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Introduction 

2. Introduction 
2.1 Kinase/s and their importance  

A kinase is an enzyme that transfers phosphate group from a high 

energy donor molecule like ATP, to a specific substrate (Manning et al., 2002). 

Kinases are extensively involved in the signal transduction and control of complex 

processes including metabolism, transcription, cell cycle progression, cytoskeletal 

rearrangement, apoptosis, and differentiation. Since the discovery of glycogen 

phosphorylase 50 years ago, there has been intense interest in the role of protein 

phosphorylation in protein function (Manning et al., 2002). The protein kinase D 

(PKD) family is a recent addition to the calcium/calmodulin-dependent protein kinase 

group of serine/threonine kinases, within the protein kinase complement of the 

mammalian genome (Johannes et al., 1994; Valverde et al., 1994; Van Lint et al., 

1995). 

 

2.2 Protein kinase D family 
The Protein Kinase D (PKD) family of proteins comprises the three isoforms 

PKD1, 2 and 3 (Rykx et al., 2003). Although originally grouped under the protein 

kinase C (PKC) family, the PKD family is now recognized as a subfamily of the 

Calcium/calmodulin dependent kinase (CaMK) superfamily (Manning et al., 2002; 

Wang, 2006). Downstream of PLC-DAG-PKC signaling cascade PKD’s have been 

implicated in various physiological and pathophysiological conditions. 

 

2.2.1 Structural organization of PKD’s 
Members of the PKD family share a similar architecture with regulatory sub-

domains that play specific roles in the activation, translocation and function of the 

enzymes at the amino terminus and a catalytic domain (KD) at the carboxy terminus. 

The catalytic domain of PKD’s is highly homologus to Ca2+/Calmodulin-dependent 

kinases, thus their classification as a subfamily of CaMK superfamily (Manning et al., 

2002). Regulatory regions of PKD’s contain a cysteine rich domain (CRD), a short 

acidic region (AC) followed by pleckstrin homology domain. CRD in turn contains 

individual functionally dissimilar cysteine rich motifs, referred to as C1a and C1b. 

While C1a has a specific inhibitory effect on the catalytic activity only in PKD1, C1b 

http://en.wikipedia.org/wiki/Enzyme�
http://en.wikipedia.org/wiki/Phosphate�
http://en.wikipedia.org/wiki/High-energy_phosphate�
http://en.wikipedia.org/wiki/High-energy_phosphate�
http://en.wikipedia.org/wiki/Adenosine_triphosphate�
http://en.wikipedia.org/wiki/Substrate_(biochemistry)�
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binds to phorbol dibutyrate (PDBu) with a high affinity and is responsible for PDBu 

dependent translocation of PKD’s (Iglesias et al., 1998a; Iglesias and Rozengurt, 

1999). Deletion of C1a, C1b or the entire cysteine rich domain results in a 

constitutively active form of the PKD’s (Iglesias and Rozengurt, 1999).This region is 

followed by a acidic region (AC). Interposed between the AC and the catalytic (KD) 

domain, is a pleckstrin homology (PH) domain. PH domains bind to membrane lipids 

(Cozier et al., 2004) and have an auto-regulatory role in some protein kinases, 

including PKD. Deletion of the entire PH domain markedly increased the basal 

activity of the enzyme. Partial deletions or single amino acid substitutions (e.g. 

R447C and W538A) within PH domain also increased basal kinase activity (Iglesias 

and Rozengurt, 1998; Waldron et al., 1999), indicating that the PH domain, like the 

CRD, helps to maintain PKD in an inactive state. In addition to these domains, the 

amino terminus of PKD1 and PKD2 (but not PKD3) starts with an apolar region, rich 

in alanine and/or proline residues (Rykx et al., 2003). 

 

Figure 1: Molecular architecture of PKD enzymes. AP- alanine and proline-rich domain; 

S- serine rich domain; CYS- cysteine rich Zn finger domain; AC- acidic domain; PH- 
pleckstrin homology domain; KD- kinase catalytic domain. Image based on original figure 

from (Rykx et al., 2003). 

 

2.2.2 Activation of PKD’s 
PKD’s are generally activated via a phosphorylation-dependent mechanism 

involving the canonical PKC/PKD pathway (Rozengurt et al., 2005; Zugaza et al., 

1996). Diacylglycerol responsive PKD isoforms, predominantly the novel PKC’s (δ, ε, 

η, and θ) phosphorylate the two conservative serine residues in the activation loop 

relieving PKD’s from repression by its PH domain and leading to a full activation of 
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the kinase (Waldron and Rozengurt, 2003; Zugaza et al., 1996; Zugaza et al., 1997). 

The PKC/PKD pathway was shown to be activated in response to a wide variety of 

stimuli including GPCR agonists such as mitogenic neuropeptrides (Bombesin, 

vasopressin, endothelin, bradykinin, and platelet-derived growth factor etc ) (Paolucci 

and Rozengurt, 1999; Zugaza et al., 1997), Angiotensin II (Tan et al., 2004), 

lysophosphatidic acid (Paolucci et al., 2000), thrombin (Tan et al., 2003), vascular 

endothelial growth factor (Wong and Jin, 2005), oxidative stress (Storz et al., 2004; 

Waldron and Rozengurt, 2000) and phorbol esters (Van Lint et al., 1995).  While 

activation of PKC/PKD pathway by growth factors and GPCR agonists is mediated by 

phospho lipase C, activation by oxidative stress requires additionally the tyrosine 

kinases Src and Abl.  PKD1, 2 and 3 were reported to be trans-phosphorylated at ser 

744 and 748 (Iglesias et al., 1998b), 706 and 710 (Sturany et al., 2001), 731 and 735 

(Rey et al., 2003a) respectively. Following trans-phosphorylation the three isoforms 

PKD1, 2 and 3 were reported to undergo auto phosphorylation at the c-terminus at 

serine 916 (Matthews et al., 1999), 876 (Sturany et al., 2001) and 888 (Rey et al., 

2003b) respectively. The interaction of PH domain with Gβγ subunits of 

heterotrimeric G proteins (Jamora et al., 1999) or caspase-3 mediated cleavage of 

PKD1 at two distinct sites (between AC and PH domains) during the induction of 

apoptosis by genotoxic drugs also leads to activation of PKD1 (Vantus et al., 2004). 

An additional phosphorylation site (Ser244) within the zinc-finger domain of PKD2, is 

crucial for blocking nuclear export of active PKD2 by preventing its interaction with 

the Crm-1 export machinery (von Blume et al., 2007). 

 

Therefore, a thorough knowledge of PKD-mediated signaling at the Golgi, 

mitochondrial and plasma membranes and in the nucleus would expand our 

understanding of localized, organelle-specific PKD regulation and functions in normal 

and disease derived cells.  
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Figure 2: Multiple signals leading to PKD activation. Hormones, growth factors, 

neurotransmitters, chemokines, bioactive lipids, proteases, and oxidative stress induce PLC-

mediated hydrolysis of phosphatidylinositol 4, 5-biphosphate (PIP2) to produce DAG at the 

plasma membrane. Inactive PKD translocates from the cytosol to the plasma membrane in 

response to DAG produced via PLC-mediated hydrolysis of phosphatidylinositol 4, 5-

bisphosphate. DAG also recruits to the plasma membrane and simultaneously activates 

novel PKCs, which then mediate the transphosphorylation and activation of PKD. Image 

based on original figure from (Rozengurt, 2011). 

 

2.2.3 Localization of PKDs 
PKDs localize in cytosol and several intracellular compartments including 

nucleus, Golgi apparatus, plasma membrane and mitochondria. In quiescent cells, 

PKD’s largely reside in the cytosol, a smaller fraction localizes to the Trans-Golgi 

(Prestle et al., 1996). PKDs also localize to the mitochondria in some specialized 

cells (Storz et al., 2000) and to secretory granules (Matthews et al., 2000). The 

differential subcellular localization of PKD’s is largely dependent on the two Zn-

fingers of PKD1 which have different lipid binding specificities (Iglesias and 
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Rozengurt, 1999). Stimulation of cells with PDBu or mitogenic agonist’s results in a 

second cysteine rich domain (C1b) mediated translocation of PKD from the cytosol to 

the plasma membrane, followed by a rapid redistribution to the cytosol, which 

requires phosphorylation of the PKD activation loop (Iglesias et al., 2000; Rey et al., 

2004). PKD1 is a nucleo-cytoplasmic shuttling protein. Accumulation in the nucleus is 

dependent on the C1b domain, while Crm-1 dependent nuclear export is mediated by 

the PH domain of PKD (Rey et al., 2001). PKD’s localization at the trans-Golgi 

network is mediated by the C1a (Maeda et al., 2001) and C1b (Pusapati et al., 2010) 

domains and is dependent on local DAG production (Baron and Malhotra, 2002). 

Depending on the nature of stimuli and the site of localization, PKDs interact with 

substrates or binding molecules and regulate a variety of cellular processes. 

 

2.2.4 Substrates of PKDs 
PKDs phosphorylate and control distinct substrates (Doppler et al., 2005; 

Iglesias et al., 2000; Nishikawa et al., 1997). Given the multitude of signaling 

pathways and biological effects regulated by the PKD family of proteins, it is obvious 

that the whole PKD signaling network is still incompletely understood and a large 

number of physiological substrates are yet to be identified. Activated PKDs associate 

with the plasma membrane, Golgi, mitochondria and the nucleus, thereby engaging 

in a range of diffusible and anchored substrates (Fu and Rubin, 2011). PKD’s are 

known to phosphorylate substrates that contain the substrate motif -LXRXXpS/pT-, 

(L, R, pS, pT and X are leucine, arginine, phosphorylated serine, phosphorylated 

threonine and any other amino acid residue, respectively; (Nishikawa et al., 1997). 

Table 1 summarizes a list of known PKD substrates, their cellular role and the 

functional consequences of their phosphorylation. Advances in the generation of 

phosphorylation site specific antibodies led to the identification of novel substrate of 

PKD’s, for example: Human heat shock protein (Hsp27), Rin1 and HDAC5 (Doppler 

et al., 2005).  This antibody was directed against the optimum phosphorylation 

consensus motif of PKD.  
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PKD 
Substrate 

Cellular role Functional 
Consequence 

Reference 

Troponin I Inhibitor of actin myosin 
interaction  

Increased inhibition (Haworth et 
al., 2004) 

Kiddins Integral membrane 
protein 

Regulation of Kidins220 
membrane localization in 
PC12 cells and NT 
hormone secretion in 
BON cells 

(Iglesias et 
al., 2000) 

Vanilloid 
receptor 1 

Non-selective cation 
channel 

Increased response to 
low pH and capsaicin 

(Wang et al., 
2004) 

HDAC5 Repression of fetal gene 
expression in heart 

Nuclear export of HDAC5 (Vega et al., 
2004) 

E-cadherin Cell-cell adhesion and 
cell-cell contact 
associated signaling 

Increased cellular 
adhesion. 
Decreased cellular 
motility (prostate cancer) 

(Jaggi et al., 
2005) 

PI4K IIIβ Lipid kinase activity and 
enhanced vesicular 
transport to plasma 
membrane 

Activation; PI4P 
synthesis 

(Hausser et 
al., 2005) 

HDAC7 Repression of Nur77 
expression in 
thymocytes 

Nuclear export of 
HDAC7, followed by de-
repression of Nur 
77expression 

(Dequiedt et 
al., 2005; 
Matthews et 
al., 2006) 

CREB Transcriptional 
regulation of CREB-
responsive genes via 
recruitment of co-
activators CBP/p300 

Stimulation of CREB 
mediated transcription 

(Johannessen 
et al., 2007) 

CERT Transport of ceramide Decreased affinity for 
PI4P and Golgi 
membrane dissociation 

(Fugmann et 
al., 2007) 

RIN1 Ras interactor that 
prevents Ras-Raf 
interaction 

Inhibit F-actin remodeling (Wang et al., 
2008) 

EVL-I Splice variant of EVL 
(Ena/VASP like protein) 

Phosphorylated EVL-1 
can support filopodia 

(Janssens et 
al., 2009) 

Cortactin Actin binding protein Inhibit F-actin remodeling (De Kimpe et 
al., 2009) 

SSH1L Phosphatases Inactivation (Eiseler et al., 
2009b) 
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SNAIL Epithelial to 
mesenchymal transition. 

Transcription de-
repression, 14-3-3 
binding 

(Du et al., 
2010) 

PAK4 Links Rho GTPases to 
cytoskeleton 
reorganization  

Increased activity of 
PAK4 and LMK and 
increased levels of 
phospho-cofilin. 

(Spratley et 
al., 2011) 

Hsp27 Chaperone Unknown (Doppler et 
al., 2005) 

C-jun Transcription factor  Unknown (Hurd et al., 
2002) 

Centaurin 
α1 

Regulator of sub-cellular 
trafficking of macro 
molecular signaling 
complexes 

Unknown (Zemlickova 
et al., 2003) 

p53 Integration of cellular 
stress detection and 
response signals 

Unknown (Uhle et al., 
2003) 

 
Table 1: PKD substrates and consequences of phosphorylation/s. Kidins220- Kinase D 

interacting substrate of 220 kDa; HDAC5- Histone deacetylase 5; HDAC7- Histone 

deacetylase 7; PI4KIII-β- phosphatidylinositol 4-kinase IIIβ; CREB- cAMP-response element-

binding protein; CERT- ceramide transfer protein; EVL1- Ena/VASP like protein 1; SSH1L- 

Slingshot 1L protein phosphatase; RIN1- Ras and Rab interactor 1; PAK4- p21 activated 

kinase, Hsp27- Heat shock protein 27. 

 

2.2.5 Biological functions of PKDs 
PKD1, PKD2 and PKD3 are expressed in a large variety range of cells and the 

plethora of proteins with which PKD’s interact indicate a multifaceted function and 

regulation (Van Lint et al., 2002). Important for this study is the observation that 

PKD’s have recently drawn a lot of attention for its potential role in monocyte (Tan et 

al., 2009) and cancer cell migration, the latter via phosphorylating SSH1L (Eiseler et 

al., 2009b), cortactin (Eiseler et al., 2010), E-Cadherin (Jaggi et al., 2005), SNAIL (Du 

et al., 2010), RIN1 (Ziegler et al., 2011) or by controlling MMP expression (Eiseler et 

al., 2009a). PKDs also participate in a variety of other processes, such as the 

transcriptional response to mitochondrial oxidative stress (Storz, 2007), regulation of 

Golgi vesicle fission and transport (Bard and Malhotra, 2006; Preisinger and Barr, 
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2005; Pusapati et al., 2010), regulation of cardiac gene expression and contractility 

(Avkiran et al., 2008), regulation of tumor cell-endothelial cell communication in 

cancer (Azoitei et al., 2010), cardiac valve formation in zebra fish by regulating 

histone deacetylase 5 activity (Just et al., 2011), endothelial cell proliferation and  

angiogenesis (Hao et al., 2009). Some of the biological processes regulated by PKD 

are described in detail in the following sections. 

