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Abstract 

Protein kinase C alpha (PKCα) is a serine/threonine protein kinase. PKCα is an important 

protein regulating cell polarity, protein secretion, apoptosis, cell proliferation and 

differentiation and tumorogenesis. Previous research has shown a role of PKCα also in a 

cancer cell migration and cancer cell invasion. The aim of this study was to investigate the 

role of protein kinase C alpha (PKCα) played in amoeboid mode of cancer cell invasion. 

We showed that higher expression of PKCα resulted in mesenchymal-amoeboid transition 

of K2 and MDA mesenchymal cancer cell lines, which was accompanied with decreased 

cancer cell invasive capability in 3D collage matrix. PKCα overexpression had no effect on 

the cell morphology of A375m2, however, the results showed a trend in increased invasive 

potential of A375m2 cells. Conversely, the expression of dominant-negative PKCα resulted 

in amoeboid-mesenchymal transition of A375m2 cells, and it was associated with 

decreased invasive potential of K2 and MDA cell lines. Furthermore, a linkage between 

PKCα and phosphatidylinositol 3-kinase (PI3K) was tested. The results revealed that 

increased activity of PKCα was accompanied with decreased level of active Akt in K2 cell 

line. 

To summarize, our results suggest a probable role of PKCα in regulation of amoeboid 

morphology and invasiveness and could be involved in regulation of transition between 

mesenchymal and amoeboid invasion modes of cancer cells. 

 

 

 

 

 

 

Key Words: Protein kinase C alpha (PKCα), cell invasiveness, amoeboid invasion, 

mesenchymal invasion, phosphatidylinositol 3-kinase (PI3K)   



8 

Abstrakt 

Proteín kináza C alfa (PKCα) patrí do rodiny serín/treonínových kináz. Jej úloha je dôležitá 

v regulácii bunkovej polarity, sekrécie proteínov, apoptózy, proliferácie, diferenciácie a v 

tumorogenéze. Jej dôležitosť bola taktiež preukázaná v regulácii migrácie a invazivity 

nádorových buniek. Cieľom tejto práce bolo preskúmať potenciálnu úlohu PKCα 

v amoeboídnej invazivite nádorových buniek a jej vplyv na nádorovú morfológiu 

a invazivitu. 

Preukázalo sa, že vyššia expresia PKCα viedla k mezenchymálno-amoeboídnej tranzícii 

mezenchymálnych nádorových línií K2 a MDA, ktorá bola sprevádzaná s poklesom 

schopnosti nádorových buniek invadovať v 3D prostredí kolagénu. Zvýšená expresia PKCα 

nemala žiaden efekt na morfológiu amoeboídne invadujúcej nádorovej línie A375m2, s 

vyššou hladinou PKCα bol však spojený trend zvýšenia invazívneho potenciálu tejto 

melanómovej línie. Obdobne, expresia dominantno-negatívnej formy PKCα viedla k 

amoeboídne-mezenchymálnemu prechodu buniek A375m2. Zníženej aktivita PKCα taktiež 

viedla k zníženiu invazívneho potenciálu nádorových línií K2 a MDA. 

V práci sme taktiež overili prepojenie regulácie PKCα kinázy s aktivitou phosphatidylinositol 

3-kinázy (PI3K). Výsledky ukázali, že zvýšená hladina PKCα a jej fosforylovanej formy viedla 

k zníženiu aktívnej formy Akt naznačujúc možnú interakciu PKCα s PI3K kinázou v K2 

nádorových bunkách. 

Celkovo naše výsledky naznačujú, že proteín kináza C alfa je dôležitým proteínom v regulácii 

amoeboídnej morfológie a invazivity a že svoju úlohu zohráva aj pri prechodoch medzi 

mezenchymálnym a amoeboídnym typom invazivity. 

 

 

 

Kľúčové Slová: proteín kináza C alpha (PKCα), nádorová invazivita, amoebídny typ 

invazivity, mezenchymálny typ invazivity, phosphatidylinositol 3-kináza (PI3K) 
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1 Introduction 

It is well known that cancer is one of the leading causes of death worldwide. The projections 

show an increase in the upcoming years from 8.2 million up to 13.1 million estimated deaths 

caused by cancer in 2030. The main causes of deaths are metastases, the secondary tumors, 

rather than primary tumors themselves. The development of metastases is a multistep 

process termed as metastatic cascade (Figure 1.1) (Kopfstein and Christofori, 2006). The 

metastatic cascade begins with an epithelial-to-mesenchymal transition (EMT) which goes 

along with a loss of the cell-cell adhesion junctions and changes in cell morphology that 

enables an individual migration and invasion through extracellular matrix (ECM). The cancer 

cells migrate towards arteries that are used to disseminate cells and to colonize new tissue 

to form a secondary tumor.  

 

Figure 1.1 Metastatic Cascade: The cancer cells break the basal membrane of primary tumor and invade through ECM (1) 

to the vessels to get to the bloodstream or lymph stream (2) to spread across the body (3).  Later they overcome the basal 

membrane of vessels (4) and invade through ECM and form secondary tumor - the metastasis (6) (Scheel and Weinberg, 

2012) 
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1.1 Invasion of Cancer Cells 

The invasion is the crucial step of the cancer dissemination in body. The cancer cells can 

migrate individually or collectively. The intracellular junctions are retained retain by 

collective migration. Individual migration of carcinoma cells could be divided into two types. 

First type is a mesenchymal and the second one is an amoeboid. The modes of invasion 

could be switched between each other in case of an inhibition of key proteins (Figure 1.2). 

 

Figure 1.2 Types of the invasion: collective and individual invasion and the transition processes (Brabek et al., 2010) 

1.1.1 Amoeboid Invasion 

The morphology of amoeboid cells is typically round in 3D environment. Amoeboid invasion 

is characterized by cortical actin which is regulated by Rho/ROCK kinase signaling pathway 

(Rho-associated coiled-coil-containing protein kinase). Cells’ invasion is based on the actin 

contractions that are regulated by Rho signaling. Two types of Rho GTPase molecules, RhoA 

and RhoC, activate ROCK kinase which further interacts with MLCP (myosin light chain 

phosphatase) to inhibit MLCP’s phosphatase function of myosin light chain (Hagerty et al., 

2007; Kimura et al., 1996). To promote the effect, MLC2 (myosin light chain 2) is 

phosphorylated by ROCK kinase. The phosphorylation of MLC2 leads to higher contraction 

of the actomyosin cortex and thus allowing the migration of carcinoma cells through ECM 

(Mierke et al., 2008; Sahai and Marshall, 2003). 

The surface of the amoeboid cells is covered with the dynamic structures called ‘blebs’. 

Their development is dependent on the local dissociation of the actin fibers from cell 
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membrane or on the infringement of actomyosin cortex. Blebs’ formation is driven by an 

inflow of cytoplasm to this structures due to presence of hydrostatic pressure 

(Cunningham, 1995; Keller and Eggli, 1998). The contraction of the actomyosin skeleton of 

blebs is ROCK kinase dependent (Coleman et al., 2001).  

In addition to tumor cells, different cell types use the amoeboid form of invasion, which 

includes for example leukocytes or hematopoietic stem cells (Friedl et al., 2001; Mandeville 

et al., 1997). 

1.1.2 Mesenchymal Invasion 

Mesenchymal mode of invasion could be recognized by its typical fibroblast-like 

morphology of cancer cells and their polarized character. Actin rich structures, filopodia 

and lamellipodia, are typically localized at the leading edge of the cell. Formation of these 

structure is dependent on small GTPases Rac1 and Cdc42 and their purpose is to trigger the 

cancer cell movement (Nobes and Hall, 1995; Ridley et al., 1992).  

