodelling, and improves survival following myocardial infarction by 

interacting with G protein coupled receptors (Harada et al., 2007; Niizeki et al., 2008). 

DGK loss promotes Ras activation in T-cells, resulting in a greater immune response in 

knockout mice (Zhong et al., 2003; Zhong et al., 2007). DGK attenuates Ras signalling 

by binding to and negatively regulating RasGRP1, a Ras GEF activated by DAG 

(Topham and Prescott, 2001). mTOR – a critical regulator of protein synthesis, cell 

growth and survival – is also negatively regulated by DGK (Gorentla et al., 2011). How 

DGK achieves selectivity for such diverse pathways is still not entirely clear.  

Subcellular localization of DGK is a central determinant of its function (Rincón 

et al., 2011). This is important for all DGKs as they must be targeted to compartments of 

the cell where DAG is generated (Topham, 2006). In the cytoplasm, DGK regulates 

actin cytoskeletal reorganization and changes to cell morphology (Abramovici and Gee, 

2007; Abramovici et al., 2009; Luo et al., 2004a; Yakubchyk et al., 2005). Consistent 

with this function, DGK has also been found in the cytoskeletal fraction of cells 

(Yakubchyk et al., 2005). In the nucleus, DGK dynamically associates with 

heterochromatin (Hasegawa et al., 2008). It also negatively regulates cell cycle 

progression as a partner and downstream target of the retinoblastoma (pRB) tumour 

suppressor in the nucleus (Los et al., 2006). Nuclear DAG levels increase to allow for 

G1/S transition (Banfic et al., 1993). pRB binds and activates DGK, which reduces 
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nuclear DAG levels causing G1/S cell cycle arrest (Evangelisti et al., 2007; Evangelisti et 

al., 2009; Los et al., 2006). Together, accumulating evidence suggests DGK forms 

distinct multi-protein complexes in specific subcellular regions to allow for diverse roles 

in cell signalling. 

 

Regulation of DGK localization and activity 

Our laboratory originally isolated DGK from a yeast-two hybrid scene using the 

PDZ-domain of 1-syntrophin as bait (Hogan et al., 2001). The five known syntrophin 

isoforms (1, 1, 2, 1 and 2) act as adaptor proteins linking ion channels and 

signalling proteins to the dystrophin-associated protein complex (DAPC) by a direct 

interaction with the C-terminus of dystrophin, the product of the gene mutated or missing 

in Duchene Muscular Dystrophy (DMD) (Froehner et al., 1997). The C-terminal PDZ-

binding motif of DGK was sufficient to associate with syntrophin PDZ domains; this 

interaction was interrupted with the attachment of a C-terminal FLAG epitope tag (Hogan 

et al., 2001). Disrupting the DGK/syntrophin interaction resulted in DGK 

mislocalization in cells and tissues (Abramovici et al., 2003). This data suggests 

syntrophin isoforms provide localization cues for targeting DGK to correct subcellular 

regions, which is likely critical for regulating DGK activity. 

In addition to syntrophins, another important factor responsible for correct DGK 

subcellular targeting is PKC (Figure 1.7). PKC phosphorylates the MARCKS 

homology domain of DGK, causing nuclear exit and increased plasma membrane 

localization of DGK (Abramovici et al., 2003; Topham et al., 1998). Consistent with 
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this, a DGK mutant that mimics phosphorylation of this domain is constitutively 

membrane bound (Abramovici et al., 2003).  

An important step for conventional PKC regulation occurs at the level of DAG 

depletion. DGK directly interacts with and negatively regulates PKC by metabolizing 

DAG (Luo et al., 2003a; Luo et al., 2003b). DAG levels accumulate considerably 

following growth factor stimulation, and overcome the ability of DGK to deplete DAG; 

this results in PKC activation. Once activated, PKC phosphorylates the MARCKS 

homology domain of DGK (Topham et al., 1998). Phosphorylation at this site serves to 

dissociate the PKC/DGK complex and also to reduce DGK activity (Luo et al., 

2003a; Luo et al., 2003b); this increases the available pool of DAG and sustains PKC 

activity (Figure 1.8). These studies indicate the balance of DGK and PKC activity 

depends largely on the local availability of specific signalling lipids. 

PKC is an important kinase linking extracellular growth signals to actin 

cytoskeleton reorganization (Larsson, 2006). Dynamic changes in actin taking place 

following PKC activation, for example by PI(4,5)P2 or DAG (or phorbol esters) 

stimulation, are principally attributed to the regulation of RhoA activity downstream 

(Dovas et al., 2006; Dovas et al., 2010; Holinstat et al., 2003; Mehta et al., 2001). Due to 

the established mutual regulation of DGK and PKC, it is plausible that DGK 

contributes to actin remodelling by regulating RhoA, in addition to the previously 

established role for DGK in Rac1 regulation. 
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Figure 1.7. Regulation of DGK subcellular targeting by syntrophins and PKC. As 

a lipid kinase, DGK needs to be targeted to membrane compartments in the cell that 

generate DAG. The C-terminal PDZ-binding motif of DGK has a high affinity for 

syntrophin PDZ domains. As scaffold/adaptors, syntrophin regulates the correct 

subcellular targeting of DGK. Phosphorylation of DGK by PKC on the MARCKS 

homology domain is also responsible for regulating DGK localization. Phosphorylated 

DGK leaves the nucleus and has increased plasma membrane association. 
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Figure 1.8. Dual DGK and PKC regulation. DGK phosphorylates DAG into PA, 

thereby decreasing DAG levels required to activate PKC (basal state). Following 

growth factor stimulation, however, DAG levels dramatically increase, activating PKC 

to phosphorylate DGK on the MARCKS homology domain. Phosphorylation of DGK 

decreases DGK activity and causes the DGK/PKC complex to dissociate, sustaining 

PKC activation. Adapted from Luo et al., 2003a. 
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The roles of DGK in actin dynamics 

DGK has been shown to associate with several important actin regulatory 

proteins, including Rac1, PAK1, RhoGDI, PKC, RhoA and PIP5K (Abramovici et al., 

2009; Luo et al., 2004a; Topham et al., 1998; Yakubchyk et al., 2005). The latter example 

reveals an addition role for DGK in lipid modulation. PIP5K, an enzyme responsible for 

synthesizing PI(4,5)P2, is potently activated by DGK-derived PA (Luo et al., 2004a). In 

cells, these two lipid modulating enzymes associate and co-localize to actin filaments. 

Furthermore, DGK and PIP5K cooperatively promote actin polymerization and 

lamellipodia formation.  

To date, the primary role of DGK in actin dynamics is attributed to a direct 

interaction with Rac1 (Yakubchyk et al., 2005). Acting in concert with Rac1, DGK 

plays a significant role in numerous actin-driven processes, including: neurite outgrowth 

in cultured N1E-511 cortical neurons (Yakubchyk et al., 2005); the fusion of mono-

nucleated C2 myoblasts into differentiated poly-nuclear myotubes (Abramovici and Gee, 

2007); and cell migration and spreading in mouse embryonic fibroblasts (MEFs) 

(Abramovici et al., 2009). As introduced earlier, DGK is also critical for Rac1/RhoGDI 

dissociation and Rac1 activation (Abramovici et al., 2009). In addition to Rac1, DGK 

has been shown to associate with another Rho GTPase, RhoA (Yakubchyk et al., 2005). 

The significance, however, of this interaction has not yet been explored. 
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Research Objectives 

Preliminary data from our laboratory showed, in addition to reduced Rac1 activity, 

DGK-null MEFs also have reduced RhoA activity. Additional studies from our lab 

showed DGK co-immunoprecipitated with RhoA when the two proteins were co-

expressed in Cos-7 cells. We therefore hypothesized DGK exists in a signalling 

complex with RhoA and regulates its activity. The goals of my research were to: 

1. Establish if DGK formed separate signalling complexes with Rac1 and RhoA or, 

alternatively, whether they were part of the same complex. 

2. Determine how DGK regulates RhoA activity. 

In the course of my studies, a new mechanism for RhoA/RhoGDI dissociation by 

PKC-mediated RhoGDI phosphorylation was identified (Dovas et al., 2010). Given this 

new information, I expanded these studies to determine whether DGK regulates RhoA 

release from RhoGDI in a manner analogous to the role played by DGK in PAK1-

mediated Rac1/RhoGDI dissociation (Abramovici et al., 2009).  

3. Determine the biological consequences of DGK loss on Rho-dependent actin 

structures and the activity of downstream Rho-targets.  
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2. Materials & Methods  
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MATERIALS & METHODS 

Antibodies and reagents 

An affinity-purified rabbit polyclonal antibody
 
raised against the N-terminus of 

DGKζ was described previously
 
(Topham et al., 1998). Mouse monoclonal and rabbit 

polyclonal hemagglutinin (HA) and mouse monoclonal tubulin antibodies were 

purchased from Sigma-Aldrich (St. Louis, MO). Mouse monoclonal RhoA, monoclonal 

and polyclonal RhoGDI were from Santa Cruz
 
Biotechnology (Santa Cruz, CA). Mouse 

monoclonal Rac1 was from BD Transductions Laboratory. Mouse monoclonal His6 

antibody was from Abcam (Cambridge, MA). Rabbit polyclonal pSer34 RhoGDI 

antibody was a generous gift from Dr. Atsuko Yoneda and Dr. John Couchman 

(Copenhagen, Denmark). Rabbit polyclonal antibodies against phospho-Cofilin (Ser 3) 

and phospho-Myosin Light Chain (Ser 19) were from Cell Signalling (Boston, MA). 

Mouse monoclonal c-Myc was from Roche Applied Science (Indianapolis, IN). 

AlexaFluor 350-, 488- and 594-conjugated secondary antibodies and
 
phalloidin were 

from Invitrogen (Carlsbad, CA). Horseradish
 
peroxidise (HRP)-conjugated anti-rabbit 

and anti-mouse secondary antibodies
 
were from Sigma-Aldrich (St. Louis, MO). Phorbol 

12-myristate 13-acetate (PMA) was from Sigma-Aldrich (St. Louis, MO). The PKC 

inhibitor Gö6976 was from Calbiochem (San Diego, CA). 

 

Plasmids  

All constructs used in this thesis are listed in Table 2.1. Plasmids encoding wild 

type DGK, a DGK mutant with a glycine to aspartate substitution in the catalytic 

domain completely eliminates DGK activity (DGK
kd

), the DGK construct lacking  
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Table 2.1. Constructs used to study the role of DGK in actin dynamics. The 

following table is a list of constructs used to investigate DGK regulation of RhoA and 

actin dynamics in this thesis. See Materials & Methods for cloning details. Sources 

include: Abramovici et al., 2003; Froehner et al., 1997; Garcia-Mata et al., 2011; Hogan 

et al., 2001; Kim et al., 2009; Luo et al., 2003a; Luo et al., 2003b; Rincón et al., 2007; 

Ridley and Hall, 1992; Topham et al., 1998; Yakubchyk et al., 2005.  
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Table 2.1. Constructs used to study the role of DGK in actin dynamics 

 

Construct Name Details 

DGK
wt

 Wild type DGK 

DGK
kd

 Kinase dead DGK; Glycing to Aspartate mutation in the catalytic 

domain renders DGK catalytically inactive 

DGK
FLAG

 DGK -terminal FLAG-tag; disrupts PDZ-binding motif;  

inhibits binding to syntrophins; mislocalized 

DGK
97-233

 DGK mutant lacking C1A-C1B domains;  

does not bind Rac1 or RhoA 

DGK
1-99 

DGK fragment containing the N-terminal region 

DGK
97-152 

DGK fragment containing the C1A domain exclusively 

DGK
172-233 

DGK fragment containing the C1B domain exclusively  

DGK
97-233 

DGK fragment containing the C1A-C1B domains;  

binds directly to Rac1 

DGK
227-332 

DGK fragment containing the MARCKS homology domain; 

regulatory site of PKC phosphorylation 

DGK
238-467 

DGK fragment containing the catalytic domain 

DGK
446-652 

DGK fragment containing the extended  

catalytic domain; binds directly to PKC 

DGK
783-928 

DGK fragment containing the C-terminal region; includes 

ankyrin repeats and PDZ-binding motif; binds directly to the PDZ 

domain of syntrophin, SXN27 and PSD-95 

RhoA Wild type RhoA 

RhoA
V14

 Glycine 14 substitution to Valine; constitutively GTP bound; over-

expression causes actin stress fiber formation in MEFs 

RhoA
N19

 Threonine 19 substitution to Asparagine;  

dominant negative; GDP bound  

RhoGDI Wild type RhoGDI; universal Rho GTPase inhibitor 

RhoGDI 1-67 N-terminal regulatory domain of RhoGDI 

RhoGDI 68-204 C-terminal immunoglobulin-like domain of RhoGDI 

RhoGDI 34-204 Extended C-terminal domain of RhoGDI 

RhoGDI 34-58 Mutant lacking helix-loop-helix structure in the N-terminal 

regulatory domain of RhoGDI 

1-syntrophin Wild type 1-syntrophin; scaffolds signalling proteins to the actin 

cytoskeleton through a direct interaction with dystrophin; 

associates with the DGK PDZ-binding motif 

GST Glutathione S-transferase; negative control for GST-fusion protein 

pull-down assays 
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both C1 domains (DGK
97-233

), as
 
well as DGK with a C-terminal FLAG epitope tag 

(DGK
FLAG

), all with three tandem, N-terminal HA epitope tags, have all been previously 

described (Topham et al., 1998; Hogan et al.,
 
2001).  

The pGEX-4T-1, pGEX-4T-2 and pGEX-4T-3 cloning vectors containing 

glutathione S-transferase (GST) were purchased from Amersham Parmacia Biotech. 

GST-fusion proteins of DGK fragments, including DGK
1-99

, DGK
97-233

, DGK
227-332

, 

DGK
238-467

, DGK
446-652

 and DGK
783-928

 have been previously described (Yakubchyk 

et al., 2005). GST-fusion proteins of the DGK C1A (DGK
97-152

) and C1B domains 

(DGK
172-233

) were created by amplifying desired regions using PCR and ligating them 

into EcoRI and XhoI sites in the pGEX4T-1 vector. 

The Rhotekin-RBD construct
 

was previously described (Ren et al.,
 

1999). 

Rhotekin RBD in pGEX-2T was obtained from Dr. Rashmi Kothary. The PAK1-PBD 

construct
 
was previously described (Sander et al., 1998); however, the construct does not 

encode amino acids 56-272 of PAK1 as stated in Sander et al., 1998. Rather, it encodes 

amino acids 56-141. This PAK1 PBD construct in pGEX-2TK was obtained from Dr. 

John Collard. Wild type RhoA GST-fusion protein was previously described (Yakubchyk 

et al., 2005). For GST-fusion proteins of Rho GTPase mutants, RhoA
V14

, RhoA
N19

, 

Rac1
V12

 and Rac1
N17

 were previously subcloned into pGEX-4T-1 between BamHI and 

EcoRI sites. RhoGDI and mutants thereof were cloned using wild type RhoGDI in the 

sites BamHI and XhoI of pGEX-4T-1. RhoGDI 1-67, 68-204, 1-33, 34-67, 34-204, delta 

34-58 constructs were created by amplifying desired regions by PCR and ligating them 

into pGEX-4T-1 BamHI and XhoI sites. Wild type RhoA, RhoGDI and Rac1 fusion 
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proteins were subcloned in pET-32a between EcoRI and XhoI restriction sites 

immediately following HIS and S-protein epitope tags. 

The method for cloning and production of adenoviral constructs encoding HA-

tagged wild type DGK (DGK
wt

), mutant with C-terminal FLAG tag DGK
FLAG

, 

kinase-dead mutant (DGK
kd

), and myc-tagged RhoA
V14

, RhoA
N19

 and 1-syntrophin 

have been previously described (Yakubchyk
 
et al., 2005). 

 

Cell culture, transfection and adenoviral infection 

Primary MEFs were isolated from
 
wild type (wt or +/+) and DGK-deficient (null 

or –/–) embryos
 
(13.5 d after coitus) as previously described (Robertson, 1987). 

Immortalized cell lines were created using SV40 (Abramovici et al., 2009). MEFs were 

cultured in DMEM supplemented with 10% fetal bovine
 
serum (FBS), 2 mM L-glutamine, 

100 U mL
–1

 penicillin,
 
and 100 U mL

–1
 streptomycin and grown at 37°C, 5%

 
CO2. For 

serum starving conditions, MEFs were cultured in DMEM supplemented with 2 mM L-

glutamine, 100 U mL
–1

 penicillin,
 
and 100 U mL

–1
 streptomycin at 37°C, 5%

 
CO2 

overnight.  

