
 
 

Charles University in Prague 

Faculty of Science 
Department of Genetics and Microbiology 

 

Ph.D. study programme: Molecular and Cell Biology, Genetics and Virology 
 

 

 

 

 

 

 

 

 

 

 

Josef Čáslavský, MSc 

 

Regulation of epithelial-mesenchymal transition by the ERK 

pathway. 

 

Ph.D. Thesis 

 

 

 

Supervisor: Ing. Tomáš Vomastek, Ph.D. 

 

Institute of Microbiology 

  

Academy of Sciences of the Czech Republic 

 

Prague 2018 

  



 
 

Declaration 

This thesis was elaborated at the Laboratory of Cell Signaling at the Institute of Microbiology, 

Academy of Sciences of the Czech Republic under supervision of Ing. Tomáš Vomastek, Ph.D. 

I hereby declare that I prepared this work alone and that all sources of information in this 

thesis have been properly cited. I also confirm that the entire content of this thesis or its 

part was not previously used for obtaining the same or other academic degree. 

 

Prague, 26th April, 2018  __________________________  

 

 

 

Grant support 

 

This work was supported by Czech Science Foundation grants 204/09/0614 and 13-06405S, 

EU FP7 Marie Curie IRG grant 231086 and by the institutional research concepts 

V0Z50200510 and RVO 61388971. 

 

 

 

Acknowledgment 

I would like to express sincere gratitude to all people who supported me during the whole 

period of doctoral study. At first place, I have to thank to my supervisor Ing. Tomáš 

Vomastek, who led my work for all these years and who teach me how to find the right way 

in a world of seemingly chaotic signaling routes. I am especially thankful for his friendly 

attitude, patience, encouragement and many advices. I have to thank also to all lab 

members that share with me limited area in our lab and create friendly and stimulating 

environment. Finally, I would like to thank to all my family members for their infinite 

support. I am especially thankful to my wife Michaela Čáslavská and my daughter Kateřina. 

They became important part of my life as well as my motivation to be better person. 

Without their support and love the onset of this thesis will be not possible. 

 

 

  



3 
 

TABLE OF CONTENT 
TABLE OF CONTENT ..................................................................................................................................3 

LIST OF ABBREVIATIONS ...........................................................................................................................7 

ABSTRACT .............................................................................................................................................. 10 

ABSTRAKT .............................................................................................................................................. 12 

CHAPTER 1 INTRODUCTION .................................................................................................................. 14 

1.1 Cell signaling overview .......................................................................................................... 14 

1.2 Mitogen-activated protein kinases ....................................................................................... 14 

1.3 The ERK1/2 signaling cascade ............................................................................................... 16 

1.3.1 The activation of THE ERK1/2 signaling cascade ........................................................... 16 

1.3.2 Regulation of ERK activity by phosphorylation in TEY motif ......................................... 17 

1.3.3 ERK substrates and signaling downstream of ERK ........................................................ 18 

1.3.4 Shaping of ERK signaling to downstream substrates and functions ............................. 19 

1.3.5 Regulation of the magnitude and duration of ERK signaling ........................................ 20 

1.3.6 Downstream effectors of ERK - RSK proteinkinases...................................................... 23 

1.3.7 RSK substrates and RSK-driven biologic outcomes ....................................................... 24 

1.3.8 Disorders and diseases related to ERK signaling ........................................................... 26 

1.4 Epithelium ............................................................................................................................. 27 

1.4.1 Epithelium – structure and function ............................................................................. 27 

1.4.1.1 Tight junctions – structure and function ................................................................... 28 

1.4.1.2 Adherens junctions –  structure and function ........................................................... 29 

1.4.1.3 Actin cytoskeleton in epithelial cells ......................................................................... 30 

1.5 Epithelial-to-mesenchymal transition ................................................................................... 31 

1.5.1 Changes in gene expression during EMT....................................................................... 33 

1.5.2 Induction and regulation of EMT .................................................................................. 34 

1.5.3 Involvement of the ERK signaling pathway in the regulation of EMT ........................... 34 

1.5.4 Involvement of the ERK signaling pathway in the regulation of particular    

 subprograms of EMT ..................................................................................................... 35 

1.5.5 ERK in the regulation of epithelial polarity and barrier function .................................. 36 

1.5.6 The role of ERK in the regulation of adherens junction complexes                                 

 and intercellular adhesion ............................................................................................. 37 

1.5.7 ERK in the regulation of cell migration .......................................................................... 38 

1.5.7.1 Individual cell migration ............................................................................................ 38 

1.5.7.2 ERK in the modulation of individual cell migration ................................................... 39 



4 
 

1.5.7.3 ERK in the regulation of collective migration of epithelial cells ................................ 41 

1.6 Calpains – an elaborate proteolytic system .......................................................................... 43 

1.6.1 Structure of calpains ..................................................................................................... 44 

1.6.2 Regulation of calpain activity ........................................................................................ 45 

1.6.3 Calpain substrates ......................................................................................................... 47 

1.6.3.1 Calpain substrates regulating actin cytoskeleton ..................................................... 49 

1.6.3.2 Calpain substrates in focal adhesions ....................................................................... 50 

1.6.3.2.1 Cleavage of integrins ........................................................................................... 51 

1.6.3.2.2 Cleavage of Paxillin .............................................................................................. 52 

1.6.3.2.3 Cleavage of FAK ................................................................................................... 53 

1.6.3.2.4 Cleavage of talin .................................................................................................. 54 

CHAPTER 2 MATERIALS AND METHODS ............................................................................................... 56 

2.1 Chemicals .............................................................................................................................. 56 

2.2 Antibodies and stains ............................................................................................................ 57 

2.3 Constructs and transfections ................................................................................................ 58 

2.4 Cell culture and cell treatment .............................................................................................. 59 

2.5 Generating stable MDCK cell lines ........................................................................................ 60 

2.6 SDS-PAGE and Western-blotting ........................................................................................... 60 

2.7 Co-immunoprecipitation of FLAG-ERK2 with HA-CAPN2 ...................................................... 61 

2.8 Indirect immunofluorescence microscopy ............................................................................ 61 

2.9 Live Cell imaging of GFP-PAXILLIN and RFP-ACTIN, thermal denaturation AND FRAP ......... 61 

2.10 Quantitative analysis of apical–basal polarity ....................................................................... 62 

2.11 Time-lapse imaging, cell scattering and cell migration quantification ................................. 62 

2.12 Quantitative analysis of the strength of E-cadherin-based adhesions ................................. 63 

2.13 Quantitative analysis of the non-protruding regions at epithelial margin ........................... 63 

2.14 Quantitative analysis of the colocalization of the peripheral bundle/stress fibers with 

 vinculin .................................................................................................................................. 63 