 

2.2.5.1 Golgi vesicle fission and transport 
PKDs associated with the cytoplasmic surface of Golgi membranes regulate 

the fission of vesicles that carry protein and lipid cargo from the trans-Golgi network 

(TGN) to the plasma membrane (Bard and Malhotra, 2006). The Golgi apparatus is a 

key component of the secretory pathway involved in protein sorting. PKD binds to 

diacylglycerol (DAG) and this binding was necessary for its recruitment to the TGN 

via DAG (Baron and Malhotra, 2002). The interaction of PKD with DAG at the TGN is 

mediated via its CRD1 domain (Baron and Malhotra, 2002; Maeda et al., 2001; 

Prestle et al., 1996). Upon activation of PKDs at the TGN through their interaction 

with Gβγ subunits of G-proteins (Jamora et al., 1999) they phosphorylate and 

activate the Golgi enzyme PI4KIIIβ (Hausser et al., 2005). Subsequent binding of 14-

3-3 proteins to PI4KIIIβ inhibits its dephosphorylation, thereby stabilizing enzymatic 

activity (Hausser et al., 2006). A p21 GTP-binding protein, ARF1, regulates PI4KIIIβ 

activation by PKD (Graham and Burd, 2011). ARF1 activates phospholipase D (PLD), 

thereby triggering DAG synthesis at the Golgi membranes. In addition, binding of 

both ARF1 and DAG to PKD2 selectively target it to the TGN which was specifically 

mediated by Pro-275 in second cysteine rich domain (Pusapati et al., 2010). Thus, 

ARF1 ensures an efficient PI4P synthesis by coordinating DAG production with 

recruitment of PKC, PKD and PI4KIIIβ to the TGN. 

 

2.2.5.2 Cell proliferation and differentiation 
PKD1 can be activated by multiple growth promoting GPCR agonists, 

suggesting that PKD functions in mediating mitogenic signaling (Rozengurt et al., 

2005). Over expression of either PKD1or PKD2 potentiated DNA synthesis and cell 

proliferation in swiss 3T3 fibroblasts (Sinnett-Smith et al., 2004; Sinnett-Smith et al., 

2007; Sinnett-Smith et al., 2009; Zhukova et al., 2001). The potentiating effect of 

javascript:if(window.name=='')%20%7b%7b%20window.location.href='./nil';%20%7d%7d%20else%20%7b%7b%20NPEml('MeSH',2888);%20%7d%7d�
javascript:if(window.name=='')%20%7b%7b%20window.location.href='./nil';%20%7d%7d%20else%20%7b%7b%20NPEml('MeSH',5771);%20%7d%7d�
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PKD on GPCR induced cell proliferation has been coupled to its ability to increase 

the duration of the MEK/ERK/RSK pathway leading to the accumulation of immediate 

gene products like c-Fos that stimulates cell cycle progression (Sinnett-Smith et al., 

2004, Sinnett-Smith et al., 2009). PKD is prominently expressed in proliferating 

primary keratinocytes and down regulated during differentiation of these cells, 

suggesting that PKD plays a pro-mitogenic and/or anti-differentiation role in these 

cells (Ernest Dodd et al., 2005). It was also shown that there is a correlation between 

PKD1 expression and keratinocyte proliferation since PKD1 was highly expressed in 

basal dividing cells, while differentiating cells exhibited a low expression level 

(Rennecke et al., 1999). In another report, PKD2 was shown to be an essential 

regulator of murine myoblast differentiation (Kleger et al., 2011). This regulation is 

mediated by active PKD2 induced transcriptional activation of myocyte enhancer 

factor 2D and repressed Pax3 transcriptional activity. Depletion of PKD2 impaired 

regulation of muscle development associated genes without affecting the proliferative 

capacity.  

 

2.2.5.3 Transcription 
Class-IIa histone deacetylases (HDAC4, HDAC5, HDAC7 and HDAC9), are 

recruited to gene promoters by transcription factors, such as MEF2, RUNX and 

CAMTA2 and coordinately repress genes that co-regulate cell type specific functions. 

When neonatal rat ventricular myocytes are persistently stimulated by α-adrenergic 

agonist or endothelin 1 (ET1), PKD1 phosphorylates HDAC5. Phospho-HDAC5 

dissociates from MEF2 and binds to 14-3-3 adaptor proteins, which promote export of 

HDACs from nucleus to cytoplasm (Vega et al., 2004). MEF2 then recruits co-

activators and drives transcription of fetal genes encoding proteins involved in 

contraction, Ca2+ handling and energy metabolism. Phosphorylation by PKD1 also 

elicits the dissociation of HDAC5 from CAMTA2, a co-activator that cooperates with 

the Nkx2-5 transcription factor (Song et al., 2006). An activated CAMTA2-Nkx2-5 

complex drives cardiac gene transcription, promoting hypertrophy along with MEF2. 

In skeletal muscle, PKD1 elicits expression of slow-twitch contractile proteins that 

mediate muscle endurance, through HDAC5 phosphorylation and MEF2 activation 

(Kim et al., 2008). VEGF induced exit of HDAC7 from the nucleus through PKD 

mediated phosphorylation resulted in activation of VEGF-responsive genes in 
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endothelial cells (Ha et al., 2008; Wang et al., 2008). RUNX, a regulator of osteoblast 

gene transcription is repressed by HDAC7 binding, and bone morphogenetic proteins 

induce PKD1-catalysed phosphorylation of HDAC7 (Jensen et al., 2009). Thus PKDs 

have a central role in stimulating gene expression in various cells and tissues 

including cardiac and skeletal muscle and endothelial cells. 

 

2.2.5.4 Apoptosis and cell survival 
Reactive oxygen species (ROS) trigger phospho lipase D1 (PLD1) and 

phosphatidic acid phosphatase catalyzed DAG synthesis with concomitant 

recruitment of PKD1 and PKCδ at the outer mitochondrial membrane (Cowell et al., 

2009).  Src phosphorylates Tyr 93, creating a binding site for the PKCδ. Tethered 

PKCδ phosphorylates and activates PKD1, which in turn activates a cytoplasmic 

IKKα-IKKβ-Nemo complex, eliciting Iκb degradation and nuclear translocation of NF-

κB (Storz et al., 2005). NF-κB further induces expression of mitochondrial super 

oxide dismutase (MnSOD), which removes toxic ROS. In another report, treatment of 

cells with ROS leads to the activation of PKD1 in a coordinated two step process. 

First, Abl phosphorylates Tyr463 in the PH domain of PKD1 promoting a second 

phosphorylation step where by PKCδ phosphorylates the activation loop of PKD 

resulting in a synergistic PKD1 activation and subsequent NFκB induction. The PKD-

mediated induction of NFκB then induces protective genes and leads to cell survival 

(Storz et al., 2003; Storz et al., 2004). Thus, Src-mediated phosphorylation of PKD is 

essential to elicit signaling that leads to NF-κB-mediated transcription of pro-survival 

genes.  

 

2.2.5.5 Cell motility 
Several studies indicated a role for PKD in the organization of cytoskeleton, 

cell shape modulation and adhesion.  PKD1 forms a complex in the lamellipodia with 

SSH1L and F-actin (Eiseler et al, 2009b) where it phosphorylates SSH1L, disrupting 

its association with F-actin and creating a binding site for 14-3-3 adaptor proteins 

(Eiseler et al., 2009b; Peterburs et al., 2009). As a result, the pSer-3 cofilin 

concentration increases, barbed-end formation is blocked and cell migration ceases, 

thus regulating directed cell movement. PKD1 also reduces leading edge F-actin 

polymerization by phosphorylating cortactin, enabling 14-3-3 protein binding and 
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stabilization of a complex containing WAVE-2, ARP2/3, F-actin and phospho-

cortactin (Eiseler et al., 2010). PKD1 also inhibits F-actin remodeling and cell motility 

by phosphorylating the Ras effector RIN1. Phosphorylated RIN interacts and 

activates c-Abl. Further the RIN1-c-Abl complex phosphorylates and alters the 

conformation and affinity of CRK (also known as p38), an adapter protein that recruits 

F-actin remodeling proteins (Hu et al., 2005; Ziegler et al., 2011).  As a result, there is 

a diminished actin remodeling, leading-edge protrusion and a reduction in cell 

motility. Activated PKD1 phosphorylates the cytoplasmic tail of E-Cad, thereby 

stabilizing its association with β-catenin and the F-actin cytoskeleton (Jaggi et al., 

2005). This leads to a strengthening of adherens junctions and inhibition of motility. It 

was also suggested that PKD1 is essential for maintaining E-Cadherin gene 

transcription and repressing mesenchymal protein expression (Du et al., 2010). 

PKD1 phosphorylates SNAIL. As a result, SNAIL target genes are de-repressed and 

E-Cadherin and other proteins that mediate adherens-junction formation and 

immobility are produced. In accordance with this, ectopic expression of PKD1 inhibits 

mesenchymal gene transcription and decreases tumor development by 70% in a 

xenograft model (Du et al., 2010). Human breast cancer tissue arrays revealed a 

decrease in expression of PKD1 by approximately 60% in invasive and metastatic 

ductal carcinomas (Eiseler et al., 2009a), indicating a possible loss of PKD1 in 

metastasis.  
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2.3 Cell Migration 

2.3.1 Introduction 
Cell migration plays an essential role in embryogenesis, wound healing and 

inflammatory responses. A deregulation of cell movement can cause pathological 

states such as developmental defects, chronic inflammation, invasion and 

metastasis. Actin cytoskeleton is regarded as the essential engine that drives cell 

protrusion (Betz et al., 2006; Hofman et al., 1999). The continuous creation of new 

actin network at the leading edge is considered to be essential for pushing the cell 

forward (Kaverina et al., 2002). 

 

2.3.2 Integration of signals 
A cell begins to move in response to a variety of physical, chemical, diffusible 

or non-diffusible signals detected by receptor proteins located at the cell membrane 

(Bruce Alberts, 2002). Acting through receptors and multiple signal transduction 

pathways, the stimuli transmitted by the Rho family GTPases, Rac and Cdc42 

(Machesky and Gould, 1999; Machesky and Insall, 1999) converge on WASp/Scar 

proteins and Arp2/3 complex which then stimulates actin filament nucleation by 

Arp2/3 complex. As a consequence, the cortical actin filament network is assembled 

(Figure 3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Signaling pathways through WASp/Scar to Arp2/3 complex. Acting through 

receptor tyrosine kinase/ seven helix receptors and integrins, a variety of stimuli regulates 

cellular actin polymerization. Image based on original figure from (Pollard et al., 2000). 
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2.3.3 Dynamic regulation of the Actin cytoskeleton 
Extension of the leading edge through actin polymerization drives cancer cell 

migration (Tilney et al., 1981; Tilney et al., 1983; Zigmond, 1993; Pollard et al., 2000). 

Activating proteins like WAVE and WASp enable nucleator proteins (e.g. arp2/3 

complex) to initiate the polymerization and assembly of new actin filaments. Actin 

depolymerization promoting proteins (e.g. cofilin) also aid network growth (Bi and 

Zigmond, 1999). Cofilin (also known as Actin Depolymerizing Factor or ADF) severs 

actin filaments and creates new plus ends for the growth of new actin filaments 

(Bamburg et al., 1999; Carlier et al., 1999). Actin binding proteins (e.g. profilin) 

maintain a steady actin monomer pool for polymerization. Capping proteins (e.g. 

CapZ) control filament length by attaching to actin filament ends and stopping further 

polymerization, while severing and fragmenting proteins (e.g. gelsolin, severin) cut 

actin filaments and networks (Schafer et al., 1996). All these proteins work together 

to coordinate actin network formation and bring about leading edge motility (Pollard 

et al., 2000). The individual steps are illustrated in the figure 4.  
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Figure 4: Dendritic nucleation hypothesis for the assembly of actin networks at the 
leading edge of motile cells. (1 and 2) External cues activate of GTPases. (3 and 4) 

Activated Wiskot Aldrich syndrome family of proteins (WAVEs/ WASP) and related proteins 

in turn activate Arp2/3 complex leading to initiation of a new filament as a branch on the side 

of an existing filament. (5 and 6) Supported by a high concentration of profilin-bound actin 

stored in the cytoplasm each new filament grows rapidly, and this pushes the plasma 

membrane forward. (7) Capping protein binds to the growing ends, terminating elongation.  

(8 and 9) Actin-depolymerizing factor (ADF)/ cofilin then sever and depolymerizes the ADP 

filaments. Profilin re-enters the cycle at this point, promoting dissociation of ADP and binding 

of ATP to dissociated subunits. (10) ATP bound actin binds to profilin, refilling the pool of 

subunits available for a new assembly. Image based on original figure from (Mullins et al., 

1998; Pollard et al., 2000). 

 

2.3.4 Initiation of cell movement 
The process of cell movement  can be divided into three stages (Abercrombie, 

1980). First, a cell propels the membrane forward by orienting and reorganizing 

(growing) the actin network at its leading edge. Second, it adheres to the substrate at 

the leading edge and de-adheres (releases) at the cell body and rear of the cell. 

Cellular adhesions link intracellular F-actin with the extracellular substratum and 

function as traction sites and mechanosensors. Finally, the interaction of myosin 

motors and actin filaments generates the traction force necessary for the cells to 

move forward (Chhabra and Higgs, 2007; Rogers et al., 2003). As the extending 

edge moves forward, the cell constantly monitors the signal direction and tailors its 

direction of motion (Figure 5). 
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Figure 5: Overview of cell migration. Directed cell migration in response to a variety of 

stimuli is dependent on a cycle of events involving a dynamic sequence of cell-substrate 

attachment at the leading edge of the cell coordinated with cell-substrate detachment at the 

rear. Wasp/ Scar proteins interact with a variety of cell signaling molecules known to 

influence cytoskeletal dynamics, bridging surface receptor stimulation to actin polymerization, 

lamellipodia, filopodia formation, and focal adhesion assembly at the leading edge of the cell 

initiating the process of cell migration. Image based on original figure from (Frame et al., 

2002) 
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2.4 Abelson Interactor 1 
2.4.1 Identification  

Abelson Interactor (ABI) family of proteins 1 and 2 were identified as 

substrates and binding partners of the c-Abl tyrosine kinase, a proto-oncogene 

product of the Abelson murine leukemia virus oncogene, v-abl (Dai and Pendergast, 

1995; Goff et al., 1980; Shi et al., 1995). Later on a third member of Abelson 

interactor family of proteins, NESH was reported (Miyazaki et al., 2000). Although 

NESH was initially identified as a novel protein containing SH3 domain, it was later 

included in ABI family of proteins based on its amino acid sequence similarity with 

ABI1 and 2. 

 

2.4.2 Structural organization 
Amino acid sequence analysis of ABI family of proteins across the species 

revealed a highly variable central region and highly conserved amino and carboxy 

terminal regions (Echarri et al., 2004). ABI1 contain proline rich and SH3 domains in 

the carboxy terminus and the WAVE binding (Macoska et al.), SNARE and homeo 

domain homology region in the amino terminus (Ring et al., 2011; Stradal et al., 

2001). Structural organization of ABI1 (isoform B- 481a.a) used in this investigation is 

shown here under (Figure 6). 

 

 

Figure 6: Structural organization of Abelson Interactor 1- WAB; WAVE binding domain, 

SNARE; Region homologous to coiled-coil domain of SNARE (Soluble N-ethylmaleimide-

sensitive fusion protein attachment protein receptor), HHR; Homeodomain homology region, 

PP; Proline rich and SH3; Src Homology domain.  
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2.4.3 Localization 
Endogenous ABI1 is a nucleo-cytoplasmic protein under resting conditions 

(Leng et al., 2005; Proepper et al., 2007). However ABI1 was reported to localize to 

actin based membrane protrusions, such as membrane ruffles, lamellipodia and 

filopodia, after growth factor or integrin-mediated cell stimulation (Stradal et al., 

2001). The translocation of ABI1 from cytosol to the highly dynamic peripheral region 

in a motile cell is mediated exclusively by the first 145 residues of the N terminus, 

containing a region of the coiled-coil domain of t-SNARE and a portion of the HHR 

region (Stradal et al., 2001). 