MEFs were transfected using FuGENE 6 (Roche, Indianapolis, IN) according to 

manufacturer’s instructions. For adenoviral over-expression experiments, unless 

otherwise indicated, MEFs were infected
 
with adenoviruses at a multiplicity of infection 

(MOI) of 100 for 1 hour at 37°C. Cells were further incubated
 
for 24-36 hours under 

standard growth conditions. 
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SDS-PAGE and immunoblotting 

Equivalent amounts of protein from samples were boiled in reducing sample 

buffer (RSB) for 10 minutes, spun down and separated by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE). Proteins were detected by staining gels 

with Coomassie Brilliant Blue unless required for immunoblotting. For immunoblotting, 

proteins were transferred to PVDF membranes and stained with Ponceau-S to confirm 

protein transfer and then blocked in blocking buffer (5% skim milk in TBST, pH 7.5) for 

30 minutes. For phospho-status experiments membranes were blocked in filter sterilized 

3% BSA in TBST, pH 7.5. Unless otherwise indicated, primary antibodies were diluted 

in blocking buffer and incubated with membranes for 1 hour. Membranes were then 

washed for 15 minutes in TBST 3-4 times. Secondary HRP-conjugated antibodies were 

diluted 1:2000 in blocking buffer and incubated with membranes for 1 hour, then washed 

for 15 minutes in TBST 3-4 times. Membranes were then incubated with SuperSignal 

West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) for 2 minutes 

and exposed on Kodak Imaging Center. 

 

RhoA and Rac1 activity assays 

Active RhoA levels were measured using a GST-RBD pull-down assay (Ren et al., 

1999; Ren and Schwartz, 2000). The cells were serum
 
starved overnight and then 

stimulated with 20% fetal bovine serum (FBS) containing media for 3 minutes. 

Following stimulation, media was quickly removed, and
 

cells were immediately 

harvested in chilled lysis buffer (50
 
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-

100, 50 mM MgCl2,
 
and protease inhibitors). Lysates were centrifuged at 18,000 x g for 5 
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minutes at 4°C. Equivalent
 
amounts of protein were incubated with GST-RBD beads for

 

30 minutes at 4°C. The beads were collected and washed with lysis buffer,
 
boiled in RSB, 

and eluted proteins assayed
 
for bound RhoA by immunoblotting. For rescue experiments, 

DGK-null MEFs were infected with adenovirus constructs harbouring wild type DGK 

(DGK
wt

), kinase-dead (DGK
kd

) and a mutant with a C-terminal FLAG tag (DGK
FLAG

). 

24 hours after infection, cells, including wild type and null controls, were serum starved 

overnight; the following day RhoA activity was measured as above.  

Active Rac1 levels were measured using a GST-PBD pull-down assay (Sander et 

al., 1998) and were performed as previously described (Abramovici et al., 2009). Briefly, 

the cells were serum
 
starved overnight and then stimulated with PDGF for 5 minutes. The 

cells were immediately harvested in chilled lysis buffer. Lysates were cleared by 

centrifugation and equivalent
 
amounts of protein were incubated with GST-PBD beads 

for
 
30 minutes at 4°C. The beads were washed with lysis buffer,

 
boiled in RSB, and 

eluted proteins assayed
 
for bound Rac1 by immunoblotting. Rescue experiments were 

carried out essentially as described above for RhoA with the exception that cells were 

stimulated with PDGF as opposed to serum. 

 

Phosphorylated Ser-34 RhoGDI experiments 

The phosphorylated RhoGDI Ser-34 experiment was carried out similarly to those 

conducted by Dovas et al. (Dovas et al., 2010). Briefly, cells were serum starved 

overnight and stimulated with 800 nM PMA for 10 or 20 minutes in the presence or 

absence of PKC specific inhibitor, Gö6976, at a concentration of 1 M. DMSO was 

used as a control. For serum stimulation experiments, serum starved cells were stimulated 
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for 5 or 10 minutes with DMEM containing 20% FBS. The PKC specific inhibitor, 

Gö6976, was used similarly to PMA stimulation experiments to confirm RhoGDI 

phosphorylation was due to PKC.  For rescue experiments, null cells were infected as 

described above. Cells were lysed in ice-cold lysis buffer (50
 
mM Tris-HCl, pH 7.4, 150 

mM NaCl, 1% Triton X-100, with protease and phosphatase inhibitors (Roche 

Diagnostics, Indianapolis, IN)) and cleared by centrifugation at 4ºC. Equal amounts of 

protein were separated by SDS-PAGE, transferred to PVDF membranes and 

immunoblotted using an antibody that recognizes the phosphorylated Ser-34 residue of 

RhoGDI (a generous gift from the laboratory of Drs. Atsuko Yoneda and John Couchman, 

Copenhagen, DK). Total RhoGDI-, Tubulin- and, in the case of rescue experiments, 

DGK-specific antibodies were used as loading controls. 

 

Immunoprecipitations  

Cells for immunoprecipitation were used 24-36 hours following 

transfection/infection. All steps were carried out on ice or at 4°C. Cells were washed with 

ice-cold PBS, pH 7.4 and lysed in 0.5 mL of lysis buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 20 mM MgCl2, 0.5% Triton X-100, and the following protease inhibitors: 10 

mg/mL of leupeptin, anti-pain, benzamidine HCl, 4-(2-aminoethyl)-benzenesulfonyl 

fluoride HCl and pepstatin A). The cells were incubated on ice for 15 minutes and then 

scraped from the dish and centrifuged at 10,000 x g for 10 minutes at 4°C. Supernatant 

was removed and an aliquot of this starting material was boiled in RSB (Input). One to 

five g of antibody (depending on the antibody) was added to 1000 g of protein and 

incubated at 4°C for 2 hours. Immuno-complexes were purified using 50 L of 50% 
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slurry of washed protein A/G-Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, 

CA) for one hour. The immune complexes were collected by centrifugation, washed three 

times for 5 minutes each with lysis buffer lacking detergent and then eluted by boiling in 

RSB. Samples were then subjected to SDS-PAGE, transferred to PVDF membranes and 

probed with relevant antibodies to detect co-precipitation of proteins.   

 

Recombinant protein expression and purification in bacteria 

BL21 E.coli cells were transformed with desired constructs and plated on LB with 

antibiotics Chloramphenicol and Ampicillin. To express protein in bacteria, a 50 mL 

culture of LB with Chloramphenicol and Ampicillin picked from a single colony was 

grown in a shaker at 37ºC overnight. The following day, cells were collected and 

resuspended in 10 mL of fresh LB without antibiotics and transferred to 250 mL flasks of 

LB with Chloramphenicol and Ampicillin. Bacterial cultures were grown at 37ºC. Protein 

expression was induced with 1mM of isopropyl -D-1-thiogalactopyranoside (IPTG) 

once cells reached an optical density of 0.6-0.8 (595). Cultures were collected by 

centrifugation after protein was allowed to express at 37ºC for three hours. Some 

constructs expressed best at 25ºC or 18ºC for 16 hours overnight.  

For purification, pellets were resuspended in ice-cold lysis buffer (50mM Tris 

HCl, pH 7.4, 0.5M NaCl, 0.25M MgCl2 and protease inhibitors). Once resuspended, 

samples were sonicated on ice. Triton X-100 was added to a final proportion of 10%, 

mixed gently, and samples were centrifuged at 4°C. Supernatant was incubated with pre-

washed Glutathione Sepharose 4B slurry for one hour. GST-fusion proteins were 

collected from supernatant by centrifugation and washing in lysis buffer containing 
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Triton detergent three times and again washed three times in lysis buffer without Triton. 

GST-fusion proteins were run on SDS-PAGE and stained with Coomassie Brilliant Blue 

to confirm expression and purification was successful. Fusion protein concentration was 

determined by comparing the relative amount of GST-fusion proteins to a BSA standard 

also run on SDS-PAGE.  

 

Glutathione S-transferase (GST) pull-downs and overlays  

MEFs over-expressing HA-tagged wild type DGK were lysed (50
 
mM Tris-HCl, 

pH 7.4, 150 mM NaCl, 1% Triton X-100 and protease inhibitors) and equal amounts of 

protein were incubated with immobilized GST-fusion proteins for 1 hour, washed 4 times 

with lysis buffer to reduce the likelihood of non-specific interactions, and eluted proteins 

were assayed
 
for bound HA-DGK by immunoblotting. GST-alone was consistently used 

as a negative control for binding. 

For binding of GST-RhoA to HA-DGK in the presence and absence of PMA, 

MEFs were exposed to three conditions: serum starved or stimulated with 1M PMA for 

20 minutes in the presence or absence of the PKC specific inhibitor Gö6976 at a 

concentration of 1M. Cells were treated with Gö6976 for 15 minutes before PMA 

stimulation. GST-pull-downs were carried out as described above. 

For overlay experiments, recombinant RhoA harbouring S-protein and HIS-tag 

was purified from bacterial extracts using HIS-column chromatography. Purified RhoA 

was analyzed by Coomasie Blue staining following SDS-PAGE and concentration was 

determined by spectrophotometery (A280). 150g of purified protein was diluted in 4 mL 

of blocking buffer and incubated overnight with membranes containing GST-fusion 
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proteins for various mutants spanning the length of DGK. Membranes were washed in 

TBST for 15 minutes 4 times and probed with HRP-conjugated S-protein for 2 hours. 

Membranes were washes in TBST for 15 minutes 4 times before incubating with 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) 

for 2 minutes and exposed with Kodak Imagining Centre. 

 

Immunofluorescence microscopy 

Immunofluorescence microscopy was carried out as previously described 

(Abramovici and Gee, 2007). Briefly, the cells were fixed in 4% paraformaldehyde for 15 

minutes and rinsed with PBS 3 times. After permeabilization with 0.5% Triton X-100 in 

PBS for 10 minutes, the cells were incubated with blocking buffer (1% BSA in PBS; 

filter sterilized) for 30 minutes at room temperature. Unless otherwise indicated, primary 

antibodies were diluted in blocking buffer at a ratio of 1:100, unless otherwise indicated. 

Secondary fluorescent conjugated antibodies were diluted 1:300. Alexa-Fluor 350 

phalloidin was used to visualize actin, and diluted in blocking buffer at a ratio of 1:1000. 

The cover-slips were mounted onto glass slides using Fluoromount-G (Southern Biotech) 

and sealed with nail polish. Carl-Zeiss fluorescent microscope with AxioVision software 

was used to obtain images.    

 

Cell spreading assays 

Serum starved cells were washed in PBS and then harvested with 2 mL Trypsin-

EDTA. Trypsin was inactivated with 2 mL of soybean Trypsin inhibitor (1mg/mL). Cells 

were collected by centrifugation and washed three times with 1% BSA in DMEM (filter 
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sterilized). Finally, cells were resuspended in 5 mL of 1% BSA in DMEM (filter 

sterilized) and held in suspension at 37ºC for 1 hour. Cell were re-plated at a density of 

2x10
4
 on fibronectin coated cover-slips for indicated times, fixed in 4% 

paraformaldehyde (PFA), washed twice in PBS and prepared for immunofluorescence
 

microscopy. 

 

Co-localization studies 

Wild type MEFs seeded on collagen coated coverslips were infected with 

adenoviruses harbouring HA-DGK and either myc-RhoA
V14

 or myc-RhoA
N19

. 24 hours 

following infection, cells were fixed in 4% PFA, washed twice in PBS and prepared for 

immunofluorescence microscopy. 

 

Statistical analyses 

Microsoft Office Excel and SigmaPlot software were used to perform graphs and 

statistical calculations. Data were expressed as means ± standard error of the mean 

(SEM). Differences were considered statistically significant if P < 0.05 (*) following 

Student’s t-test. 
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3. Results  
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Results 

Decreased RhoA activity in the absence of DGK

Previously, work from our laboratory established the role of DGK in Rac1 

activation using DGK-null MEFs. Compared with wild type MEFs, MEFs lacking 

DGK had reduced Rac1 activity levels, but normal Cdc42 activity (Abramovici et al., 

2009). Here, I sought to investigate RhoA activity in the absence of DGK using these 

same cell lines. The level of GTP-bound (active) RhoA was assayed in lysates from wild 

type and DGK-null MEFs using a Rho-effector pull-down assay (Ren et al., 1999; Ren 

and Schwartz, 2000). A GST-fusion protein of the Rho-binding domain (RBD) from the 

Rho-effector Rhotekin exclusively captures the (active) GTP-bound conformation of 

RhoA from cell lysates. Immunoblotting for RhoA following the RBD pull-down 

revealed a substantial decrease
 
in (active) GTP-bound RhoA in resting DGK-null cell 

lysates compared to wild type lysates (Figure 3.1A).  

Lysophosphatidic acid (LPA) is an abundant component of serum and potent 

activator of RhoA signalling (Chrzanowska-Wodnicka and Burridge, 1996). 

Consequently, stimulating starved MEFs with serum induced a substantial increase in 

RhoA-GTP levels in wild type cell lysates. The relative increase for serum-stimulated 

null cell lysates was roughly similar (~3-fold) but the absolute levels were still 

significantly lower than in wild type cells (Figure 3.1B). This dramatic overall decrease 

in active RhoA-GTP levels in the null cells suggests DGK is critical for efficient RhoA 

activation. 
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Figure 3.1. Reduced RhoA activity in DGK-null MEFs. (A) GST-fusion protein of 

the Rho binding domain of Rhotekin (GST-RBD) was used to capture GTP-bound RhoA 

from untreated or serum-stimulated wild type (+/+) and DGK-null (-/-) MEFs. (A) 

Bound GTP-RhoA was immunoblotted with a monoclonal anti-RhoA antibody. Input 

represents 10% of the extract used for the pull-down assay. (B) Graph showing the 

quantification of RhoA activity in A. The values were normalized to the amount of active 

RhoA in serum stimulated wild type cells and are the average of three-independent 

experiments. 
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DGK catalytic activity is dispensable for RhoA activation 

To verify that decreased RhoA activity in DGK-null MEFs is due directly
 
to the 

DGK loss, the HA-tagged wild type protein was reintroduced into null
 
cells by 

adenoviral infection and its expression
 
was verified by immunoblotting cell lysates with 

an anti-DGK antibody. Equal loading was confirmed using an antibody against -

tubulin. Active GTP-bound levels of RhoA in the lysate of null cells
 
expressing HA-

DGK (AdDGK
wt

) was noticeably increased compared
 
with uninfected control cell 

lysates (Figure 3.2A). A kinase-dead
 
DGK mutant (AdDGK

kd
), which harbours a 

glycine to aspartate substitution in the catalytic domain to completely eliminate catalytic 

activity, also rescued RhoA activity. Quantification of multiple independent rescue 

experiments revealed a near equal rescue of RhoA activity by DGK
kd

 and the wild type 

protein (Figure 3.2B). This result suggests DGK catalytic activity is not necessary to 

rescue RhoA activation in these cells.  

To identify mechanistic differences or similarities between RhoA and Rac1 

activation by DGK, rescue of Rac1 activity was assayed in lysates from DGK-null 

MEFs and cells over-expressing AdDGK
wt

, AdDGK
kd

 and AdDGK
FLAG

 using a 

Rac1-effector pull-down assay (Sander et al., 1998). In contrast to RhoA activity, Rac1 

activity rescue in null cells required DGK catalytic activity (Figure 3.2B), consistent 

with our previously published findings (Abramovici et al., 2009). Interestingly, a mutant 

with a C-terminal FLAG epitope tag (AdDGK
FLAG

), which disrupts the interaction of 

DGK with the PDZ domain of syntrophins (Hogan et al., 2001), was insufficient to 

rescue RhoA activity (Figure 3.2A), but efficiently rescued Rac1 activity (Figure 3.2B). 

These results indicate the RhoA activation defect in null cells is due primarily to the 
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Figure 3.2. RhoA activity rescue independent of DGK kinase activity, but requires 

functional PDZ-binding motif. (A) DGK-null MEFs were infected with adenoviruses 

encoding HA-tagged wild type DGK (DGK
wt

), a kinase dead DGK construct 

(DGK
kd

), and a DGK construct with a C-terminal FLAG-tag that blocks binding to 

syntrophins (DGK
FLAG

) (Hogan et al., 2001). RhoA activity was assayed by serum 

stimulated condition as in Figure 3.1A. GST-fusion protein of the p21-binding domain of 

PAK1 (GST-PBD) was used to capture GTP-bound Rac1 from MEFs stimulated with 

PDGF. Membranes were probed with anti-DGK to verify expression and anti-tubulin as 

a control for equal loading. (B) Graph represents quantification of RhoA rescue. The 

values were normalized to the amount of active RhoA in uninfected serum stimulated 

DGK-null cells (Control) and are the average of three-independent experiments. 