2.15 CRISPR/Cas9-mediated knockout of CAPN2 gene................................................................. 64 

2.16 Wound healing and gap closure ............................................................................................ 65 

2.17 RNA sequencing .................................................................................................................... 65 

CHAPTER 3 AIMS ................................................................................................................................... 66 

CHAPTER 4 RESULTS .............................................................................................................................. 67 

4.1 Treatment of MDCK cells by HGF/SF induces dramatic changes in epithelial morphology 

 characterized by cell flattening, the loss of epithelial polarity and cell scattering ............... 67 



5 
 

4.2 The conditional activation of the ERK pathway phenocopies morphological changes             

 in parental MDCK cells treated with HGF/SF ........................................................................ 69 

4.3 The loss of epithelial polarity precedes cell scattering ......................................................... 72 

4.4 Protein kinase RSK induces cell scattering and motility program, but not the loss of 

 epithelial polarity .................................................................................................................. 73 

4.5 The role of de novo gene expression in the manifestation of the loss of apical-basal           

 polarity and cell scattering .................................................................................................... 75 

4.6 The loss of epithelial polarity and cuboidal cell shape requires remodeling of actin 

 cytoskeleton .......................................................................................................................... 78 

4.7 Remodeling of perijunctional actin cytoskeleton requires attenuation of RhoA-mDia  

 activity ................................................................................................................................... 79 

4.8 ERK induced remodeling of perijunctional actin cytoskeleton at sites of cell-cell         

 contacts requires calpain activity .......................................................................................... 82 

4.9 RSK induces E-cadherin internalization and adherens junctions weakening ........................ 84 

4.10 Overexpression of ERK2 isoform in MDCK cells induces changes in epithelial integrity        

 and bypasses the requirement for the upstream activation ................................................ 86 

4.11 Calpain-2 as a potential target of ERK controlling the loss of epithelial polarity.................. 89 

4.12 Inhibition of CAPN2 signaling by the expression of catalytically dead CAPN2, 

 phosphoablative mutant CAPN2 S50A or by knockout of CAPN2 gene ................................ 92 

4.13 ERK and CAPN2 regulate protrusivity at the margin of MDCK colonies and this event is 

 accompanied by peripheral actin remodeling ...................................................................... 96 

4.14 Organization of peripheral actin bundles at the edge of epithelial sheet ............................ 97 

4.15 Peripheral actin bundles at the edge of MDCK cells sheet are anchored in multiple focal 

 adhesions .............................................................................................................................. 98 

4.16 The peripheral actin bundle is a pluricellular structure that serves as an anchoring    

 platform for perijunctional actin that supports cell-cell contacts ...................................... 101 

4.17 Peripheral bundle is highly contractile structure that participates in maintaining            

 apical-basal polarity of marginal cells ................................................................................. 104 

4.18 Protein kinase ERK drives remodeling of peripheral actin cytoskeleton upon HGF 

 stimulation .......................................................................................................................... 107 

4.19 Protein kinase ERK drives remodeling of peripheral actin cytoskeleton                                     

 in MDCK ΔRAF-1:ER cells upon 4HT treatment ................................................................... 110 

4.20 Calpain activity is necessary for peripheral actin remodeling induced by ERK ................... 111 

4.21 CAPN2 regulates peripheral actin remodeling .................................................................... 112 

4.22 Ectopic expression of CAPN2 S50E is sufficient for induction of peripheral actin        

 remodeling and protrusion formation ................................................................................ 114 

4.23 Potential substrates of CAPN2 involved in regulation of peripheral and perijunctional     

 actin remodeling ................................................................................................................. 115 



6 
 

4.24 Localization of p190a-RhoGAP in autonomously migrating cells ........................................... 118 

CHAPTER 5 DISCUSSION ...................................................................................................................... 119 

5.1. Coordinated functions of ERK and RSK in the regulation of complex biological outcome ...... 120 

5.2. The effect of sustained ERK signaling in epithelial Madin-Darby canine kidney (MDCK) cells 122 

5.3. Regulation of epithelial polarity by protein kinase ERK ........................................................... 124 

5.3.1. The interaction of ERK with CAPN2 and its efficient phosphorylation ............................. 124 

5.3.2. The ability of ERK to induce proteolytic activity of CAPN2 ............................................... 125 

5.3.3. CAPN2 substrates in the regulation of perijunctional actin cytoskeleton and  epithelial 

polarity ........................................................................................................................................ 126 

5.3.4. The role of additional calpain isoforms in the loss of epithelial polarity .......................... 128 

5.4. Regulation of cell scattering by RSK ......................................................................................... 128 

5.5 Composition and function of peripheral actin cytoskeleton at the free edge                                  

of the epithelium ............................................................................................................................. 130 

5.5.1 Regulation of peripheral actin cytoskeleton in MDCK cells upon HGF stimulation ........... 132 

5.5.2 Mechanism of peripheral actin remodeling induced by ERK-CAPN2 signaling axis ........... 132 

CHAPTER 6 CONCLUSIONS .................................................................................................................. 135 

CHAPTER 7 LIST OF PUBLICATIONS ..................................................................................................... 137 

CHAPTER 8 DECLARATION OF THE AUTHOR’S CONTRIBUTION TO PUBLISHED PUBLICATIONS ......... 138 

CHAPTER 9 REFERENCES ..................................................................................................................... 139 

APPENDIX ............................................................................................................................................ 155 

  



7 
 

LIST OF ABBREVIATIONS 
4-HT 4-hydroxytamoxifen 
ADAM a disintegrin and metalloproteinase 
ADP adenosine diphosphate 
AJ adherens junction 
AKT RAC-alpha serine/threonine-protein kinase 
ALLM N-Acetyl-L-leucyl-L-leucyl-L-methioninal 
ALLN N-Acetyl-L-leucyl-L-leucyl-L-norleucinal 
ARF-6 ADP-Ribosylation Factor 6 
cAMP cyclic adenosine monophosphate 
CAPN calpain 
CAS9 CRISPR associated protein 9 
CD common docking domain 
cdc25 cell division cycle 25 phosphatase 
Cdc42 Cell division control protein 42 homolog 
cdGAP Cdc42 GTPase activating protein 
CDK  cycline-dependent kinase 
c-fos FBJ Murine Osteosarcoma Viral Oncogene Homolog  
CI circularity index 
c-myc myelocytomatosis viral oncogene homolog 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 
CTKD C-terminal kinase domain 
DBP DEF motif binding pocket 
DEF docking site for ERK, F-X-F 
DMEM Dulbecco’s Modified Eagle’s Medium 
DMSO dimethyl sulfoxide 
DNA deoxy-ribonucleic acid 
DRB 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole 
DUSP dual specifity phosphatase 
ECM extracellular matrix 
EGF epidermal growth factor 
EGFR epidermal growth factor receptor 
EMT epithelial to mesenchymal transition 
EMT-TF EMT-inducing transcription factor 
ER estrogen receptor ligand binding domain 
ERK extracellular signal-regulated kinase 
ETV3 ETS translocation variant 3 
FA focal adhesion 
FAK focal adhesion kinase 
FGFR fibroblast growth factor receptor 
Fra-1 fos-related antigen 1 
FRAP fluorescence recovery after photobleaching 
FRNK FAK related non-kinase 
GAP GTPase accelerating protein 
GDI guanine nucleotide dissociation inhibitor 
GDP  guanosine diphosphate 
GEF guanine nucleotide exchanging factor 
GFP green fluorescent protein 
GPCR G protein–coupled receptors 
GR glycine rich region 
Grb2 growth factor receptor-bound protein 2 