 

2.4.4 Expression 
ABI1 is widely expressed in human and mouse tissues (Biesova et al., 1997; 

Shi et al., 1995). The highest expression levels of ABI1 are observed in brain, testis, 

bone marrow, and spleen. Highly invasive breast cancer cell lines (MDA-MB-231, 

MDA-MB-157, BT549, and Hs578T) also express high levels of ABI1 (Wang et al., 

2007).  Expression array analyses suggest that high ABI1 expression is associated 

with liver metastasis in small cell lung cancer and paclitaxel resistance in ovarian 

cancer (Duan et al., 2005; Kakiuchi et al., 2003).  

 

2.4.5 Molecular interactions  
ABI1 could undergo multiple protein-protein interactions given its several 

domains (Figure 6), and its localization to distinct subcellular compartments. ABI1 

was initially identified as the substrate and binding partner for Src homologous 3 

(SH3) domain of the c-Abl tyrosine kinase (Shi et al., 1995) and was later shown to 

interact with several other proteins such as guanine nucleotide exchange factors, 

Sos1 and Sos2. ABI1 can inhibit mitogenesis activated by both growth factors and v-

Abl (Fan and Goff, 2000).  ABI1 interacts directly with the WAVE homology (WHD) 

domain of WAVE2, increases WAVE2 actin polymerization activity and mediates the 

assembly of a multi protein complex, WAVE2-ABI1-Nap1-PIR121 (Innocenti et al., 

2004). On the other hand, ABI1 interacts with WAVE2 via its coiled coil domain and 

promotes membrane localization upon fibronectin stimulation (Gautreau et al., 2004; 

Innocenti et al., 2004). ABI1 also couples WAVE2 to Abl and mediates tyrosine 

phosphorylation and activation of WAVE2 (Leng et al., 2005). Interaction of ABI1 with 
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Neural Wiskott-Aldrich syndrome protein (N-WASP) potently induces N-WASP 

activity in vitro (Innocenti et al., 2005).  

ABI-1 forms an epidermal growth factor inducible complex with Cbl ubiquitin 

ligase and regulates internalization of EGFR (Tanos and Pendergast, 2007). 

Interaction of ABI1 with p21-activated Kinase 2 (PAK-2) is essential for the regulation 

of PDGF induced membrane ruffles (Machuy et al., 2007). A variety of other 

molecules, including those involved in the signal transductions of small GTP-binding 

protein Rac and PI3 also interact with ABI1 (Innocenti et al., 2002; Innocenti et al., 

2003; Scita et al., 1999). A recent investigation identified an interaction between ABI1 

and α4 integrin, important for cell spreading. In addition, ABI1 or α4 integrin knockout 

mice exhibit mid-gestational lethality with abnormalities in the placental and 

cardiovascular development, thus revealing a direct link between the α4 integrin and 

actin polymerization and uncover a role for ABI1 in the regulation of morphogenesis 

in vivo (Ring et al., 2011).  

 

2.4.6 Functions of ABI1 
ABI1 participates in the transduction of signals from Ras to Rac (Scita et al., 

1999), in the regulation of proliferation, migration, invasion (Wang et al., 2007) and 

invadopodia formation of breast cancer cells and MMP-9 expression (Sun et al., 

2009). The protein localizes to the leading edge of lamellipodia and filopodia (Stradal 

et al., 2001), promotes lamellipodia formation (Steffen et al., 2004), actin 

cytoskeleton reorganization through the regulation of Rho family members (Stovold et 

al., 2005; Stradal and Scita, 2006) and formation and activation of the WAVE2 

signaling complex (Innocenti et al., 2004). ABI1 is required for the integrity and the 

stability of the WAVE2 complex (Dubielecka et al., 2011).  

 

2.4.6.1 Cell proliferation 
Analysis of ABI1 expression levels in nine breast cancer cell lines with varying 

degrees of invasiveness indicated that it is weakly expressed in lowly invasive (MCF-

7, T47D, MDA-MB-468, SKBR3, and CAMA1) compared to highly invasive breast 

cancer cells (MDA-MB-231, MDA-MB-157, BT549, and Hs578T). Knockdown of ABI1 

in highly invasive breast cancer cells, MDA-MB 231 negatively regulated cell 

proliferation. Such cells were characterized by an overall increase in doubling time 
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(from 29.8 to 41.4 hours) and a growth arrest in G0-G1 phase and delayed entry into 

G2-M phase (Sun et al., 2009; Wang et al., 2007). A recent tissue-array-based 

investigation in 988 patients with invasive breast carcinoma demonstrated a 

significant association between ABI1 and its downstream effector phospho-Akt (p-

Akt) expression. ABI1 expression also showed significant positive correlation with 

older age at diagnosis and the Ki67 index and most importantly, it was demonstrated 

to be an independent predictor of both disease free survival (DFS) and overall 

survival (Fazioli et al., 1993; Wang et al., 2011).  

 

2.4.6.2 Migration, Invasion and Metastasis 
Actin polymerization and lamellipodia formation play critical roles in cell 

migration and metastasis (Ridley, 2001). ABI1 is an adaptor protein involved in actin 

reorganization, lamellipodia formation, cell spreading and migration via WASP family 

verprolin-homologous proteins 2 (WAVE2) (Innocenti et al., 2004; Leng et al., 2005; 

Steffen et al., 2004). Loss of ABI1 resulted in the down regulation of WAVE2, 

nucleosome assembly protein 1 (Nap1), and PIR121 protein levels (Innocenti et al., 

2004). It was also reported that the ABI1 based macromolecular complex 

(Hspc300/WAVE2/ABI1/Nap1/PIR121 and/or Abl/ABI-1/WAVE2) mediates signaling 

transduction between Rho family proteins and the actin cytoskeleton by activating 

Arp2/3 (Innocenti et al., 2004; Leng et al., 2005). RNA interference indicated that 

ABI1 is  required for the formation of platelet derived growth factor induced 

membrane ruffles, Rac dependent actin remodeling, cell spreading, and migration 

(Chen et al., 2010; Eto et al., 2007; Kheir et al., 2005; Leng et al., 2005; Ring et al., 

2011; Wang et al., 2007; Yu et al., 2008).  

Many metastatic cancer cell lines contain a specialized adhesive/ invasive 

structure, called an invadopodium (Gimona et al., 2008; Kelly et al., 1994) and can 

be distinguished by their ability to degrade extracellular matrix (ECM) via matrix 

metalloproteinase’s (MMPs), the enzymes for ECM degradation.  A report from (Sun 

et al., 2009; Wang et al., 2007) identified a function for ABI1 in regulation of 

invadopodia formation and the Src-inhibitor of differentiation protein 1 (Id1)-matrix 

metalloproteinase (MMP-9) pathway in human breast cancer cells, MDA-MB-231. 

Epigenetic silencing of the ABI1 in these cells impaired the formation of invadopodia 
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and resulted in down regulation of Src activation, Id1/MMP-9 expression and reduced 

the ability of these cells to degrade extracellular matrix.  

Another study (Chen et al., 2010) indicated that in ovarian cancer cell lines, 

lysophosphatidic acid (LPA, a growth factor like phospholipid)-induced Rac 

activation, facilitated by SOS1/EPS8/ABI1 trimeric complex is a prerequisite for 

ovarian cancer metastasis. Their study also implied that the integrity of this tri-

complex is essential for LPA stimulated metastases and at least one member of the 

tricomplex is missing in non-metastatic cancer cells. However, reports from other 

groups have suggested that ABI1 might function as an invasion suppressor, notably 

in prostate and gastric cancers (Cui et al., 2010; Macoska et al., 2001). 
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Aim of the investigation 

  PKD’s are implicated in numerous biological processes, which play a role in 

the development or the progression of cancer. To establish the signaling context of 

PKDs and in particular downstream mediators for PKD-controlled tumor cell motility 

we aimed to identify and characterize novel PKD substrates. 

 
 Abelson Interactor 1 (ABI1), one of the potential substrates identified, does 

play a role in cell migration. In addition, both PKD’s and ABI1 localize to the leading 

edge structures, plasma membrane, lamellipodia and filopodia. This prompted us to 

further investigate a potential role of ABI1 as substrate of PKDs. 

 

This investigation was divided into following sections; 

i. ProtoArray® Human Protein Microarray based identification of novel 

substrates. 

ii. In silico prediction and validation of potential phosphorylation sites. 

iii. Basic biochemistry between PKD2 and ABI1 

iv. Impact of phosphorylation on localization and interaction with WAVE2, a 

known constitutive binding partner of ABI1. 

v. Examination of the functional consequences of ABI1 phosphorylation on tumor 

cell motility.  
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4. Materials and Methods 

4.1 Chemicals and Biochemicals 
Chemical  Company 
ATP Sigma-Aldrich, Deisenhofen 
dNTP Set (100mM) Invitrogen, Karlsruhe 
BSA  Sigma-Aldrich, Deisenhofen 
Glycine  Roth, Karlsruhe 
Methanol  Sigma-Aldrich, Deisenhofen 
Isopropanol Roth, Karlsruhe 
ECL substrate Thermoscientific 
Glycerol Roth, Karlsruhe 
Ethidium bromide Roche Diagnostics, Basel, Switzerland 
Fluoromount® G  Biozol, Eching 
Acrylamide, Rotophorese 
Gel30 Roth, Karlsruhe 
Ammoniumpersulfate  Roth, Karlsruhe 
Bio-RAD protein assay 
solution, 5x Bio-RAD Laboratories, München 
Complete protease inhibitor 
cocktail (EDTA free) Roche Diagnostics, Basel, Switzerland 
Phenylmethylsulfonylfluoride 
(PMSF) Sigma-Aldrich, Deisenhofen 
SDS Roth, Karlsruhe 
TEMED  Sigma-Aldrich, Deisenhofen 
PageRuler™ prestained prot. 
Ladder MBI Fermentas, St. Leon-Roth 
Tween20 Sigma-Aldrich, Deisenhofen 
Triton X100  Sigma-Aldrich, Deisenhofen 
Dry milk powder  Roth, Karlsruhe 
Sodium fluoride (NaF) Sigma-Aldrich, Deisenhofen 
Sodium orthovanadate Sigma-Aldrich, Deisenhofen 
DTT Sigma-Aldrich, Deisenhofen 
EDTA Roth, Karlsruhe 
EGTA Roth, Karlsruhe 
Tryptone Roth, Karlsruhe 
Yeast extract  Roth, Karlsruhe 
Agar-agar  Roth, Karlsruhe 
FCS (foetal calf serum)  PAA, Austria 
Ampicillin Roth, Karlsruhe 
Kanamycin  Roth, Karlsruhe 
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Dimethysulfoxide (DMSO) Roth, Karlsruhe 
OptiMEM®I Invitrogen/Gibco, Karlsruhe 
FCS (fetal calf serum)  PAA Laboratories, Linz, Austria 
Penicillin/ Streptomycin Sigma-Aldrich, Deisenhofen 
DMEM Invitrogen/Gibco, Karlsruhe 
RPMI 1640  Invitrogen/Gibco, Karlsruhe 
32P γATP (5000Ci/mmol; 37 
GBq= 1mCi) Perkin Elmer (Germany) 

   
Table2: Chemicals/ biochemicals and source 

 

4.2 Buffers and Solutions 
Buffers Composition 

Acrylamide running gel buffer  
10%/12,5% (v/v) acrylamide, 375 mM Tris, 
0.1% SDS, pH 8.8 

Acrylamide stacking gel buffer 
4% (v/v) acrylamide, 125 mM Tris, 0.1% SDS, 
pH 6.8 

TGS buffer for SDS-PAGE  
192 mM glycine, 25 mM Tris-HCl, 0.1 % (w/v) 
SDS, pH 7.4 

TBS buffer  20mM Tris, 136 mM NaCl, pH 7.6 
TBS/Tween TBS buffer + 0.05% (v/v) Tween20 

SDS sample buffer (5x) 

250 mM Tris-HCl, 25% (v/v) Beta-
mercaptoethanol, 25% (v/v) glycerol, 10% (w/v) 
SDS, 0.05% (w/v) bromophenol blue, pH 6.8 

PBS (phosphate buffered 
saline)  

140 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 
1.5 mM KH2PO4, pH 7.2 

Cell lysis buffer  
20 mM Tris, 1% (v/v) TritionX100, 5 mM 
MgCl2,150 mM NaCl, pH 7.4 

Sodium orthovanadate  1 M in ddH2O 
PMSF solution 100 mM in isopropanol 

TBE (10x)  
900 mM Tris-borate, 20 mM EDTA (5.5% (w/v) 
boric acid) 

DNA sample buffer (6x)  

250 pg/ml xylene cyanol, 250 pg/ml 
bromophenol blue, 50 mM EDTA, 80% (v/v) 
glycerol 

LB medium  
10 g/l tryptone, 5 g/I yeast extract, 10 g/l NaCI, 
pH 7.0 

 
Table 3: Different buffers and their compositions  
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4.3 Antibodies 
Species Specificity Supplier Dilution 
Mouse Flag M2 Sigma 1 in 1000 
Mouse GFP Roche 1 in 1000 
Mouse ABI1 MDL 1 in 1000 
Mouse  Abcam 1 in 1000 
Rabbit pMOTIF Dr. Peter Storz, Mayo 

Clinic, Jacksonville, USA. 
1 in 1000 

Rabbit PKD1 Bethyl  1 in 1000 
Rabbit PKD2 Orbigen 1 in 1000 
Rabbit PKD2 Bethyl 1 in 1000 
Rabbit PKD3 Bethyl 1 in 1000 
Rabbit PKD(P-Ser744/748) Cell Signaling 1 in 1000 
Rabbit WAVE2 Cell Signaling 1 in 1000 
Rabbit PIR121/Sra-1 Millipore 1 in 1000 
Rabbit HSPC 300  Abcam 1 in 1000 
Rabbit NCKAP1  Abcam 1 in 1000 
Mouse β-Actin Sigma 1 in 1000 
Mouse Anti-Mouse IgG (peroxidase-

conjugated) 
Amersham, Pharmacia 1 in 5000 

Rabbit Anti-Rabbit IgG (peroxidase-
conjugated) 

BioRad 1 in 5000 

 
Table 4: Different antibodies used for western blotting 
 

4.4 Enzymes 
Enzyme Supplier 
Restriction endonucleases New England BioLabs  
DNA ligase New England BioLabs  
Taq polymerase  Invitrogen 
PfuTurbo DNA polymerase Stratagene 

 
Table 5: Enzymes used in site-directed mutagenesis and cloning procedures. 
 
 
 
 
 



 

[34] 

 

Materials and Methods 

4.5 Ready to use kits 

 
Table 6: Ready to use kits for molecular biology 

 

4.6 Plasmid purification 
The host E. coli XL-1 blue (genotype: recA1, endA1, gyrA96, thi-1, hsdR17, supE44, 

relA1, lac, [F'proAB, lac ZΔM15Tn10 (tetr)], (Bullock et al, 1987) was used for the 

plasmid propagation. Plasmid DNA was purified from the transformed bacteria 

according to the manufacturer's instructions using anion-exchange chromatography 

based PureLink™ HiPure Plasmid Purification Kits (Invitrogen). 

 

4.7 Plasmids 
For the plasmid propagation the host E. coli XL-1 blue (genotypes: recA1, endA1, 

gyrA96, thi-1, hsdR17, supE44, relA1, lac, [F'proAB, lacqZΔM15Tn10 (tetr)], was 

used.  