Asterisks (*) represent a statistically significant different from control (p<0.05). 
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loss of DGK. Moreover, the functional requirements for DGK-dependent RhoA 

activation, namely catalytic activity and PDZ interaction(s), appear to be distinct from 

those of Rac1. 

 

DGK stably associates with RhoA 

Previous published findings from our laboratory have shown that DGK and 

RhoA stably associate in GST-pull-down experiments (Yakubchyk et al., 2005). To 

assess the interaction between DGK and RhoA in MEFs, a GST-fusion protein of RhoA 

was incubated with lysates from MEFs over-expressing HA-tagged wild type DGK. 

Consistent with previous findings (Yakubchyk et al., 2005), GST-RhoA captured over-

expressed HA-DGK from MEFs, while GST-alone did not (Figure 3.3A). GST-fusion 

proteins of constitutively active and dominant negative RhoA mutants, GST-RhoA
V14

 

and -RhoA
N19

 respectively, were tested to identify whether DGK binds preferentially to 

the active or inactive conformations of RhoA. Interestingly, both GST-RhoA
V14

 and 

GST-RhoA
N19

 captured HA-DGK from adenoviral infected MEF lysates (Figure 3.3B). 

GST-alone, again, was used as a negative control for binding. Collectively these data 

suggest DGK stably associates with both active and inactive RhoA conformations in 

vitro. 

DGK
kd

 rescued RhoA activity in null MEFs, while DGK
FLAG

 was inefficient to 

rescue RhoA activity, suggesting the DGK
FLAG

 mutant might not be able to interact with 

RhoA. Following pull-down experiments similar to those described above, GST-fusion 

proteins of RhoA
V14

 and RhoA
N19

 efficiently captured both over-expressed HA-tagged 

DGK
kd

 and FLAG-tagged DGK
FLAG

 from transfected MEF lysates (Figure 3.3B). This  
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Figure 3.3. RhoA and DGK form a stable complex in vitro. (A) Detergent extracts of 

MEFs infected with an adenovirus bearing HA-tagged wild type DGK (HA-DGK
wt

) 

constructs were incubated with immobilized GST or a GST-RhoA fusion protein. The 

amount of each fusion protein is shown in the Ponceau S blot (bottom). Bound proteins 

were analyzed by immunoblotting with an anti-HA antibody. Input represents 10% of the 

total extract. (B) Similar to A, detergent extracts of MEFs transfected with  HA-DGK
wt

, 

HA-tagged kinase dead DGK (DGK
kd

), or a C-terminally FLAG tagged DGK 

(DGK
FLAG

), were incubated with immobilized GST or a GST-RhoA fusion protein 

using GST, a constitutively active RhoA mutant (GST-RhoA
V14

) or a dominant negative 

RhoA mutant (RhoA
N19

). Near equal amounts of fusion protein is shown in the Ponceau 

S blot (bottom). Bound proteins were analyzed by immunoblotting with an anti-HA 

antibody for DGK
wt

 and DGK
kd

, and anti-DGK for DGK
FLAG

. Input represents 10% 

of the total extract. 
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data indicates that neither of these mutants interfere with the ability of DGK to associate 

with RhoA. 

 

DGK forms a signalling complex with RhoA and PKC in cells 

To confirm the interaction of DGK with active and inactive RhoA in cells, 

epitope-tagged versions of each protein (HA and myc, respectively) were co-expressed in 

COS-7 cells and were subjected to reciprocal immunoprecipitation and immunoblotting 

with epitope-tag specific antibodies. HA-DGK was efficiently co-precipitated by anti-

myc antibodies when co-expressed with constitutively active myc-RhoA
V14

 or dominant-

negative myc-RhoA
N19

, but not when expressed alone (Figure 3.4A). In the reciprocal 

experiment, myc-tagged RhoA
V14

 and RhoA
N19

 were effectively co-precipitated by anti-

HA antibodies from extracts of co-transfected cells, but not from cells expressing HA-

DGK alone (Figure 3.4B). No proteins were precipitated by control mouse IgG.
 
In other 

control experiments, no bands were detected in immunoprecipitates from untransfected 

cell lysates using either antibody.  

MEFs co-expressing HA-DGK with either myc-RhoA
V14

 or RhoA
N19

 were 

subjected to immunofluorescence. The distribution of HA-DGK and myc-RhoA
V14

 

showed substantial overlap (Figure 3.5). Cells expressing RhoA
V14

 had prominent stress 

fibers and both DGK and RhoA
V14

 were concentrated at the tips of pseudopodia where 

stress fibers terminated. In cells co-expressing HA-DGK and RhoA
N19

, the two proteins 

were diffusely distributed and were concentrated in the same cellular regions. 

Collectively, this data is consistent with biochemical evidence suggesting the two 

proteins interact in cells. Moreover, in contrast to effectors which exclusively bind the  
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Figure 3.4. DGK co-immunoprecipitates (IP) with both constitutively active 

RhoA
V14

 and dominant negative RhoA
N19

. (A) Cos-7 cells infected with an adenoviral 

construct encoding HA-tagged wild type DGK were left untreated or were transfected 

with myc-RhoA
V14

 or -RhoA
N19

 and allowed to recover for 24 hours.  Cell extracts were 

immunoprecipitated with control IgG or with an anti-myc antibody. The immune 

complexes were analyzed by immunoblotting (IB) with an anti-HA antibody (upper 

panels). The expression and IP efficiency of the RhoA
V14

 and RhoA
N19

 mutants were 

monitored by IB of the cell lysates and the IPs, respectively, with anti-myc (lower panels). 

(B) In the reverse experiment, RhoA was detected in HA, but not control IgG IPs. No 

myc-reactive bands were detected in untransfected cells. IP experiments conducted by 

Jean-Christian Maillet. 
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Figure 3.5. DGK expression overlaps with active and inactive RhoA in MEFs. 

MEFs co-expressing HA-DGK (green) with myc-RhoA
V14

 or -RhoA
N19

 (red) were fixed 

in PFA and immuno-stained with antibodies against HA-DGK and myc-RhoA 

constructs and secondary antibodies conjugated to AlexaFluor-488 and -594, respectively. 

Actin (blue) was visualized using AlexaFluor-350 conjugated-phalloidin. Arrowheads in 

the lower panels represent distinct regions of co-localization between DGK and 

RhoA
V14

. Scale bars = 20 m. 
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active form of Rho GTPases, data here indicates DGK stably associates with both active 

and inactive RhoA conformations.  

A major point of regulation for the Cdc42, Rac1 and RhoA GTPases is their 

sequestration in an inactive, cytosolic complex by their common inhibitor, RhoGDI 

(Garcia-Mata et al., 2011). Our laboratory has previously demonstrated that Rac1 is part 

of a multi-protein signalling complex with DGK, PAK1 and RhoGDI (Abramovici et al., 

2009). DGK-derived PA activates PAK1, which subsequently phosphorylates RhoGDI, 

triggering Rac1 release. More recently, it was shown that PKC phosphorylates RhoGDI 

on Ser-34 to selectively release and activate RhoA (Dovas et al., 2010).  Since DGK 

interacts with PKC (Luo et al., 2003) and RhoA, we hypothesized that it might be 

important for the assembly of the RhoA/RhoGDI dissociation complex. 

 Consistent with the idea that DGK stabilizes the PKC/RhoA interaction, RhoA 

efficiently co-precipitated with PKC from wild type MEF extracts, but not from extracts 

of DGK-null cells (Figure 3.6). Quantification of replicate blots showed a ~2.5-fold 

decrease in the amount of co-precipitated RhoA from DGK-null cells. RhoGDI was 

present in PKC immunoprecipitates from both cell lines, suggesting its interaction with 

PKC does not require DGK. In contrast, neither Rac1 nor PAK1 co-

immunoprecipitated with PKC indicating the RhoA/RhoGDI dissociation complex 

exists independently from the Rac1/RhoGDI complex. Collectively, these data suggest 

DGK is important in the assembly of PKC and RhoA into a RhoA-specific RhoGDI 

dissociation signalling complex.  
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Figure 3.6. DGK is required for efficient RhoA-PKC co-IP. Wild type (+/+) and 

DGK-null (-/-) cell extracts were immunoprecipitated with control IgG or anti-PKC. 

The immune complexes were analyzed by immunoblotting with an anti-PKC antibody 

to confirm successful immunoprecipitation and with antibodies raised against RhoA, 

RhoGDI, Rac1 and PAK1. Arrow indicates 25kDa IgG from immunoprecipitation. 
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Direct interaction of DGK with RhoA 

To determine if DGK binds directly to RhoA and to identify the interacting 

regions, a soluble His6 fusion
 
protein of RhoA (containing an S-tag epitope)

 
was used to 

overlay various GST fusion proteins of DGK, shown schematically (Figure 3.7A). 

RhoA consistently bound to a DGK fusion protein containing amino acids 97 to 233, 

which includes two cysteine-rich regions homologous to the C1A and C1B motifs of 

PKCs (Figure 3.7B) (Hurley et al., 1997). RhoA did not bind to GST or other GST-

DGK domains,
 

demonstrating the specificity of this interaction. In supporting 

experiments, GST-RhoA
V14

 and GST-RhoA
N19

 fusion proteins efficiently captured HA-

tagged wild type DGK from lysates of transfected MEFs (Figure 3.3B), but failed to 

capture a DGK mutant missing amino acids 97-233 (HA-DGK
97-233

) (Figure 3.7C), 

suggesting these residues are required for RhoA binding. Interestingly, this is the same 

region previously defined as the binding site for Rac1 (Yakubchyk et al., 2005). As a 

control for binding, HA-DGK
97-233

 was efficiently captured by the PDZ domain of 1-

syntrophin (Figure 3.7C), indicating that the deletion does not affect DGK function in 

this regard. Additional overlay experiments further refined the RhoA binding site to the 

C1A domain (a.a. 97-152) of DGK (Figure 3.7D). In reciprocal pull-down experiments, 

the C-terminal half of RhoA (a.a. 101-193), but not the N-terminal half (a.a. 1-100) nor 

GST alone, was sufficient to capture HA-DGK from MEF cell lysates (Figure 3.8). 

Collectively, these data indicate the C1A domain of DGK, and the C-terminus of RhoA, 

are important for the interaction between these two proteins. 
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Figure 3.7. RhoA binds directly to the C1 domains of DGK. (A) The indicated 

regions of DGK were fused to the C-terminus of GST. DGKz structure adapted from 

Topham and Epand, 2009. (B) The constructs shown in A were expressed in bacteria. 

Bacterial lysates were analyzed by SDS-PAGE and transferred to a PVDF membrane. 

The lower panel represents Ponceau S staining of bacterial lysates following expression 

of DGK constructs. Asterisks (*) indicated bands that correspond to GST-fusion 

proteins. The same membrane was overlayed with HIS-tag purified, recombinant RhoA 

containing an S-tag epitope, at 4°C overnight and then probed with S-protein conjugated 

to HRP (top panel). (C) Wild type MEFs were transfected with HA-tagged DGK mutant 

missing amino acids 97-233 (HA- DGK
97-233

). After 48 hours, the cells were lysed and 

extracts were incubated with beads charged with GST-alone, RhoA
V14

, RhoA
N19

 or GST 

fused to the PDZ domain of 1-syntrophin (-Syn). Near equal levels of fusion protein 

are shown in the Ponceau S blot (bottom). Bound proteins were analyzed by 

immunoblotting with anti-HA. Input represents 10% of the total extract. (D) Further 

delineation of the RhoA binding site on DGK was conducted using deletion constructs 

of the C1 domains (C1) and carried out as described in Figure 3.7B with constructs 

including just the C1A domain (97-152) and the C1B domain (172-233) of DGK. 

Overlay was conducted as described in 8B. 
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Figure 3.8. DGK
 
associates with the C-terminus of RhoA. The region of RhoA 

responsible for binding DGK was narrowed down by incubating extracts from cells 

over-expressing HA-tagged wild type DGK with GST-alone, GST-RhoA, the N-

terminus of RhoA (1-100) or the C-terminus of RhoA (101-193). The amount of each 

fusion protein is shown in the Ponceau S blot (bottom). Bound proteins were analyzed by 

immunoblotting with anti-HA. Input represents 10% of the total extract. 
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DGK binds to the regulatory region of RhoGDI 

RhoGDIα is composed of two structurally distinct regions: a flexible N-terminal 

regulatory domain (residues 1–67) that forms three alpha helices when in complex with 

Rho GTPases and a C-terminal immunoglobulin-like domain (residues 68–204) (Figure 

3.9A). The serine residue (Ser-34) phosphorylated by PKC, which regulates 

RhoA/RhoGDI association, lies adjacent to the B helix within the regulatory arm of 

RhoGDI. Using pull-down assays, the DGK-binding region of RhoGDI was narrowed 

down to the N-terminal regulatory domain. A GST fusion protein comprising amino acids 

1-67 was sufficient to capture HA-tagged DGK from transfected cell lysates, while a 

fusion protein containing amino acids 68-204 failed to capture DGK (Figure 3.9B). 

Smaller GST fusion proteins (residues 1-33 and 34-67) were not sufficient to bind DGK. 

However, in the context of the full length protein, residues 1-33 were dispensable for 

binding, while 34-58 were essential (Figure 3.9C). Together, these results suggest DGK 

binds to the region of RhoGDI immediately C-terminal to Ser-34 and raise the intriguing 

possibility that DGK regulates phosphorylation of this key residue. 

 

Reduced Ser-34 phosphorylation of RhoGDI by PKC in the absence of DGK

To determine if DGK is required for PKC-mediated phosphorylation of 

RhoGDI on Ser-34, wild type and DGK-null cells were stimulated with PMA, a potent 

activator of PKC. Despite the requirement for PI(4,5)P2 and not DAG for PKC-

mediated RhoGDI phosphorylation, Dovas et al. used PMA, a DAG analog, to activate 

this process as stimulating cells with PMA can activate also PKC indirectly through  
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Figure 3.9. The N-terminal regulatory region of RhoGDI binds DGK. (A) 

Schematic showing the secondary structure of RhoGDI and selected phosphorylation 

sites. PAK1 phosphorylation of Ser-101/174 causes Rac1 dissociation while PKC 

phosphorylation of Ser-34 promotes RhoA release. (B and C) Pull-down of HA-tagged 

wild type DGK with full length, N-terminal (residues 1-67), two N-terminal fragments 

(residues 1-33 and 34-67), a deletion of the N-terminal region between amino acids 34-58 

and C terminal (residues 68-204) RhoGDI. MEFs were infected with adenoviral vector 

encoding HA-DGK and cell extracts were incubated with beads charged with GST-

alone or with GST-fusion proteins of the various RhoGDI described above. Near equal 

levels of each fusion protein is shown in the Ponceau S blot (bottom). Bound proteins 

were immunoblotted with anti-HA. Input represents 20% of the extract used for the pull-

down. (D) Schematic representation of RhoGDI deletion constructs used to test binding 

to DGK through GST-pull-down experiments. A plus sign (+) indicates binding to 

DGK, whereas a minus sign (-) indicates no detected interaction. The amino acid 

sequence of the RhoGDI region responsible for binding DGK is also included. Figure 

3.9B by Alexandria Fottinger.  
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integrin and cell adhesion signalling pathways upstream (Dovas et al., 2010; Lub et al., 

1997). Immunoblot analysis of the cell lysates was carried out using an affinity purified 

antibody that specifically recognizes Ser-34-phosphorylated RhoGDI (Dovas et al., 2010). 

A faint band corresponding to the size of RhoGDI was detected in lysates of untreated 

wild type cells (Figure 3.10A). There was a dramatic increase in intensity of the band 

after 10 min of PMA stimulation and a further increase at 20 min. The increase in 

phosphorylated RhoGDI at Ser-34 was blocked by a PKC-specific inhibitor, Gö6976, 

consistent with previous findings in other cell lines confirming PKC is the kinase 

responsible for phosphorylation at this residue (Dovas et al., 2010). In contrast to wild 

type MEFs, PMA stimulation of DGK-null cells did not elicit the same increase in 

phosphorylated Ser-34 at either time point. Quantification of signal intensities at the 20 

min time point between three independent experiments showed a significant decrease 

(p<0.05) in pSer-34 levels in DGK-null cells compared to wild type (Figure 3.10B). 