8 
 

GSK-3β glycogen synthase kinase 3β 
GTP guanosine triphosphate 
HePTP hematopoietic protein tyrosine phosphatase 
HGF hepatocyte growth factor 
IEG immediate early gene 
IF intermediate filaments 
IGF insulin-like growth factor 
JAM junctional adhesion molecule 
JNK c-jun NH2 terminal kinase 
KO knockout 
MAP2K MAPK kinase 
MAP3K MAPK kinase kinase 
MAPK  mitogen-activated protein kinase 
MDCK Madin-Darby canine kidney 
mDia Diaphanous-related formin 
MEK MAPK/ERK kinase 
MET mesenchymal to epithelial transition 
MLC myosin light chain 
MLCK myosin light-chain kinase 
MMP matrix- metalloproteinase 
mRNA messenger RNA 
MSK mitogen and stress activated kinase 
NGF nerve growth factor 
NLK Nemo-like kinase 
NLS nuclear localization signal 
NTKD N-terminal kinase domain 
PAK p21-activated kinase 
PAR6 partitioning defective protein 6 
PC1 protease core domain 1 
PC2  protease core domain 2 
PDGF platelet-derived growth factor 
PDK1 3’-phosphoinosite-dependent kinase 1 
PI3K phosphatidylinositol 3-kinase 
PIP2 phosphatidylinositol 4,5-bisphosphate 
PKA protein kinase A 
PP2A protein phosphatase 2A 
PP2C protein phosphatase 2C 
PTP protein tyrosine phosphatase 
RAC1 Ras-related C3 botulinum toxin substrate 1 
Raf rapidly accelerated fibrosarcoma 
Ras rat sarcoma viral oncogene homolog 
RFP red fluorescent protein 
Rho Ras homolog gene family 
RKIP Raf kinase inhibitory protein 
RLPK RSK-like protein kinase 
RNA ribonucleic acid 
RNAseq RNA sequencing 
Rnd3 Rho Family GTPase 3 
ROCK Rho associated protein kinase 
RPS-6 ribosomal protein S6 
RSK ribosomal S6 protein kinase 
RTK receptor tyrosine kinase 



9 
 

SF scatter factor 
SMURF-1 SMAD specific e3 ubiquitin protein ligase 1 
SNAI snail family zinc finger 
SOS Son of Sevenless 
Src sarcoma-family kinase 
SRG secondary response gene 
STEP striatal-enriched protein tyrosine phosphatase 
SUMO small ubiquitin-like modifier 
TEY Thr-Glu-Tyr motif 
TGFβ transforming growth factor β 
Tiam-1  T-lymphoma invasion and metastasis-inducing protein 1 
TJ tight junction 
uPA urokinase-type plasminogen activator 
uPAR urokinase receptor 
WASP Wiskott–Aldrich Syndrome protein 
WAVE WASP-family verprolin-homologous protein 
WNT Wingless-type MMTV integration site family member 
wt wild type 
ZEB zinc finger E-box binding homeobox 
ZO zona occludens 
 

 

 

 

 

 

 

 

 

 

 

  



10 
 

ABSTRACT 

 

Typical epithelium is uniformly polarized solid structure defined by the presence of cell-cell 

contacts that are connected to well-organized network of actin cytoskeleton. While epithelium is 

considered to be rather static, during embryogenesis or cancer development epithelial tissues 

undergo considerable dynamic changes in their integrity that are characterized by loss of epithelial 

polarity, disruption of cell-cell adhesions and gaining mesenchymal or mesenchymal-like migratory 

phenotype. These changes, collectively termed as epithelial-mesenchymal transition (EMT), allow 

cells to effectively invade surrounding tissues and are considered to be a main factor underlying the 

formation of metastatic cancer. The MAPK/ERK cascade, comprised of protein kinases Raf, MEK and 

ERK, induces the breakdown of epithelial integrity and cell autonomous migration in various cell 

lines. In the ERK pathway, ERK is an effector protein kinase which, depending on the cellular context, 

phosphorylates a number of different substrates. Spatiotemporal phosphorylation of specific 

constellation of ERK substrates drives specific biologic outcome. The question arises whether, during 

conversion of multicellular epithelium to autonomously migrating cells, ERK regulates a "master" 

controller or whether the ERK regulatory function is distributed among several different effector 

proteins. Identification of these effector molecules become challenging task as they can represents 

potential therapeutic targets in treatment of cancer. 

We have identified that ERK regulates EMT-like program in MDCK cells through the two 

effector molecules – protease calpain and protein kinase RSK. Each of these molecules drives 

separate sub-program of EMT-like process and these separate sub-programs are sequentially 

executed in time. ERK-mediated activation of protease calpain is responsible for the initial changes in 

epithelial morphology characterized by the loss of epithelial polarity. On the other hand, ERK 

activation of protein kinase RSK controls following stages characterized by cell scattering and cell 

migration. We found that ERK drives loss of epithelial polarity through calpain-mediated remodeling 

of actin cytoskeleton. In addition, we showed that RSK contributes to cell scattering through the 

destabilization of E-cadherin-based cell-cell contacts.  These data suggest that ERK, through the 

phosphorylation of distinct substrates, regulates different cellular subprograms. Coordinated 

execution of these subprograms in time results in complex biologic response characterized by 

breakdown of epithelial sheet to individually migrating mesenchymal-like cells.  