The mesenchymal invasion is dependent on the local degradation of an extracellular matrix 

(ECM) by degrading enzymes. The secretion of proteolytic enzymes is localized into the 

actin rich adhesion structures called invadopodia (Monsky et al., 1993). The adhesion of 

invadopodia to ECM is mediated by β1 and β3-integrins (Ballestrem et al., 2001). Matrix 

metalloproteinases (MMPs) are one of the many enzymes secreted to ECM. MMPs’ 

regulation is Raf/MAPK (mitogen-activated protein kinase) dependent. The signaling begins 

with Ras-GTP. Ras-GTP binds to Raf kinase, which leads to translocation of Raf to the 

membrane. Activated Raf kinase subsequently phosphorylates MEK kinase (mitogen-

activated protein kinase kinase) which further phosphorylates and thus activate MAPK 

kinase (Hilger et al., 2002). The transcription factors for MMPs, AP-1 (activator protein-1) 

and NF-κB, are activated in the next step of the Raf/MAPK signaling cascade by ERK 

(extracellular signal-regulated protein kinase), JNK (c-Jun N-terminal kinase) and p38 MAPK 

kinases. The cells use the MMP-dependent degradation of the ECM to create the tubules 

which ale later used for their migration (Pankova et al., 2010; Wolf and Friedl, 2006). 
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1.1.3 AMT/MAT Transition 

Integrins are important for the formation of focal adhesions and they are also associated 

with already mentioned invadopodia structures. The inhibition of β1-integrins led to the 

loss of mesenchymal invasion mode and to the induction of amoeboid invasion in MDA 

cells. The process of change is termed as mesenchymal-amoeboid transition (MAT). 

Correspondingly, after treatment by ECM’s proteolytic enzymes’ inhibitor, specifically by 

inhibitor of MMPs, the change in the morphology and induction of amoeboid invasion of 

MDA and HT-1080 cell lines was observed (Wolf et al., 2003). The change in the mode of 

invasion was discovered in A375m2 cells as well. A375m2, contrary to MDA cells, are 

primarily amoeboid. The transition, in this case amoeboid to mesenchymal (AMT), occurred 

after inhibition of the Rho/ROCK signaling pathway (Sahai and Marshall, 2003). 

The protein analysis after the treatment of A375m2 cell line with inhibitors of Rho/ROCK 

signaling pathway, specifically of ROCK kinase - Y27632, showed a change in the expression 

and phosphorylation level of protein kinase C alpha (amongst other proteins). After the 

application of ROCK inhibitor, the level of PKCα phosphorylation was lowered in a 3D and 

2D environment. These result suggest that PKCα has its role in AMT (Kasalová, 2010). 

The MAT/AMT transitions in carcinoma cells are probably used to overcome obstacles 

associated with the inhibition of primarily type of invasion (Wolf and Friedl, 2006). The 

differences between amoeboid and mesenchymal invasion mode and their main 

characteristics are summarized in the Figure 1.3 below. 

 

Figure 1.3 Comparison of invasion modes (Kasalová, 2010) 
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1.2 Protein Kinase C alpha 

Protein kinase C alpha belongs to the family of AGM kinases, more precisely into protein 

kinases Cs that are one of the most important kinases in our cells. Up to date, eleven 

isoforms of PKCs have been classified. They differ in a structure, in a cofactors’ 

requirements, in the cell compartmentalization and in their functions (Figure 1.4). The PKCα 

isoform was found in 1977 (Inoue et al., 1977). 

 
Figure 1.4 Classification of the family of protein kinase Cs' 

The common feature of the PKCs is a region that binds PtdSer (phosphatidylserine), which 

is important for the interaction with the cell membrane. Thanks to the differences in PKC 

family, PKCs take part in cell proliferation and differentiation (Cutler et al., 1993; Murray et 

al., 1993), memory (Alkon, 1989), oxidation inflammation of monocytes (Myers et al., 1985) 

and in carcinogenesis (Ashendel, 1985). 

1.2.1 Structure of Protein Kinase C alpha 

Protein kinase C alpha belongs to conventional PKCs and consists of two main domains: 

regulation and kinase domain (Figure 1.5). All together, they have five variable and four 

conserved regions (Coussens et al., 1986). 

 

Figure 1.5 Schematic representation of PKCs’ domains: NH2 terminal regulatory domain with pseudosubstrate, regions 

V1, C1, C2 and V2; and COOH kinase domain containing regions C3, C4, V4 and V5. The domains are connected with a 

small region termed as "Hinge region" (Steinberg, 2008) 
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1.2.1.1 Regulation Domain 

The main differences in the structure of PKCs are in the N-terminal regulation domain which 

consist of V1, C1, V2, and C2 regions.  

C1 region (Figure 1.6) is present in all PKC isoforms. The auto-inhibition pseudosubstrate 

sequence is localized in this region. Pseudosubstrate binds to the substrate cavity on the 

kinase domain and thus forms inactive, closed-conformation pf PKC (Orr et al., 1992; Orr 

and Newton, 1994). 

The tandem repetition of C1 region (C1A and C1B regions) have cysteine-rich sequence, 

HX12CX2CX13/14CX2CX4HX2CX7C, which is important for cofactor binding of DAG 

(diacylglycerol) and PMA (phorbol 12-myristate 13-acetate). These interactions are 

important for the kinase’s membrane targeting (Hommel et al., 1994; Kazanietz et al., 1995; 

Zhang et al., 1995). Moreover, C1 sequence contains a zinc binding site (Ono et al., 1989). 

 

Figure 1.6 C1 Region of PKCα (Steinberg, 2008) 

C2 region (Figure 1.7) is typical for conventional protein kinases C. Despite the differences 

in its sequence among cPKCs, the motif of small four antiparallel β-sheets connected with 

variable loops is conserved. Ca2+ ions bind to the C-end of the domain and their presence is 

necessary to coordinate the bond with phosphatidylserine. Binding of Ca2+  ions is mediated 

by Asp residues localized near the binding site (Verdaguer et al., 1999). Calcium ions binding 

changes the negative charge of the binding pocket to positive which in the end enables 

electrostatic interactions with PtdSer (Lemmon, 2008; Nalefski et al., 2001). In addition, C2 

region is a regulator of PKCs’ protein-protein interactions (Ron and Kazanietz, 1999). 
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Figure 1.7 C2 Region of PKCα (Steinberg, 2008) 

1.2.1.2 Hinge Region 

 V3, or so-called hinge region, links the regulation and kinase domain. It has been shown, 

that V3 region contains proteolytic cleavage of the kinase, and thus is important for the 

kinase’s regulation. In 1989, a calpain-mediated cleavage of PKC kinase in the V3 region was 

demonstrated (Kishimoto et al., 1989). Later on, Orr and Newton showed that conventional 

protein kinases C can be cleaved by trypsin in the same region. The cleavage occurs after 

the conformation changes and thus after the kinase’s activation by Ca2+ ions. The 

conformation change drive the kinase to the membrane and promote further activation, 

but at the same time a hinge region shows up. Trypsin spliced PKC into two parts of 45kDa 

large catalytic domain and 35kDa large regulation domain (Orr and Newton, 1994). 

1.2.1.3 Kinase Domain 

The C-terminus belongs to kinase domain. Kinase domain consists of C3, C4, V4 and V5 

region and its structure is conserved among the PKC kinases family. 

The reasons for the high conservation are the binding sites for both ATP and substrate. The 

ATP binding site has its specific glycine rich binding motif of GXGXXG. The C4 region is well 

preserved substrate binding site with typical DFG motif which coordinates the biding Mg2+ 

ions (Coussens et al., 1986; Parker et al., 1986) (Figure 1.8). 
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Figure 1.8 Kinase domain of PKCα (Steinberg, 2008) 

At the very end of the catalytic domain is V5 region (Figure 1.9). Interestingly, the two 

isoforms of cPKC, βI and βII, differ only in the COOH end, and thus in the region of V5. 

Furthermore, PKCβI and βII isoforms are compartmented differently and have different 

functions (Goodnight et al., 1995). Further experiments with the exchange of V5 region 

between various PKC isoforms indicate the importance of V5 region in localization and 

substrate specificity (Babwah et al., 2003). Further examination of this region may be crucial 

for the establishment of specific pharmaceutical agents against isoforms of protein kinase 

C and hence for the cancer treatment. 

 

Figure 1.9 PKCα V5 region: Lys residues (purple) cause PKCα in sensitivity to DAG (Steinberg, 2008) 

1.3 Protein Kinase C alpha regulation 

PKCα is a protein of size of 74kDa in its inactive form. Its activation is mediated by multiple 

mechanisms. After full activation of the 74kDa large protein, the size is slightly changed to 

80kDa (Pears et al., 1992). 

1.3.1.1 DAG and Ca2+ 

As mentioned above (Section 1.2.1), PKCα structurally belongs to the classical PKCs, which 

is derived from its inability of activation without the presence of calcium ions or DAG. Both 

of them are essential cofactors for activation of protein kinase C alpha leading to its 
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translocation to the membrane (Bogi et al., 1999) and to pseudosubstrate sequence 

unbounding (Newton and Keranen, 1994; Orr et al., 1992; Orr and Newton, 1992; Orr and 

Newton, 1994). 