Physiologically consistent with the RhoA activation defect in DGK-null cells following 

serum stimulation, similar results were obtained for pSer-34 levels using serum-

stimulated cells (Figure 3.11A and 3.11B). Together, these data suggest PKC-mediated 

phosphorylation of Ser-34 is defective in DGK-null cells.  

Exogenous expression of HA-tagged wild type DGK (AdDGK) in PMA-

stimulated null cells was sufficient to restore pSer-34 RhoGDI levels close to those seen 

in control wild type MEFs (Figure 3.12). The kinase dead mutant (AdDGK
kd

) also 

rescued the phosphorylation defect, indicating catalytic activity is dispensable for its role 

in this complex. Consistent with the results of the rescue of RhoA activation,  
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Figure 3.10. PKC phosphorylation of RhoGDI on Ser-34 attenuated in DGK-null 

MEFs following PMA stimulation. (A) Starved wild type (+/+) and DGK-null (-/-_ 

cells were incubated with DMSO, or stimulated with PMA for 10 or 20 minutes in the 

presence or absence of the PKC-specific inhibitor, Gö6976. Phosphorylation of RhoGDI 

on serine 34 (pSer-34) was analyzed using a phospho-specific rabbit polyclonal antibody 

(Dovas et al., 2010). Antibodies against RhoGDI and tubulin were used as controls for 

equal loading. (B) Graph represents quantification of phosphorylated RhoGDI following 

20 minutes of stimulation in wild type and DGK-null MEFs from three independent 

experiments. Asterisk (*) designates statistical significance (p<0.05). 
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Figure 3.11. PKC phosphorylation of RhoGDI on Ser-34 attenuated in DGK-null 

MEFs following serum stimulation. (A) Starved wild type (+/+) and DGK-null (-/-) 

were left untreated or stimulated with 20% fetal bovine serum (FBS) containing media 

(Serum) for 5 or 10 minutes in the presence or absence of the PKC-specific inhibitor, 

Gö6976. Phosphorylation of RhoGDI on Ser-34 (pSer-34) was analyzed using a phospho-

specific rabbit polyclonal antibody (Dovas et al., 2010). Antibodies against RhoGDI and 

tubulin were used as controls for equal loading. (B) Graph represents quantification of 

phosphorylated RhoGDI following 10 minutes of stimulation with serum in wild type and 

DGK-null MEFs from three independent experiments. Asterisk (*) designates statistical 

significance (p<0.05). 
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Figure 3.12. RhoGDI pSer-34 rescue consistent with RhoA activity rescue 

experiments. Adenoviral constructs of wild type DGK (DGK
wt

), a kinase dead mutant 

(DGK
kd

) and a C-terminally FLAG-tagged DGK that disrupts association with 

syntrophins (DGK
FLAG

) were expressed in DGK-null MEFs. Untreated wild type (+/+) 

and DGK-null (-/-) cells were used as controls (Control). The cells were starved 

overnight, and then stimulated with PMA for 20 minutes. Cell extracts were run on SDS-

PAGE, transferred to a PVDF membrane, and were probed for phosphorylated RhoGDI 

on Ser-34. Antibodies against RhoGDI and tubulin were used as loading controls. An 

antibody against DGK was used to confirm expression of DGK constructs. 
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AdDGK
FLAG

 failed to rescue Ser-34 phosphorylation. Collectively, these results indicate 

DGK is required for optimal Ser-34 phosphorylation by PKC. Furthermore, these 

findings suggest decreased RhoA activity in DGK-null cells is due, at least in part, to 

attenuated RhoA release from RhoGDI. 

 

Syntrophin interacts with active RhoA in the presence of DGK 

The failure of DGK
FLAG

 to sufficiently rescue RhoA activation and Ser-34 

phosphorylation suggests the interaction of DGK with syntrophins might be important 

for RhoA activation, as the C-terminal FLAG-tag disrupts DGK/syntrophin interactions 

(Hogan et al., 2001). To evaluate potential interactions between syntrophin and RhoA, 

GST-fusion proteins of RhoA
V14

 and RhoA
N19

 were used to capture myc-tagged -

syntrophin (-syn) from lysates of transfected MEFs. Myc--syn was captured by GST-

RhoA
V14

 but not by RhoA
N19

 or GST alone (Figure 3.13). When the same experiment 

was carried out in DGK-null cells, syntrophin failed to bind to RhoA
V14

. These pull-

downs indicate syntrophin interacts exclusively with active RhoA and does so only in the 

presence of DGK, suggesting DGK is a component of distinct multi-protein complexes 

with active and inactive RhoA.  

 

Phosphorylation of DGK increases binding to RhoA 

Dual regulation of Rac1 and RhoA activity by DGK implies different upstream 

signals might control the selectivity of DGK for these Rho GTPases. RhoA activity and  
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Figure 3.13. RhoA
V14

 associates with -syntrophin exclusively in the presence of 

DGK. Wild type (+/+) and DGK-null (-/-) MEFs were transfected with myc-tagged 

1-syntrophin. After 48 hours, the cells were lysed and extracts were incubated with 

beads charged with GST-alone, GST-RhoA
V14

, or GST-RhoA
N19

. Ponceau S (bottom 

panel) reveals near equal levels of fusion proteins. Bound protein was detected by 

immunoblotting with anti-myc. Input represents 10% of the starting material.  
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PKC-mediated RhoGDI phosphorylation on Ser-34 were attenuated in DGK-null 

MEFs, thus it is plausible that DGK selectively regulates RhoA downstream of 

PKCsignalling. Interestingly, PKC phosphorylation of DGK is known to both 

reduce binding to active Rac1 and decrease DGK catalytic activity (Luo et al., 2003b; 

Yakubchyk et al., 2005), which is dispensable for RhoA activation but required for Rac1. 

To test the effect of PKC phosphorylation on DGK and RhoA binding, MEFs 

expressing HA-tagged wild type DGK were left untreated or stimulated with PMA in 

the presence or absence of a PKC specific inhibitor, Gö6976. In cell stimulated with 

PMA, DGK bound 2.7 times more to RhoA compared with non-stimulated cells (Figure 

3.14). The PKC inhibitor reversed this increase as RhoA bound DGK at levels similar to 

untreated cells. These data suggest phosphorylation of the DGK MARCKS domain by 

PKC increases DGK binding to RhoA. Collectively, these findings suggest PKC 

might sustain RhoA activity by promoting DGK to preferentially associate with RhoA 

over Rac1.  

 

Impaired actin stress fiber assembly during cell spreading in the absence of DGK 

Assessing cell behaviour following re-plating on extra-cellular matrix factors such 

as fibronectin is an invaluable tool to gauge the roles of individual proteins and signalling 

networks in cell spreading (Pankov and Yamada, 2002). Moreover, in vitro adhesion 

assays are directly relevant to understanding how signalling pathways control tissue 

development in vivo (Dobereiner et al., 2005). When cells spread on adhesive substrates 

such as fibronectin, the balance of activity of two Rho effectors, ROCK and mDia1,  
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Figure 3.14. DGK phosphorylation by PKC increases DGK binding to RhoA. 

(A) MEFs over-expressing wild type HA-tagged DGK were stimulated with PMA in the 

presence and absence of Gö6976, a PKC-specific inhibitor. Equal levels of protein 

from these lysates were incubated with immobilized GST-RhoA
V14

. Bound proteins were 

analyzed by immunoblotting with an anti-HA antibody. Input represents 10% of total 

extract. The numbers below reflect fold change in binding under the three conditions. 
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determines the thickness and proper organization of actin stress fibers (Defilippi, 1999; 

Watanabe et al., 1999). To determine if DGK absence alters stress fiber formation, wild 

type and DGK-null MEFs spreading on fibronectin were fixed following 2 hour of re-

plating and stained with phalloidin to visualize F-actin. The majority of wild type MEFs 

adopted a broad morphology and had stress fibers that spanned the diameter of the cell 

and were regularly distributed (Figure 3.15A). Conversely, DGK-null MEFs did not 

have well defined actin stress fibers. Cells lacking DGK occasionally exhibited radial F-

actin structures phenotypically identical to those observed by Watanabe et al. following a 

disruption in the ratio of ROCK to mDia activity (Watanabe et al., 1999). Because of 

mutual inhibition between Rac1 and ROCK (Huveneers and Danen, 2009), and decreased 

Rac1 activity in the DGK-null cells (Abramovici et al., 2009), decreased ROCK 

inhibition by Rac1, relative to mDia, might cause such an imbalance. Taken together, our 

results suggest DGK loss perturbs Rho-mediated stress fiber formation in MEFs. 

 

Decreased phosphorylation of Rho/ROCK targets in DGK-null MEFs 

Downstream of RhoA, mDia and ROCK cooperate to both promote 

polymerization of actin filaments and obstruct the severing of actin filaments, 

respectively. An important downstream target of ROCK includes LIM Kinase, which 

phosphorylates Cofilin on Ser-3 to prevent the severing of F-actin to G-actin (Maekawa 

et al., 1999). In addition, ROCK is responsible for myosin light chain (MLC) 

phosphorylation on Ser-19 (Kosako et al., 2000). Phosphorylation at this site is important 

for actin-myosin contractility during cell migration and furrow ingression during 

cytokenesis. Conversely, Rac1 has been shown to negatively regulate actin-myosin  
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Figure 3.15. Impaired actin stress fiber formation in spreading DGK-null MEFs. 

(A) Representative images of wild type (+/+) and DGK-null (-/-) MEFs taken at 120 

minutes after plating on fibronectin coated coverslips. The cells were fixed and labelled 

with AlexaFluor 488-conjugated phalloidin to visualize F-actin. The bottom panels are 

magnified images of the boxed regions at 120 minutes. The arrowheads indicate long, 

regularly distributed stress fibers. The arrow indicates a condensed F-actin structure in -/- 

cells. Scale bars = 20 m. (B) Lysates of +/+ and -/- MEFs from four different conditions 

(normal growth, serum starved, serum stimulated for 5 minutes, and PMA stimulated for 

5 minutes) were immunoblotted (IB) with phospho-specific antibodies against two 

proteins downstream of Rho/ROCK signalling: phosphorylated Cofilin at Ser-3 and 

phosphorylated myosin light chain (MLC) at Ser-19. Equal loading was confirmed by IB 

with anti-Cofilin and anti-myosin light chain (MLC). 
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contractility by inhibiting MLC phosphorylation at Ser-19 (Sanz-Moreno et al., 2008). 

ROCK promotes pMLC levels two fold: 1) by inhibiting myosin phosphatase, and 2) by 

direct MLC phosphorylation (Totsukawa et al., 2003; Zhao and Manser, 2005). As 

ROCK establishes actin-myosin contractility and inhibits F-actin severing, mDia 

concurrently acts through profilin to polymerize G-actin into F-actin (Kovar, 2006). Loss 

of adequate actin stress fiber assembly and decreased RhoA activity in DGK-null cells 

implies reduced activity of these two effectors.  

To investigate the actin defect in DGK-null cells biochemically, phospho-

specific antibodies that recognize downstream Rho/ROCK targets, pCofilin (Ser-3) and 

pMLC (Ser-19), were used to immunoblot lysates from wild type and null cells under 

four different conditions: normal growth, serum starved, serum stimulated and PMA 

stimulated. Phosphorylation levels for Cofilin and MLC were reduced in DGK-null cells 

compared to wild type in almost all conditions (Figure 3.15B). In addition to ROCK, 

however, LIMK activation and Cofilin phosphorylation have been reported by PAK 

downstream of Rac1 and Cdc42 activation (Edwards et al., 1999; Zhao and Manser, 

2005). Since DGK-null cells have normal Cdc42 activity but decreased RhoA and Rac1 

activity (Abramovici et al., 2009; Figure 3.1), the relative contribution of Rac1 and RhoA 

for pCofilin is unclear for some of these conditions. Regardless, serum is a potent RhoA 

activator (Chrzanowska-Wodnicka and Burridge, 1996). pCofilin levels increased 

substantially in wild type cells following RhoA activation by serum stimulation. 

Conversely, pCofilin levels did not increase cells lacking DGK under this condition. 

This suggests Rho/ROCK activity is indeed perturbed in the absence of DGK, consistent 

with disrupted actin stress fiber formation in DGK-null cells during spreading. 
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Reduced RhoA
V14

 induced actin stress fibers in the absence of DGK 

Exogenous over-expression of a constitutively active RhoA mutant (RhoA
V14

) in 

fibroblasts is sufficient to induce actin stress fiber formation (Paterson et al., 1990; 

Ridley et al., 1992). DGK forms a stable complex and co-localizes with both inactive 

and active RhoA, raising the possibility that DGK might remain associated with RhoA 

following GTP-loading and therefore could contribute to RhoA function downstream. To 

test this idea, we compared actin stress fiber formation in wild type and DGK-null cells 

infected with the constitutively active RhoA
V14

 mutant. As expected, myc-tagged 

RhoA
V14

 expression induced abundant actin stress fibers in wild type MEFs (Figure 

3.16A). In contrast, RhoA
V14

-induced stress fiber formation was noticeably attenuated in 

MEFs lacking DGK. We verified that RhoA
V14

 was expressed at equivalent levels in 

wild type and null lysates (Figure 3.16B). These results suggest DGK is necessary for 

RhoA function following activation, consistent with the ability of DGK to associate 

with both active and inactive RhoA conformations. Therefore, DGK appears to be 

critical for RhoA activation and downstream functions following activation. 
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Figure 3.16. Reduced RhoA
V14

–induced stress fibers in DGK-null MEFs. (A) Wild 

type (+/+) and DGK-null (-/-) MEFs were infected with an adenoviral construct 

expressing constitutively active myc-RhoA
V14

 (red) and visualized with anti-myc, 

followed by AlexaFluor 594-conjugated secondary antibody. Actin filaments were 

stained using AlexaFluor 488-conjugated Phalloidin (green). Images were obtained with 

equal exposure time. (B) To confirm equal expression, +/+ and -/- extracts from cells 

expressing myc-RhoA
V14

 were analyzed by immunoblotting with anti-myc. Tubulin was 

used as a loading control. WB: western blot. 
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DISCUSSION 

Major findings 

MEFs lacking DGK have reduced RhoA activity and impaired Rho-dependent 

actin stress fiber formation. This defect in RhoA activity is due, at least in part, to the 

inability of PKC to efficiently phosphorylate RhoGDI on Ser-34 in the absence of 

DGK. Phosphorylation at this key residue is required for the selective release of RhoA 

from RhoGDI (Dovas et al., 2010). Data presented here suggests DGK binds directly to 

RhoA and is a core component of a RhoA/RhoGDI dissociation complex (Figure 4.1). 

Moreover, DGK activity was dispensable for this role, indicating that it acts as a 

scaffold for RhoA release and activation.  

 

DGK is a component of the RhoA/RhoGDI dissociation complex 

Rac1, Cdc42 and RhoA share a common inhibitor, RhoGDI. Accumulating 

evidence suggests phosphorylation of RhoGDI selectively releases individual Rho 

GTPases (Dermardirossian et al., 2004; Dermardirossian et al., 2006; Dovas et al., 2010). 

For example, the kinases PAK1, PKC and Src have been shown to phosphorylate 

RhoGDI on different residues and modify its binding to specific Rho GTPases (see Table 

1.1). However, Rac1, Cdc42 and RhoA share highly conserved regions that stabilize 

binding to RhoGDI (Garcia-Mata et al., 2011). Therefore, how phosphorylation on a 

specific RhoGDI site releases only one Rho GTPase and not others is still unclear. 

Accumulating evidence suggests specificity for selective Rho GTPase/RhoGDI 

dissociation mechanisms is achieved by the formation of distinct signalling complexes  
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Figure 4.1. Model for RhoA/RhoGDI dissociation. Left, DGK assembles a signalling 

complex with PKC, RhoA/RhoGDI, and possibly a syntrophin isoform (Syn) (or other 

PDZ-containing protein in place of Syn). PI(4,5)P2 binds to the C2 domain of PKC and 

activates it. Activated PKC phosphorylates RhoGDI on Ser-34, releasing RhoA. Active 

PKC can phosphorylate DGK and decrease its activity, which is dispensable for this 

mechanism. Right, membrane translocation allows RhoA to interact with a GEF at the 

plasma membrane and become activated.  
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with RhoGDI (Garcia-Mata et al., 2011). Our laboratory has previously shown that Rac1 

exists in a multi-protein complex with DGKPAK1 and RhoGDI in MEFs (Abramovici 

et al., 2009). An independent group has reported a similar mechanism involving the 

assembly of a Rac1/RhoGDI dissociation complex by DGK in endothelial cells 

(Chianale et al., 2010). Loss of DGK or DGK significantly reduced Rac1 release from 

RhoGDI in MEFs and endothelial cells, respectively. Together, these reports demonstrate 

specificity for Rho GTPase/RhoGDI dissociation mechanisms following different 

upstream signals requires the formation of unique multi-protein complexes. 