Plasmid Size (kb) Resistance Supplier 
pEGFP-C2 4.7 Kanamycin Clontech 
pCMV-Tag 3b 4.3 Kanamycin Stratagene 
Flag-pcDNA3 4.7 Ampicillin Osswald F., Ulm 
pGEX-4T-3 4.9 Ampicillin Amersham 

 
Table 7: Vectors used for cloning 
 
 

Application  Kit  Supplier 

DNA preperation Purelink HiPure Plasmid DNA purification Kit Invitrogen 

  High pure plasmid isolation kit Roche 
DNA gel extraction QIAquick Gel extraction kit Qiagen 
Site directed 
mutagenesis QuickChange XL Kit Stratagene 
Transfection Lipofectamine 2000 kit Invitrogen 
  Lipofectamine LTX Invitrogen 
  Fugene HD Roche 
  Hiperfect Qiagen 
F-actin turn over Actin polymerization kit Cytoskeleton 
Affinity purification α-FLAG M2-Agarose (A2220) Sigma 
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4.8 Primer pairs used for sub-cloning 
Construct  Primer Sequence 

pEGFP N1 ABI1 - Provided by Dr. Johan Van lint, Belgium 

pCMV-Tag3b 
ABI1 

Forward Gatgaattcagtatggcagagctgcagatg 

 Reverse Agtctcgagagtttaatcagtatagtgcatgattga 
ABI1∆T-Snare Forward Ttgttgtcaaaataccaatctctctcttgtctgtagcctgtatgt 
 Reverse Atacaggctacagacaagagagagattggtattttgacaacaaa 
ABI1∆ Proline Forward Cctcctcatcttcataatccacagcaatagaaattgaattttga 
 Reverse Tcaaaattcaatttctattgctgtggattatgaagatgaggagg 
ABI1∆ SH3 Forward Agtggtaccagtctacttgggggcccaagc 
ABI1∆ NT Forward Acgtctcgagtcgagattggtattttgacaacaaa 
pGEX 4T3-ABI1 Forward Aaccgaattccgcagagctgcagatgttactagaggaggagat 
 Reverse Ggagaggcggccgctttaatcagtatagtgcatgattgattc 
ABI1 S88A Forward Ctcagcttcggagaatggaggcttccatcaatcatatctcacag 
 Reverse Ctgtgagatatgattgatggaagcctccattctccgaagctgag 
ABI1 S88E Forward Ctcagcttcggagaatggaggagtccatcaatcatatctcacag 
 Reverse Ctgtgagatatgattgatggactcctccattctccgaagctgag 
ABI1 S296A Forward Cagatatctcgacacaacgcgactacttcttcgacatct 
 Reverse Agatgtcgaagaagtagtcgcgttgtgtcgagatatctg 
ABI1 S296E Forward Cagatatctcgacacaacgagactacttcttcgacatct 
 Reverse Agatgtcgaagaagtagtctcgttgtgtcgagatatctg 

 
Table 8:  Primers used for ABI1 cloning 

4.9 Polymerase chain reaction (PCR)  
The polymerase chain reaction was used for the amplification of DNA 

segments with two defined (sense and antisense) primers for analytical (using Taq 

DNA polymerase, Fermentas) or preparative (using Pfu Turbo DNA polymerase, 

Stratagene) applications. A typical PCR reaction mixture for Taq- and Pfu 

polymerase (table 8) as well as a PCR program profile (table 9) is listed below. 

Substance Concentration 
10 x buffer 1X 
Pfu / Taq polymerase  2.5U/ 1.2U 
Primers 100 pM 
dNTPs .6 mM 
MgCl2 2mM 
Template 100ng 
 
Table 9: PCR mixture 
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PCR-conditions Temperature Time 
1 Cycle 94 2 min 
35 cycles  94 30 sec 
 59 1 min 
  72 1kb/ min of the construct 
  72 Final extension 
 
Table 10: PCR conditions 

 

4.10 Site directed mutagenesis (SDM)  
The QuickChange site-directed mutagenesis kit (Stratagene) was used to 

insert point mutations. Briefly, PfuTurbo DNA polymerase replicates both plasmid 

strands without displacing the mutant oligonucleotide primers. The oligonucleotide 

primers, each complementary to opposite strands of the vector, are extended during 

temperature cycling by PfuTurbo DNA polymerase. Incorporation of the 

oligonucleotide primers generates a mutated plasmid containing staggered nicks. 

Following temperature cycling, the product is treated with Dpn I. The Dpn I is an 

endonuclease (target sequence: 5´-Gm6ATC-3´) specific for methylated and hemi-

methylated DNA and was used to digest the parental DNA template and to select for 

mutation-containing synthesized DNA. The nicked DNA-vector containing the desired 

mutations is then transformed into XL1-Blue super competent cells. The small 

amount of starting DNA template required for performing this method, the high fidelity 

of the PfuTurbo DNA polymerase, and the low number of thermal cycles all 

contributes to the high mutation efficiency and decreased potential for generating 

random mutations during the reaction. 

 

4.11 Cell biology: Cell lines and growing conditions 
HEK293, HeLa, Panc 1 and MiaPaCa were cultured in Dulbecco’s Modified 

Eagle’s Medium (GIBCO) and MCF 7 and MDA MB231 were cultured in RPMI 

medium (GIBCO). The medium were supplemented with 10% (v/v) fetal bovine 

serum (Biochrom), penicillin (100U/ml), and 100 μg/ml streptomycin at 37°C in a 

humidified atmosphere containing 5% CO2. 
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Cell type Tissue Species 
HEK 293 Embryonic kidney Homo sapiens/ ATCC 
HeLa Cervical carcinoma Homo sapiens/ ATCC 
Panc 1 Pancreatic carcinoma Homo sapiens/ ATCC 
MiaPaCa Pancreatic cancer cells Homo sapiens/ ATCC 
MCF 7 Breast cancer cell line Homo sapiens/ ATCC 
MDAMB 231 Breast cancer cell line Homo sapiens/ ATCC 

 
 Table 11: Different Cell lines used in the investigation 

 

4.12 Transient transfection: Various reagents  
Poly Ethylen Imine (PEI) 

Transfection of HEK293T was performed with Polyethyleneimine (PEI, linear, 

MW ~ 25000, Polysciences Inc., Warrington, Pennsylvania, stock concentration of 1 

mg/ml) with a ratio of 1:7,5 (μg DNA : μl PEI) (Zhang et al., 2004). Other transfections 

were performed according to manufacturer’s instructions.  

 
Table 12: Transient transfection methods applied in different assays. 
 

4.13 Stimulation/ treatment of cells 
i. Activation of PKD2 in HEK 293T 

Over expressed PKD2 in HEK293 cells (Flag-PKD2-WT/-CA/-DA transfected) 

or endogenous PKDs in MiaPaCa cells (Scrambled Si RNA or PKD1/ 2 /3 specific Si 

RNA treated), were subjected to 400nM phorbol 12-myristate 13-acetate 

(Calbiochem) stimulation for 10 minutes. Control cells received an equivalent amount 

of solvent (DMSO). 

Cell Type Application Method Company 

HEK 293T Biochemical detection of proteins PEI 
Polyscience 
Inc. 

HEK 293T 
Biochemical detection of 
phosphorylation events PEI 

Polyscience 
Inc. 

MiaPaCa Biochemical  detection of proteins 
Lipofectamine 
2000 Invitrogen 

HeLa Random migration assay FugeneHD Roche 

Panc1 Transwell migration assay 
Lipofectamine 
LTX Invitrogen 
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ii. Heregulin stimulation of MCF7 cells 
For Heregulin stimulation MCF 7 cells transfected with the constructs indicated  

were serum-starved for at least 3-4 hours and then stimulated with 100ng/ml human 

Heregulin1 (PeproTech, NJ) for 10 minutes. 

 

iii. siRNA treatment of cells 
Functionally validated Stealth RNAi directed against PKD1, 2 and 3 were from 

Qiagen. Cells were transfected with siRNA using Lipofectamine 2000 according to 

the manufacturer’s instructions in a 6 well plate format at a final concentration of 

30nM (Invitrogen, CA). Corresponding fluorescently labeled stealth RNAi purchased 

from Invitrogen (Invitrogen, CA) was used as negative control. Twenty-four hours 

after the first transfection, cells were re-transfected with 30nM siRNA. Cells were 

then lysed and analyzed by western blotting. 

 

4.14 Preparation of cell extracts 
Cells at a confluency of 90% (6 well- ≈1X106 ; 10 cm dish- ≈9X106) were 

washed twice with PBS, scraped in regular lysis buffer (50 mM Tris pH 7.4, 1% 

Triton-X-100, 1 mM DTT, 2 mM EDTA, 2 mM EGTA, 50 mM NaF, 1 mM Na-

orthovanadate, EDTA-free protease inhibitors)  and centrifuged at 15 000 x g for 20 

min. Protein concentration in the lysates was estimated (Bradford Biorad Protein 

Assay; Biorad), mixed with SDS- sample buffer (30% (w/v) glycerol, 4% (w/v) SDS, 

50 mM TrisHCl pH 6.8, 5% (w/v) DTT, 0.005% (w/v) bromphenolblue) and denatured 

at 95°C for 5 minutes. 

 

4.15 Immunoprecipitations 
MiaPaCa/ MDAMB-231/ transiently transfected HEK293T cells expressing the 

indicated constructs were lysed at 4 °C in 1 ml lysis buffer (20 mM Tris/HCl,pH 7.4, 

1% Triton X-100, 150 mM NaCl, 5 mM MgCl2, 10 mM sodium fluoride, 20 mM 

glycerophosphate) containing protease and phosphatase inhibitors . After 45 minutes 

the samples were centrifuged (14,000 rpm for 20 min at 4 °C), the supernatant was 

collected and equal amounts of total protein (2.5 mg), as described in the individual 

figures, were subjected to immunoprecipitations (IP’s) with specific antibodies, ABI1 

(1.25μl/ mg), PKD2 (1μl/ 1mg), WAVE2 (1μl/ 1.5mg), GFP  (1μl/ 1mg) and FLAG M2 
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(1μl/ 1mg). After incubation for 1.5 hours at 4°C on a roller incubator 30 μl of Protein 

G-Sepharose (Amersham Bioscience, Freiburg) was added and the mixture was 

incubated for an additional hour at 4°C. Subsequently the sepharose pellet was 

washed three times in lysis buffer, then 4x SDS sample buffer was added and pellets 

were heated to 95°C for 5 min to release the precipitated proteins. Samples were 

then subjected to western blot analysis to detect precipitated proteins.  

 

4.16 Western blot analyses 
Western blots were performed according to standard procedures to detect 

proteins from whole cell lysates and immunoprecipitations. Briefly the protein 

samples for western blot analysis were fractionated by 8% or 10% SDS-PAGE and 

transferred on to an activated PVDF membrane. Membranes were blocked with 5% 

milk (GFP, FLAG, ABI1, HSPC 300, NCKAP1, PIR121/Sra1, PKD2 and 3 

antibodies), 5%BSA (PKD1, Phospho-PKCµ and WAVE2 antibodies), 2% BSA 

(pMOTIF Antibody) in TBS-T (0.2 % Tween 20) for 1hour, followed by incubation with 

appropriate primary antibodies in PBST (dilutions are listed in table 1) for 1 hour at 

RT or at 4°C over night with gentle agitation. After washing the membrane (3 times 

for 15 minutes each with TBS-T) and incubating with alkaline phosphatase 

conjugated anti–mouse IgG or anti–rabbit IgG secondary antibodies (1:5000) for an 

additional 1 hour, HRP-linked secondary antibodies were detected by 

chemiluminescence (Pierce or Amersham).  

 
4.17 Expression and purification of GST-tagged proteins in bacteria 

GST fusion proteins of ABI1were purified from Escherichia coli BL21 extracts 

using Glutathione Sepharose 4B beads according to the instructions of the 

manufacturer (Amersham, Buckinghamshire, England). The system is based on 

inducible expression of genes or gene fragments as fusions with Schistosoma 

japonicum GST. NEB Iq Express Competent E.coli were used as a host for GST-

proteins expression. The host bacteria were grown in Luria Bertani medium (Goff et 

al., 1980) at 37°C to achieve exponential growth (approximately 3.5 hours with 5% 

overnight culture used as seeding material; OD 600: ~0.75). Expression of GST-

tagged proteins was stimulated by adding IPTG (Isopropyl-thiogalactopyaranosid, 

PeqLab) to a final concentration of 0.5mM and the cultures were grown at lower 
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temperature for the next 12 hours, to decrease metabolism and avoid formation of 

the inclusion bodies. The cells were harvested by centrifugation at 6000 rpm 

(Suprafuge 22, Heraeus) for 20 minutes and the pellet was resuspended in the lysis 

buffer (500 mM NaCl, 50 mM Tris pH 7.5, 10 mM MgCl2 and 5% glycerol (w/v), 

complete protease inhibitor mix (Roche)). After addition of lysozyme (25 μg/ml, 

Fluka) the cells were sonicated (3 X 10 seconds, constant pulse; B-15 Sonicator, 

Sartorius Biotech GmbH). The cell lysate was precleared by centrifugation (10,000 

rpm, 30 minutes, at 4°C, Heraeus). GST fusion proteins were then purified from clear 

bacterial lysates by affinity chromatography using immobilized glutathione for 

overnight on a rotating wheel. Fusion proteins were eluted under mild, non-

denaturing conditions using reduced 50 mM glutathione (Sigma) and the eluted 

fractions were stored at -80 for further use. 

 

4.18 Kinase substrate identification assay  
The assay was performed by Invitrogen. Briefly the methodology involves the 

following steps. The protein microarrays (containing approximately 3000 GST tagged 

full-length human proteins), were blocked for 2 hours with blocking buffer (1% BSA in 

1X PBS). A kinase reaction mixture (120 µl) containing kinase buffer (1% BSA, 1% 

NP-40, 100 mM MOPS pH 7.2, 100 mM NaCl, 5 mM MgCl2, 5 mM MnCl2), 

recombinant protein kinase, PKD2 (30 nM), and [γ-32P] ATP (~33 nM, 1 mCi/ml) was 

added to the surface of the microarrays. Microarrays were covered with glass cover 

slips and incubated at 30°C in an incubator for 60 min. After incubation, arrays were 

washed twice with 0.5% SDS for 15 min at room temperature followed by two washes 

with distilled water for 15 min and allowed to dry. The dried microarrays were 

exposed to a phosphorimager screen (50 μm resolution) overnight and images were 

acquired with a Packard Cyclone Phosphor imager. The images were processed with 

Adobe Photoshop software, and data were acquired using GenePix Pro software 

(Molecular Devices) and analyzed using ProtoArray Prospector software (Invitrogen).  

 

4.19 In vitro kinase assay 
To examine in vitro GST-ABI1 or histone phosphorylation by PKD2 and its 

mutants, PKD2 was enriched by immunoprecipitation as described above. Immune 

complexes were washed once with lysis buffer I (50 mM Tris pH 7.6, 1% Triton-X-
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100, 1mM DTT, 2 mM EDTA, 2 mM EGTA, complete EDTA-free protease inhibitor 

mix (Roche), phosphatase inhibitor mix (Phospho-Stop Roche)), twice with lysis 

buffer II (buffer I without triton X-100) and thrice with kinase buffer (30 mM Tris-HCl, 

pH 7.4, 10 mM MgCl2, 1 mM DTT) and then resuspended in 20 μl of kinase buffer in 

the presence of  0.5 mg/ml histone H1 or  4 μg GST-ABI1-WT/ -S88A/ -S296A/ -S88 

296A and 100 μM [γ32 P] ATP. Reactions were incubated at 30°C for 15 minutes. 

Reaction was terminated by adding an equal amount of the 5xSDS-PAGE sample 

buffer. Finally, the kinase activity is observed after performing SDS-PAGE and 

exposing the gel to x-ray or Fujifilm's phosphor Imaging Plate. Phosphor Imaging 

Plate is a high-sensitive, two-dimensional sensor for the detection of radioisotopes. 