 Since the remodeling of actin cytoskeleton is necessary for the loss of epithelial polarity, we 

characterized the changes in actin organization in more detail. We found that ERK induced 

remodeling of perijunctional actin supporting cell-cell contacts, and it also induced remodeling of 

peripheral actin bundles present at the free edge of epithelial layer. The remodeling of perijunctional 
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actin is associated with the loss of epithelial polarity of cells within the colony, whereas the 

remodeling of peripheral actin is associated with the loss of polarity in marginal cells. We identified 

calpain-2 as a candidate ERK substrate that controls the perijunctional and peripheral actin 

remodeling.  

 We then focused on peripheral actin bundles that are present at the edge of epithelial sheet 

and form supracellular structure spanning several cells. We show that peripheral actin bundles 

consist of two prominent layers. The basal layer of peripheral bundle is anchored along its entire 

length by numerous focal adhesions to the substratum and forms discontinuous structure. The top 

layer sits on the basal layer and instead of focal adhesions it is anchored in intercellular junctional 

foci enriched in vinculin and E-cadherin. We show that peripheral bundles and junctional foci 

preserve the cohesion between epithelial cells at the edge of both static and collectively migrating 

epithelial sheet. The activation of ERK and its downstream effector calpain-2 induces disassembly of 

the basal layer and underlying focal adhesions, which is followed by disruption of intercellular foci 

and dissolution of the top layer. These gradual changes in peripheral bundles organization are 

prerequisite for the overall loss of cell-cell cohesion and the adoption of cell autonomous phenotype. 
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ABSTRAKT 

 

 Epiteliální tkáň se skládá z uniformních, polarizovaných buněk, které jsou mezi sebou 

propojeny řadou kohezivních kontaktů napojených na aktinový cytoskelet. Přestože na první pohled 

epitel působí jako pevná a neměnná struktura, během různých fyziologických a patofyziologických 

dějů zahrnujících embryonální vývoj či rozvoj nádorů, může epiteliální tkáň výrazně měnit své 

charakteristické rysy. V těchto dějích epiteliální buňky mohou podstupovat nejrůznější morfologické 

změny, které zahrnují ztrátu polarity, rozrušení mezibuněčných spojení a iniciaci individuální buněčné 

migrace. Tyto změny v morfologii jsou souhrnně označované jako epitelo-mesenchymální tranzice a 

umožnují buňkám efektivně prostupovat do okolních tkání. Předpokládá se, že jsou hlavním faktorem 

umožnující šíření nádorových buněk. Signální dráha ERK, která se skládá se ze tří sekvenčně 

aktivovaných proteinkináz RAF, MEK a ERK, hraje důležitou úlohu v přeměně epitelialní tkáně na 

individuálně migrující buňky. Důležitou efektorovou proteinkinázou v rámci zmíněné signální dráhy je 

kináza ERK. ERK fosforyluje celou řadu proteinů jak v cytoplazmě, tak i v jádře a jejich fosforylace 

následně řídí různé buněčné odpovědi. Otázkou zůstává, jakým způsobem signální dráha ERK řídí 

transformaci epiteliálních buněk na individuálně migrující buňky. Zatím není zcela jasné, zdali využívá 

nějaký centrální regulátor, nebo zdali jsou změny v epitelu spíše kontrolovány větším množstvím 

regulačních molekul.  

 V této práci ukazujeme, že proteinkináza ERK reguluje transformaci ledvinných epiteliálních 

buněk MDCK na individuálně migrující buňky prostřednictvím dvou efektorových molekul – proteázy 

calpainu a proteinkinázy RSK. Každá z těchto regulačních molekul řídí jeden z podprogramů epiteliální 

transformace. Zmíněné podprogramy jsou aktivovány sekvenčně. ERK aktivuje proteázu calpain, 

která následně řídí počáteční změny v morfologii charakterizované ztrátou epiteliální polarity. ERK 

také aktivuje proteinkinázu RSK, která je zodpovědná za pozdější změny v morfologii jako je rozpad 

epitelu na jednotlivé buňky a stimulace buněčné migrace. Práce také ukazuje, že proteáza calpain řídí 

změny v epiteliální polaritě skrze reorganizaci aktinového cytoskeletu, zatímco proteinkináza RSK řídí 

destabilizaci mezibuněčných spojů a rozpad epitelu na jednotlivé buňky. Souhrnně tyto výsledky 

naznačují, že proteinkináza ERK využívá dvě různé efektorové molekuly při transformaci epiteliálních 

buněk na individuálně migrující buňky. Tyto efektory následně ovládají dva sekvenčně uspořádané 

podprogramy vedoucí ke komplexní biologické odpovědi. 

 Dále jsme se v naší práci zaměřili na bližší popis restrukturalizace aktinového cytoskeletu 

během aktivace signální dráhy ERK. Ukázali jsme, že aktivace proteinkinázy ERK v epiteliálních 

buňkách vede k přestavbě aktinu v oblasti mezibuněčných spojů a také na okraji epiteliální tkáně. 

Reorganizace aktinu asociujícího s mezibuněčnými kontakty podmiňuje ztrátu polarity buněk uvnitř 



13 
 

epitelu, zatímco reorganizace aktinových svazků v okrajových částech epitelu má za následek ztrátu 

polarity u periferních buněk.  

 Dále jsme blíže charakterizovali „supracellulární“ strukturu periferních aktinových svazků, 

která se tvoří výhradně v buňkách na okraji epitelu. Zjistili jsme, že periferní aktin se skládá ze dvou 

strukturně a funkčně odlišných vrstev. Bazální vrstva periferních aktinových svazků je po celé délce 

přichycena k podkladu pomocí fokálních kontaktů. Apikální vrstva je místo fokálních kontaktů 

zakotvena v oblastech mezibuněčných spojů (tzv. spotech) bohatých na E-cadherin a vinculin. V této 

práci ukazujeme, že přítomnost těchto spotů je nezbytná pro udržení kohezivity mezi buňkami na 

okraji epitelu. Aktivace signální dráhy ERK či calpainu-2 vede k destabilizaci fokálních kontaktů 

asociujících s bazální vrstvou a k rozpadu bazální vrstvy periferních aktinových svazků. Dlouhodobá 

ERK aktivace vede následně i k rozpadu spotů bohatých na E-cadherin a vinculin a k rozpuštění 

apikální vrstvy. Tyto postupné změny v periferních aktinových svazcích jsou nezbytné pro ztrátu 

mezibuněčné kohezivity, rozpadu epitelu a k získání fenotypu individuálně migrujících epiteliálních 

buněk. 
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CHAPTER 1 INTRODUCTION 
 