My results indicate DGK exists in a RhoA/RhoGDI dissociation complex 

independent from Rac1. RhoA-release requires PKC phosphorylation of RhoGDI on 

Ser-34 (Dovas et al., 2010). DGK-null MEFs showed significantly decreased levels of 

RhoGDI Ser-34 phosphorylation by PKC, indicating DGK is important for optimal 

RhoA/RhoGDI dissociation. DGK binds the RhoGDI helix-loop-helix region directly C-

terminal to Ser-34, suggesting it might stabilize the surrounding structure and present this 

residue for phosphorylation by PKC. 

PKC and RhoA failed to efficiently co-immunoprecipitate in the absence of 

DGK, suggesting it is critical for the assembly of these two proteins in a complex. A 

previous study showed that PKC and RhoA functionally associate in vivo (Chang et al., 

1998). Chang et al. were unable to detect a direct physical interaction between the two 

proteins, suggesting additional factors likely mediate their binding. A later study showed 

PKC can interact directly with RhoA in vitro (Slater et al., 2001). Collectively these 

findings, together with data showing DGK binds directly to both proteins (Luo et al., 
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2003; Figure 3.7.), suggests PKC and RhoA form a weak interaction in cells that is 

enhanced and/or stabilized by the presence of DGK.  

 

DGK regulates RhoA activation independent of catalytic activity 

Canonical activation of conventional PKC isoforms involves DAG binding to 

their C1 domains (Figure 1.3). PKC and DGK have previously been shown to 

associate (Luo et al., 2003a). In this complex, DAG metabolism by DGK attenuates 

PKC activity. If PKC required DAG to phosphorylate RhoGDI on Ser-34, DGK 

should inhibit this process. However, PKC utilizes non-canonical activation by 

PI(4,5)P2 binding to the C2 domain in order to phosphorylate RhoGDI (Dovas et al., 

2010; Figure 1.3.). Therefore, the conversion of DAG to PA by DGK is likely irrelevant 

for this process. This is consistent with my finding that a kinase-dead DGK mutant was 

sufficient to rescue RhoA activity and RhoGDI Ser-34 phosphorylation and supports the 

idea that DGK functions as a scaffold.  

DGK-derived PA is known interact with and activate PIP5K, an enzyme that 

produces PI(4,5)P2 (Luo et al., 2004). Therefore, an interesting possibility is that PIP5K 

resides in the same signalling complex as PKC and RhoA. DGK would stimulate the 

local production of PI(4,5)P2 for PKC activation, leading to RhoA/RhoGDI dissociation. 

Because the kinase-dead DGK mutant rescues RhoGDI phosphorylation, this indicates 

DGK activity might not be essential for PI(4,5)P2 accumulation. PA derived from 

phospholipase D (PLD) is also known to activate PIP5K (van den Bout and Divecha, 

2009), and might compensate for PI(4,5)P2 production in the absence of DGK activity. 
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This type of arrangement would provide an additional level of signalling specificity by 

limiting activation by lipids to the immediate RhoA/RhoGDI dissociation complex.   

 

Kinase independent roles for DGK isozymes 

There is evidence to suggest DGKs have functions independent of their catalytic 

activity. A previous study showed that two members of the Type 2 subfamily, DGK and 

DGKη, modulate the same Ras/B-Raf/C-Raf/MEK/ERK signalling cascade, albeit via 

different mechanisms and targets (Yasuda et al., 2009). DGK functioned conventionally 

by metabolizing DAG to PA, while DGKη activity was dispensable. Yasuda et al. 

suggested DGK functions as a scaffolding protein for signalling in this process. My 

results showing DGK activity is dispensable for RhoA activation provide an additional 

example of DGK function not being limited to lipid metabolism/signalling. I suspect 

future studies making use of kinase-dead mutants will reveal additional catalytically 

independent roles for DGK isozymes and expand the scope of their significance in signal 

transduction.   

 

PDZ requirements for Rac1 and RhoA activation 

Rescue experiments utilizing a mutant with a C-terminal FLAG-tag, DGK
FLAG

, 

offered additional insight into the mechanistic differences between Rac1 and RhoA 

activation by DGK. The C-terminal FLAG-tag disrupts the PDZ-binding motif of DGK, 

rendering DGK mislocalized (Hogan et al., 2001; Abramovici et al., 2003). Interestingly, 

exogenously over-expressed DGK
FLAG

 construct rescued Rac1 activity, but not RhoA. 

Thus, Rac1 and RhoA activation have differing requirements for DGKPDZ interactions. 
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My data do not currently reveal how DGK
FLAG

 interferes with RhoA activation 

yet has no effect on Rac1 activation. Because of the well established role for syntrophins 

in controlling correct DGK targeting in the cell (Abramovici et al., 2003; Abramovici et 

al., 2007; Hogan et al., 2001; Yakubchyk et al., 2005), abrogating this interaction might 

interrupt the ability of DGK to localize and/or scaffold a RhoA-specific activation 

complex. -syntrophin did not associate with inactive RhoA in the presence or absence 

of DGK, making it unlikely that this isoform is part of a RhoA-specific activation 

complex. It is therefore also possible that only a subset of these isoforms, each with 

distinct expression patterns (Froehner et al., 1997), might be involved in RhoA activation. 

Therefore, a role for individual syntrophins in RhoA signalling might be cell type specific 

and deserves further study. 

Despite high specificity for many PDZ domains and their targets (Gee et al., 

2000), another possibility is that DGK binds one or more PDZ domain containing 

proteins important for RhoA activation. One such protein could be the PDZ containing 

Rho-specific GEF, PDZ-RhoGEF (Fukuhara et al., 1999). If DGK associates with this 

GEF, the inability of DGK
FLAG

 to rescue RhoA activation could be due to the failure of 

DGK to couple PDZ-RhoGEF to RhoA and allow GDP/GTP exchange. The DGK C-

terminal PDZ-binding motif is known to associate with numerous PDZ domain proteins, 

including different syntrophin isoforms, sorting nexin 27 (SNX27) and PSD-95 (Hogan et 

al., 2001; Kim et al., 2009; Rincón et al., 2007); therefore, a possible DGK/PDZ-

RhoGEF interaction should be explored. Nevertheless, such an interaction would not 

fully explain the failure of DGK
FLAG

 to rescue RhoGDI Ser-34 phosphorylation, unless 

this complex requires the presence of such a GEF. Therefore, additional binding and 
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activity studies are required to dissect the specific mechanistic differences between Rac1 

and RhoA activation with regard to DGK PDZ interactions. Apart from this uncertainty, 

the differing requirement of DGK PDZ-interactions for Rac1 and RhoA support the 

hypothesis that DGK forms independent signalling complexes with these Rho GTPases. 

 

Rac1 and RhoA share the same binding site on DGK 

DGK interacted with both active and inactive RhoA conformations. In contrast, 

another mammalian isozyme, DGK, interacts exclusively with the active RhoA 

conformation (Houssa et al., 1999). Active RhoA binds directly to the DGK catalytic 

domain. While the extended catalytic domain of DGK shares homology with the Rho-

binding regions of DGK and another protein, p27
kip1

 (Besson et al., 2004), RhoA bound 

directly to the DGK C1A domain and not the extended catalytic domain. Rac1 also 

binds directly to the DGK C1A domain (Yakbuchyk et al., 2005; Gee, unpublished 

observation), suggesting these Rho GTPases share the same or proximal binding sites on 

DGK. Further binding delineation will reveal whether RhoA and Rac1 interact with the 

same site or distinct regions of the C1A domain.  

Since RhoA binds DGK and inhibits its activity (Houssa et al., 1999), this raises 

the interesting possibility that Rho GTPase binding might regulate DGK. While Rac1 

and RhoA do not associate with the DGK catalytic domain directly, the ability of Rac1 

and/or RhoA to modulate DGK activity, targeting, and/or function upon binding should 

be explored. Seeing as these Rho GTPases bind the same region of DGK, and have 
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different requirements for DGK catalytic activity and PDZ interactions, it is possible 

that crosstalk between these Rho GTPases might occur at the level of DGK regulation. 

Our results do not presently differentiate between whether Rac1 and RhoA 

compete for binding to DGK or exist in different spatially controlled complexes in the 

cell. However, PKC immunoprecipitations suggest Rac1 and RhoA exist in distinct 

RhoGDI dissociation complexes with DGK, favouring the hypothesis that DGK does 

not bind both Rho GTPases at the same time. Therefore, spatio-temporal regulation of 

DGK might control its availability for either Rho GTPase and therefore modulate the 

balance of Rac1/RhoA signalling during actin reorganization. 

 

How does DGK achieve selectivity for Rac1 and RhoA? 

Rac1 and RhoA activity is tightly controlled in space and time to allow for the 

sequential series of events required to reorganize the actin cytoskeleton (Spiering and 

Hodgson, 2011). This is especially evident during cell spreading, a critical process for the 

development of tissues (Gumbiner, 1996; Parsons et al., 2010). Rac1 and Cdc42 are 

turned on early in spreading to promote cell protrusion through the formation of 

lamellipodia and filopodia, respectively, and are later turned off. The converse is true of 

RhoA. RhoA activity is initially suppressed to allow spreading but gradually increases to 

initiate the organization of focal adhesions and strong adherence by stress fibers (Clark et 

al., 1998; Price et al., 1998; Rottner et al., 1999). Since DGK loss results in decreased 

Rac1 and RhoA activity and disrupts actin reorganization in spreading cells, it might be 

involved in regulating the activity of both Rho GTPases at different times and/or in 

different regions of the cell during spreading and adhesion. 
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Rac1/RhoA crosstalk during spreading largely manifests itself as mutual 

inhibition (Huveneers and Danen, 2009). Rac1/RhoA antagonism implies there must be 

mechanisms to both decrease Rac1 activation while promoting RhoA activation during 

later events in cell spreading. As RhoA activity increases during spreading, ROCK 

phosphorylates the Rac-specific GAP, FilGAP, to suppress Rac1 activity (Ohta et al., 

2006). Decreasing Rac1 activity is imperative during spreading as events downstream of 

Rac1 are equally capable of suppressing RhoA and ROCK (Nimnual et al., 2003). 

Eventual RhoA activation is attributed to many factors, including decreased inhibition 

from Rac1 signalling, inhibition of a Rho-specific GAP, p190 RhoGAP, and PKC 

activation (Arthur and Burridge, 2001; Dovas et al., 2006; Dovas et al., 2010; Mehta et 

al., 2001; Ohta et al., 2006; Wildenberg et al., 2006). Therefore, PKC might regulate 

DGK specificity for RhoA over Rac1 during later events in cell spreading.  

PKC-mediated phosphorylation of DGK decreases its affinity for active Rac1 

(Yakubchyk et al., 2005). Conversely, DGK binding to RhoA was increased following 

phosphorylation by PKC. Moreover, phosphorylation reduces DGK catalytic activity 

(Luo et al., 2003b), which is dispensable for RhoA activation but required for Rac1 

activation. It follows that PKC might sustain RhoA activity at later events during 

spreading by phosphorylating DGK, causing it to preferentially bind and activate RhoA. 

Furthermore, decreased DGK activity following phosphorylation would help reduce 

Rac1 activation as spreading progresses. Taken together, my data suggests that 

controlling the assembly of DGK in different signalling complexes, and modulating 

DGK activity, might regulate Rac1/RhoA selectivity and regulation during dynamic 

changes to actin. 
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DGK regulates RhoA function following activation 

Three independent lines of evidence support the hypothesis that DGK is 

important for RhoA function following activation. The first is that DGK binds active 

RhoA, suggesting it is important for targeting active RhoA. Second, MEFs lacking 

DGK show reduced RhoA
V14

-induced actin stress fibers. If DGK was only involved in 

RhoA activation and not downstream functions, the introduction of a constitutively active 

mutant in cells lacking DGK should have behaved similarly in both wild type and null 

cells. Finally, 1-syntrophin associates with active RhoA exclusively in the presence of 

DGK, suggesting DGK is important for the assembly of protein complexes with RhoA 

after activation. Active RhoA can bind and activate PKC (Slater et al., 2011), therefore 

the decreased ability of these two proteins to co-precipitate from null cells also supports 

the hypothesis that DGK might help target active RhoA to effectors and/or other 

regulatory partners, such as PKC. 

 

Does DGK form independent signalling complexes with active and inactive RhoA?  

The inability of 1-syntrophin to associate with GDP-bound RhoA suggests 

DGK might form distinct multi-protein complexes with RhoA, one important for RhoA 

activation and the other for downstream function(s). Results here indicate a RhoA 

“activation complex” contains DGK, RhoA, RhoGDI and PKC. A possible “targeting 

complex” might include DGK and RhoA in complex with 1-syntrophin and/or other 

currently unknown regulatory factors such as GEFs, GAPs and/or effectors.  
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Future studies should focus on immunoprecipitating these possible DGK/RhoA 

complexes. Purified DGK/RhoA complexes from starved and stimulated MEFs could be 

subjected to mass spectroscopy. The rationale behind this approach would be to confirm 

the existence of distinct DGK/RhoA complexes under different cellular conditions, and 

identify additional regulatory proteins involved in such complexes. Moreover, it will be 

important to further elucidate the minimal binding regions responsible for such 

interactions, as replacing single protein components with point or deletion mutants that 

interfere with binding will help dissect important mechanistic details for the role of 

DGK in Rho GTPase regulation and actin reorganization. 

  

DGKs regulate the actin cytoskeleton  

Accumulating evidence in the last two decades suggest many DGKs are involved 

in cytoskeletal regulation. Early studies showed that stimulating cells with growth factors 

caused significant changes to actin and DGK activity (Landreth et al., 1985; Roy et al., 

1989; Payrastre et al., 1991). Furthermore, DGK activity was identified in purified 

cytoskeletal fractions from cells (Payrastre et al., 1991; Grondin et al., 1991; Tan and 

Boss, 1992). The initial characterization of the Rac1/RhoGDI complex identified an 

unknown DGK member (Tolias et al., 1998), later confirmed to be DGK (Abramovici et 

al., 2009). This raises the possibility that DGKs modulate changes to the cytoskeleton by 

regulating Rho GTPases. Intervening years of study have confirmed that several 

mammalian DGK isozymes function in cytoskeletal dynamics via Rho GTPase regulation.  

A role for individual DGK isozymes in cytoskeletal regulation appears to be 

conserved in the evolution of higher eukaryotes (See Table 4.1 for a comprehensive list  
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Table 4.1. DGKs involved in cytoskeletal reorganization. An accumulating body of 

evidence suggests cytoskeletal regulation constitutes an important evolutionarily 

conserved function for DGKs. At least six of the ten mammalian isozymes have already 

been implicated in the regulation of actin dynamics; the majority link lipid signals in the 

plasma membrane to changes in actin by regulating Rho GTPases. The following table 

represents a comprehensive list of DGKs associated with cytoskeletal reorganization. 