PKCα itself has an affinity to the membrane, but it is very low under normal circumstances. 

DAG binding to the C1 region leads to the so-called synergic activation. The binding of 

diacylglycerol causes a dramatic reduction in the threshold level of calcium ions necessary 

for their binding to PKCα (Bazzi and Nelsestuen, 1990). In case of membranes with high 

PtdSer, there is no significant difference in the activation of protein kinase C with or without 

calcium ions (PtdSer competes with pseudosubstrate for the binding site) (Bazzi and 

Nelsestuen, 1990). Increase in the cellular level of Ca2+ causes conformational changes of 

PKCα that lead to DAG binding and subsequently to the binding of PtdSer (Newton and 

Keranen, 1994; Orr et al., 1992; Orr and Newton, 1992). After these interactions, an auto 

inhibitor pseudosubstrate sequence unbounds that enables the kinase domain further 

activation (Newton and Keranen, 1994; Orr et al., 1992; Orr and Newton, 1992).  

Similarly, PtdIns(4,5)P2 (phosphatidylinositol 4,5-bisphosphate) can activate PKCα by 

binding to the C2 region too (Corbalan-Garcia et al., 2003). Other known activator of PKCα 

is phorbol ester PMA (phorbol 12-myristate 13-acetate). PMA mediated activation is 

associated with the tumor induction (Droms and Malkinson, 1991; Shin et al., 2007). Note 

that the increased activation of PKCα in the presence of PMA is only temporary 

(Schonwasser et al., 1998). 

1.3.1.2 Phosphorylation 

Another mechanism participating in the PKCα activation is phosphorylation (Pears et al., 

1992). The phosphorylation status of PKCα affects its localization in the cell, resistance to 

various proteases and the protein-protein interactions. After the transfer of PKCα to the 

membrane, kinase undergoes conformation changes and the phosphorylation sites of 

C-terminal domain become accessible. These changes enables the phosphorylation of 

Thr497 by PDK-1 kinase (3-phosphoinositide-dependent protein kinase 1), which is the first 

step of the maturation process of PKCα resulting in the full activation of PKCα (Dutil and 
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Newton, 2000). Substitution of Thr497 for Ala or Val leads to the arrest of phosphorylation 

at other phosphorylation sites (Cazaubon et al., 1994) suggesting further 

autophosphorylation of the kinase (Behn-Krappa and Newton, 1999). 

The subsequent phosphorylation of the turn motif is dependent on rapamycin complex 2 

(mTORC2) (Ikenoue et al., 2008). Study of PKCα Thr638 phosphorylation, which is localized 

at this motif, showed that this site is not involved in the catalytic function of PKCα, but this 

phosphorylation controls an activation status of the kinase. The regulation is based on the 

interaction between Thr638 and Thr497 (Figure 1.10) which maintains protein kinase C alpha 

in a stable conformation. In the case of phosphorylation of only one of these residues the 

kinase is susceptible to inactivation by the action of phosphatases, oxidation, heat or trypsin 

(Bornancin and Parker, 1996)  

Third phosphorylation site of PKCα Ser657 is located in the hydrophobic motif of the V5 

region (Gysin and Imber, 1997). This Ser is a place of an autophosphorylation of PKCα (Behn-

Krappa and Newton, 1999). PKCα Ser657 could be in vitro phosphorylated by different 

kinases, including the already mentioned mTORC2 complex (Ikenoue et al., 2008). Despite 

that mTORC2 is not responsible for the phosphorylation of Ser657 in vivo,  mTORC2 deficient 

cells have no activation of PKCα Ser657 (Edwards et al., 1999). 

 

Figure 1.10 Regulation of PKCα: T497 functional interaction with Thr638 results in more stable conformation of PKCα, which 

is less susceptible to the action of phosphatases, oxidation, cleavage by trypsin or heat inactivation (Bornancin and Parker, 

1996) 
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1.3.1.3 Cleavage 

The third type of activation that has been evidenced, is the calpain cleavage of V3 region 

(Section 1.2.1.2) (Kishimoto et al., 1989) 

Cleavage creates a very active 46kDa large fragment of the kinase domain. This cleaved PKC 

kinase fragment is no more dependent on Ca2+ and DAG activation (Kishimoto et al., 1983). 

PKCα cleavage event and thus its activation occurs in apoptotic cells (Leverrier et al., 2002; 

Touyarot et al., 2000), in the brain cells (Inoue et al., 1977) and neutrophils (Melloni et al., 

1986). PKCα fragment was also detected in A375m2 cells (Kasalová, 2010). In addition to 

calpain, the conventional PKC kinases can also be cleaved with trypsin (Orr and Newton, 

1994). 

1.4 The Role of Protein Kinase C alpha in Cancer Cell Invasion 

Protein kinase C alpha is an important protein controlling various signaling pathways in the 

cells. One of them is the signaling leading to the invasive nature of the tumor cells. It turns 

out that PKCα is an important regulator of Rho/ROCK signaling and thus of AMT (Section 

1.1.3). 

1.4.1 Protein kinase C alpha and Rho/ROCK signaling 

As mentioned above (Section 1.1.1), Rho/ROCK pathway regulates amoeboid mode of 

invasion. This signaling pathway has several controllable levels in which PKCα plays its role. 

1.4.1.1 RhoE/ROCK 

PKCα affects RhoE (known also as Rnd3) protein. RhoE GTPase competes with PDK-1 kinase 

binding site of ROCK kinase. PDK-1 phosphorylation of ROCK kinase triggers its translocation 

to the membrane. However, when RhoE is present, RhoE competitive binding onto ROCK 

blocks the ROCK translocation and thereby inhibits the kinase’s activity (Riento et al., 2003) 

(Figure 1.11). It was observed that the membrane localization of RhoE is PKCα dependent. 

In NIH 3T3 cells, which express only alpha isoform of the conventional PKCs (Formisano et 
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al., 1998), the cultivation with Gö6976 resulted in RhoE localization changes. RhoE was not 

localized in the cytoplasm anymore, but rather on the cell plasmatic membrane (Madigan 

et al., 2009). In the presence of protein kinase C alpha, RhoE GTPase is phosphorylated. This 

phosphorylation inhibits RhoE translocation to the membrane and thus RhoE is not in the 

presence of ROCK kinase anymore (Madigan et al., 2009). In addition to the ROCK inhibition, 

active RhoE lowers the level of RhoA (Riento et al., 2003) (Figure 1.11). 

RhoE expression can be induced by a loss of cortical actomyosin fibers which is dependent 

on the activation of Raf (proto-oncogene serine/threonine-protein kinase) (Hansen et al., 

2000). Furthermore, Raf activation was proven to be regulated also by protein kinase C 

alpha (Hwang et al., 2010; McGrew et al., 1992; Schonwasser et al., 1998). 

1.4.1.2 RhoA/ROCK 

PKCα also has an effect on RhoA activity, which further activates ROCK (Figure 1.11). The 

activation of RhoA by PKCα seems to be indirect through the changes in activity of RhoGDI  

(Dovas et al., 2010). The regulation of RhoGDI is described later (Section 1.4.1.3).  

Formation of actin stress fibers and focal adhesion maturation is RhoA dependent (Ren et 

al., 1999; Rottner et al., 1999). In the adhesions of fibroblasts the reorganization of the 

cytoskeleton was observed after RhoA activation by protein kinase C alpha (Dovas et al., 

2006). 

In MDCK cells cultivated with phorbol ester, elevated level of GTP-RhoA was detected along 

with an activation of Rho kinase associated with loss of adhesive joints. RhoA regulation in 

these cells by PKC a is through phosphorylation of GDIα, a similar mechanism to K562 cells 

(Dovas et al., 2010). 

1.4.1.3 RhoGDI/ROCK 

The inhibition of GDP dissociation is the next important step in the regulation of Rho activity 

and this is where RhoGDI comes. The dissociation of GDI from Rho-GDP complex is required 

for subsequent function of RhoGEF (Geyer and Wittinghofer, 1997). 
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Experiments on HUVE cells showed the effect of PKCα on thrombin-dependent activation 

of Rho. Rho activation is caused by the direct phosphorylation of RhoGDI by protein kinase 

C alpha, which thus facilitates the release of GDP from the Rho GTPases (Mehta et al., 2001) 

(Figure 1.11). 