The AIDA Image Analyzer software was used for the evaluation and annotation of 

images that were obtained with a luminography scanner (Fuji Film BAS). 

 

4.20 Purification of WAVE2 from 293T lysates: FLAG-M2 affinity 
purification 

HEK 293T cells seeded at a density 4 x 106 cells/ 10 cm dish were transfected 

with FLAG-WAVE2 using PEI (8 μg DNA and 20 μl PEI in 400μl serum-free DMEM). 

After 48 hours cells were harvested, washed once with PBS and then lysed in lysis 

buffer supplemented with EDTA-free protease and phosphatase inhibitors. Whole cell 

lysates were spun at 14,000 RPM at 40C for 20 minutes and the cleared lysates were 

incubated with 400 μl of activated FLAG M2-Agarose (A2220, Sigma-Aldrich) for 2 

hours at 4°C on a rocker. Activation of FLAG M2-Agarose was done according to the 

manufacturer’s descriptions. FLAG M2-Immunoprecipitates were subsequently 

loaded onto a column (Bio Rad, Munich) equilibrated with lysis buffer. The packed 

column was washed three times with ice-cold lysis buffer followed by three times 

PBS. Elution of the bound FLAG-WAVE2 was done for 3 times with 200 μl of elution 

buffer (100mM glycine pH 2.3) in reaction tubes containing 20 μl 1,5M Tris pH 8.8 to 

buffer the eluate. Eluted proteins were stabilized by the addition of sterile glycerol to 

a final concentration of 10 % (v/v) and stored at -80°C. FLAG-WAVE2 concentrations 

as well as purity were subsequently assayed by Coomassie- stained bands to a BSA 

standard dilution series. 
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4.21 In vitro pyrene-actin polymerization assays 
Pyrene-actin polymerization assays were performed as described earlier 

(Eiseler et al., 2010). Briefly, Pyrene-labeled rabbit muscle G-actin (Cytoskeleton 

Inc.) was diluted at 3μM in G-buffer (5mM Tris-HCL pH8, 0.2mM CaCl2 and 0.2mM 

fresh ATP). The polymerization assays were performed in black 96 well plates 

(Greiner Bio-one) in a volume of 100 μl containing G-actin, WAVE2, Arp 2/3 complex, 

GST alone, GST-ABI1 Wt and GST-ABI1 SE at a final concentration of 3 µM, 80 nM, 

40 nM, and 300 nM, respectively. Polymerization reactions were initiated by adding 

10 μl 10X F-buffer (Cytoskeleton Inc.) and increase in Pyrene fluorescence following 

polymerization was measured with a Tecan M200 plate reader: Excitation: 360 nm, 

Emission: 407 nm every 15 seconds. Three independent experiments in triplets were 

performed. To quantify changes in polymerization rate, curves were fitted with 

Boltzmann sigmoidal equations (GraphPad, Prism) and half-maxima of saturated 

polymerization values (T½Max [s]) were calculated from RAW data. 

 

4.22 Lamellipodia extension assay  
MCF7 cells were transfected with GFP-ABI1-WT/ -S88/296A/ -S88/296E and 

WAVE2-WT constructs. 16 hours later, cells were serum starved for 4 hours and 

stimulated with 100ng/ml Heregulin (PeproTech) for 10 minutes. Samples were 

processed as described in confocal microscopy section. Representative images 

under each condition were obtained using a confocal laser scanning microscope 

(TCS SP5, Leica). For quantification, images were acquired using a BZ-8000 

Keyence epifluorescence microscope with 40x oil immersion objective. A minimum of 

125 cells per condition (both GFP- and WAVE2-positive cells) were examined and 

categorized into three groups of lamellipodial extension as described earlier (Steffen 

et al., 2004): Lamellipodia present (large continuous sheet of extension), lamellipodia 

ambiguous (extension as occasional patches) and lamellipodia absent (no extension 

at all). Cell numbers were then calculated as percentage of entire cell population 

visualized. 

 

4.23 Immunofluorescence studies 
HeLa and MCF7 cells were plated onto glass cover slips a day before and 

transfected with GFP-ABI1-WT and mutant constructs as indicated.  The following 
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day cells were washed with phosphate buffered saline (PBS) and fixed with 3.7% 

formaldehyde in PBS for 10 minutes. Subsequently cells were neutralized, 

permeabilized with 0.1% Triton X-100 and incubated with specific antibodies (ABI1/ 

PKD2/ WAVE2) overnight followed by secondary antibody treatment for 1hour at 

room temperature. F-Actin was stained using Rhodamine-Phalloidine (Alexa fluor 567 

1:400, Invitrogen) for 20 min at room temperature. Nuclei were stained using DAPI 

(Invitrogen). Slides were then analyzed for localization/ co-localization/ change in co-

localization of proteins via fluorescence microscope (BZ-8000 Keyence Fluorescence 

Microscope) and confocal microscope (Confocal Laser scanning Microscope Leica). 

Image analysis was performed using the public domain software ImageJ (v1.36b) 

and Leica confocal software lite V2.61.  

 

4.24 Migration assays  
i. Random migration assay 
HeLa cells transfected with different ABI1constructs were allowed to spread 

for 30 minutes in 1% FBS DMEM on glass bottom culture dishes (MakTek 

Corporation) coated with fibronectin (50 μg/ ml). Imaging of living cells expressing 

EGFP-tagged ABI1constructs was performed with a BZ-8000 Keyence Fluorescence 

Microscope. An image was captured every 10 min for at least 10 hours and motion 

pictures (AVI format) were created from time-lapse images using BZ-Analyzer 

software (Keyence Corporation). During the entire experiment, cells were kept at 

37°C in a humidified atmosphere containing 5% CO2 using a Keyence incubation 

chamber. Movement of cells was analyzed using tracking routines implemented in 

ImageJ. At least 75 cells from three independent experiments were monitored for 

each condition. 

 
ii. Transwell migration assay 
Migration assays with Panc1 cells were performed using 24 well Transwell 

filter inserts with a pore size of 8.0μm (Corning, New York, USA). Briefly, 30,000 

Panc1 cells transfected with the constructs indicated were serum starved for at least 

4 hours and seeded at a density of 30,000 cells/ insert in a medium containing 1% 

FCS. Migration was induced by an FCS gradient of 1% - 10% FCS (top of insert/ 

well) for 30 hours. Cells on the filter were washed twice with PBS and the interior of 
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the Transwell insert was wiped with a cotton swab to remove cells, which had not 

migrated and washed again two times with PBS. Cells were then fixed in 4% 

paraformaldehyde and stained with DAPI (20 min at room temperature), to quantify 

migration of cells on the filter (RT). Filters were then documented using a wide field 

fluorescence microscope (BZ-8000 Keyence Fluorescence Microscope) equipped 

with a CCD camera, and a monochromatic light source under 20X magnification. At 

least 6 visual fields per filter were photographed. Results were calculated as mean 

number of migrated cells/ visual field. Statistics were done on the data obtained from 

three independent experiments. 

 

4.25 Softwares  
Generunner 3.05, Expasy (Gasteiger et al., 2003) were used for primer 

designing and sequence analysis of nucleotides and peptides. Web based analysis 

of nucleotides and amino acids was done via Basic Local Alignment Tool (BLAST, 

(Altschul et al., 1990)). Protein domains or residues that are likely to be 

phosphorylated by a specific protein kinase were identified by Scansite 2.0 

(Obenauer et al., 2003). Leica confocal software V2.61 and lite V2.61 were used in 

confocal studies. Image J (Manual tracking plug-in) was used to monitor cell 

migration velocity (Abramoff, 2004; Rasband, 1997). Statistical significances were 

analyzed by unpaired; two-tailed Students t-test calculated using the Graph Pad 

Prism software. Differences were considered significant at * p < 0.05, ** p <0.001 and 

*** p <0.0001. 
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5. Results 
5.1    Identification of ABI1 as a potential substrate of PKD2 

Using the ProtoArray Human Protein Microarray v4.0 (Invitrogen) we performed a 

substrate screen to identify novel PKD substrates that could play a role in the regulation 

of cell migration. The protoarrays contain approximately 3000 GST tagged full-length 

human proteins, including fiduciary kinases that serve as orientation landmarks spotted 

in duplicate onto microscope slides. Protein arrays (n=3 per experimental group) were 

incubated with recombinant, active PKD2 or assay buffer only. Signal intensity of 

proteins between control arrays and arrays incubated with kinase were observed. 

Protein spots phosphorylated only by PKD2 but absent in controls were characterized 

as putative substrates. Similar arrays have been used to identify novel substrates for a 

variety of different protein kinases, including Cdk5 (Schnack et al., 2008), and 

the Arabidopsis thaliana MAPKs, Mkp3 and Mkp6 (Feilner et al., 2005). ABI1 was one 

of the potential substrates that were identified.  

Although kinase substrate screen identified potential novel kinase substrates, we 

needed to confirm that ABI1 was a PKD2 phosphoacceptor in solution. This is an 

important consideration as not every protein identified from protein microarrays 

recapitulates in solution. To confirm that ABI1 was a substrate of PKD2, ABI1 was sub-

cloned into a suitable expression vector followed by expression and purification of the 

ABI1 protein from bacteria. This protein was then analyzed for a potential 

phosphorylation by PKD2 in an in vitro kinase assay. As shown in Fig. 7A, PKD2 

induced phosphorylation of GST-ABI1-WT or histone as a control substrate. 

Phosphorylation of GST-ABI1-WT or histone was more pronounced when PKD2 activity 

was stimulated by phorbol-12-myristate-13-acetate (Sturany et al., 2001) or when 

constitutively active PKD2 (PKD2-CA-S244/706/710E) was employed (von Blume et al., 

2007). In contrast, catalytically inactive PKD2 (PKD2-DA=D695A) (Auer et al., 2005) 

failed to induce GST-ABI1-WT phosphorylation. 
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Figure 7: PKD2 phosphorylates ABI1. (A) Substrate phosphorylation: 4 μg each of 

recombinant GST-ABI1-WT alone (upper autoradiogram) or histone (middle autoradiogram) and 

Flag-PKD2-WT (with or without PMA), -CA (S244/706/710E) and -DA (D695A) immunoprecipitates 

were incubated as indicated, in the presence of kinase buffer and [γ− 32P] ATP at 300C for 10 

minutes. Phosphorylated proteins were resolved by SDS–PAGE and detected by 

autoradiography. Expression levels of the PKD2 constructs used were verified by 

immunoblotting using an anti-Flag antibody (A, lower blot). (B) 32P incorporation in ABI1: 

Densitometric analysis of autoradiograms of four independent experiments, plotted as 

percentage of 32P incorporation in ABI1 by PKD2 against the conditions indicated. * p < 0.05, 

and *** p <0.001. 

 

5.2 PKD2 phosphorylates ABI1 at Serine 88 and 296 

Having identified ABI1 as an in vitro substrate of PKD2, we next aimed to map 

the phosphorylation residue(s). To identify potential PKD2 phosphorylation site(s) in 

ABI1, we at first performed an in silico analysis using Scansite, a web-based domain to 

identify motifs within proteins that are likely to be phosphorylated by specific protein 

kinases (Obenauer et al., 2003). PKDs are known to phosphorylate substrates that 

contain the substrate motif -[L/V/I]-XRXX-[S/T]-, (L, R, S, T and X are leucine, arginine, 

serine, threonine and any other amino acid residue, respectively; (Nishikawa et al., 
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1997). The Scansite search yielded 12 potential phosphorylation sites in ABI1. Two of 

these sites closely resembled the typical PKD substrate phosphorylation motif: S88 (-

SQLRRMES*SI-) and S296 (-RQISRHNS*TT-), respectively. The amino acid motif 

around S88 contains an arginine and leucine at positions -3 and -5, respectively.  The 

amino acid sequence around S296 contains an arginine at the -3 positions and 

isoleucine at the -5 position (Figure 8). These sites were also described as being 

accessible by the kinase. 
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Figure 8: Prediction of potential phosphorylation sites in ABI1. (A and B) Motif Scan 

Graphic result (http://scansite.mit.edu/motifscan_seq.phtml). Possible phosphorylation sites 

within ABI1 were predicted using the Scansite 2.0, an algorithm that identifies short protein 

sequence motifs likely to bind to specific protein domains or to be phosphorylated by specific 

protein kinase. The ABI1 Scansite motif scan proposed 12 potential phosphorylation sites. 

(C)Two sites S88 and 296 with a high homology to the typical PKD phosphorylation motif were 

chosen for further investigation. 

 

To examine whether and which of these two predicted phosphorylation sites in 

ABI1 were actually phosphorylated by PKD2, we generated GST-ABI1-S88A, GST-ABI1-

S296A and GST-ABI1-S88/296A mutant proteins. Changing either S88 or S296 to alanine 

resulted in a marked reduction of GST-ABI1 phosphorylation in vitro kinase assays 

using catalytically active PKD2. Substituting both serine residues to alanine abolished 

phosphorylation of GST-ABI1 by constitutively active Flag-PKD2-CA in vitro (Figure 9A). 

Densitometric quantification of the autoradiograms revealed that S296 is a more 

prominent phosphorylation site compared to S88 (Figure 9B). 

 
Figure 9: PKD2 phosphorylates ABI1 at Ser 88 and 296. (A) 4 μg each of GST-ABI1-WT/ -

S88A/ -S296A/ -S88/296A mutants and Flag-PKD2-WT (with or without PMA), -CA (S244/706/710E) and 

-DA (D695A) immunoprecipitates were incubated in the presence of kinase buffer and [γ−32P] 

ATP at 300C for 10 minutes. Phosphorylated proteins were resolved by SDS–PAGE and 

A B 
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detected by autoradiography. Coomassie staining of GST-ABI1-WT/ -S88A/ -S296A and -S88/296A 

confirmed equal amount of proteins (A, lower panel). (B) P32 incorporation in ABI1: 

Densitometric analysis of autoradiogram from four independent experiments, plotted as 

percentage of P32 incorporation in ABI1 by PKD2 against the conditions indicated. * p < 0.05, 

and *** p <0.001. 

 

5.3 PKD2 phosphorylates ABI1 in intact cells 
To investigate whether the ABI1 phosphorylation sites, Ser 88 and Ser 296 were 

also phosphorylated in intact cells and may therefore be of physiological relevance we 

used an antibody that detects the optimal phosphorylation motif of PKDs (pMOTIF 

antibody, (Doppler et al., 2005; Nishikawa et al., 1997). HEK-293T cells were co-

transfected with GFP-ABI1-WT or GFP-ABI1-S88/296A, together with Flag-PKD2-WT, 

constitutively active Flag-PKD2-CA or the catalytically inactive Flag-PKD2-DA (Auer et 

al., 2005) as indicated (Figure 10). ABI1 immunoprecpitates were subsequently 

analyzed by immunoblotting using the pMOTIF antibody. Ectopic expression of PKD2, 

which already results in some degree of kinase activation, induced phosphorylation of 

GFP-ABI1-WT. ABI1 phosphorylation was further increased by incubation of cells with 

PMA. Constitutively active Flag-PKD2-CA substantially increased phosphorylation of 

GFP-ABI1-WT. In contrast, catalytically inactive Flag-PKD2-DA could not induce 

phosphorylation of GFP-ABI1-WT and even abolished the basal level of GFP-ABI1-WT 

phosphorylation observed upon expression of PKD2-WT. Vice versa, constitutively 

active Flag-PKD2-CA failed to induce phosphorylation of an ABI1 mutant protein in 

which S88 and S296 were changed to alanine. These data show that S88 and S296 are 

indeed the major PKD2 phosphorylation sites in ABI1 in intact cells. 