1.1 CELL SIGNALING OVERVIEW 

 Intracellular communication is one of the most important characteristics of all living systems 

regardless of the organism’s complexity. Unicellular as well as multicellular organisms should be able 

to sense, read and respond to a broad range of extracellular signals coming from the surrounding 

environment such as information about nutrients, toxic substances and potential threats. Moreover, 

cells share the ability to communicate with each other. The advancement in intercellular 

communication, as well as in the cooperation of individual cells together during the evolution 

predominantly contributed to a higher organization of individual cells to tissues and organs and lead 

to creation of multicellular organisms, as are animals and plants. Each cell in a multicellular organism 

has been programmed during the development to respond to a specific set of extracellular signals 

produced by other cells. Signal molecules are considerably heterogeneous and cells had to evolve 

various signal sensing proteins called receptors that specifically bind the signal molecules and initiate 

a response in the target cell. For this purpose, cells developed refined intracellular network of 

signaling pathways that mediates the conversion of signal coming from receptors to relevant 

outcomes. Signal transduction mechanisms are strongly based on posttranslational modifications of 

cellular proteins, among which phosphorylation mediated by protein kinases plays a central role. This 

is reflected in the fact that kinomes of higher eukaryotes contain more than 500 kinases, many of 

them were not properly characterized. However, it seems that the group of mitogen-activated 

protein kinases (referred as MAPKs) is involved in the majority signal transduction pathways within 

the cell.  

1.2 MITOGEN-ACTIVATED PROTEIN KINASES  

 The family of mitogen-activated protein kinases (MAPKs) belongs to evolutionarily highly 

conserved group of serine/threonine protein kinases. MAPKs are expressed in almost all eukaryotic 

organisms and they are involved in a plenty of fundamental cellular processes such as proliferation, 

differentiation, apoptosis, inflammation, cell polarization or cell migration. Up to date, 14 members 

of mammalian MAPK family have been described. They are usually divided into two subgroups – 

conventional MAPKs and atypical MAPKs (Cargnello and Roux 2011). 

 Conventional MAPKs family includes extracellular signal-regulated kinases 1/2 (ERK1/2), p38 

kinases (α,β,γ,δ isoforms), c-jun NH2 terminal kinases 1/2/3 (JNK1/2/3) and ERK5. One of the 

determining features of conventional MAPKs is that these proteins operate in three-tiered modules 

composed of three sequentially acting protein kinases: a MAPK kinase kinase (MAP3K) that 
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phosphorylates and activates MAPK kinase (MAP2K), which in turn phosphorylates and activates 

MAPK. MAPK activation is achieved through the dual phosphorylation on Thr and Tyr residues within 

conserved Thr-Xxx-Tyr motif in the activation loop of the kinase domain (Cargnello and Roux 2011). 

 Atypical MAPKs family including ERK3/4, ERK7, ERK8 and Nemo-like kinase (NLK) differs from 

conventional MAPKs in several aspects. They are not organized into three-tiered kinase cascades and 

usually have a different conserved motif in activation loop such as Ser-Glu-Gly in case of ERK3/4 or 

Thr-Gln-Glu in case of NLK (Cargnello and Roux 2011). The schematic representation of conventional 

and atypical MAPKs structures is summarized in Fig 1.1. 

 

 

Fig. 1.1. The schematic representation of conventional and atypical MAPKs domain structures. The both 

conventional and atypical MAPKs consist of Ser/Thr kinase domain that is flanked by N- and C-terminal regions 

of different length. Additional domains are present in some MAPKs, such as transactivation domain (TAD) in 

ERK5, nuclear localization signal (NLS) in ERK5 and ERK7/8, conserved region C34 in ERK3/4 and Ala-His-Glu rich 

domain in NLK. Amino-acid triad in kinase domain represents activation motif of particular MAPK (Cargnello 

and Roux 2011). 
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1.3 THE ERK1/2 SIGNALING CASCADE 

1.3.1 THE ACTIVATION OF THE ERK1/2 SIGNALING CASCADE 

 The ERK1/2 signaling cascade was the first conventional mammalian three-tiered MAPK 

module that was characterized (Boulton et al. 1990). The importance of ERK1/2 signaling became 

obvious in early 90s after findings that it plays a critical role in the regulation of cell proliferation and 

survival. The ERK signaling cascade comprised of sequentially activated protein kinases Raf, MEK and 

ERK is an integral part of evolutionarily conserved signaling pathways that enable eukaryotic cells to 

sense and respond to a multitude of extracellular signals. Various extracellular stimuli, including 

growth factors, hormones, neurotransmitters and adhesions, act through the membrane receptors 

such as integrins, receptor tyrosine kinases (RTKs) or receptors coupled with heterotrimeric G protein 

(GPCRs). These receptors activate several intracellular proteins such as protein kinase Src or GTPase 

Ras that in turn activate protein kinase Raf. Activated Raf then phosphorylates and activates MEK 

which subsequently phosphorylates and activates ERK. ERK is the central effector protein kinase 

within the ERK signaling pathway which upon activation phosphorylates and thus alters the function 

of many cellular proteins leading to a variety of specific biological outcomes such as proliferation, 

differentiation, cell movement, cell division, apoptosis or oncogenic transformation (Cargnello and 

Roux 2011). Typical organization of signal transduction within ERK signaling pathway is shown in Fig. 

1.2.  

 

 



17 
 

 

 

Fig. 1.2. Schematic representation of signal transduction within ERK signaling pathway after EGF receptor 

stimulation. EGF receptor (EGFR) is a transmembrane protein belonging to RTK family. It has an extracellular 

ligand binding domain and two important cytoplasmic domains – membrane proximal domain with intrinsic 

kinase activity and c-terminal domain containing multiple tyrosine autophosphorylation sites. Upon ligand 

binding such as EGF, receptor undergoes dimerization, leading to EGFR kinase domain activation and receptor 

trans-autophosphorylation. Phosphorylated tyrosines create a docking site for adaptor protein Grb2 that 

subsequently recruits guanine nucleotide exchange factor Son of Sevenless (SOS) into close proximity of 

membrane bound GTPase Ras. SOS then catalyzes exchange of GDP to GTP and thus activates Ras. Activated 

Ras in turn activates protein kinase Raf. Activated Raf subsequently phosphorylates and activates MEK, which 

in turn phosphorylates and activates ERK. ERK recognizes and phosphorylates broad range of substrates in 

cytoplasm and in the nucleus, resulting in the induction of diverse specific biological responses. 