Furthermore, experiments on K562 cells (erythro-leukemic cell line) have demonstrated the 

importance of phosphorylation at Ser34 of RhoGDIα. Recombinant form of RhoGDIα 

(selectively inhibiting RhoA, Rac-1 or Cdc42), was phosphorylated in the presence of PtdSer 

and Ca2+ but its phosphorylation level was lower than in the presence of PtdIns(4,5)P2 (an 

activator of PKCα, Section 1.3). However, PtdIns(4,5)P2 was not capable alone to activate 

PKCα in the low concentration of calcium ions (Dovas et al., 2010). In K562 cells, which only 

have the PKC isoform alpha, increased RhoGDIα phosphorylation was detected after cell 

cultivation with phorbol ester (Hocevar et al., 1992). Similarly, the treatment with PKCα/βI 

inhibitor Gö6976 resulted in a complete halt of RhoGDI phosphorylation. These results 

suggest that the RhoGDIα serine phosphorylation is done by PKCα (Figure 1.11). The 

activating RhoGDIα Ser34 phosphorylation was detected also in other cell lines. 

Phosphorylated RhoGDIα lost its ability to inhibit RhoA, but no inhibition of Rac1, and Cdc42 

was observed (Dovas et al., 2010). 

 

1.4.1.4 RhoGEF/ROCK 

Exchange of GDP/GTP is another key step in the activation of Rho GTPases and therefore 

the Rho/ROCK signaling pathway can also be regulated via Rho guanine exchange factors 

(Geyer and Wittinghofer, 1997). Holinstat et al. showed that the regulation of Rho/ROCK 

signaling is dependent on the phosphorylation of p115RhoGEF (Figure 1.11). This effect was 

observed in endothelial cells after exposure to thrombin. The thrombin induces PKCα’s 

direct association with p115RhoGEF, which in the end leads to the activation of RhoA 

signaling cascade (Holinstat et al., 2003). 
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Figure 1.11 Schematic representation of the regulation of Rho/ROCK signaling cascade through PKCα. Given signaling 

pathway takes place around the membrane (Szabadosová, 2010) 

1.4.2 Ezrin/Radixin/Moesin Proteins 

Protein family of ERM (Ezrin/Radixin/Moesin) connects actin filaments to the plasma 

membrane (Bretscher et al., 2002). ERM are also associated with the formation of blebs, 

which are linked with the amoeboid invasion of A375m2 cells (Sahai and Marshall, 2003). 

ERM proteins play role the formation of filopodia and lamellipodia as well (Bretscher et al., 

2002; Jeon et al., 2002).  Furthermore, co-localization of phosphorylated ezrin with β1 

integrins was found in MCF 7 cells (Lucas, 2001) 

PKCα interaction with ERM proteins, namely ezrin, was proven in 2001. Protein kinase C 

alpha phosphorylates Ezrin on T567 (Ng et al., 2001). Moreover, activated ERM proteins bind 

to Rho in the way that inhibits RhoGDI function. Hence, ERM proteins are also important 

regulators of Rho/ROCK signaling pathways (Ivetic and Ridley, 2004). 
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1.4.3 Phosphatidylinositol 3-Kinase and Protein Kinase C alpha 

At numerous cellular sites, phosphatidyl inositol lipids serve as crucial activators of actin 

polymerization (Ueno et al., 2011; Wennstrom et al., 1994). PI3Ks are activated 

downstream of several extracellular signals, predominantly by signal transduction through 

the growth receptor (Cantley, 2002). 

A recent studies showed a reduction in invadopodia formation and degradation of ECM by 

cancer cells as a result of PI3K inhibition or PI3Ks class I knock-down (Hoshino et al., 2012; 

Yamaguchi et al., 2011). Likewise, the expression of activating mutant forms of catalytic 

p110α subunit of PI3K led to a large increase of invadopodia formation. Moreover, live-cell 

imaging revealed that PI3K activity controls the formation of invadopodia along with their 

stability (Hoshino et al., 2012; Yamaguchi et al., 2011). 

Recently, Hoshino et al proposed a cooperation between phosphatidylinositol 3-kinase 

(PI3K) and protein kinase C alpha in tumor promoting. The effect of PKCα on invadopodia 

formation in cancer cells was shown to depend on the activation level of PI3K (Hoshino et 

al., 2012). In the cells with wild-type genotype of PI3K, such as SCC25, MDA and A375 

(Barretina et al., 2012; Garnett et al., 2012), deployment of PKCα decreased invadopodia 

formation and its activity. However, in the cells expressing PI3K-CA (constitutively-active 

p110α catalytic subunit of PI3K) with PKCα down-regulation, higher number of invadopodia 

and higher degree of ECM degradation was observed. These results suggest that 

PKCα-low/PI3K-high cells are more invasive compared to the PKCα-low/PI3K wild-type cells 

(Hoshino et al., 2012). Proposed mechanism of the PKCα and PI3K cooperation is through 

regulation of PtdIns(4,5)P2 (phosphatidylinositol 4,5-bisphosphate), also an activator of 

PKCα and PtdIns(3,4,5)P3 (phosphatidylinositol 3,4,5-triphosphate), product of the PI3K 

activity (Hoshino et al., 2012). 
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1.5 Preliminary Results from our Laboratory 

PKCα was identified with Kinexus (proteomic analysis) as one of the proteins that change 

their expression or phosphorylation level after AMT. The significant decrease of PKCα 

phospho-Ser657 was observed after the treatment of A375m2 with ROCK inhibitor Y27632 

(Kasalová, 2010). On the basis of these results, PKCα effect in cancer cell invasion was 

further investigated. 

It was observed that an activation of protein kinase C alpha by activator PMA resulted in 

mesenchymal-amoeboid transition of K2 and MDA. Likewise, an AMT was witnessed on 

A375m2 cells after treatment with PKCα inhibitor Gö6976 and the same result was 

observed after siRNA-mediated down-regulation of protein kinase C alpha. Furthermore, 

PKCα activation by PMA had no effect on invading ability of K2, MDA and A375m2. 

Unexpectedly, the ability to invade was reduced after treatment with PKCα inhibitor in all 

K2, MDA and A375m2 cell lines. The siRNA treatment had similar effect on invasion tested 

in A375m2 cells (Vaškovičová, 2012). 

Decrease of the gelatin degradation of A375m2 cells was observed after the treatment with 

PKCα activator whereas PKCα inhibitor had no effect on the degradation capability of the 

cells. siRNA silencing of PKCα resulted in increased degrading ability of A375m2 cells 

(Vaškovičová, 2012). 
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2 Material and Methods 

2.1 Organisms 

Bacteria 

• Escherichia coli strain DH5α: φ80dlacZΔM15, recA, gyrA96, thi-1, hsdR17 (rK-, mK+), 

supE44 relA1, deoR, Δ(lacZYA-argF), U, 169 

Mammalian Cell Lines 

• A375m2 - human melanoma cell line 

• MDA – human breast cancer cell line 

• K2 (LW13K2) – rat sarcoma cell line 

2.2 Cultivation Solutions 

LB growth medium (for bacteria culturing) 

• Millipore water 

• 10 g/l Universal pepton M66 (Merck, Germany) 

• 5 g/l Yeast Extract (Oxoid, UK) 

• 5 g/l NaCl 

• Steamed sterilized (121°C, 20 min) 

Complete growth medium M1H (500 ml, pH 7.4; for K2 cell line culturing) 

• 380 ml Millipore water, 2x steamed sterilized 

• 50 ml 10x H-MEM 

• 50 ml FBS (Hustopeče) 

• 10 ml antibiotic-antimycotic solution (GE Life Sciences/PAA Laboratories) 

• 5 ml L-glutamine 

• 5 ml NaHCO3 7.5% (Sigma)   

 



28 

Complete growth medium DMEM (500 ml; for A375m2 cell line culturing) 

• DMEM (Dulbecco's modified Eagle's minimal essential medium) (Gibco, Invitrogen) 

• 50 ml fetal bovine serum (FBS) (Sigma) 

• 5 ml non-essential amino acid solution (NEAA) (Sigma) 

• 10 ml antibiotic-antimycotic solution (GE Life Sciences/PAA Laboratories) 

Complete growth medium RPMI (500 ml) (for MDA cell line culturing) 

• RPMI 1640 (Roswell Park Memorial Institute medium) (Gibco, Invitrogen) 

• 50 ml fetal bovine serum (FBS) (Sigma) 

• 5 ml non-essential amino acid solution (NEAA) (Sigma) 

• 10 ml antibiotic-antimycotic solution (GE Life Sciences/PAA Laboratories) 