 

5.4 PKD2 phosphorylates ABI1 at endogenous levels 
Having determined that ectopically expressed ABI1 is a PKD2 substrate in vitro 

and in intact cells, we examined whether endogenous ABI1 was also phosphorylated by 

PKD2. Cervical (HeLa), pancreatic (Panc 1 and MiaPaCa 2), colorectal (Colo 320 and 

HCT 116) and breast cancer (MDA-MB 231) cells exhibit high levels of both, ABI1 and 
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PKD2, as determined by Western blotting (Figure 11A). MCF7 cells expressed PKD2, 

but only low levels of ABI1. Vice versa cell lines of neuronal origin such as NG108 and 

PC12 cells expressed high levels of ABI1, but rather low levels of PKD2 (Figure 11A ). 

Since MDA-MB 231 cells have been used as a model cell line to investigate the function 

of ABI1 by various groups we chose this cell line for further analysis. 
 

 
 
Figure 10: PKD2 phosphorylates ABI1 in intact cells.  Upper panel:  Immunoprecipitates 

from HEK-293T cells co-expressing GFP-ABI1-WT/ -S88/296A protein and Flag-PKD2-WT (with or 

without PMA stimulation) or -CA (S244/706/710E) or DA (D695A) constructs as indicated were 

immunoblotted with pMOTIF antibody (upper blot). Uniform expression of the constructs used 

was confirmed by immunoblotting with anti-GFP (middle blot) and anti-Flag (lower blot) 

antibodies. Lower panel: Quantification of phospho-status of ABI1: Immunoblots were analyzed 

by densitometry and the data represent mean and s.e.m of four independent experiments. ** p 

<0.001 and *** p <0.0001. 
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Lysates of MDA-MB 231 cells treated with PMA or solvent (DMSO) were 

evaluated by immunoblotting using the pMOTIF antibody. As shown in Figure 11B 

phosphorylation of both, ABI1 (left panel) and PKD2 (right panel) was substantially 

increased upon PMA treatment of MDA-MB 231 cells. To confirm that PMA-induced 

phosphorylation of ABI1 was PKD-dependent, we depleted all three PKD isoforms by 

siRNA and again examined phosphorylation of ABI1 in response to PMA treatment 

using the pMOTIF antibody (Figure 11C, left panel). Depletion of all three PKD isoforms 

strikingly reduced basal and PMA stimulated ABI1 phosphorylation. Additionally, single 

knockdown of PKD 1, 2 and 3 indicated that ABI1 is a substrate of all three kinases. 

However ABI1 appears to be a preferential substrate of PKD2 and 3 (Figure 11D, right 

panel). The efficacy of the siRNA knockdown was confirmed by Western blotting using 

specific anti-PKD1,-2 and -3 antibodies, respectively (Figure 11C and 11D, right 

panels). This indicates that PKDs are indeed the major kinases to phosphorylate ABI1 

at these sites.  
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Figure 11: Endogenous PKD2 phosphorylates ABI1. (A) Whole cell lysates from different 

cancer cell lines as indicated were immunoblotted using ABI1- (upper blot), PKD2- (middle blot) 

and actin-specific antibodies (lower blot). (B) Endogenous PKD2 phosphorylates ABI1. Cell 

lysates from MDA-MB 231 cells treated with 400 mM PMA or solvent for 10 minutes were 

immunoblotted with anti-pMOTIF (left panel, upper blot) or anti-phospho PKD (right panel, upper 

blot) antibodies. Membranes were reprobed with anti-ABI1 (left panel, middle blot) and anti-

PKD2 (right panel, middle blot) antibodies to confirm equal amounts of proteins. (C) 
Simultaneous knockdown of PKD1, -2 and -3 abolishes phosphorylation on ABI1. Lysates from 

MDA-MB 231 cells transfected with specific  siRNAs targeting PKD1, -2 and -3 and treated with 

or without PMA for 10 minutes were immunoblotted with anti-pMOTIF (left panel, upper blot) or 

anti-ABI1 (left panel, middle blot) antibody respectively. (D) Single knockdown of PKD 1, -2 and 

-3 does not strikingly influence ABI1 phosphorylation. MDA-MB 231 cells transfected with 

specific siRNAs targeting PKD1, -2 and -3 were immunoblotted with anti-pMOTIF (left panel, 

upper blot) or anti-ABI1 (left panel, middle blot) antibody respectively. Actin was used as an 

internal loading control. Immunoblotting with PKD1, -2 and -3 antibodies (right panel of 11C and 

D- upper, middle and lower blots, respectively) indicated >80% knockdown efficiency. 

D 
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5.5 ABI1 interacts with PKD2 in vitro and in vivo 
Having confirmed that PKD2 phosphorylates ABI1, we next investigated, whether 

the two proteins would interact. Lysates of HEK-293T cells transfected with GFP-ABI1-

WT, Flag-PKD2-WT, or the respective empty vectors (Figure 12A) were subjected to 

immunoprecipitations using anti-GFP or anti-Flag antibodies, respectively. GFP-ABI1-

WT could be detected in Flag-PKD2-WT immunoprecpitates. Vice versa, Flag-PKD2-

WT was detectable in GFP-ABI1-WT immunoprecpitates by Western blotting. Thus, 

PKD2 and ABI1 physically interact with each other. In addition, colocalization 

studies were performed in MCF7 cells expressing Flag-PKD2-WT and GFP-ABI1-WT. 

Confocal images presented in Figure 12B revealed an apparent colocalization of ABI1 

with PKD2 at the plasma membrane in leading edge structures. To determine whether 

the direct interaction of ABI1 and PKD2 also occurred between endogenously 

expressed proteins, PKD2 and ABI1 were immunoprecipitated from MDA-MB 231 cell 

lysates using anti-PKD2 and ABI1 antibodies. Control immunoprecipitations were 

performed using preimmune IgG antibodies (Figure 12C). PKD2 was detected in anti-

ABI1 immunoprecipitates. Vice versa, ABI1 was detected in PKD2 immunoprecipitates, 

indicating that the constitutive interaction between ABI1 and PKD2 also occurs at the 

level of the endogenous proteins.  

 



 

[54] 

 

Results 

        

 
 
Figure 12: PKD2 and ABI1 interact. (A) Lysates of HEK-293T cells co-expressing GFP-ABI1-

WT or GFP vector together with Flag-PKD2-WT or Flag vector as indicated were 

immunoprecipitated with anti-GFP (ABI1 IP, left panel) or anti-Flag (PKD2 IP, right panel), 

respectively, and the precipitated proteins were immunoblotted as indicated. Immunoblots 

(lower) in either panel suggest uniform expression levels of the constructs used. (B) PKD2 co-

localizes with ABI1 at the leading edge of the cell. MCF7 cells co-expressing GFP-ABI1-WT and 

Flag-PKD2-WT were fixed, immunostained with anti-PKD2/ Alexa 647 antibodies and DAPI 

(blue). Co-localization areas are indicated by arrowheads. Scale bar 15 µm. (C) Endogenous 

ABI1 and PKD2 interact. Lysates from MDA-MB 231 cells were immunoprecipitated with anti-

ABI1 (left panel) and anti-PKD2 (right panel) antibodies and the precipitated proteins were 

immunoblotted as indicated. Immunoblotting of the lysates confirmed presence of ABI1 and 

PKD2 proteins (right panel). 

 

5.6 Characterization of the ABI1 interaction domain in PKD2 
Having identified the constitutive interaction between ABI1 and PKD2 we next 

aimed at determining the domain/s of PKD2 responsible for this interaction. PKD2 

contains several domains including two cysteine rich domains (CRD=C1a+C1b), an 

acidic domain (AC), a pleckstrin homology domain and a catalytic domain (KD) (Sturany 

et al., 2001). The N-terminus of both, PKD1 and PKD2, starts with a hydrophobic 

region, rich in alanine and/or proline residues, which is missing in PKD3 (Figure 13A).   

B 
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To identify the ABI1 interaction site(s) within PKD2, we co-expressed various 

Flag-tagged deletion mutants of PKD2 shown in Fig. 5A (Auer et al., 2005) with GFP-

ABI1-WT in HEK-293T cells. Lysates were immunoprecipitated with anti-Flag (Fig. 13B, 

left panel) or anti-GFP (Figure 13B, right panel) antibodies, respectively. ABI1-WT was 

found to interact with PKD2 mutants lacking the kinase domain and the pleckstrin 

homology domain, but not with a PKD2 mutant lacking the entire zinc finger domain. A 

more detailed analysis of this region revealed that the interaction between PKD2-WT 

and ABI1-WT was mediated by the second cysteine rich domain (C1b). In contrast, the 

mutant lacking only the first cysteine rich domain (C1a) still interacted with ABI1 (Figure 

13B). Deletion of Acidic domain (AC) had no effect on this interaction. These findings 

suggest that PKD2 interacts with ABI1 exclusively via its second cysteine rich domain 

(C1b). 
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Figure 13: Interaction of ABI1-PKD2 is mediated exclusively by C1b domain of PKD2 and 
is lost upon phosphorylation. (A) Schematic representation of the PKD2 constructs used. 

Wild type (-WT), Cysteine rich (-∆CRD), first cysteine rich (-∆C1a), second cysteine rich (-

∆C1b), pleckstrin homology (-∆PH) and kinase (-∆KD) domain. (B) Identification of the ABI1 

interacting region in PKD2 protein. Lysates from HEK-293T cells co-expressing GFP-ABI1-WT 

and Flag-PKD2-WT and deletion constructs as indicated were immunoprecipitated with anti-

Flag (PKD2 IP, left panel) and anti-GFP (ABI1 IP, right panel) antibodies and the precipitated 

proteins were immunoblotted as indicated. 

 

5.7 ABI1 phosphorylation affects its interaction with PKD2 and 
changes its subcellular localization 

Kinases often bind their substrates only transiently, and phosphorylation of the 

substrate terminates the interaction. To investigate if PKD2-induced phosphorylation of 

ABI1 affects its interaction with the kinase, HEK-293T cells were co-transfected with 

GFP-ABI1-WT and Flag-PKD2-WT, constitutively active PKD2-CA or catalytically 

inactive PKD2-DA as indicated (Figure 14A). Cell lysates were then immunoprecipitated 

with anti-Flag or anti-GFP antibodies, respectively, and immunoblotted with anti-GFP 

and anti-Flag antibodies. Both PKD2-DA and PKD2-WT interacted with ABI1-WT. In 

contrast, the interaction of ABI1-WT with PKD2-WT was substantially reduced in the 

presence of PMA. Likewise, constitutively active PKD2 and ABI1 did not show an 

appreciable interaction in the co-immunoprecipitation assay. Thus, the constitutive 

interaction between PKD2 and ABI1 is released upon activation of PKD2 and 

phosphorylation of ABI1. To examine whether disruption of the ABI1-PKD2 interaction 

upon phosphorylation would affect the subcellular localization of ABI1, we examined the 

localization of GFP-ABI1-WT, its phosphomimetic mutant, ABI1-S88/296E, and its non-

phosphorylatable mutant, ABI1 S88/296A.  MCF7 cells transfected with the constrcts 

indicated were fixed, stained and observed for any changes in localization of ABI1. As 

shown in Figure 14B, ABI1-S88/296E was predominantly detectable in the cytoplasm and 

the perinuclear area of MCF7 cells. In contrast, ABI1-S88/296A localized to the plasma 

membrane in leading edge structures of the cells.  
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Figure 14: PKD2 induced phosphorylation on ABI1 shifts localization from cell periphery 
to the cytosol. (A) Interaction of ABI1-PKD2 at the plasma membrane is lost upon 

phosphorylation. Lysates from HEK293T cells co-expressing GFP-ABI1-WT and Flag-PKD2-WT 

(with or without PMA), -CA (S244/706/710E) and -DA (D695A) constructs were immunoprecipitated 

with anti-GFP (ABI1 IP, right panel) or anti-Flag (PKD2 IP, left panel) antibodies and the 

precipitated proteins were immunoblotted as indicated. Data represent means and S.E.M of co-

immunoprecipitation efficacies for PKD2 and ABI1 of four independent experiments. * p < 0.05, 

** p <0.001 and *** p <0.0001. (B) The effect of PKD2 mediated phosphorylation of ABI1 on 

localization. MCF7 cells expressing GFP-ABI1-WT (upper panel)/ -S88/296E (middle panel)/ -

S88/296A (lower panel) were fixed and stained with DAPI. Membrane localized areas are 

indicated by arrow heads. 

 

5.8 PKD2-mediated phosphorylation of ABI1 destabilizes the ABI1-
WAVE2 sub-complex 

ABI1 is an adaptor protein involved in actin reorganization and lamellipodia 

formation. ABI1 interacts with WAVE2 (Innocenti et al., 2004; Leng et al., 2005; Steffen 

et al., 2004) via its wave homology domain (WHD). This interaction facilitates the 

formation and activation of a WAVE2-ABI1-Nap1-PIR121 complex. This ABI1-WAVE2 

sub-complex can also promote actin polymerization (Innocenti et al., 2004). Our 

previous data prompted us to investigate whether PKD2-mediated phosphorylation of 

ABI1-WT would alter the stability of the ABI1-WAVE2 sub-complex and thereby affect 

the nucleation promoting factor activity of WAVE2. 

HEK-293T cells ectopically coexpressing GFP-ABI1-WT, -S88/296E or -S88/296A 

and Flag-WAVE2-WT were subjected to immunoprecipitations using either anti-Flag or 

anti-GFP antibodies. As shown in Figure 15A the interaction between WAVE2-WT and 

the non-phosphorylatable ABI1 mutant (ABI1-S88/296A) increased by 50%-60% 

compared to ABI1-WT or the phosphomimetic ABI1-S88/296E mutant. These results were 

confirmed at the endogenous level in MDA-MB 231 cells. In the presence of PMA (400 

nM) the co-immunoprecipitation efficacy of ABI1 and WAVE2 decreased by 35% and 

26%, respectively (data not shown). Thus, phosphorylation of ABI1 by PKD2 also 
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decreases its interaction with WAVE2. In addition, localization studies performed in 

MCF7 cells coexpressing GFP-ABI1-WT, -S88/296E or -S88/296A together with Flag-

WAVE2-WT revealed an increase in plasma membrane localization of the non-

phosphorylatable ABI1 mutant (GFP-ABI1-S88/296A). WAVE2 also exhibited marked 

plasma membrane localization in cells expressing GFP-ABI1-S88/296A. In contrast, the 

phosphomimetic ABI1-S88/296E exhibited a predominantly perinuclear/cytoplasmic 

localization and in these cells WAVE2-WT was also predominantly localized in the 

cytoplasm around the nucleus (Figure 15B). Quantification of the co-localization data 

from the various conditions indicated that cells coexpressing ABI1 S88/296A and WAVE2 

showed predominant membrane localization. These results suggest that ABI1 can direct 

the subcellular localization of WAVE2 and that this process is regulatable via PKD2-

mediated ABI1 phosphorylation.  

 

 

 

Figure 15: PKD2 mediated phosphorylation of ABI1 destabilizes the ABI1/WAVE2 
interaction. (A) Lysates from HEK-293T cells co-expressing GFP-ABI1-WT/ -S88/296A / -S88/296E 

and Flag-WAVE2-WT constructs were immunoprecipitated with anti-GFP (ABI IP, left panel)and 
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anti-Flag (WAVE2 IP, right panel) antibodies and the precipitated proteins were immunoblotted 

as indicated. Depicted are means and SEM of co-immunoprecipitation efficacies for WAVE2 

and ABI1 of four independent experiments. * p < 0.05. (B) Phosphorylation of ABI1 induces a 

shift in ABI1 and WAVE2 localization from leading edge to perinuclear region. MCF7 cells co-

expressing GFP-ABI1-WT/ -S88/296E / -S88/296A and Flag-WAVE2-WT were fixed, immunostained 

with anti-WAVE2/ Alexa 647 antibodies  and DAPI (blue) and  assessed for co-localization 

(indicated by inserts) using fluorescence microscopy. Scale bar 20 µm. (C) Quantification of 

membrane localized ABI1. 