Sources: Abramovici et al., 2003; Abramovici and Gee, 2007; Abramovici et al., 2009; 

Baldanzi et al., 2010; Chianale et al., 2010; de la Roche et al., 2002; Gee, unpublished 

observation; Houssa et al., 1999; Hozumi et al., 2009; McMullan et al., 2006; Nakano et 

al., 2009; Tan and Boss, 1992; Tsushima et al., 2004; Yakubchyk et al., 2005; Yasuda et 

al., 2007 ; and Yamada et al., 2003. 
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Table 4.1. DGKs involved in cytoskeletal reorganization 

 

DGK isozyme Role in Cytoskeletal 

Dynamics 

Rho GTPase 

Regulation 

Sources 

DGK 

(D. carota) 

DGK activity found in 

cytoskeletal fractions 

Not determined Tan and Boss, 1992 

DGKA  

(D. 

discoideum)  

Organizes myosin-II 

assembly; regulates 

actin-myosin 

contractility 

Not determined de la Roche et al., 

2002 

DGK-1  

(C. elegans) 

Not determined Inhibited by binding 

RHO-1 

McMullan et al., 

2006 

DGK Promotes 

lamellipodia/membrane 

ruffling 

Rac1 release from 

RhoGDI; Rac1 

activation 

Chianale et al., 2010 

DGK Promotes dendrite 

outgrowth and spine 

maturation; localizes 

with actin stress fibers 

Not determined Hozumi et al., 2009; 

Tsushima et al., 2004  

DGK Suppresses 

lamellipodia/membrane 

ruffling; localizes to 

cytoskeleton 

Activation of Rac 

GAP, 2-chimaerin; 

Rac1 inhibition 

Yamada et al., 2003; 

Yasuda et al., 2007 

DGK Not determined Inhibited by binding 

active RhoA; effect 

on RhoA not fully 

explored 

Baldanzi et al., 2010 

DGK Localizes to actin stress 

fibers 

Not determined Nakano et al., 2009 

DGK Promotes neurite 

outgrowth, myoblast 

fusion, actin stress fiber 

assembly, 

lamellipodia/membrane 

ruffling, and cell 

migration; localizes to 

actin cytoskeleton 

Rac1 and RhoA 

release from 

RhoGDI; Rac1 and 

RhoA activation 

Abramovici et al., 

2003 ; Abramovici et 

al., 2007; 

Abramovici et al., 

2009; Yakubchyk et 

al., 2005 

DGK? Suppress membrane 

ruffling  

Rac1 inhibition? Gee, unpublished 

observation 
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For example, DGK activity was found in the cytoskeletal fraction of plants (Arisz et al., 

2009; Tan and Boss, 1992). In D. discoideum, the balance of DAG and PA levels by 

DGK controls the cytoskeletal dynamics (de la Roche et al., 2002). Deleting the single 

DGK gene (dgkA) in D. discoideum disrupts myosin II assembly, important for actin 

based cell motility (Senju and Miyata, 2009). In C. elegans, the Rho orthologue RHO-1 

binds to and inactivates DGK-1, resulting in elevated DAG levels at neurotransmitter-

release sites (McMullan et al., 2006). Likewise in mammals, RhoA, but not Rac1 or 

Cdc42, binds the DGK catalytic domain, negatively regulating its activity (Houssa et al., 

1999). 

Accumulating evidence suggests many mammalian DGKs directly regulate the 

activity of specific Rho GTPases. For example, Type 1 DGKs, DGK and DGK, 

regulate Rac1 in opposing ways. This is consistent with the notion that even closely 

related isozymes can have opposing functions. DGK activates a Rac-specific GAP, 2-

chimaerin, in response to epidermal growth factor (EGF) (Goto et al., 1994; Tsushima et 

al., 2004; Yasuda et al., 2007). In contrast to Rac1/RhoGDI dissociation and Rac1 

activation by DGK (Chianale et al., 2010), DGK promotes 2-chimaerin and thereby 

suppresses Rac1 activity. The only other Type 1 member, DGK, localizes with actin 

stress fibers and has been reported to promote dendrite outgrowth and spine maturation in 

neurons (Kobayashi et al., 2007; Hozumi et al., 2009). The link between DGK and Rho 

GTPases has not yet been investigated. In addition to DGK, DGK has also been 

reported to localize with actin stress fibers (Nakano et al., 2009). Unfortunately, the 

physiological significance of this localization was not explored. Strikingly, unpublished 

data from our laboratory suggests DGK loss causes a significant increase in Rac1-
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induced membrane ruffling in MEFs (Gee, unpublished observation). In contrast, loss of 

a closely related Type 4 isozyme, DGK, causes a significant decrease in Rac1-induced 

membrane ruffling (Abramovici et al., 2009). Therefore, Type 4 DGKs  and , much like 

Type 1 DGKs  and , appear to have opposing functions with regard to Rac1 regulation. 

In addition to Rac1 regulation, data here suggest DGK regulates RhoA. Cells 

lacking DGK exhibited attenuated Rho/ROCK signalling downstream and disrupted 

Rho-dependent actin stress fiber assembly. While RhoA has conventionally been thought 

to regulate actin-myosin contractility important for actin stress fiber assembly (Wheeler 

and Ridley, 2004), a recent study has challenged this idea. Surprisingly, the genetic 

deletion of RhoA from MEFs did not affect stress fiber formation (Melendez et al., 2011). 

Instead, it was only the concurrent knockdown of RhoB or RhoC, in the absence of RhoA, 

which disrupted this function. RhoA, RhoB and RhoC therefore appear redundant for 

actin stress fiber formation. Since these three isoforms share roughly 85% sequence 

homology (Wheeler and Ridley, 2004), the severe actin stress fiber defect in spreading 

DGK-null cells indicates DGK might regulate RhoB and/or RhoC activity also.  

Binding assays similar to those performed here to confirm the DGK/RhoA 

interaction should be used to explore possible interactions of DGK with RhoB and 

RhoC. Also, since the Rhotekin RBD domain recognizes GTP-bound RhoA, RhoB and 

RhoC (Ren and Schwartz, 2000), future studies should immunoblot for RhoB and RhoC 

following Rho-activity assays to identify whether the activity of these isoforms is 

compromised in the absence of DGK. If DGK regulates these additional isoforms, it 

will suggest an even broader role for DGK regulation of Rho GTPases. 

 



 115 

Conclusions 

DGKs comprise a large family of lipid kinases important for the correct 

functioning of various biological systems, including the immune, nervous and 

cardiovascular systems (Shulga et al., 2011). Consistent with their significance in many 

different tissues, DGK dysregulation has been implicated in numerous human diseases, 

including cancer, epilepsy, heart disease, and type II diabetes; as a result, many 

individual isozymes have been suggested as potential drug targets (Sakane et al. 2008). 

Given the emerging importance of individual DGKs in human health, more 

understanding of DGK regulation and function might help to advance diagnostic tools 

and treatments for a number of diseases.  

Accumulating evidence suggest many DGKs function to regulate cell morphology 

via Rho GTPases. Changes to the actin cytoskeleton by Rho GTPases help drive cell 

migration, cytokinesis and vesicle trafficking (Ridley, 2006). Therefore, Rho GTPase 

regulation by DGKs indicates many additional functions for this family of lipids kinases 

at the cellular level. Furthermore, DGK/Rho GTPase regulation has broader implications 

for human health. Aberrations in signalling pathways regulated by Rho GTPases have 

been implicated in numerous human diseases, including many cancers and developmental 

disorders (Gomex del Pulgar et al., 2005; Vega and Ridley, 2008; Visvikis, O. et al., 

2011). Therefore, some of the pathologies associated with dysregulated DGK activity 

might be due to a loss in adequate DGK/Rho GTPase regulation. 

Evidence presented here provides an additional example of DGK regulating 

changes to cell morphology by the modulation of Rho GTPases. My results indicate that 

DGK is required for optimal RhoA/RhoGDI dissociation and RhoA activity in MEFs. 



 116 

This complements previous findings from our laboratory showing Rac1 release from 

RhoGDI requires DGK (Abramovici et al., 2009). Together these studies indicate DGK 

modulates the activity of two Rho GTPases through distinct signalling complexes. Our 

findings are consistent with the idea that tight spatio-temporal control of distinct 

signalling complexes and plasma membrane lipids account for selective Rho GTPase 

regulation (Dermardirossian and Bokoch, 2005; Pertz, 2010). Consequently, factors that 

regulate DGK activity and localization in space and time might contribute to selectivity 

in the balance of Rac1/RhoA activation. Collectively, these exciting findings provide 

evidence that DGK sits at a pivotal signalling position for changes to cell morphology, 

selectively activating Rac1 and/or RhoA in response to specific internal and external cues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. References  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 118 

REFERENCES 

Abramovici, H., Hogan, A.B., Obagi, C., Topham, M.K. and Gee, S.H. (2003) 

Diacylglycerol kinase-zeta localization in skeletal muscle is regulated by phosphorylation 

and interaction with syntrophins. Mol. Biol. Cell, 14(11):4488-4511. 

 

Abramovici, H. and Gee, S.H. (2007) Morphological changes and spatial regulation of 

diacylglycerol kinase-zeta, syntrophins and Rac1 during myoblast fusion. Cell Motil. 

Cytoskeleton, 64(7):549-567. 

 

Abramovici, H., Mojtabaie, P., Parks, R.J., Zhong, X.P., Koretzsky, G.A., Topham, M.K. 

and Gee, S.H. (2009) Diacylglycerol kinase zeta regulates actin cytoskeleton 

reorganization through dissociation of Rac1 from RhoGDI. Mol. Biol. Cell, 20(7):2049-

2059.  

 

Almena, M. and Mérida, I. (2011) Shaping up the membrane: diacylglycerol coordinates 

spatial orientation of signalling. Trends Biochem. Sci., Epub ahead of print. 

 

Arthur, W. A. and Burridge, K. (2001). RhoA inactivation by p190RhoGAP regulates 

cell spreading and migration by promoting membrane protrusion and polarity. Mol. Biol. 

Cell, 12:2711-2720. 

 

Arisz, S.A., Testerink, C. and Munnik, T. (2009) Plant PA signalling via diacylglycerol 

kinase. Biochim. Biophys. Acta., 1791(9):869-875. 



 119 

 

Baldanzi, G., Alchera, E., Imarisio, C., Gaggianesi, M., Dal Ponte, C., Nitti, M., 

Domenicotti, C., van Blitterswijk, W.J., Albano, E., Graziani, A. and Carini, R. (2010) 

Negative regulation of diacylglycerol kinase  mediates adenosine-dependent hepatocyte 

preconditioning. Cell Death and Dif., 17:1059-1068. 

 

Banfic, H., Zizak, M., Divecha, N. Irvine, R.F. (1993) Nuclear diacylglycerol is increase 

during cell proliferation in vivo. Biochem. J., 290(3):633-646. 

 

Besson, A., Gurian-West, M., Schmidt, A., Hall, A., Roberts, J.M. (2004) p27 kip1 

modulates cell migration through the regulation of RhoA activation. Genes & Dev., 

18:862-876. 

 

Bokoch, G.M., Reilly, A.M., Daniels, R.H., King, C.C., Olivera, A., Spiegel, S. and 

Knaus, U.G. (1998) A GTPase-independent mechanism of p21-activated kinase 

activation. Jrnl Biol Chem., 273:8137–8144. 

 

Boulter, E., Garcia-Mata, R., Guilluy, C., Dubash, A., Rossi, G., Brennwald, P.J. and 

Burridge, K. (2010) Regulation of Rho GTPase crosstalk, degradation and activity by 

RhoGDI. Nat. Cell Biol., 12(5):477-483. 

 

Boureux, A., Vignal, E., Faure, S. and Fort, P. (2007) Evolution of the Rho family of ras-

like GTPases in eukaryotes. Mol. Biol. Evol., 24(1):203-216. 



 120 

 

Bourne, H.R., Sanders, D.A. and McCormick, F. (1990) The GTPase superfamily: a 

conserved switch for diverse cell functions. Nature, 348:125.  

 

Bourne, H.R., Sanders, D.A. and McCormick, F. (1991) The GTPase superfamily: 

conserved structure and molecular mechanism. Nature, 349:117-127. 

 

Cai, J., Abramovici, A., Gee, S.H. and Topham, M.K. (2009) Diacylglycerol kinases as 

sources of phosphatidic acid. Biochim Biophys Acta, 1791(9):942-948.  

 

Chang, J., Pratt, J.C., Sawasdikosol, S., Kapeller, R. and Burakoff, S.J. (1998) The small 

GTP-binding protein Rho potentiates AP-1 transcription in T cell. Mol. Cell Biol., 

18:4986-4993. 

 

Charras, G.T. (2008) A short history of blebbing. J. Microsc., 231(3):466-78. 

  

Chianale, F., Cutrupi, S., Rainero, E., Baldanzi, G., Porporato, P.E., Traini, S., Filigheddu, 

N., Gnocchi, V.F., Santoro, M.M., Parolini, O., van Blitterswijk, W.J., Sinigaglia, F. and 

Graziani, A. (2007) Diacylglycerol kinase-alpha mediates hepatocyte growth factor-

induced epithelial scatter by regulating Rac activation and membrane ruffling. Mol. Biol. 

Cell, 18(12):4859-4871. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chianale%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cutrupi%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rainero%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baldanzi%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Porporato%20PE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Traini%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Filigheddu%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Filigheddu%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gnocchi%20VF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Santoro%20MM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parolini%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Blitterswijk%20WJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sinigaglia%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Graziani%20A%22%5BAuthor%5D


 121 

Chianale, F., Rainero, E., Cianflone, C., Bettio, V., Pighini, A., Porporato, P.E., 

Filigheddu, N., Serini, G., Sinigaglia, F., Baldanzi, G. and Graziani, A. (2010) 

Diacylglycerol kinase-alpha mediates HGF-induced Rac activation and membrane 

ruffling by regulating atypical PKC and RhoGDI. Proc. Nat. Acad. Sci., 107(9):4182-

4187. 

 

Chrzanowska-Wodnicka, M. and Burridge, K. (1996) Rho-stimulated contractility drives 

the formation of stress fibers and focal adhesions. J Cell Biol., 133:1403-1415. 

 

Clark, E. A., King, W. G., Brugge, J. S., Symons, M. and Hynes, R. O. (1998). Integrin-

mediated signals regulated by members of the Rho family GTPases. J. Cell Biol., 

142:573-586.  

 

Cocco, L., Manzoli, L., Barnabei, O. and Martelli, A.M. (2004) Significance of 

subnuclear localization of key players of inositol lipid cycle. Adv. Enz. Reg., 44(1):51-60. 

 

Corbalan-Garcia, M., Ferrer-Orta, C., Querol-Audi, J., Marin-Vincente, C., Fita, I., 

Gomez-Fernandez, J.C., Verdaguer, N. and Corbalan-Garcia, S. (2009) Structural and 

mechanistic insights into the association of PKC alpha C2 domain to PtdIns(4,5)P2. Proc. 

Natl. Acad. Sci., 106(16):6603-6607. 

 



 122 

Cross, M.J., Roberts, S., Ridley, A.J., Hodgkin, M.N., Steward, A., Claesson-Welsh, L. 

and Wakelam, M.J. (1996) Stimulation of actin stress fibre formation mediated by 

activation of phospholipase D. Curr. Biol., 6:588-597. 

 

Defilippi, P., Olivo, C., Venturino, M., Dolce, L., Silengo, L. and Tarone, G. (1999) 

Actin cytoskeleton organization in response to integrin mediated adhesion. Microsc. Res. 

Tech., 47(10):67-78. 

 

de la Roche, M., Smith, J., Rico, M., Carrasco, S., Merida, I., Licate, L., Cote, G. and 

Egelhoff, T. (2002) Dictyostelium discoideum has a single diacylglycerol kinase gene 

with similarity to mammalian theta isoforms. Biochem J., 368:809-815.  

 

Dermardirossian, C., Schnelzer, A. and Bokoch, G. M. (2004). Phosphorylation of 

RhoGDI by Pak1 mediates dissociation of Rac GTPase. Mol. Cell, 15:117–127. 

 

Dermardirossian, C. and Bokoch, G.M. (2005) GDIs: central regulatory molecules in Rho 

GTPase activation. Trends Cell Biol., 15:356-363. 

 

Dermardirossian, C., Rocklin, G., Seo, J.Y. and Bokoch, G.M. (2006) Phosphorylation of 

RhoGDI by Src Regulates Rho GTPase Binding and Cytosol-Membrane Cycling. 

Molecular Biology of the Cell, 17(11):4760-4768.  

 



 123 

Dobereiner, H.G., Dubin-Thaler, B.J., Giannone, G. and Sheetz, M.P. (2005) Force 

sensing and generation in cell phases: analyses of complex functions. J. Appl. Physiol., 

98(4):1542-1546. 

 

Dos Remedios, C.G., Chhabra, D., Kekic, M., Dedova, I.V., Tsubkihara, M., Berry, D.A. 

and Nosworthy, N.J. (2003) Actin Binding Porteins: Regulation of Cytoskeletal 

Microfilaments. Physiol Rev., 83(2):433-473. 

 

Dovas, A. and Couchman, J.R. (2005) RhoGDI: multiple functions in the regulation of 

Rho family GTPase activities. Biochem J., 390:1-9. 

 

Dovas, A., Yoneda, A. and Couchman, J.R. (2006) PKCalpha dependent activation of 

RhoA by syndecan-4 during focal adhesion formation. J. Cell Sci., 119:2837-2846.  