 

1.3.2 REGULATION OF ERK ACTIVITY BY PHOSPHORYLATION IN TEY MOTIF  

 Mammalian genome encodes two ERK isoforms – ERK1, ERK2 (Gonzalez, Raden and Davis 

1991). Both are widely expressed in all tissues, both are activated in the same fashion. ERKs are 

serine/threonine protein kinases that are exclusively activated by MEK. MEK associates with ERK in 
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cytoplasm and upon activation by Raf mediates dual phosphorylation of ERK on Thr202 and Tyr204 in 

conserved TEY motif (Haystead et al. 1992, Fukuda, Gotoh and Nishida 1997)(Fig 1.3). The 

phosphorylation of both Thr and Tyr residues is required for full ERK activation. Conversely, 

inactivation of ERK requires the removal of either one or both phosphoryl group from TEY motif (Fig 

1.3). The dephosphorylation is predominantly driven by dual specificity phosphatases (DUSPs)(Owens 

and Keyse 2007). However, threonine specific phosphatases (e.g. PP2A, PP2C) or tyrosine specific 

phosphatases (e.g. PTP-SL, STEP, HePTP) can also participate in ERK dephosphorylation (Anderson et 

al. 1990, Munoz et al. 2003). The spatiotemporal regulation of ERK activity is thus controlled by 

coordinated activities of these phosphatases and upstream protein kinase MEK. 

 

 

 

Fig. 1.3. Regulation of ERK activity by protein kinases and protein phosphatases. The conversion of inactive 

protein kinase ERK to fully active form requires phosphorylation of Thr202 and Tyr204 in conserved TEY motif 

of ERK (Haystead et al. 1992). ERK is phosphorylated by dual-specificity protein kinase MEK that can 

phosphorylate both threonine and tyrosine residues. Conversely, inactivation of protein kinase ERK is mediated 

by cellular phosphatases such as DUSP, PP2A, PP2C or STEP that are responsible for dephosphorylation of 

Thr202 and Tyr204 residues (Anderson et al. 1990, Munoz et al. 2003, Owens and Keyse 2007). 

 

1.3.3 ERK SUBSTRATES AND SIGNALING DOWNSTREAM OF ERK 

 After ERK activation, MEK dissociates from ERK. ERK subsequently phosphorylates wide range 

of substrates in the cytoplasm and in the nucleus. ERK is proline-directed protein kinase that 

recognizes and phosphorylates serine or threonine that is followed by proline (Ser/Thr-Pro consensus 

sequence) (Yoon and Seger 2006). The presence of proline in the position -2 favors the substrate 

phosphorylation, whereas the presence of proline in the position -1 is unfavorable. However, it has 

been shown that some proteins could be phosphorylated by ERK also on non-consensual sites. One 

such example is protease calpain-2 that is phosphorylated at Ser50 in the sequence Asp-Pro-Ser-Phe 
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(Glading et al. 2004). In addition, many proteins contain consensual sequence, but are not bona fide 

substrates of ERK indicating that additional mechanism contributes to substrate selection by ERK.  

 Over the years it became evident that ERK substrate specificity is provided through docking 

domains that mediate high affinity interaction with ERK substrates. It has been described that ERK 

possesses two docking sites for its substrates. The first one is common docking domain (CD) that 

predominantly contains sequence of negatively charged amino acids (Tanoue et al. 2000).  The 

second one is hydrophobic docking groove also called DEF motif binding pocket (DBP) (Lee et al. 

2004). These CD and DBP interaction domains allow an association with proteins containing D-

domain motif (sequence of positively charged amino acids) and DEF-motif (Phe/Trp-X-Phe/Tyr/Trp 

sequence), respectively. The D-domain motif, DEF motif or both are present in almost all known ERK 

substrates. The examples of substrates containing D-domain motif represents MAPK phosphatases or 

family of p90 ribosomal S6 kinases (RSKs), whereas DEF motif sequences are present for instance in 

immediate early genes such as c-Fos, c-Jun or Fra-1 (Anjum and Blenis 2008). However, some 

substrates could interact with ERK independently of docking domains. Protein stathmin represents 

such an example when associating with ERK by yet unknown mechanism (Burkhard and Shapiro 

2011). 

 As effector protein kinases ERKs orchestrate a response to extracellular signals that is both 

coordinated and functionally varied. At various intracellular locations, ERK can phosphorylate a 

specific constellation of substrates and the phosphorylation pattern of ERK substrates determines 

the onset of specific biological outcome. Prevailing evidence suggests that the specific cellular 

response is achieved through control of activity of wide range of ERK substrates that are available for 

phosphorylation by ERK at a given moment in a particular location. Almost two hundred different 

cytoplasmic and nuclear targets have been identified as possible ERK substrates including 

cytoskeletal proteins, protein kinases and transcription factors (Yoon and Seger 2006, von Kriegsheim 

et al. 2009, Busca, Pouyssegur and Lenormand 2016).  

1.3.4 SHAPING OF ERK SIGNALING TO DOWNSTREAM SUBSTRATES AND FUNCTIONS 

 Shaping of ERK signaling towards a specific set of substrates and ensuing induction of 

particular cellular response are regulated by several mechanisms. One important mechanism of ERK 

signaling shaping is represented by the ability of cell to phosphorylate ERK substrate with the respect 

to space and time. The spatiotemporal phosphorylation of ERK substrates are mostly modulated by a 

group of adaptor proteins. Adaptor proteins such as anchoring and scaffolding proteins are mostly 

non-enzymatic proteins that are able to interact with one or more components of ERK pathway. 

Anchoring proteins are responsible for targeting ERK signaling to particular subcellular location, 

thereby enhance spatial phosphorylation of available substrates. On the other hand, scaffold 



20 
 

proteins increase signal specificity by bringing components of ERK pathway and their substrates to a 

close proximity resulting in the enhancement of signal transduction by a clearly defined way. 

 Another important mechanism that cells use for determining specific phosphorylation of ERK 

substrates and cell fate decision is mediated by the duration of ERK signaling. The importance of 

signal duration was established more than 20 years ago, when it was shown that cells can sense the 

kinetics and the amplitude of signal within the ERK module and they can interpret the differences in 

the duration of ERK activity by different responses (Marshall 1995). For instance, stimulation of rat 

adrenal pheochromocytoma (PC-12) cells with NGF induces sustained ERK activity that is associated 

with PC-12 differentiation, whereas stimulation of PC-12 cells with EGF induces only transient ERK 

activation that cells interpret as a proliferative signal. Similarly, sustained ERK activation in hamster 

lung fibroblast (CCL39) or mouse hippocampal cells (HTT22) is accompanied by the accumulation of 

active ERK in the nucleus causing cell death, whereas transient ERK activation prevents nuclear 

accumulation of active ERK and cell death induction (Stanciu and DeFranco 2002, Lenormand et al. 

1998). The mechanism remained unclear till 2002, when Blenis and colleagues described that 

products of immediate early genes (IEGs), such as c-fos, c-jun, c-myc or egr-1, act as a molecular 

sensors for ERK signal duration (Murphy et al. 2002, Murphy, MacKeigan and Blenis 2004). Transient 

activation of ERK module by growth factors results in the induction of IEGs expression, but these 

proteins undergo rapid turnover. However, they can be stabilized by direct phosphorylation by ERK. 