 

5.9 Effect of PKD2-induced ABI1 phosphorylation on WAVE2-
mediated actin polymerization 
Our earlier experiments indicated that PKD2 mediated phosphorylation of ABI1 

destabilizes the ABI1-WAVE2 interaction and changes the subcellular localization of 

WAVE2. Therefore we examined whether this destabilization would also affect the 

WAVE2-mediated F-actin turnover. To examine this hypothesis we performed in vitro 

actin polymerization assays using pyrene-labeled G-actin, Arp 2/3 complex and purified 

proteins. GST alone, GST-ABI1-WT and -S88/296E proteins were purified from bacteria. 

WAVE2-WT was purified from HEK-293T cells ectopically expressing Flag-WAVE2-WT.  

The polymerization kinetics was determined by the increase in pyrene fluorescence 

(Figures 16A and B). The half-maxima of the saturated polymerization values (T½max 

value [s]) calculated from Boltzmann sigmoidal curve fits for the G-actin/Arp reaction 

was 443.5s±5.7s. In the presence of the nucleation promoting factor-WAVE2, the 

polymerization rate was enhanced to a T½max value of 396.6±6.4 seconds. ABI1 can 

synergistically accelerate WAVE2 driven actin polymerization in vitro (Innocenti et al., 

2004). The T½max values for GST alone and GST-ABI1-WT were 399.4s±4.5s and 

329.7s±4.8s, respectively, in accordance with previous data. The T½max value for the 

combination of G-actin, Arp, WAVE2 and GST-ABI1-S88/296E was 381.9s±10.0s and 

closely resembled the condition when GST alone was used. These results indicate that 

Arp-complex-driven actin polymerization was more efficient in the presence of ABI1-WT 
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as compared to the phospho-mimetic ABI1-mutant. There was also a significant 

difference in the polymerization rates between WAVE2 and ABI1-WT compared to 

WAVE2 and ABI1-S88/296E when the amount of polymerized F-actin  was plotted as 

percentage of saturation of individual reactions and was analyzed at four time points 

during the growth phase of the polymerization reaction (T330s, 450s, 555s and 630s) 

(Figure 17C).  The phosphomimetic mutant of ABI1 was the least efficient with respect 

to actin polymerization with nearly identical polymerization rates throughout. 

Conversely, the non-modified ABI1 protein strongly enhanced F-actin turn over by 57% 

(at 330s, in the growth phase) and 33.20% (at 630s, near steady state). 

The WAVE Regulatory Complex (WRC) transmits information from the Rac 

GTPase to the actin nucleator, Arp2/3 complex. However this complex is inactive 

toward Arp2/3 complex, but can be activated by Rac in nucleotide dependent fashion 

(Chen et al., 2010, Ismail et al., 2009, Lebensohn et al., 2009). These observations 

prompted us to test if our findings are a result of ABI1 S88/296E mutation, inhibiting the 

active ABI1-WAVE2 complex. To test this, an equivalent amount of WAVE2 protein 

used in the actin polymerization assay was assessed by comassie staining and western 

blotting. Results confirmed the presence of all the components of WAVE2 complex, 

ABI1/WAVE2/HSPC300/NAP1/Sra1 (Figure 17D). Therefore, the results presented 

indicate an affect of ABI1-WT and -S88/296E mutations on the entire auto-inhibited 

complex. Further, to rule out the possibility of any changes in dimerisation between GST 

fusion proteins, if any as a result of the mutations induced, we have performed an 

immunoprecipitation using GFP and Myc-ABI1 WT and S88/296E proteins (Figure 17E). 

Our results suggest a positive interaction between the conditions presented. However, 

as a result of S88/296E mutations no significant changes in the extent of interaction were 

observed.  

Taken together, our data suggest that phosphorylation of ABI1 by PKD2 not only 

affects the stability of the ABI1-WAVE2 sub-complex, but also leads to a decrease in F-

actin turnover by inhibiting nucleation promoting factor activity  of WAVE2. 



 

[63] 

 

Results 

 
 

Condition  T1/2 Max (sec)  
G-actin + Arp  443.5± 5.7  
G-actin + Arp + WAVE2  395.6± 6.4  
G-actin + Arp + WAVE2 + GST  399.4± 4.5  
G-actin + Arp + WAVE2 + GST-ABI-WT  329.7± 4.8  
G-actin + Arp + WAVE2 + GST-ABI-S88/296E  381.9± 10.0  

         

 
Figure 16: Non modified form of ABI1, (ABI1-WT) in the presence of WAVE2-WT 
synergistically accelerated Arp-complex-driven actin polymerization as compared to 
GFP-ABI1-S88/296E. (A and B) Actin polymerization assays were performed with purified 

proteins as explained in materials and methods. To quantify changes in polymerization, curves 

were fitted with Boltzmann-sigmoidal equations and V50 values (Half-maxima of saturated 

polymerization) were calculated. (C) ABI1-WT strongly enhanced actin polymerization. Four 
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time points in the linear phase of polymerization (330, 450, 555 and 630 sec) were analyzed to 

quantify extent of individual polymerization reactions. Results shown here are representative of 

three independent experiments. (D) Coomassie-stained gel and western blots confirmed 

copurification of all the ABI1-WAVE2 complex members in the elution fraction of Flag-WAVE2. 

(E) Lysates from HEK-293T cells co-expressing GFP-ABI1-WT/ -S88/296E, Myc-ABI1-WT/ -

S88/296E and empty GFP/ yc constructs were immunoprecipitated and immunoblotted with anti-

GFP (right panel) and anti-Myc (left panel) antibodies as indicated.  (* p < 0.05 and ** p <0.001). 
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5.10 ABI1 phosphorylation by PKD2 results in reduced lamellipodia 
extension in response to heregulin in MCF7 cells 

The two basic processes, cell adhesion and motility require the extension of the 

plasma membrane via the formation of actin rich structures called lamellipodia or 

fingerlike projections called filopodia (Oster, 1988). During lamellipodia formation WAVE 

class nucleation promoting factors (NPFs) such as WAVE2, are major activators of the 

Arp complex at the edge of protruding lamellipodia. Our experiments suggest that 

phosphorylation of ABI1 by PKD2 destabilizes the interaction between ABI1 and 

WAVE2 and negatively regulates actin polymerization. To examine a potential effect of 

ABI1 phosphorylation also on lamellipodia extension and cell motility, we monitored 

lamellipodia extension. MCF7 cells co-transfected with GFP-ABI1-WT, -S88/296E or -

S88/296A constructs together with Flag-WAVE2-WT were treated with heregulin, a potent 

stimulus of actin polymerization and lamellipodia extension (Nagata-Ohashi et al., 

2004). Cells were then fixed, permeabilized, stained and observed using a fluorescence 

microscope. A minimum of 125 cells per condition (both GFP- and WAVE2-positive 

cells) were examined and categorized into three groups of lamellipodial extension as 

described earlier (Steffen et al., 2004): Lamellipodia present (large continuous sheet of 

extension), lamellipodia ambiguous (extension as occasional patches) and lamellipodia 

absent (no extension at all). Cell numbers from three independent experiments were 

calculated as percentage of entire cell population visualized. MCF7 cells expressing the 

ABI1-S88/296A mutant exhibited well extended lamellipodia as compared to cells 

expressing the phosphomimetic ABI1 mutant that revealed poor lamellipodia extension. 

Lamellipodia extension in the ABI1-WT expressing MCF7 cells was in between that 

observed in GFP-ABI1-S88/296E and GFP-ABI1-S88/296A expressing cells (Figure 17A). 

Upon heregulin stimulation, co-localization of ABI1 and WAVE2-WT was far more 

prominent at leading edge structures of the plasma membrane of cells expressing GFP-

ABI1-S88/296A and Flag-WAVE2-WT compared to cells expressing GFP-ABI1-WT or 

GFP-ABI1-S88/296E and WAVE2. The proteins also overlapped considerably within the 

cytoplasm in the perinuclear region following stimulation with Heregulin. As evidenced 

by phalloidin staining, cells expressing ABI1 S88/296A and WAVE2 were characterized by 
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lamellipodial extensions rich in F-actin as compared to GFP-ABI1-WT and GFP-ABI1-

S88/296E expressing cells (Figure 17B). To further analyze these differences, cells were 

categorized into three groups according to their lamellipodia extension as described 

previously (Steffen et al., 2004): lamellipodia extension present (a large continuous 

sheet of extension), ambiguous (extension as occasional patches) and absent (no 

extension at all) (Figure 17C). This analysis indicated that lamellipodia extension was 

present in the majority of cells expressing GFP-ABI1-S88/296A and Flag-WAVE2-WT 

whereas lamellipodia extension was absent in the majority of cells expressing GFP-

ABI1-S88/296E and Flag-WAVE2-WT (Figure. 17D). In line with our observations from 

actin polymerization assays, cells expressing ABI1 S88/296E failed to efficiently extend 

lamellipodia.  
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Figure 17: PKD2 mediated phosphorylation of ABI1 hinders lamellipodia extension. (A 
and B) MCF7 cells co-expressing GFP-ABI1-WT/ -S88/296A / -S88/296E and WAVE2-WT were 

serum starved, heregulin treated, fixed and immunostained with anti-WAVE2/ Alexa 647 

D 

C 



 

[69] 

 

Results 

antibodies/ DAPI/ phalloidin and analyzed for any changes in localization and lamellipodia 

extension.  MCF7 cells expressing ABI1S88/296A and WAVE2 exhibited a prominent 

colocalization at the leading edge of the cell. These cells also showed large continuous wavy 

structures (lamellipodia). The results are also substantiated by actin staining (TRITC-phalloidin) 

to outline the actin cytoskeleton and mark cell boundaries. (C)  Representative images for each 

of the conditions were shown. Scale bar 50 µm. (D) Quantification of lamellipodia extension. 

Images of cells (n>125, both GFP and WAVE2 positive) were classified into three groups based 

on extent of lamellipodia extension as explained in materials and methods. Scale bar 25 µm. 

Means of cell numbers obtained from three independent experiments are presented (in 

percentage) with standard error. ** p<0.001. 

 

5.11 Destabilizing the ABI1-WAVE2 interaction by PKD2-induced ABI1 
phosphorylation inhibits cancer cell motility 

Next we were interested whether the effect of PKD2-induced ABI1 

phosphorylation on F actin polymerization and lamellipodia extension would affect tumor 

cell motility. To test this, we have performed migration assays, random migration and 

transwell migration assays using HeLa and Panc1 cells respectively. Random migration 

assays were performed using HeLa cells transfected with GFP vector, GFP-ABI1-WT, -

S88/296E or -S88/296A constructs, respectively. We chose HeLa cells as model, as these 

cells have been widely used to study cell migration. Fibronectin coated glass bottom 

disks served as substratum as well as a migration stimulus. Cells expressing the non-

phosphorylatable GFP-ABI1-S88/296A mutant exhibited significantly enhanced random 

cell motility as compared to cells transfected with the control vector, ABI1-WT or the 

phosphomimetic GFP-ABI1-S88/296E mutant (Figure 18A). To examine whether PKD2 

mediated phosphorylation of ABI1 would also affect directed migration towards a 

chemotactic gradient we performed transwell migration assays using Panc 1 cells, a 

pancreatic cancer cell line expressing PKD2 and ABI1 endogenously (Figure 11A). 

Panc 1 cells were transiently transfected with GFP vector, GFP-ABI1-WT, -S88/296E, or -

S88/296A and seeded onto 8 µm transwell inserts. 10% FCS was used as 

chemoattractant. Expression of the non phosphorylatable GFP-ABI1-S88/296A resulted in 
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significantly increased directed migration compared to cells expressing ABI1-WT or the 

phosphomimetic GFP-ABI1-S88/296E mutant (Figure 18B). Interestingly, cells expressing 

ABI1-WT also exhibited decreased cell migration in either migration assay which is most 

likely due to the fact that ectopically expressed ABI1-WT shows some basal 

phosphorylation as demonstrated by anti-pMOTIF western blotting (Figures 10, 11B and 

C). These data imply that PKD2-induced phosphorylation of ABI1-WT indeed inhibits 

random as well as directed tumor cell motility.  

 

 

Figure 18: PKD2-induced phosphorylation of ABI1-WT indeed modulates tumor cell 
motility. (A) Random migration assay: HeLa cells were transfected with empty GFP-vector/ 

GFP-ABI1-WT/ -S88/296A / -S88/296E constructs. Migration of cells (GFP positive) was monitored 

using time lapse video microscopy (time lapse of 10 min for at least 10 h). Columns represent 

means of migration velocity (in µm/sec) with standard error of at least 75 cells per condition. (B) 
Transwell migration assay: Panc 1 cells were transfected with GFP vector/ GFP-ABI1-WT/ -

S88/296A / -S88/296E constructs as indicated. Cells were serum starved for 3 h and allowed to 

migrate towards a serum gradient for 36 h. Cells migrated through the porous membrane were 
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stained with DAPI and visualized by wide field fluorescence microscopy at 20x magnification. 

Columns represent average number of cells per field with standard error; at least 10 such fields 

were analyzed. (* p<0.05, ** p<0.001 and *** p<0.0001). (C and D) Immunoblotting of lysates 

using GFP specific antibody confirmed a uniform expression of constructs used in either of the 

assays 

 

Taken together, our data suggest that phosphorylation of ABI1 by PKD2 

destabilizes the ABI1-WAVE2 interaction and thereby negatively affects actin 

polymerization, lamellipodia extension and tumor cell motility.  
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6. Discussion 

6.1 Identification of PKD2 substrates: ProtoArray Human Protein 
Microarray 

Our kinase substrate screen yielded several potential substrates including 

Abelson interactor 1 (ABI1). We focused on the further characterization of this protein, 

for several reasons.  This protein localizes to the leading edge of lamellipodia and 

filopodia (Stradal et al., 2001), promotes lamellipodia formation (Steffen et al., 2004), 

actin cytoskeleton reorganization through the regulation of Rho family members 

(Stovold et al., 2005; Stradal and Scita, 2006) and formation and activation of the 

WAVE2 signaling complex (Innocenti et al., 2004). Indeed, ABI1 is required for the 

integrity and the stability of this complex (Dubielecka et al., 2011). It is a key regulator of 

actin polymerization/ depolymerization and involved in the development of abnormal 

cytoskeletal functions of cancer cells. ABI1 has been shown to regulate migration, 

invasion and invadopodia formation and MMP-9 expression in breast cancer cells (Sun 

et al., 2009; Wang et al., 2007). Taken together there is a functional overlap between 

PKDs and ABI1 with respect to the regulation of cell motility but also a spatial overlap 

within the cell: PKDs co-localize at leading edge structures of the plasma membrane 

with F-actin, Arp2/3 and cortactin (Eiseler et al., 2007). ABI1 localizes to the tips of 

lamellipodia and filopodia (Echarri et al., 2004; Stradal et al., 2001). This prompted us to 

further investigate a potential role of ABI1 as substrate of PKDs.  

 

6.2 ABI1 is novel substrate of PKD2 
 Our results show that PKD2 does phosphorylate ABI1. Using Scansite search 

(Criteria: individual motif-PKCmu; motif group- basophilic serine/threonine kinase group, 

stringency level-medium), twelve potential phosphorylation sites in ABI1 were identified. 