2.3 Buffers and Solutions 

RIPA lysis buffer 

• 0.15 M NaCl 

• 50 mM Tris-HCl (pH 7.4) 

• 0.1% SDS 

• 1% Nonidet P-40 

• 1% sodium deoxycholate 

• 5 mM EDTA 

• 50 mM NaF 

PBS 

• 137 mM NaCl 

• 2.7 mM KCl 

• 4.3 mM Na2HPO4.12H2O 

• 1.4 mM KH2PO4 

• pH 7.3 

TBS 

• 500 mM NaCl • 20 mM Tris-HCl (pH 8.0) 

TTBS 

• 500 mM NaCl 

• 20 mM Tris-HCl (pH 8.0) 

 

• 0.05% Tween 20 (Serva) 
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1x SDS buffer 

• 0.1% SDS 

• 190 mM glycine 

• 25 mM Tris (pH 8.3) 

Staining solution 

• 0.114% Coomassie Brilliant Blue R-

250 (Bio-Rad, USA) 

• 20% methanol 

• 10% acetic acid 

De-staining solution 

• 20% methanol • 7% acetic acid 

Stripping buffer (100 ml)  

• 4.7 μl 2-merkaptoethanol (14.7 M) 

(Sigma)  

• 20 ml 10% SDS  

• 3.9 ml 1 M Tris-HCl, pH 6.8  

• Deionizied water 

Triton buffer (500 ml, pH 7.5) 

• 3.03 g TrisHCl (50 mM) 

• 2.92 g 0.1 mM NaCl 

• 12.5 g 2.5% Triton X-100 

Azide buffer (500 ml, pH 7.5) 

• 3.03 g TrisHCl (50 mM) 

• 0.735 CaCl2 2*H2O 

• 10 ml azide buffer (0.02%) 

Other basic solutions 

• Trypsin-EDTA: 2.5 g/l trypsin, 0.38 g/l EDTA (Gibco, Invitrogen) 

• Stock solution of protease inhibitors MixM (Serva; 0.5 mg/ml Aprotinin, 0.5 mg/ml 

leupeptin, 12.5 mg/ml Pefabloc) diluted 100x 

• Freezing solution of 90% FBS and 10% DMSO 

• 4x Tris/SDS buffer (for separation gel, 1.5 M Tris-HCl pH 8.8, 0.4% SDS) 

• 4x Tris/SDS (for stacking gel, 0.5 M Tris-HCl pH 6.8, 0.4% SDS) 

• Protogel (30% acrylamide, 0.8% of N,N'methylenbisakrylamid) 

• The transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, 0.05% SDS) 

• Blocking solution (4% BSA (Milipore) in TTBS) 
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• Gö6976 – PKCα and PKCβ inhibitor, 1 µM (5 mg/ml, Sigma-Aldrich Inc.) 

• PMA (phorbol 12-myristate 13-acetate) – PKC activator, 162 nM (100 ng/ml) 

2.4 DNA Plasmids 

PKCalpha.FLAG, Addgene plasmid 10805 

• Wild-type form of protein kinase C alpha tagged with FLAG (Figure 2.1) (Hodges et 

al., 2002)  

Figure 2.1 pcDNA vector backbone with inserted FLAG-tagged PKCα (Hodges et al., 2002) 

Myr.PKCalpha.FLAG, Addgene plasmid 10807  

• Constitutively-active FLAG-tagged PKCα mutant: regulation domain is replaced 

with associated myristoylation (Figure 2.2) (Hodges et al., 2002) 

• Does not require DAG and Ca2+ for activation (Hodges et al., 2002) 
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Figure 2.2 pCMV6 vector backbone with inserted myristoylated PKCα tagged with FLAG protein (Hodges et al., 2002) 

PKCalpha.K/N.FLAG, Addgene plasmid 10806 

• Dominant-negative FLAG tagged PKCα form: mutation of invariant Lys386 to Arg  

(Figure 2.3) (Hodges et al., 2002) 

• This mutant form can’t be phosphorylated, and thus activation of this PKCα form is 

not possible  (Hodges et al., 2002) 

Figure 2.3 pcDNA vector backbone with inserted dominant-negative PKCα tagged with FLAG (Hodges et al., 2002) 

2.5 Isolation of plasmid DNA from E. coli 

2.5.1.1 Isolation of Plasmid DNA Using the NucleoSpin®Plasmid 

• First Day: The Culture of E. coli carrying the desired plasmid was seeded to 2-5 ml 

LB medium (see 2.2) containing selective antibiotic (1:1000, Ampicillin (Biotika, SR) 

100 mg/ml) and cultivated on a shaker (180rpm) p s 37 ° C overnight (about 16 

hours) 

• Second Day: Isolation of plasmid DNA using the NucleoSpin®Plasmid kit 

(Macherey-Nagel, Germany), proceed according to the enclosed manual. 

• Determine the concentration of the purified DNA using a NanoDrop instrument 

(Thermo Scientific). 
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2.6 Working with Cell Cultures 

Mammalian cells are generally cultured in an incubator with 5% CO2 at 37°C for various size 

plates and the corresponding amount of media (Figure 2.4): 

 
Figure 2.4 Dish size and volume of medium for cell cultivation. 

Cells are regularly controlled to check the confluence and possible contamination using 

Microscope (Nikon Eclipse TS 2000). Depending on the cell confluence level, cells are split 

after 2-3 days. 

2.6.1.1 Cell Splitting 

• Before cell splitting trypsin and medium (see 2.2 and 2.3) are preheated in a water 

bath (37°C, 15 min) 

• Aspirate the medium 

• Add 1ml of trypsin (for large dish), rinse gently and then aspirate 

• Add 1ml of trypsin again and incubate for 3-5 minutes until cells are detached from 

the dish. 

• Add complete medium and separated clusters of cells the suspension by pipetting 

• Transfer the desired amount of cell into new dish and add medium to corresponding 

amount 

2.6.1.2 Cell Stock Re-culturing 

• Take out a cryogenic tube from liquid nitrogen container and place it on ice. 

• Thaw cells as fast as possible in preheated 37°C water bath 

• Transfer cells into 15 ml plastic tubes containing 9 ml of medium 

• Centrifuge cells (Eppendorf Centrifuge 5804R, 180 g, 3 min) 
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• Aspirate the supernatant carefully, resuspend cell pellet in medium and transfer 

into new culture plate 

• Add medium to corresponding amount 

2.6.1.3 Cell Stock Preparation 

• Aspirate the medium 

• Add 1ml of trypsin (for large dish), rinse gently and then aspirate 

• Add 1ml of trypsin again and incubate for 3-5 minutes until cells are detached from 

the dish. 

• Add medium and transfer cells into 15 ml plastic tubes 

• Centrifuge cells (Eppendorf Centrifuge 5804R, 180 g, 3 min) 

• Aspire the medium carefully, resuspend pellet in 2 ml of freezing solution (see 2.3) 

and transfer 1 ml into cryogenic tube 

• Place the tubes into a container filled in with isopropanole and put it into -80°C 

• Next day put the tubes to liquid nitrogen 

2.6.1.4 Cell Transfection with Plasmid DNA 

• Split the cells one day before the transfection (see 2.6.1.1) to have a confluence of 

70% at the day of transfection 

• Plasmid DNA used for the transfection was purified by box kit NucleoSpin®Plasmid 

(see 2.5.1.1) 

• Mix the DNA, jetPRIME buffer and reagent as written in a manual for DNA 

transfection kit jetPRIMETM (transfection PolyPlus, jetPRIMETM buffer and 

jetPRIMETM transfection reagent) 

• Add the transfection solution to the cells and mix thoroughly 

• The expression of protein is detected after 24-48 hours 

2.6.1.5 Cell Lysates Preparation 

• Take out cell plates from the incubator and place them on ice 
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• Aspire medium and rinse 3-times with precooled 1xPBS (see 2.3) 

• Add prepared lysis buffer with protease inhibitor (dilution 1:100) and phosphatase 

inhibitor (1:100) and incubate (in 4°C on a rocker, 12-15 min) 

• Scrape cells from the dishes using a cell scraper, transfer them into microtube and 

stretch with needle (21G) several times 

• Centrifuge (Eppendorf Centrifuge 5417R, 13000 rpm, 4°C, 20 min) 

• Transfer the supernatant into a clean tube and store at -20°C or prepare samples 

for electrophoresis immediately. 