Considering that IEG proteins production peaks about 1 hour after cell stimulation, only sustained 

ERK activity can stabilize them. The stabilized products of IEGs can subsequently drives downstream 

response, such as an induction of secondary response genes (SRGs) expression. The dependency of 

SRG induction on IEG stabilization provides enough time for decoding signal duration within ERK 

pathway. Moreover, several studies showed that signal duration within ERK module influences 

stability of IEGs and SRGs mRNAs. Whereas transient signaling inputs are sufficient for the induction 

of short-lived mRNAs, long-lived mRNAs need sustained signaling (Uhlitz et al. 2017, Nagashima et al. 

2015). From these examples it is evident that the regulation of signal strength and duration is 

important cellular event regulating specific biological response.  

1.3.5 REGULATION OF THE MAGNITUDE AND DURATION OF ERK SIGNALING  

 Cells developed a plenty of mechanisms how to regulate the magnitude and duration of a 

signal within MAPK module. Multiple negative and positive feedback loops, as well as extensive cross 

talks between parallel pathways are used to finely tune the ERK signaling dynamics. Most often, cells 

use variety of negative feedbacks to terminate the ERK signal. Negative feedback loops fall into two 

main categories – posttranslational modification of MAPK components and their upstream 
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activators, and the induction of de novo synthesis of specific pathway inhibitors (Lake, Correa and 

Muller 2016).  

Almost all pathway components and their activators can be negatively regulated by a 

phosphorylation (Fig. 1.4).  It has been shown that ERK can directly phosphorylates growth factor 

receptor such as EGFR or FGFR  at T669 and S777, respectively, leading to reduced tyrosine 

phosphorylation of these receptors and attenuation of their activity (Takishima et al. 1991, Sato et al. 

2013, Zakrzewska et al. 2013). In addition, protein kinase ERK can directly phosphorylate and activate 

cdc25c phosphatase. Cdc25 phosphatase in turn mediates dephosphorylation of EGFR at Y1068 

residue and therefore terminates EGFR signaling to downstream substrates (Prahallad et al. 2012). 

Adaptor proteins connecting activated RTKs and Ras represent another important signaling node that 

is targeted by the negative feedback loops. For instance, it has been shown that 

hyperphosphorylation of adaptor protein SOS1 by ERK disrupts its association with the Grb2 and Shc 

at plasma membrane and abrogates signal transduction from RTKs to MAPK module (CorbalanGarcia 

et al. 1996, Porfiri and McCormick 1996). Moreover, SOS1 can be phosphorylated by p90 ribosomal 

S6 kinase 2 (RSK2), downstream effector of ERK.  Phosphorylation by RSK2 leads to the recruitment 

of 14-3-3 protein and consequential modest decrease in signal duration within MAPK pathway (Saha 

et al. 2012). ERK activity can also negatively regulate upstream protein kinases Raf and MEK. ERK is 

able to phosphorylate Raf-1 at least at five different residues leading to desensitization of Raf-1 by 

preventing its localization to plasma membrane and abrogating engagement with active Ras 

(Dougherty et al. 2005). Similarly, ERK can terminate signal within ERK pathway by phosphorylation 

of MEK at T292 residue (Rossomando et al. 1994). Phosphorylated MEK dissociates from ERK and is 

not able to interact and to activate ERK anymore (Eblen et al. 2004). MEK phosphorylation at T292 

also reduced ability of p21-activating kinase (PAK) to phosphorylate MEK at S298 which seems to be 

essential for MEK activation by the mechanism that links the ERK pathway to cell adhesion (Slack-

Davis et al. 2003).  

Apart from posttranslational modification such as phosphorylation, ERK can negatively auto-

regulate the ERK pathway activity by transcriptional induction of specific MAPK inhibitors (Fig. 1.4). 

Example represents transcriptional induction of dual specificity phosphatases (DUSPs) that 

inactivates ERK by dephosphorylation (Huang and Tan 2012). Another example represents 

transcriptional induction of Sprouty proteins that are able to disrupt association between Grb2 and 

RTKs and thus terminate signaling downstream of RTKs (Hanafusa et al. 2002). This mechanism of 

negative feedback is slower than previously mentioned posttranslational modifications and affects 

ERK pathway in the later stage of signaling. 
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Fig. 1.4. Negative feedback regulation of the ERK signaling pathway. Protein kinase ERK negatively regulates 

the duration of signal within MAPK module by various mechanisms. It involves inhibitory phosphorylation of 

RTKs, adaptor proteins such as SOS1, protein kinase Raf or protein kinase MEK. In addition, ERK mediates 

transcriptional induction of DUSPs that are subsequently responsible for ERK dephospohorylation and 

inactivation (Lake et al. 2016).  

 

 Positive feedback loops regulated by ERK signaling are less common than negative feedbacks. 

For instance, it has been shown that ERK has the the ability to prolong signal within MAPK module by 

phosphorylation of Raf kinase inhibitory protein (RKIP). The phosphorylation results in functional 

inactivation of RKIP and prolonged interaction between activated Raf, MEK and ERK (Shin et al. 

2009). Positive feedback topology therefore favors sustained ERK activity and promotes cellular 

responses demanding sustained ERK activation such as PC12 differentiation after NGF exposure 

(Santos, Verveer and Bastiaens 2007).  

 Extensive crosstalk and compensatory feedback in parallel pathways represent another 

option for cells how to regulate dynamics of ERK signaling. Well understood example is the inhibition 

of RAS/RAF/ERK pathway by crosstalk signal coming from PI3K/AKT/mTOR pathway. It has been 

shown that stimulation of MCF-7 breast carcinoma cells with insulin-like growth factor 1 (IGF-1) 

induces simultaneous activation of the both pathways. Whereas PI3K/AKT/mTOR signaling is 

prolonged, signaling within the ERK cascade is quickly attenuated. It was found that activation of 

PI3K/AKT/mTOR pathway by IGF-1 leads to direct phosphorylation of Raf by Akt at Ser-259 resulting 

in RAS/RAF/ERK pathway inhibition (Zimmermann and Moelling 1999). Interestingly, crosstalk 
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between both pathways was observed only during strong activation of Akt when high doses of IGF-1 

was used (Moelling et al. 2002). On the contrary, low doses of IGF-1 result in weak but persistent 

activation of the both pathways.  