Two of these sites closely resembled the typical PKD substrate phosphorylation motif, 

S88 and S296. Substitution of these serine residues with alanine confirmed Ser 88 and 

296 as PKD2 phosphorylation sites. Further, using an antibody that specifically detects 

the PKD phosphorylation motif we could identify Ser88 and Ser296 as the relevant 

PKD2 phosphorylation sites in ABI1 both under overexpressed and endogenous 
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conditions. The observation that knockdown of all three PKD’s abolished 

phosphorylation of ABI1 in the presence of PMA confirms that these sites are 

phosphorylated predominantly by the PKD family of protein kinases.  

 

6.3 PKD2 interacts with ABI1 in vitro and in vivo via second cysteine 
rich domain (C1b) 

PKDs, in particular PKD2, are highly expressed in tumor cells, can localize to the 

leading edge of cells and play a role in cell motility (Eiseler et al., 2007). ABI1 was also 

known to localize these areas (Stradal et al., 2001). This prompted us to further 

examine a potential interaction between ABI1 and PKD2. We found that PKD2 and ABI1 

physically interact in vitro and in vivo and that the interaction is mediated by the second 

cysteine rich domain of PKD2 (c1b).  

Localization studies revealed that PKD2 and ABI1colocalize at leading edge 

structures like lamellipodia. Phosphorylation of ABI1 by PKDs releases ABI1 from the 

interaction with the kinase and relocates ABI1 translocates from lamellipodia to the 

perinuclear region of the cell. Various reports indicate that ABI1 only regulates cell 

motility when it is localized at the protruding end of the cell, an active site for actin 

dynamics (Campa et al., 2006; Kheir et al., 2005; Leng et al., 2005; Stradal et al., 2001). 

Thus we reasoned that the PKD2-induced phosphorylation of ABI1 and consequently 

the change in its subcellular localization might have an effect on its biological activity. 

 
6.4 PKD2 mediated phosphorylation on ABI1 destabilized ABI1-
WAVE2 interaction 

ABI1 and WAVE2 proteins interact via the Wave homology domain of WAVE2 

and the coiled coil domain of ABI1 (Kheir et al., 2005). ABI1 and WAVE2 are primarily 

cytosolic in resting conditions. Upon growth factor or integrin stimulation they 

translocate from the cytosol to the leading edge of the cell where they colocalize with 

actin with concomitant activation of WAVE2 and actin polymerization (Miki et al., 2000). 

Disruption of this interaction resulted in a loss of membrane localization and inactivation 

of WAVE2 (Leng et al., 2005; Stradal et al., 2001). Our data show that phosphorylation 
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of ABI1 by PKD2 leads to a reduced interaction between ABI1 and WAVE2 and 

consequently to the relocalization of WAVE2 from leading edge structures to the 

cytosol. In contrast, cells expressing a non phosphorylatable form of ABI1 and WAVE2 

showed a marked co-localization of ABI1 and WAVE2 at the plasma membrane. This 

data collectively support the conclusion that PKD2-induced ABI1 phosphorylation 

disrupts the ABI1-WAVE2 interaction and prevents localization of the complex at the 

plasma membrane. 

 

6.5 Destabilization of the ABI1-WAVE2 interaction negatively 
regulates actin polymerization and lamellipodia extension 

ABI1 supports the assembly and activation of a macromolecular complex 

containing WAVE2-ABI1-Nap1-PIR121. The ABI1-WAVE2 sub-complex is also active 

and can stimulate Arp2/3-dependent actin nucleation activity (Innocenti et al., 2004). 

Our data suggest that phosphorylation of ABI1 by PKD2 destabilizes the ABI1-WAVE2 

interaction. Indeed, actin polymerization was markedly reduced in the presence of the 

phosphomimetic ABI1 mutant, as compared to polymerization rate of ABI1-WT. It was 

illustrated that ABI1-WAVE2 sub-complex is constitutively active toward Arp2/3 complex 

while the complete complex is not (Ismail et al., 2009; Lebensohn et al., 2009; Chen et 

al., 2010). This inactive complex however can be activated by Rac in a nucleotide-

dependent fashion. Our observation that the other members of the WAVE regulatory 

complex (ABI1, HSPC300, NAP1 and SRA1) were also present in the WAVE2 fraction 

purified from HEK293 cells indicate that the ABI1 S88/296E mutation was able to 

decelerate the actin polymerization rates almost comparable to that of spontaneous 

polymerization. 

Impaired lamellipodia extension can be the consequence of reduced actin 

turnover at the plasma membrane. Therefore we monitored lamellipodia extension in 

response to heregulin, an established stimulus for actin polymerization and lamellipodial 

extension in MCF7 cells (Nagata-Ohashi et al., 2004) upon expression of ABI1 or its 

mutants. MCF7 cells expressing the phosphomimetic mutant of ABI1 exhibited a 

reduced lamellipodial extension. In line with our pyrene labeled actin polymerization 
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assays, these cells were also characterized by poor staining of F-actin, thus 

underscoring reduced F-actin turnover as a responsible factor for the observed poor 

extension of lamellipodia. In contrast, MCF7 cells expressing the non phosphorylatable 

ABI1 mutant exhibited large protruding lamellipodia. 

 

6.6 PKD2-induced ABI1 phosphorylation inhibits cancer cell motility  
Since both PKD2 and ABI1 play a role in the regulation of cell migration (Eiseler 

et al., 2009a; Eiseler et al., 2009b; Eiseler et al., 2010), we  PKD2 mediated 

phosphorylation of ABI1 would affect migration. Efficient actin polymerization and 

lamellipodia extension is a prerequisite for cell migration (Lin et al., 2005). Factors that 

inhibit F-actin turnover and lamellipodia extension will negatively impact motility. Our 

data show that random cell motility on fibronectin as well as directed migration towards 

a chemotactic gradient were significantly increased when cells expressed the non-

phosphorylatable ABI1 mutant compared to cells expressing ABI1-WT or the phospho-

mimetic mutant. These data indicate a role of ABI1 as a mediator of cell migration at the 

cell periphery. 

Integrating the data from our investigation, we propose a model to explain how 

PKD2 regulates tumor cell motility via ABI1 (Figure 19). PKD2 constitutively interacts 

with ABI1 via its second cysteine rich domain and phosphorylates ABI1 at Ser88 and 

Ser296. Under non stimulated conditions, PKD2 constitutively interacts with ABI1. 

Activation of PKD2 and subsequent phosphorylation of ABI1 by the kinase leads to the 

disruption of the ABI1-PKD2 and subsequently ABI1-WAVE2 interaction with a 

subsequent relocation of the proteins from the plasma membrane to the cytoplasm and 

a decreased WAVE2 activity at the plasma membrane. As a consequence, F-actin 

polymerization, lamellipodia extension and random and directed tumor cell motility are 

markedly reduced (Figure 19). 

 

In conclusion our data identify ABI1 as a novel mediator of PKD-induced 

inhibition of cell migration by affecting actin polymerization and lamellipodia extension.  
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Figure 19: PKD2 regulates the ABI1-WAVE2 interaction, thus the activity of WAVE2 
regulatory complex. PKD2, ABI1 and WAVE2 form a constitutive protein complex in tumor 

cells. When localized at the plasma membrane, the ABI1- WAVE2 interaction supports efficient 

actin polymerization, lamellipodia extension and cell motility. Upon activation of PKD2, the 

kinase phosphorylates ABI1 at Ser88 and Ser296. This leads to the dissociation of the ABI1-

PKD2 complex, and also terminates the interaction between ABI1 and WAVE2. The proteins 

translocate from the plasma membrane to the cytoplasm and the dissolution of the ABI1-

WAVE2 interaction results in impaired actin polymerization, decreased lamellipodia extension 

and reduced tumor cell motility. PKD2 therefore acts as a molecular switch that when turned on 

dissolves the ABI1-WAVE2 interaction at the plasma membrane. 
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7. Summary and future work 
The serine/ threonine kinases of the protein kinase D family (PKCmu/ PKD1, 

PKD2, PKCnu/ PKD3), a subfamily of the calcium/calmodulin-dependent serine 

protein kinase (CAMK) superfamily, have been implicated in regulation of multiple 

biological processes including proliferation, survival, apoptosis, angiogenesis and 

motility. The precise context by which the three PKDs modulate these processes is 

incompletely understood and requires a better knowledge of their interactors and 

substrates. 

Here we performed a substrate screen using the ProtoArray Human Protein 

Microarray v4.0 (Invitrogen) with the specific aim to identify potential PKD 

downstream targets that could have an effect on cell motility. We identify Abelson 

Interactor 1 (ABI1) as a novel substrate of PKD2. ABI1 was first identified as a 

downstream target of the Abl tyrosine kinase and is an adaptor protein involved in 

actin reorganization and lamellipodia formation along with WAVE2. 

In the present study we illustrate that PKD2 phosphorylates ABI1 in vitro and 

in vivo at two serine residues, 88 and 296. ABI1 constitutively interacts with the 

kinase and its interaction site with PKD2 was mapped to the second cysteine rich 

domain (C1b). PKD2 and ABI1 colocalize at lamellipodia. Interestingly, we found that 

upon phosphorylation by PKD2, ABI1 is released from its interaction with the kinase 

leading to a change in the intracellular distribution of the ABI1 protein: 

phosphorylated ABI1 translocates from the lamellipodia to the perinuclear region of 

the cell.  

Our data also show that phosphorylation of ABI1 by PKD2 leads to a reduced 

interaction between ABI1 and WAVE2 and consequently to a relocalization of 

WAVE2 from leading edge structures to the cytosol. This destabilization of ABI1-

WAVE2 sub-complex might negatively impact WAVE2 driven Arp2/3 dependent actin 

polymerization, as it is known that an intact ABI1-WAVE2 sub-complex is a pre-

requisite in stimulating Arp2/3-dependent actin nucleation activity (Innocenti et al., 

2004).   

In line with co-immunoprecipitation and co-localization studies pyrene-labeled 

actin polymerization assays also suggested that F-actin turnover was markedly 

reduced in the presence of the phosphomimetic ABI1 mutant. Supporting these 

findings, MCF7 cells expressing this mutant exhibited poor extension of lamellipodia 
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in response to heregulin.  Furthermore, our data show that random cell motility on 

fibronectin as well as directed migration towards a chemotactic gradient was 

significantly reduced when cells expressed the phospho-mimetic mutant.  

Taken together, the sequence of events presented herein , the observation 

that PKD localizes to the leading edge of the cell (Eiseler et al., 2007) and findings 

from other laboratories provide a mechanistic understanding of the role of PKD as a 

negative regulator of cell migration affecting actin polymerization at different levels 

(Eiseler et al., 2009b; Eiseler et al., 2010). Further work should therefore unravel the 

molecular details and physiological role of the PKD mediated cytoskeleton regulation 

that controls fundamental processes such as cell migration and tissue formation. 

Furthermore, in breast cancer cells PKD was shown to down-regulate the 

expression of a number of matrix metalloproteases, which are key factors for cancer 

cell invasiveness (Eiseler et al., 2009a). ABI1 was also reported in the regulation of 

invadopodia formation and Src-inhibitor of differentiation protein 1 (Id1)-matrix 

metalloproteinase (MMP-9) pathway in MDA-MB-231 human breast cancer cells. 

Thus, a potentially important role of PKD in controlling cancer progression and 

metastasis via ABI1 can be postulated.  
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8. German Summary and future work (Deutsche Zusammenfassung 
und Ausblick) 
 

Die Familie der Protein Kinase D Isoenzyme (PKCmu/PKD1, PKD2, PKD3), 

welche zu einer Untergruppe der Calcium/Calmodulin-abhängigen Kinasen (CAMK) 

gehört, ist an der Regulation einer Vielzahl von biologischen Prozessen wie 

Proliferation, Apoptosis, Angiogenese und Zell-Migration beteiligt. Allerdings ist für 

ein besseres Verständnis der ablaufenden Prozesse ein tiefergreifendes Wissen über 

Interaktions-Partner und Substrate notwendig.  

In dieser Arbeit haben wir daher mit Hilfe eines humanen ProtoArray Protein 

Microarray v4.0 einen Screen zur Identifizierung von potentiellen PKD Substraten 

durchgeführt, welche an der Regulation der Zellmigration beteiligt sein könnten. 

Dabei wurde Abelson Interactor 1 (ABI1) als neues PKD2 Substrat identifiziert. ABI1 

ist ursprünglich als Effektor der Abl Tyrosin Kinase charakterisiert. Es  übernimmt 

zusammen mit WAVE2 wichtige Funktionen bei der Reorganisation des Aktin 

Zytoskelettes und bei der Ausbildung von Lamellipodien während der Zellmigration. 

In der hier durchgeführten Arbeit konnten wir aufzeigen, dass PKD2 ABI1 in vitro und 

in vivo an den Serinen 88 und 296 phosphoryliert. ABI1 interagiert konstitutiv mit 

PKD2 und die Interaktionsdomäne konnte für PKD2 auf die zweite Cystein-reiche  

Sequenz (C1b) eingegrenzt werden. Zudem ko-lokalisieren beide Proteine in 

Lamellipodien. Nach seiner Phosphorylierung wird ABI1 von PKD2 freigesetzt und 

dies führt zu einer Veränderung der intrazellulären Lokalisation hin und zu einer 

verstärkten perinukleären Verteilung. Eine Phosphorylierung von ABI durch PKD2 hat 

außerdem eine verminderte Interaktion von ABI1 mit WAVE2 zur Folge und führt zu 

einer Relokalisation von WAVE2 weg from "leading edge" der Zelle in das 

Zytoplasma. Eine Destabilisierung des ABI-WAVE2 Sub-Komplexes könnte daher die 

WAVE2-abhängige Arp2/3-Komplex gesteuerte Aktin Polymerisation beeinflussen, 

wie dies bereits durch Innocenti et al. 2004 gezeigt wurde. Pyrene-Aktin 

Polymerisations-Studien zeigten dann auch, dass eine phospho-mimetische Mutante 

von ABI1 die Aktin Polymerisation inhibiert. Darüber hinaus vermindert eine solche 

Mutante die Ausbildung von Lamellipodien in MCF-7 Zellen, welche durch eine 

Stimulation mit Heregulin induziert wurden. Es wurde zudem die ungerichtete und 

gerichtete Zellmigration (Chemotaxis) durch phospho-mimetisches ABI1 inhibiert.  
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Im Kontext bisher publizierter Arbeiten zeigt sich somit eine Lokalisation von PKD an 

das "leading edge" der Zelle (Eiseler et al. 2007) und eine Regulation der Aktin 

Organisation, Polymerisation, sowie Zellmigration auf unterschiedlichen Ebenen 

(Eiseler et al. 2009b, 2010). Weitere Arbeiten könnten daher zu einem besseren 

Verständnis der Funktion von PKD bei der Kontrolle der Aktin Regulation und  

Zellmigration, sowie Gewebe Morphogenese führen. PKD1 spielt zudem bei der 

Regulation von Matrix-Metalloproteasen in Brustkrebszellen eine wichtige Rolle, 

welche an der Regulation der Krebszellinvasion beteiligt sind (Eiseler et al. 2009a). 

Für ABI1 wird ebenfalls eine Funktion während der Krebsinvasion durch eine 

Regulation  der Invadopodien Ausbilung über das "Src-Inhibitor of differentiation 

Protein 1" (Id1) und Matrix-Metalloprotease 9 (MMP9) in humanen MDA-MB-231 

Brustkrebszellen postuliert. Daher könnten weiterführende Untersuchungen eine 

mögliche wichtige Funktion von PKD bei der Kontrolle der Krebsprogression und 

Metastasierung aufdecken. 
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