 

Dovas, A., Choi, Y., Yoneda, A., Multhaupt, H.A., Kwon, S.H., Kang, D., Oh, E.S. and 

Couchman, J.R. (2010) Serine 34 phosphorylation of rho guanine dissociation inhibitor 

(RhoGDIalpha) links signalling from conventional protein kinase C to Rho GTPase in 

cell adhesion. J. Biol. Chem., 285(30):23296-23308. 

 

Edwards, D.C., Sanders, L.C., Bokoch, G.M. and Gill, G.N. (1999) Activation of LIM-

kinase by PAK1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal dynamics. 

Nat. Cell Biol., 1:253-259. 

 



 124 

Elfenbein, A., Rhodes, J.M., Meller, J., Schwartz, M.A., Matsuda, M. and Simmons, M. 

(2009) Suppression of RhoG activity is mediated by a syndecan 4-synectin-RhoGDI 

complex and is reversed by PKCalpha in a Rac1 activation pathway. J. Cell Biol., 

186(1):75-83. 

 

Evangelisti, C., Tazzari, P.L., Riccio, M., Riume, R., Hozumi, Y., Fala, F., Goto, K., 

Manzoli, L., Cocco, L. and Martelli, A.M. (2007) Nuclear diacylglycerol kinase-zeta is a 

negative regulator of cell cycle progression in C2C12 mouse myoblasts. FASEB J., 

21(12):3297-3307. 

 

Evangelisti, C., Astolfi, A., Gaboardi, G.C., Tazzari, P., Pession, A., Goto, K. and 

Martelli, A.M. (2009) TIS21/BTG2/PC3 and cyclin D1 are key determinants of nuclear 

diacylglycerol kinase-zeta-dependent cell cycle arrest. Cell Signal., 21(5):801-809. 

 

Fei, F., Kweon, S.M., Haataja, L., De Sepulveda, P., Groffen, J. and Heisterkamp, N. 

(2010) The Fer tyrosine kinase regulates interactions of Rho GDP-dissociation inhibitor 

alpha with the small GTPase Rac. BMC Biochem., 11:48. 

 

Froehner, S.C., Adams, M.E., Peters, M.F. and Gee, S.H. (1997) Syntrophins: modular 

adapter proteins at the neuromuscular junction and the sarcolemma. Soc. Gen. Physiol. 

Ser., 52:197-207. 

 



 125 

Fuchs, E. (1996) The cytoskeleton and disease: Genetic disorders of intermediate 

filaments. Annu. Rev. Genet., 30:197–231. 

 

Fukuhara, S., Murga, C., Zohar, M., Igishi, T. and Gutkind, J.S. (1999) A novel PDZ 

domain containing guanine nucleotide exchange factor links heterotrimeric G proteins to 

Rho. J. Biol. Chem., 274:5878-5879. 

 

Garcia-Mata, R., Boulter, E. and Burridge, K. (2011) The ‘invisible hand’: regulation of 

Rho GTPases by RhoGDIs. Nat. Rev. Mol. Cell Biol., 12:493-504. 

 

Gee, S.H., Quenneville, S., Lombardo, C.R. and Chabot, J. (2000) Single-amino acid 

substitutions alter the specificity and affinity of PDZ domains for their ligands. 

Biochemistry, 39:14638-14646. 

 

Gee, S.H. (Unpublished observation) Diacylglycerol kinase  loss promotes membrane 

ruffling in mouse embryonic fibroblasts. 

 

Golovanov, A.P., Chuang, T.H., Dermardirossian, C., Barsukov, I., Hawkins, D., Badii, 

R., Bokoch, G.M., Lian, L.Y. and Roberts, G.C. (2001) Structure-activity relationships in 

flexible protein domains: regulation of rho GTPases by RhoGDI and D4 GDI. J. Mol. 

Biol., 305(1):121-135. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Golovanov%20AP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chuang%20TH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22DerMardirossian%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barsukov%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hawkins%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Badii%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Badii%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bokoch%20GM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lian%20LY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roberts%20GC%22%5BAuthor%5D


 126 

Gomex del Pulgar, T., Benitah, S.A., Valeron, P.F., Espina, C. and Lacal, J.C. (2005) 

Rho GTPase expression in tumourigenesis: evidence for a significant link. Bioessays, 

27:602-613. 

 

Goni, F.M. and Alonso, A. (1999) Structure and functional properties of diacylglycerols 

in membranes. Prog. Lipid Res., 38:1-48. 

 

Gorentla, B.K., Wan, C.K. and Zhong, X.P. (2011) Negative regulation of mTOR 

activation by diacylglycerol kinases. Blood, 117(15):4022-4031. 

 

Goto, K., Funayama, M. and Kondo, H. (1994) Cloning and expression of a cytoskeleton-

associated diacylglycerol kinase that is dominantly expressed in cerebellum. Proc. Natl. 

Acad. Sci., 91(26):13042-13046. 

 

Goto, K., Hozumi, Y., Nakano, T., Saino-Saito, S. and Martelli, A.M. (2008) Lipid 

messenger diacylglycerol and its regulator diacylglycerol kinase in cells, organs and 

animals: history and perspective. Tohoku J. Exp. Med., 214(3):199-212. 

 

Griner E.M. and Kazanietz M.G. (2007) Protein kinase C and other diacylglycerol 

effectors in cancer. Nat Rev Cancer, 7:281–94. 

  



 127 

Grizot, S., Fauré, J., Fieschi, F., Vignais, P.V., Dagher, M.C. and Pebay-Peyroula, E. 

(2001) Crystal structure of the Rac1-RhoGDI complex involved in NADPH Oxidase 

activation. Biochemistry, 40(34):10007-10013. 

 

Grondin, P., Plantavid, M., Sultan, C., Breton, M., Mauco, G. and Chap, H. (1991) 

Interaction of pp60c-serc, phospholipase C, inositol-lipid and diacylglycerol kinases with 

the cytoskeletons of thrombin-stimulated platelets. J. Biol. Chem., 266:15705-15709. 

 

Gumbiner, B.M. (1996) Cell adhesion: the molecular basis of tissue architecture and 

morphogenesis. Cell, 84(3):345-357. 

 

Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science, 279:509-514. 

 

Harada, M., Takeishi, Y., Arimoto, T., Niizeki, T., Kitahara, T., Goto, K., Walsh, R.A. 

and Kubota, I. (2007) Diacylglycerol kinase zeta attenuates pressure overload-induced 

cardiac hypertrophy. Circ. J., 71(2):276-282. 

 

Hasegawa, H., Nakano, T., Hozumi, Y., Takagi, M., Ogino, T., Okada, M., Iseki, K., 

Kondo, H., Watanabe, M., Martelli, A.M. and Goto, K. (2008). Diacylglycerol kinase 

zeta is associated with chromatin, but dissociates from condensed chromatin during 

mitotic phase in NIH3T3 cells. J. Cell Biochem., 105(3):756-765. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grizot%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Faur%C3%A9%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fieschi%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vignais%20PV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dagher%20MC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pebay-Peyroula%20E%22%5BAuthor%5D


 128 

Heng, Y.W. and Koh, C.G. (2010) Actin cytoskeleton dynamics and the cell division 

cycle. Int. J of Biochem. & Cell Biol., 42(10):1622-1633.  

 

Hogan, A., Shepherd, L., Chabot, J., Quenneville, S., Prescott, S.M., Topham, M.K. and 

Gee, S.H. (2001) Interaction of gamma 1-syntrophin with diacylglycerol kinase-zeta. 

Regulation of nuclear localization by PDZ interactions. J. Bio. Chem., 276(28):26526-

26533. 

 

Holinstat, M., Mehta, D.,Kozasa, T., Minshall, R.D. and Malik, A.B. (2003) Protein 

Kinase Cα-Induced p115RhoGEF Phosphorylation Signals Endothelial Cytoskeletal 

Rearrangement. J. Biol. Chem., 278:28793. 

 

Houssa, B., de Widt, J., Kranenburg, O., Moolenaar, W.H. and van Blitterswijk, W.J. 

(1999) Diacylglycerol kinase theta binds to and is negatively regulated by active RhoA. J. 

Biol. Chem., 274(11):6820-6822. 

 

Hozumi, Y., Watanabe, M., Otani, K. and Goto, K. (2009) Diacylglycerol kinase b 

promotes dendritic outgrowth and spine maturation in developing hippocampal neurons. 

BMC Neuroscience, 10:99. 

 

Hurley, J.H., Newton, A.C., Parker, P.J., Blumberg, P.M. and Nishizuka, Y. (1997) 

Taxonomy and function of C1 protein kinase C homology domains. Protein Sci., 

6(2):477-480. 



 129 

 

Huveneers, S. and Danen, E.H. (2009) Adhesion signaling – crosstalk between integrins, 

Src and Rho. J.Cell Sci., 122:1059-1069. 

 

Janmey, P.A. (1994) Phosphoinositides and calcium as regulators of cellular actin 

assembly and disassembly. Annu. Rev. Physiol., 56:169-191. 

 

Janmey, P.A. (1995) Protein regulation by phosphatidylinosiol lipids. Chem. Biol., 2:61-

65. 

 

Janmey, P.A. (1998) The cytoskeleton and cell signalling: component localization and 

mechanical coupling. Physiol Rev., 78:763-781. 

 

Janmey, P.A. and Lindberg, U. (2004) Cytoskeletal regulation: Rich in lipids. Nat. Rev. 

Mol. Cell Biol., 5:658-666. 

 

Keep, N., Barnes, M., Barsukov, I., Badii, R., Lian, L., Segal, A., Moody, P. and Roberts, 

G. (1997) A modulator of rho family G proteins, rhoGDI, binds these G proteins via an 

immunoglobulin-like domain and a flexible N-terminal arm. Structure, 5(5):623-633. 

 

Keller, H.U., Niggli, V. and Zimmermann, A. (1989) Diacylglycerols and PMA induce 

actin polymerization and distinct shape changes in lymphocytes: relation to fluid 

pinocytosis and locomotion. J. Cell Sci., 93:457-465. 



 130 

 

Kim, O., Yang, J. and Qui, Y. (2002) Selective activation of small GTPase RhoA by 

tyrosine kinase Etk through its pleckstrin homology domain. J. Biol. Chem., 277:30066-

30071. 

 

Kim, K., Yang, J., Zhong, X.P., Kim, M.H., Kim, Y.S., Lee, H.W., Han, S., Choi, J., Han, 

K., Seo, J., Prescott, S.M., Topham, M.K., Bae, Y.C., Koretzky, G., Choi, S.Y. and Kim 

E. (2009) Synaptic removal of diacylglycerol by DGK zeta and PSD-95 regulates 

dendritic spine maintenance. EMBO J., 28(8):1170-1179. 

 

Kobayashi, N., Hozumi, Y., Ito, T., Hosoya, T., Kondo, H. and Goto, K. (2007) 

Differential subcellular targeting and activity-dependent subcellular localization of 

diacylglycerol kinase isozymes in transfected cells. Eur. J. Cell Biol., 86(6):433-444. 

 

Komati, H., Naro, F., Mebarek, S., De, A., Adamo, S., Lagarde, M., Prigent, A.F. and 

Nemoz, G. (2005) Phospholipase D is involved in myogenic differentiation through 

remodelling of actin cytoskeleton. Molecular Biology of the Cell, 16:1232-1244. 

 

Kosako, H., Yoshida, T., Matsumura, F., Ishizaki, T., Narumiya, S. and Inagaki, M. 

(2000) Rho-kinase/ROCK is involved in cytokinesis through the phosphorylation of 

myosin light chain and not ezrin/radixin/moesin proteins at the cleavage furrow. 

Oncogene, 19(52):6059-6064. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yang%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhong%20XP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20MH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20YS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20HW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Han%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Choi%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Han%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Han%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Seo%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Prescott%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Topham%20MK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bae%20YC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koretzky%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Choi%20SY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20E%22%5BAuthor%5D


 131 

Kovar, D.R. (2006) Molecular details of formin-mediated actin assembly. Curr. Opin. 

Cell Biol., 18(1):11-17. 

 

Landreth, G.E., Williams, L.K. and Rieser, G.D. (1985) Association of the epidermal 

growth factor receptor kinase with the detergent-insoluble cytoskeleton of A431 cells. J. 

Cell Biol., 101:1341-1350. 

 

Larsson, C. (2006) Protein kinase C and the regulation of the actin cytoskeleton. Cell 

Sign., 18(3):276-284. 

 

Limatola, C., Schaap, D., Moolenaar, W.H. and van Blitterswijk, W.J. (1994) 

Phosphatidic acid activation of protein kinase C-zeta overexpressed in COS cells. 

Biochem. J., 304(1001-1008). 

 

Los, A.P., Vinke, F.P., de Widt, J., Topham, M.K., van Blitterswijk, W.J. and Divecha, N. 

(2006) The retinoblastoma family proteins bind to and activate diacylglycerol kinase zeta. 

J. Biol. Chem., 281(2):858-866. 

 

Los, A.P., de Widt, J., Topham, M.K., van Blitterswijk, W.J. and Divecha, N. (2007) 

Protein kinase C inhibits binding of diacylglycerol kinase zeta to the retinoblastoma 

protein. Biochim Biophys Acta, 1773(3):352-357. 

 



 132 

Los, A.P., de Widt, van Blitterswijk, W.J. and Divecha, N. (2008) Is there a role for 

diacylglycerol kinase zeta in cell cycle regulation? Adv Enzyme Regul., 48:31-39. 

 

Luo, B., Prescott, S.M. and Topham, M.K. (2003a) Association of diacylglycerol kinase 

zeta with protein kinase C alpha: spatial regulation of diacylglycerol signaling. J. Cell 

Biol., 160(6):929-937. 

 

Luo, B., Prescott, S.M. and Topham, M.K. (2003b) Protein kinase C alpha 

phosphorylates and negatively regulates diacylglycerol kinase zeta. J. Biol. Chem., 

278(41):39542-39547. 

 

Luo, B., Prescott, S.M. and Topham, M.K. (2004a) Diacylglycerol kinase zeta regulates 

phosphatidylinositol 4-phosphate 5-kinase 1alpha by a novel mechanism. Cell Signal., 

16(8):891-897. 

 

Luo, B., Regier, D.S., Prescott, S.M. and Topham, M.K. (2004b) Diacylglycerol kinases. 

Cell. Sig., 16:983-989. 

 

Maeda, M., Matsui, T., Imamura, M. and Tsukita, S. (1999) Expression level, subcellular 

distribution and RhoGDI binding affinity of merlin in comparison with 

ezrin/radixin/moesin proteins. Oncogene, 18:4788-4797. 

 



 133 

Maekawa, M., Ishizaki, T., Boku, S., Watanabe, N., Fujita, A., Iwamatsu, A., Obinata, T., 

Ohashi, K., Mizuno, K. and Narumiya, S. (1999) Signaling from Rho to the actin 

cytoskeleton through protein kinases ROCK and LIM-kinase. Science, 285:895-898. 

 

Manna, D., Bhardwaj, N., Vora, M.S., Stahelin, R.V., Lu, H. and Cho, W. (2008) 

Differential roles of phosphatidylserine, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in plasma 

membrane targeting of C2 domains. Molecular dynamics simulation, membrane binding 

and cell translocation studies of the PKC alpha C2 domain. J. Biol. Chem., 

283(38):26047-26058. 

 

McMullan, R., Hiley, E., Morrison, P. and Nurrish, S. (2006) Rho is a presynaptic 

activator of neurotransmitter release at pre-existing synapses in C. elegans. Genes and 

Dev., 20:65-76. 

 

Mehta, D., Rahman, A. and Malik, A.B. (2001). Protein kinase C-alpha signals rho-

guanine nucleotide dissociation inhibitor phosphorylation and rho activation and 

regulates the endothelial cell barrier function. J. Biol. Chem, 276:22614–22620. 

 

Melendez, J., Stengel, K., Zhou, X., Chauhan, B.K., Debidda, M., Andreassen, P., Lang, 

R.A. and Zheng, Yi (2011) RhoA GTPase is dispensable for actomyosin regulation but is 

essential for mitosis in primary mouse embryonic fibroblasts. J. Biol. Chem., 

286(17):15132-15137. 

 



 134 

Mérida, I., Avila-Flores, A. and Merino, E. (2008) Diacylglycerol kinases: at the hub of 

cell signalling. Biochem. J., 409(1):1-18. 

 

Nakano, T., Hozumi, Y., Goto, K. and Wakabayashi, I. (2009) Localization of 

diacylglycerol kinase epsilon on stress fibers in vascular smooth muscle cells. Cell Tissue 

Res., 337(1):167-175. 