2.7 Protocols 

2.7.1.1 Determination of protein concentration (Folin's method) 

• Protein concentration of lysates is determined by colorimetric assay using Dc 

Protein 

• Assay kit (Bio-Rad). 

• Prepare a dilution series of BSA (Figure 2.5) 

 
Figure 2.5 BSA dilution series 

• Prepare an A’ solution (mix 10 μl of solution S and 500 ml of solution A) 

• Mix 25ml of standard or sample (10 μl lysate + 15 μl of lysis buffer), 12 5ml of 

solution A’ and 1 ml of solution B 

• Vortex and incubate for 15 min in the dark. After incubation measure samples at 

750 nm wave length 

• Plot the calibration curve based on data from BSA dilution series (absorbance 

against concentration) 
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• Calculate the protein concentration of the sample and dilute to the same 

concentration all comparing samples using RIPA buffer 

2.7.1.2 Sample Preparation 

• Add Laemmli buffer (6x, dilution 1:4) and DTT (1 M, dilute 1:20) to the comparing 

samples with the same concentration 

• Boil (10 min, 95-100°C) 

2.7.1.3 SDS-PAGE 

• Assemble the apparatus (Dc Protein Assay Kit (Bio-Rad, USA)) for pouring gels 

• Mix deionized water, Tris/SDS pH 8.8 buffer (2.3), polyacrylamide (2.3), 10% APC 

(ammonium persulphate, Sigma) and TEMED (N,N,N9,N9-tetramethyl-

ethylenediamine, Serva) respectively according to the proportion given by a 

standardized protocol 

• Pour polyacrylamide gel into apparatus, cover with water and let the gel polymerize. 

Then remove water 

• Prepare stacking gel - Mix deionized water, Tris/SDS pH 6.8 buffer (2.3), 

polyacrylamide (2.3), APC and TEMED respectively according to the proportion 

given by standardized protocol 

• Pour polyacrylamide gel into apparatus, put plastic combs and let it polymerize 

• Assemble the apparatus for electrophoresis and fill in with 1x SDS buffer 

• Load prepared samples and marker 

• Run (stacking gel: 10 mA per gel, separation gel: 20 mA per gel 

• Turn of as the loads reach end of the gel 

• Remove gels and stain them or use for Western blot (next section) 

2.7.1.4 Western blot 

• Assemble the blotting sandwich in the following order: (Catode (–)sponge, filter 

paper (Whatman), gel, nitrocellulose membrane (Nitrobind, MSI), Whatman, 
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sponge (Anode (+)) and put it into the apparatus for Western blotting (Bio-Rad 

Trans-blot) add ice and pour in transfer buffer (see 2.3) 

• Blot (1 hour and 15 min, 110 V, constant cooling) 

• Rinse membrane with transferred proteins in TBS and use for the immunodetection 

of transferred proteins and stain gel in staining solution (30 min, 2.3) then de-stain 

it (2.3) 

2.7.1.5 Immunodetection of proteins in the membrane 

Primary Antibodies: anti-FLAG (F1804, F3165, Sigma-Aldrich Inc.), Total PKCα (P 4334, 

Sigma-Aldrich Inc.), PKCα p-Thr497 (ab76016, Abcam plc), Total Akt (9272S, Cell Signaling 

Technology Inc.), Akt p-Ser473 (4060, Cell Signaling Technology Inc.), Actin (sc-1616, Santa 

Cruz Biotechnology Inc.) 

Secondary Antibodies: GAR-HRP polyclonal (sc-2030, Santa Cruz Biotechnology Inc.), 

DAG-HRP polyclonal (sc-2033, Santa Cruz Biotechnology Inc.), GAM-HRP polyclonal 

(35502, Thermo Fisher Scientific Inc.) 

• Block the membrane from Western blot (see previous section) in blocking solution 

(on rocker, 37°C, 45 min) 

• Incubate the membranes with primary antibody in 1% BSA in TTBS (on rocker, 4°C, 

overnight) 

• Wash the membranes in TTBS (3-times, 10 min) next day 

• Incubate the membranes with secondary antibody in 1% BSA in TTBS (on rocker, at 

room temperature, 1 hour) 

• Wash the membranes in TTBS (3-times, 10 min) and then once in TBS 

• Incubate membranes in prepared developing solution (1:1, 1-2 min, Super Signal 

West Pico Chemiluminiscent Substrate (Pierce Biotechnology)) 

• Detect signal using LAS-4000 device 

2.7.1.6 Stripping the membrane 

• Wash the membranes in TBS properly 
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• Incubate membranes in stripping buffer (2.3) (on rocker, in dark, 50°C, 1 hour) 

• Wash membranes in TTBS (3 times, 10 min) 

• Afterwards, follow the protocol of Immunodetection of proteins in the membrane 

(2.7.1.5) 

2.7.1.7 FITC-Labeled Gelatin-Coated Coverslips 

• Prepare a dark moist chamber and keep it on ice the whole time 

• Place coverslips on parafilm and pipette drop of FITC gelatin to cover the slip and 

aspire it immediately (to create thin layer) 

• Incubate cover slips upside down on a 100 μl drop of 0.5% glutaraldehyde (in dark, 

15 min) 

• Transfer coverslips into 12-well plate and wash 3 times with 1xPBS (2.3) 

• Incubate in 1ml of NaBH4 (3 min, 5mg/ml) 

• Wash 3x in 1xPBS 

• Incubate in 70% ethanol (1 min) transfer coverslips into sterile 12-well plate with 

1ml medium subsequently (in sterile environment) and incubate at least for 1 hour 

• Afterwards, wash coverslips 5 times in medium and add 3x105 cells 

• Fix and stain according to Immunofluorescence Staining (2.7.1.8) next day 

2.7.1.8 Immunofluorescence Staining 

Primary Antibodies: anti-FLAG (F1804, F3165, Sigma-Aldrich Inc.), cortactin p-Tyr421 

(21263, BioSourceTM) 

Fluorescent Antibody: Alexa Fluor® 633 GAM (A21050, InvitrogenTM), Alexa Fluor® 546 GAR 

(A11010, InvitrogenTM), phalloidin 405 (DY405, Dyomics GmBH) 

• Aspirate the medium and fix the cells with 0.5ml of 4% paraformaldehyde (15 min) 

• Wash 3 times in 1xPBS 

• Incubate coverslips in blocking solution (3% BSA in PBS, 30 min) 

• Incubate the coverslips upside down in 50 μl of primary antibody solution (in moist 

chamber, 3 hours at least) 
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• Wash 3 times in 1xPBS 

• Place the coverslips upside down on 100 μl drop of secondary antibody solution (in 

moist chamber, 60 min) 

• Wash 3 times in 1xPBS 

• Incubate cover slips on a 70 μl drop of phalloidin solution (in moist chamber, 15 min) 

• Wash 3 times in 1xPBS and rinse in deionized water 

• Mount in 9 μl drop of Mowiol and let it dry 

• Examine cells using fluorescent microscope Nikon Eclipse TE2000-S (20x/0.40 HMC 

objective) or confocal microscope Leica DM IRE2  

• 405 nm – actin level, 488 nm – FITC gelatin, 546 nm – p-cortactin (marker of 

invadopodia) 

• Examine three random fields for each experiment to quantify gelatin degradation 

by AnalyzeGelStack program (obtained from Dr. Buccione). Normalized the 

degradation to degradation of control untreated cells  

2.7.1.9 3D Cell Morphology Assay in Collagen 

• Trypsinize cells grown on plates (see 2.6.1.1) and transfer the cell suspension into 

15 ml plastic centrifuge tubes (Falcon) 

• Centrifuge (Eppendorf Centrifuge 5804R, 180 g, 3 min). 