 

Newton, A.C. (1997) Regulation of protein kinase C. Cell Biol., 9:161–167. 

 

Niizeki, T., Takeishi, Y., Kitahara, T., Arimoto, T., Koyama, Y., Goto, K., Mende, U. 

and Kubota, I. (2008) Diacylglycerol kinase zeta rescues G alpha q-induced heart failure 

in transgenic mice. Circ. J., 72(2):309-17. 

 

Nimnual, A.S., Taylor, L.J. and Bar-Sagi, D. (2003) Redox-dependent downregulation of 

Rho by Rac. Nat. Cell Biol., 5:236-241. 

 

Nobes, C.D. and Hall, A. (1995) Rho, rac and cdc42 GTPases regulate the assembly of 

multi-molecular focal complexes associated with actin stress fibers, lamellipodia and 

filopodia. Cell, 81:53-62. 

 

Ohanian, J. and Ohanian, V. (2001) Lipid second messenger regulation: the role of 

diacylglycerol kinases and their relevance to hypertension. J. Hum. Hypertens., 15(2):93-

98. 



 135 

 

Ohta, Y., Hartwig, J.H. and Stoseel, T.P. (2006) FilGAP, a Rho- and ROCK-regulated 

GAP for Rac binds filamin A to control actin remodelling. Nat. Cell boil., 8:803-814. 

 

Olofsson, B. (1999) Rho guanine dissociation inhibitors: pivotal molecules in cellular 

signalling. Cell Signal., 11:545-554. 

 

Pankov, R. and Yamada, K.M. (2002) Fibronectin at a glance. J. Cell Sci., 115:3861-3. 

 

Parsons, J.T., Horwitz, A.R. and Schwartz, M.A. (2010) Cell adhesion: integrating 

cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. Cell Biol., 11:633-643. 

 

Paterson, H.F., Self, A.J., Garrett, M.D., Just, I., Aktories, K. and Hall, A. (1990) 

Microinjection of recombinant p21rho induces rapid changes in cell morphology. J. Cell 

Biol., 111(3):1001-1007. 

 

Payrastre, B., van Bergen en Henegouwen, P.M., Breton, M., den Hartigh, J.C., Plantavid, 

M., Verkleij, A.J. and Boonstra, J. (1991) Phosphoinositide kinase, diacylglycerol kinase 

and phospholipase C activities associated to the cytoskeleton: effect of epidermal growth 

factor. J. Cell Biol., 115:121-128. 

 

Pertz, O., Hodgson L., Klemke, R.L. and Hahn, K.M. (2006) Spatiotemporal dynamics of 

RhoA activity in migrating cells. Nature., 440(7087):1069-1072. 



 136 

 

Pertz, O. (2010) Spatio-temporal Rho GTPase signalling – where are we now? J. Cell Sci., 

123:1841-1850. 

 

Pollard, T.D. and Cooper, J.A. (2009) Actin, a central player in cell shape and movement. 

Science, 326:1208-1212.  

 

Price, L. S., Leng, J., Schwartz, M. A. and Bokoch, G. M. (1998). Activation of Rac and 

Cdc42 by integrins mediates cell spreading. Mol. Biol. Cell, 9:1863-1871. 

 

Qiao, J., Holian, O., Lee, B.S., Huang, F., Zhang, J. and Lum, H. (2008) Phosphorylation 

of GTP dissociation inhibitor by PKA negatively regulates RhoA. Am. J. Physiol. Cell 

Physiol., 295(5):C1161-1168. 

 

Raben, D.M. and Tu-Sekine, B. (2008) Nuclear diacylglycerol kinases: regulation and 

roles. Front Biosci., 13:590-597. 

 

Ren, X.D., Kiosses, W.B. and Schwartz, M.A. (1999) Regulation of the small GTP-

binding protein Rho by cell adhesion and the cytoskeleton. EMBO J., 18:578-585. 

 

Ren, X.D. and Schwartz, M.A. (2000) Determination of GTP-loading on Rho. Methods 

Enzymol., 325;264-272. 

 



 137 

Regier, D.S., Higbee, J., Lund, K.M., Sakane, F., Prescott, S.M. and Topham, M.K. 

(2005) Diacylglycerol kinase  regulates Ras guanyl-releasing protein 3 and inhibits Rap1 

signaling. Proc. Natl. Acad. Sci., 102(21):7595-7600. 

 

Ridley, A.J. and Hall, A. (1992) The small GTP-binding protein rho regulates the 

assembly of focal adhesions and actin stress fibers in response to growth factors. Cell, 

70:389-99. 

 

Ridley, A.J., Paterson, H.F., Johnston, C.L., Diekmann, D. and Hall, A. (1992) The small 

GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell, 

70:401-10. 

 

Ridley, A.J. (2004) Cell Migration: Integrating Signals from Front to Back. Science, 

302(5651):1704-1709. 

 

Ridley, A.J. (2006) Rho GTPases and actin dynamics in membrane protrusions and 

vesicle trafficking. Trends in Cell Biol., 16(10):522-529. 

 

Rincón, E., Santos, T., Avila-Flores, A., Albar, J.P., Lalioti, V., Lei, C., Hong, W. and 

Mérida, I. (2007) Proteomics identification of sortin nexin 27 as a diacylglycerol kinase 

zeta associated protein: new diacylglycerol kinase roles in endocytic recycling. Mol. Cell 

Proteomics, 6(6):1073-1087. 

 



 138 

Rincón, E., Saex de Guinoa, J., Gharbi, S.I., Sorzano, C.O.S., Carrasco, Y.R. and Mérida, 

I. (2011) Translocation dynamics of sorting nexin 27 in activated T cells. J. Cell Sci., 

124:776-788. 

 

Rincón, E., Gharbi, S.I., Santos-Mendoza, T. and Mérida, I. (2011) Diacylglycerol kinase 

zeta : at the crossroads of lipid signaling and protein complex organization. Prog. Lipid 

Res., Epub ahead of print.  

 

Rottner, K., Hall, A. and Small, J.V. (1999) Interplay between Rac and Rho in the control 

of substrate contact dynamics. Curr. Biol., 9:640-648.  

 

Roy, L.M., Gittinger, C.K. and Landreth, G.E. (1989) Characterization of the epidermal 

growth factor receptor associated with cytoskeletons of A431 cells. J. Cell Physiol., 

140:295-304. 

 

Saarikangas, J., Zhao, H. and Lappalainen, P. (2010) Regulation of the Actin 

Cytoskeleton-Plasma Membrane Interplay by Phosphoinositides. Physiol. Rev., 90:259-

289. 

 

Sakane, F., Imai, S., Kai, M., Yasuda, S. and Kanoh, H. (2007) Diacylglycerol kinases: 

why so many of them? Biochim Biophys Acta, 1771(7):793-806. 

 



 139 

Sakane, F., Imai, S., Kai, M., Yasuda, S. and Kanoh, H. (2008) Diacylglycerol kinases as 

emerging potential drug targets for a variety of diseases. Curr. Drug Targets, 9(8):626-

640. 

 

Sander, E.E., van Delft, S., ten Klooster, J.P., Reid, T., van der Kammen, R.A., Michiels 

F. and Collard, J.G. (1998) Matrix-dependent Tiam1/Rac signaling in epithelial cells 

promotes either cell-cell adhesion or cell migration and is regulated by 

phosphatidylinositol 3- kinase. J. Cell Biol., 143:1385-1398. 

 

Sanz-Moreno, V., Gadea, G., Ahn, J., Paterson, H., Marra, P., Pinner, S., Sahai, E. and 

Marshall, C.J. (2008) Rac activation and inactivation control plasticity of tumor cell 

movement. Cell, 135(3):510-523. 

 

Sechi, A.S. and Wehland, J. (2000) The actin cytoskeleton and plasma membrane 

connection: PtdIns(4,5)P(2) influeces cytoskeletal protein activitiy at the plasma 

membrane. J. Cell Sci., 113:3685-3695. 

 

Senju, Y. and Miyata, H. (2009) The role of actomyosin contractility in the formation and 

dynamics of actin bundles during fibroblast spreading. J. Biochem., 145(2):137-150. 

 

Schmidt, A. and Hall, M. (1998) Signaling to the actin cytoskeleton. Annu. Rev. Cell and 

Dev. Biol., 14:305-338. DGK 

 



 140 

Shindo, M., Irie, K., Masuda, A., Ohigashi, H., Shirai, Y., Miyasaka, K. and Saito, N. 

(2003) Synthesis and phorbol ester binding of the cysteine-rich domains of diacylglycerol 

kinase (DGK) isozymes. DGK gamma and DGK beat are new targets of tumor-

promoting phorbol esters. J. Biol. Chem., 278(20):18448-18454. 

 

Shulga, Y.V., Topham, M.K. and Epand, R.M. (2011) Regulation and functions of 

diacylglycerol kinases. Chem. Rev., Epub ahead of print. 

 

Slater, S.J., Seiz, J.L., Stagliano, B.A. and Stubbs, C.D. (2001) Interaction of protein 

kinase C isozymes with Rho GTPases. Biochem., 40(14):4437-4445. 

 

Spiering, D. and Hodgson, L. (2011) Dynamics of the Rho-family small GTPases in actin 

regulation and motility. Cell Adhesion and Migration, 5(2):1-11. 

 

Stace, C.L. and Ktistakis, N.T. (2006) Phosphatidic acid- and phosphatidylserine-binding 

proteins. Biochimica et Biophysica Acta – Mol. & Cell Biol. Of Lipids, 1761(8):913-926.  

 

Takahashi, K. (1997) Direct interaction of the Rho GDP dissociation inhibitor with 

ezrin/radixin/moesin initiates the activation of the Rho small G protein. J. Biol. Chem., 

272:23371-23375. 

 

Tan, Z. and Boss, W.F. (1992) Association of phosphatidylinositol kinase, 

phosphatidylinositol monophosphate kinase, and diacylglycerol kinase with the 



 141 

cytoskeleton and F-actin fractions of carrot (Daucus carota L.) Cells grown in suspension 

culture: response to cell wall-degrading enzymes. Plant Physiol., 100:2116-2120. 

 

Tolias, K.F., Couvillon, A.D., Cantley, L.C. and Carpenter, C.l. (1998) Characterization 

of a Rac1- and RhoGDI-associated lipid kinase signalling complex. Mol. Cell. Biol., 

18:762-770. 

 

Topham, M.K., Bunting, M., Zimmerman, G.A., McIntyre, T.M., Blackshear, P.J. and 

Prescott, S.M. (1998) Protein kinase C regulates the nuclear localization of diacylglycerol 

kinase-zeta. Nature, 394(6694):697-700. 

 

Topham, M.K and Prescott, S.M. (2001) Diacylglycerol kinase z regulates Ras activation 

by a novel mechanism. J. Cell Biol., 152(6):1135-1143. 

 

Topham, M.K. and Epand, R.M. (2009) Mammalian diacylglycerol kinases: molecular 

interactions and biological functions of selected isoforms. Biochimica et Biophysica Acta, 

1790(6):416-424. 

 

Totsukawa, G., Yamakita, Y., Yamashiro, S., Hartshorne, D.J., Sasaki, Y. and 

Matsumura, F. (2000) Distinct roles of ROCK (Rho-kinase) and MLCK in spatial 

regulation of MLC phosphorylation for assembly of stress fibers and focal adhesions in 

3T3 fibroblasts. J. Cell Biol., 150(4):797-806. 

 



 142 

Tsushima, S., Kai, M., Yamada, K., Imai, S., Houkin, K., Kanoh, H. and Sakane, F. 

(2004) Diacylglycerol kinase gamma serves as an upstream suppressor of Rac1 and 

lamellipodium formation. J. Biol. Chem., 279(27):28603-28613. 

 

Uribe, R. and Jay, D. (2009) A review of actin binding proteins: new perspectives. Mol 

Biol Rep, 36:121-125. 

 

Van Blitterswijk, W.J. and Houssa, B. (2000) Properties and functions of diacylglycerol 

kinases. Cell. Sig., 12:595-605. 

 

Van den Bout, I. and Divecha, N. (2009) PIP5K-driven PtdIns(4,5)P2 synthesis: 

regulation and cellular functions. J. Cell Sci., 122:3837-3850. 

 

Vega, F.M. and Ridley, A.J. (2008) Rho GTPases in cancer cell biology. FEBS Letters, 

582(14):2093-2101. 

 

Visvikis, O., Maddugoda, M.P. and Lemichez, E. (2010) Direct modifications of Rho 

proteins: deconstructing GTPase regulation. Biol. Cell., 102:377-389. 

 

Watanabe, N., T. Kato, A. Fujita, T. Ishizaki, and S. Narumiya. (1999) Coopera- 

tion between mDia1 and ROCK in Rho-induced actin reorganization. Nat. Cell Biol., 

1:136–143. 

 



 143 

Wattenberg, B., Pitson, S. and Raben, D. (2006) The sphingosine and diacylglycerol 

kinase superfamily of signalling kinases: localization as a key to signalling function. J. 

Lipid Res., 47:1128-1139. 

 

Wheeler, A.P. and Ridley, A.J. (2004) Why three Rho proteins? RhoA, RhoB, RhoC and 

cell motility. Exp. Cell Res., 301(1):43-49. 

 

Wildenberg, G.A., Dohn, M.R., Carnahan, R.H., Davis, M.A., Lobdell, N.A., Settleman, 

J. and Reynolds, A.B. (2006) p120-catenin and p190 RhoGAP regulate cell-cell adhesion 

by coordinating antagonism between Rac and Rho. Cell, 127:1027-1039. 

 

Wu, Y., Moissoglu, K., Wang, H., Wang, X., Frierson, H.F., Schwartz, M.A. and 

Theodorescu, D. (2009) Src phosphorylation of RhoGDI2 regulates its metastasis 

suppressor function. Proc. Natl. Acad. Sci., 106(14):5807-5812. 

 

Yakubchyk, Y., Abramovici, H., Maillet, J.C., Daher, E., Obagi, C., Parks, R.J., Topham, 

M.K. and Gee, S.H. (2005) Regulation of neurite outgrowth in N1E-115 cells through 

PDZ-mediated recruitment of diacylglycerol kinase zeta. Mol. Cell Biol., 25(16):7289-

7302. 

 

Yang, F., Vilella-Bach, M., Bachmann, R., Flanigan, A. and Chen, J. (2001) Phosphatidic 

acid-mediated mitogenic activation of mTOR signalling. Science, 294:1942-1945. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yakubchyk%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abramovici%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maillet%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Daher%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Obagi%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parks%20RJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Topham%20MK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Topham%20MK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gee%20SH%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Mol%20Cell%20Biol.');


 144 

Yamada, K., Sakane, F., Imai, S., Tsushima, S., Murakami, T. and Kanoh, H. (2003) 

Regulatory role of diacylglycerol kinase gamma in macrophage differentiation of 

leukemia cells. Biochem. Biophys. Res. Commun., 305(1):101-107. 

 

Yamashita, T., and Tohyama, M. (2003) The p75 receptor acts as a displacement factor 

that releases Rho from Rho-GDI. Nat. Neurosci., 6:461–467 

 

Yasuda, S., Kai, M., Imai, S., Kanoh, H. and Sakane, F. (2007) Diacylglycerol kinase g 

interacts with and activates b2-chimaerin, a Rac-specific GAP, in response to epidermal 

growth factor. FEBS L., 581(3):551-557. 

 

Yasuda, S., Kai, M., Imai, S., Takeishi, K., Taketomi, A., Toyota, M., Kanoh, H. and 

Sakane, F. (2009) Diacylglycerol eta augments c-Raf activity and b-Raf/c-Raf 

heterodimerization. J. Biol. Chem., 284:29559-29570. 

 

Zhao, Z. and Manser, E. (2005) PAK and other Rho-associated kinases – effectors with 

surprisingly diverse mechanisms of regulation. Biochem. J., 386:201-214. 

 

Zhong, X.P., Guo, R., Zhou, H., Liu, C. and Wan, C.K. (2008) Diacyglycerol kinases in 

immune cell function and self-tolerance. Immunol. Rev., 224:249-264. 

 



 145 

Zhong, X.P., Hainey, E.A., Olenchock, B.A., Jordan, M.S., Maltzman, J.S. Nichols, K.E., 

Shen, H. and Koretzky, G.A. (2003) Enhanced T cell responses due to diacylglycerol 

kinase zeta deficiency. Nat. Immunol., 4(9):882-890.  

 


	Preliminary Pages
	Text - December 2011