• Aspire medium carefully, resuspend cell pellet in a small volume of medium and 

count the cells using counting chamber 

• Prepare the solution of collagen (for 96-well plate) 

• 8.3 μl 10x H-MEM 

• 25 μl 1xPBS (Invitrogen) 

• 4.2 μl FBS (Sigma) 

• 4.2 μl 0.25 M NaHCO3 (2.2g NaHCO3 in 100 ml 1xCMF – HBSS: 900 ml 

distilled water, 8g NaCl, 0.4g KCl, 0.06 g KH2PO4, 0.35g NaHCO3, 0.112g 

Na2HPO4 . 12 H2O, pH 7.4 (pH adjusted by 2 M NaOH)) 

• 42 μl Collagen Type I (4 mg/ml, Serva, Germany), keep on ice! 
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• 1.1x104 cells 

• Pipette 80 μl of collagen solution  into 96-well plate and wait till collagen solidifies 

• Add 159 μl of complete medium (do not infringe the collagen layer) 

• Incubate in an incubator for 48 hours. Then evaluate cell morphology using Nikon 

Eclipse TE2000-S microscope with Hoffman modulation contrast (MC2) (20x 

objective) and NIS Elements program (Nikon)  

• Count the number of elongated, rounded and ‘intermediate’ cells. The 

morphology is given by length-width index (>2: mesenchymal cells). Examine at 

least 200 cells in each chamber 

2.7.1.10 Invasion Assay 

• Prepare collagen solution 

• 188 μl PBS  

• 42 μl FBS 

• 40 μl NaHCO3 

• 40 μl 10x H-MEM 

• 3 μl NaOH 

• 73.5 μl Collagen R (0.7 μg/μl) 

• Pipette 10 μl into one IBIDI well (μ-Slide Angiogenesis ibiTreat Microscopy 

Chamber) 

• Place the IBIDI plate into a specialized chamber with deionized water and incubate 

in incubator until collaged solidifies 

• Trypsinize cells and count them (see previous section) 

• Transfer 105 cells into microtube with 1 ml of medium 

• Pipette carefully 50 μl of cell suspension onto collagen and put the IBIDI plate back 

into chamber and incubate in incubator. 

• Change the complete medium for serum-free medium next day 
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• Examine the rate of invasion after next 48 hour using Nikon Eclipse TE2000-S 

microscope with Hoffman modulation contrast (MC2) (20x objective) and NIS 

Elements program (Nikon)  

• Take pictures of collagen layer every 10 μl starting at the surface and then 

calculate the relative invasivity index (RII) 
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2.7.1.11 Zymography Assay 

• Split the cells one day before the transfection (see 2.6.1.1) to have 2*105 cells per 

24-wells plate. Do not forget to change the complete medium for serum-free 

medium (300 μl) with PMA and Gö6976 (see 2.3) after a few hours 

• Incubate for 24 hours. Then collect 200 μl of each well and store at -70°C or 

proceed to next step 

• From now on, work on ice! 

• Prepare the samples by mixing 23 μl of collected supernatant with 7 μl of Laemmli 

buffer (4x). Do not boil the samples 

• Dilute gelatin in the water (0.05 mg of gelatin per 10 ml) and prepare SDS-PAGE 

according to section 2.7.1.3, using water with dissolved gelatin 

• Load prepared samples and control 

• Run (stacking gel: 10 mA per gel, separation gel: 15 mA per gel) 

• Turn off as the loads reach end of the gel 

• Remove gels and renaturate the proteins in triton buffer for 2 hours (see 2.3, 

replace the buffer after one hour) 

• Wash the gel with water for 5 min 

• Incubate overnight at 37°C in azide buffer (see 2.3) 

• Stain gel in staining solution (30 min, 2.3) then de-stain it (2.3)  
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3 Results 

The goal of this thesis was to evaluate the role of protein kinase C alpha in amoeboid cancer 

cell invasion. The project is based on the preliminary results from our laboratory that 

suggest a PKCα importance in cancer cell morphology, invasion potential and invasion mode 

(briefly mentioned in Section 1.5). Previous work analyzed the PKCα effect in three cancer 

cell lines (K2, MDA and A375m2) using PKCα activator PMA, PKCα inhibitor Gö6976 and 

siRNA against PKCα. The preliminary result are discussed in more detail in the following 

paragraphs. 

The cancer cell morphology is an important characteristic of cancer cells that predicts the 

invasion mode. K2 cell line uses a mesenchymal mode of invasion which is associated with 

elongated morphology. The same morphology is prevalent in MDA-MB-231 (further MDA) 

cancer cell line as well. The third cell line of A375m2 melanoma cells, uses an amoeboid 

type of invasion. These cells have rounded morphology in 3D environment. The cancer cells 

were treated with PKCα activator PMA or PKCα inhibitor Gö6976. According to the 

hypothesis, it was expected that PKCα would have a pro-amoeboid effect on the cancer 

cells. The results showed an increase in proportion of rounded morphology of K2 and MDA 

cells after the treatment with PMA, while having no effect on morphology of A375m2 cells. 

Conversely, the treatment with PKCα inhibitor resulted in decrease of rounded cell 

proportion and shift towards elongated morphology of A375m2 cells. No effect of PKCα 

inhibitor treatment was seen on K2 and MDA cells.  In addition, effect of siRNA mediated 

knock-down of PKCα was examined. PKCα knock-down was less effective than usage of 

inhibitor, but a significant increase of elongated cells’ proportion was observed as well 

(Vaškovičová, 2012). These results support given hypothesis of PKCα being an important 

protein for amoeboid invasion. 

Furthermore, the association of cell’s shape with an invasion potential was tested. It was 

shown that PMA had no effect on the relative invasivity index of any cancer cell line used 

but Gö6976 application decreased an invasive rate of amoeboid A375m2 cells as well as 
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mesenchymal K2 and MDA cells (Vaškovičová, 2012). This effect was rather surprising. 

Nevertheless, it gave us a hint of possible role played by PKCα in the cancer cell invasion. 

The next experiment to evaluate a PKCα role in cancer cell invasion was a gelatin 

degradation assay. The presence of gelatin degradation is connected with mesenchymal 

type of invasion which is associated with production of matrix metalloproteinases. PKCα 

inhibition, as it was shown, plays a role in amoeboid invasion mode, therefore, the 

degradation was expected to appear after the treatment of A375m2 cells with Gö6976. 

PKCα inhibition had no effect on gelatin degradation whereas PKCα activation decreased 

the degradation of gelatin by A375m2 cells. siRNA mediated PKCα knock-down resulted in 

the increase of the gelatin degradation capability of A375m2 (Vaškovičová, 2012). 

In other words, these results support the hypothesis of PKCα being an important 

pro-amoeboid protein. 

Due to the promising preliminary results, we decided to continue in evaluation of the 

PKCα’s role in the cancer cell invasion. The following work continued to use the three cancer 

cell line model of K2, MDA and A375m2 cells, to evaluate an effect of PKCα on different 

cancer cell invasion modes. The experiments done before used PMA, PKCα activator, and 

Gö6976, PKCα inhibitor to change a PKCα activation status. However, these reagents may 

affect more proteins than just a protein kinase C alpha. In fact, Gö6976 is an 

ATP-competitive inhibitor of both PKCα and βI isoforms (Martinybaron et al., 1993) and 

PMA is a specific protein kinase C activator affecting conventional and novel PKC isoforms 

(Blumberg, 1988). To eliminate a non-specific effect of PKCα’s activator and inhibitor, 

various PKCα mutants of wild-type, constitutively-active and dominant-negative form were 

obtained (10805, 10807 and 10806 respectively, Addgene Inc.). The constitutively-active 

PKCα has attached myristoylation on its N-terminus. This attachment makes the kinase 

independent on DAG and Ca2+ activation as the kinase is now directly targeted to the 

membrane. PKCα dominant-negative form has a mutation of invariant lysine368 to arginine. 

This mutation affects phosphoryl-transfer and interacts with phosphorylation of activation 

loop (Steinberg, 2008). PKCα mutant forms are shown in Figure 3.1 below. PKCα wild-type 

and constitutively-active forms were expected to mimic an effect of PKCα activator. 
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Figure 3.1 Structural differences of PKCα mutants: A. Wild-type PKCα mutant, B. Constitutively-active PKCα mutant, C. 

Dominant-negative PKCα mutants. 

Working concentrations of plasmids were established at 1.5 μg, 2.25 μg and 3 μg of 

wild-type, constitutively-active and dominant-negative PKCα mutants respectively per 

6-well plate. Control cells were cultivated with transfection reagent only. 

3.1 Effect of PKCα Activator and Inhibitor on MMP-2 and MMP-9 

Secretion 

The preliminary experiments showed promising results of important role of PKCα in 

amoeboid invasion mode. To further evaluate the effect of PKCα on matrix degrading ability 

of the cells, gelatin zymography was performed. This method helps to evaluate whether 

and how PKCα affects expression and secretion of degrading proteins associated with 

mesenchymal mode. This analysis might help to explain a nature of cancer cell invading 

ability after treatment with PKCα activator and inhibitor. 

ECM degradation is a very important feature of mesenchymal invasion as its purpose is to 

create a path for invading cells. Matrix metalloproteinases (MMPs) are one of many 

enzymes secreted by mesenchymal cells. MMPs are important for degradation of 

collagen IV, laminin and proteoglycan. It was shown, that collagen IV is degraded by 

gelatinase A (MMP-2) and gelatinase B (MMP-9). MMPs have three forms:  pre-pro-form, 

pro-form and active form. The activation is triggered by the cleavage of pro-form to active 

form of 72 kDa and 92 kDa for MMP-2 and MMP-9 respectively. 
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To analyze the possible effect of PKCα on MMPs’ secretion, K2, A375M2 and MDA cells 

were treated with PKCα activator (PMA) (162nM, 100ng/ml) and inhibitor Gö6976 (1μM, 

5mg/ml). Medium was collected after 24 hours and gelatin zymography was prepared 

according to the protocol (see 2.7.1.11). SC cell line was used as a control standard. 

 

Figure 3.2 In-Gel Gelatin Zymography Assay: K2, A375m2 and MDA cell lines with control SC cell line (src-transformed 

mouse embryonic fibroblasts) with previously detected MMP-2 secretion. After 72 hours a supernatant was harvested from 

24-well plate seeded with 200 000 cells/ml. Cells grew under stress conditions in serum-free medium with no treatment or 

with PKCα activator or PKCα inhibitor. Samples were divided on a 10% SDS-PAGE gel containing 1 mg/ml gelatin and gels 

were stained by Coomassie Brilliant Blue staining solution (see section 2.3). MMPs represent the white bands on the gel. 

As can be seen in Figure 3.2 above, a PKCα activator has clearly an effect on A375m2 cells. 

An upper visible band has approximately the same size of MMP-9 pro-form. For closer 

evaluation of this band a western blot with antibody against MMP-9 would gave us proper 

image about a character of this single band (Figure 3.2). Moreover, similar band was 

observed also on MDA cells treated by PMA. Despite its visibility by eye, the band was not 

thick enough to be captured by membrane scan. A signal of MMP-2 active form could be 

observed in K2, A375m2 and MDA cells as well. This signal was rather weak and disperse 

and thus difficult to analyze. 

Quite interesting is a fact that the level of MMPs has increased after the cells cultivation 

with PMA (Figure 3.3). Such results would suggest changes of cancer cell invasive capability. 

However, the preliminary results showed a negligible effect of PMA on cancer cell invasion 

(Vaškovičová, 2012). Therefore, this increase of MMPs can’t be correlated with any 

differences in cancer cell invasion. 

Gö6976, a PKCα inhibitor, showed a trend in increased secretion of MMP-2 active form in 

K2, and MDA cells (Figure 3.3). Comparing results with lower invasivity level of K2 and MDA 
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cells after treatment with Gö6976 (Vaškovičová, 2012), we were not able to interconnect 

the changes in higher level of MMPs’ secretion with likewise changes in invasive rates. 

 

Figure 3.3 Effect of PKCα Activator and Inhibitor on MMP-2 on relative volume of secreted matrix metalloproteinases 

by K2, A375m2 and MDA cells. Cells grew under stress conditions in serum-free medium with PKCα activator or PKCα 

inhibitor. Supernatant was harvested from 24-well plate seeded with 200 000 cells/ml after 72 hours. Prepared samples 

were divided on a 10% SDS-PAGE gel containing 1 mg/ml gelatin. The results are from two independent experiments for 

K2 and A375m2 cells and from one experiment for MDA cells. MMP bands were analyzed with MYImageAnalysis Software 

by Thermo SCIENTIFIC. The results are from two independent experiments for K2 and A375m2 cells and from one 

experiment for MDA cells. 

3.2 Analysis of PKCα Expression and Phosphorylation Levels after 

Transfection 

PKCα activator and a PKCα inhibitor affect more isoforms of PKCs’ than just a protein kinase 

C alpha. To eliminate a non-specific effect of PKCα activator and inhibitor, we have decided 

to use instead various PKCα mutants. Usage of these mutants in experiments should help 

us to more precisely determine the role of PKCα in amoeboid cancer cell invasion. 

The amounts of DNA used for transfection were 1.5 μg, 2.25 μg and 3 μg of wild-type, 

constitutively-active and dominant-negative PKCα mutants respectively per 6-well plate. To 

confirm the transfection efficiency, a western blot with FLAG antibody was performed. 
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FLAG is a tag protein specifically attached to PKCα mutants and thus its signal should 

provide a comprehensive image of mutants’ expression levels.  

K2, MDA and A375m2 cells were cultured for 48 hours in a medium with transfection 

solution with plasmid DNA (amounts are shown at the beginning of this section). The cell 

lysates were prepared (section 2.6.1.5) and samples were analyzed by western blot 

followed by immunodetection with antibody against FLAG (Sigma-Aldrich Inc.). 

We detected an expression of each of the three PKCα mutants in K2, MDA and A375m2 

cells. However, the levels of mutants’ expression differed. The quantification results of 

western blot analysis are shown in the graph below (Figure 3.4). Approximately the same 

levels transfected FLAG-tagged PKCα were detected for wild-type and constitutively-active 

PKCα forms for all three cancer cell lines. However, level of the dominant-negative PKCα 

mutant was much lower in each cell line. The graph (Figure 3.4) suggests differences in 

transfection efficiency through these three cell lines. 

 

Figure 3.4 Verification of the expression of PKCα mutants in K2, MDA and A375m2 cell lines. The expression levels are 

ploted relatively to the expressed level of PKCα-DN for each cell line separately. Wild-type (wt) and constitutively-active 

(CA) PKCα forms were expressed at the approximately same level. Difference was spotted in the expression of 

dominant-negative PKCα mutant (DN) suggesting worse transfection rate than for PKCα wild-typet and contitutive-active 

forms. The results are from two independent experiments for MDA and A375m2 cells and from one experiment for K2 cells. 

Statistical significance was calculated with unpaired two-tailed Student’s t-test (p<0.08) compared to control cells and is 

marked with asterisk. Blots were analyzed using MYImageAnalysis Software by Thermo SCIENTIFIC. 
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Note that we were able to detect the expression of all three PKCα mutant forms. Hence, 

the changes in protein expression or phosphorylation and changes of cell characteristics 

compared to control may be presented as a result of the expressed PKCα mutants’ in 

transfected cells. 

After successful verification of the mutant’s expression, it was important to know whether 

their presence in the cells influences PKCα activity status. Therefore, we evaluated the 

levels of total PKCα expression and of its activating phosphorylation on Thr497. K2, MDA and 

A375m2 cells were cultured for 48 hours in a medium with transfection solution with stated 

amount of DNA (written at the beginning of this section). Then the cell lysates were 

prepared (section 2.6.1.5) and samples were analyzed by western blot with antibodies 

against total PKCα (Sigma-Aldrich Inc.) and phospho-Thr497 (Abcam plc). 

An increase of total PKCα level was detected in each cell line used after the transfection. 

Looking at the PKCα expression profiles, K2 and MDA cells exhibited similarities (Figure 3.5). 

The trend in both of these cell lines was a slightly higher level of PKCα for 

constitutively-active PKCα mutant compared to wild-type PKCα, contrasting a FLAG analysis 

(Figure 3.4). MDA preserved this pattern also in PKCα Thr497. Compared to the primarily 

mesenchymal cell lines K2 and MDA, A375m2 an amoeboid cell line exhibited higher total 

PKCα level in the cells transfected with PKCα wild-type than cells transfected with 

constitutively-active form of PKCα (Figure 3.5). 

It is important to note that dominant-negative PKCα form contains a mutation on invariant 

Lys386 to Arg. Invariant lysine structures the enzyme for phosphoryl-transfer and interacts 

with activation loop, where Thr497 is located (Steinberg, 2008). This means, that a decrease 

of phosphorylation on Thr497
 shown in all three cell lines is actually a decrease of 

phosphorylated endogenous PKCα. 



48 

 

 

 

Figure 3.5 PKCα mutants change total PKCα level as well as rate of its phosphorylation. K2, MDA and A375m2 cells were 

transfected by PKCα mutants. After 48 hours lysates were prepared and analyzed on western blot. A. Representative 

immunoblots of K2, MDA and A375m2 cell line. Top to bottom: FLAG detection, Total PKCα level, phosphorylation of PKCα 

on Thr497, detection of actin loading control.  B. Quantification of total PKCα level (anti-PKCα, P 4334, Sigma-Aldrich Inc.) 

after transfection with wild-type (wt), constitutively-active (CA) and dominant-negative (DN) PKCα forms. The results are 
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