1.3.6 DOWNSTREAM EFFECTORS OF ERK - RSK PROTEINKINASES 

 The family of p90 ribosomal S6 kinases (RSKs) represents important downstream effectors of 

protein kinase ERK.  It is a group of serine/threonine protein kinases that are directly phosphorylated 

by active ERK on multiple serine and threonine residues. Although RSK phosphorylation by ERK is 

necessary for RSK activation, it is not sufficient as full RSK activation requires also protein kinase 

PDK1. The mammalian genome encodes four RSK isoforms (RSK1-4) and two structurally related 

homologs - mitogen and stress activated kinase (MSK1) and RSK-like protein kinase (RLPK). All four 

RSK isoforms share relatively high sequence homology (75-80%). RSK1-3 are ubiquitously expressed 

in all mammalian tissues, whereas the expression of RSK4 is restricted to brain, heart, kidney and 

skeletal muscles (Anjum and Blenis 2008). Although RSK isoforms are widely distributed in various 

tissues, they noticeably differ in the level of expression indicating their plausible involvement in 

different functions. 

 The structure of protein kinase RSK consists of two functionally distinct catalytic domains 

that are separated by approx. 100 amino acid linker region. The N-terminal kinase domain (NTKD) 

shares homology with AGC family protein kinases (PKA, PKC, PKG), whereas the C-terminal kinase 

domain (CTKD) is similar to calcium/calmodulin-dependent protein kinases. The CTKD is responsible 

for autophosphorylation and the NTKD for phosphorylation of RSK substrates (Fisher and Blenis 

1996). 

 Activation of protein kinase RSK involves several sequential steps. RSK associates with 

inactive ERK in cytoplasm via D domain motif that is located at RSK C-terminus. Following ERK 

activation by MEK, ERK phosphorylates CTKD of RSK in position Thr573 that leads to CTKD activation. 

Concurrently, ERK may phosphorylate Ser363 and Thr359 of RSK, however the exact function of both 

phosphorylations remains unknown (Dalby et al. 1998, Anjum and Blenis 2008). The activated CTKD 

subsequently auto-phosphorylates Ser380 in linker region that creates docking site for 3’-

phosphoinosite-dependent kinase 1 (PDK-1). PDK-1 is membrane bound protein kinase that provides 

critical regulatory step in RSK activation (Jensen et al. 1999). It has been shown that PDK-1 deficient 

cells are unable to activate RSK (Williams et al. 2000). RSK interaction with membrane bound PDK-1 

results in phosphorylation of RSK at Ser221 in NTKD. This event is crucial for full NTKD activation. 

NTKD then autophosphorylates C-terminal part of RSK at Ser732. This site act as a phosphoswitch 

that allows RSK to dissociate from ERK and, on the contrary, to interacts with downstream targets 

(Gogl et al. 2017). The sequential model of RSK activation is summarized in Fig. 1.5. 
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Fig. 1.5. Current model of RSK activation by sequential phosphorylation steps. A) Protein kinase RSK 

associates with inactive ERK in cytoplasm. Upon ERK activation, RSK is phosphorylated by ERK at Thr573 that 

lead to activation of C-terminal kinase domain of RSK (CTKD). B) The activated CTKD in turn auto-

phosphorylates Ser380 in linker region resulting in RSK association with PDK-1. Concurrently, ERK is able to 

phosphorylate Ser363 and Thr359, however the exact function of both phosphorylation remains unknown. C) 

PDK-1 bound to RSK subsequently phosphorylates N-terminal kinase domain of RSK (NTKD) at Ser221 and thus 

mediates NTKD activation. NTKD activity is necessary for phosphorylation of RSK substrates. In addition, NTKD 

is able to phosphorylate Ser749 which induces ERK dissociation. Adapted from (Anjum and Blenis 2008). 

1.3.7 RSK SUBSTRATES AND RSK-DRIVEN BIOLOGIC OUTCOMES 

 RSK as well as ERK is important effector protein kinase within ERK signaling pathway that can 

recognize and phosphorylate broad range of substrate in cytoplasm and nucleus. RSK recognizes and 

phosphorylates serine or threonine residues in the sequence context of RXXS/T or RXRXXS/T of target 

proteins (Anjum and Blenis, 2008). It differs from the ERK phosphorylation motif S/TP (Gonzalez et 

al., 1991). These findings suggest that in response to extracellular signals ERK and RSK recognize 

different set of substrates and thus could regulate specific functions. However, the most studies 

describing the functional role of RSK have focused on its function as an effector protein kinase 

conveying ERK signaling to downstream substrates and functions. It has been shown that RSK is a 
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principal effector of ERK signaling in the regulation of cell proliferation, cell survival, cell migration 

and invasion, apoptosis or regulation of epithelial plasticity (Bonni et al. 1999, Shimamura et al. 2000, 

Clark et al. 2005, Wang et al. 2009a, Doehn et al. 2009, Smolen et al. 2010). Only in few cases it has 

been demonstrated that ERK and RSK have distinct functions within single biological response. Well 

documented example constitutes cooperative behavior of ERK and RSK in the regulation of 

anchorage independent growth of NIH3T3 fibroblasts. Upon mitogen stimulation, ERK and RSK 

coordinately regulate expression of transcription factor c-Fos that subsequently induces cellular 

transformation program. c-Fos belongs to family of immediate early genes (IEGs) which are kept in 

non-stimulated cells at low levels. Upon growth factor stimulation, ERK translocates to the nucleus 

and induces c-Fos expression (Whitmarsh et al. 1995, Murphy et al. 2002). If the signal duration 

within ERK pathway is transient, newly synthetized c-Fos is not stable enough and undergoes rapid 

turnover that is mediated by proteasomal degradation (Murphy et al. 2002). However, if ERK 

signaling remains active for longer period, c-Fos undergoes sequential phosphorylation by ERK and 

RSK at Ser374 and Ser362, respectively, resulting in increased c-Fos stability (Fig. 1.6). Moreover, RSK 

phosphorylation at Ser362 is also important for exposing an additional docking site for protein kinase 

ERK in central region of c-Fos molecule. In turn, ERK binds there and phosphorylates several residues 

(T325 or T331) that are crucial for c-Fos transcriptional activity and for induction of anchorage 

independent growth in soft agar (Murphy et al. 2002). 

 It has been shown that ERK and RSK could together also stabilize and activate Fos-like antigen 

1 (Fra-1) by a mechanism similar to c-Fos stabilization resulting in increased cell migration of 

epithelial cells (Murphy et al. 2004, Doehn et al. 2009). 

 

 

 

 

 

 

Fig. 1.6. ERK and RSK cooperate in c-Fos stabilization and activation. C-terminal portion of c-Fos contains 

destabilization motif that targets c-Fos to proteasomal degradation in non-stimulated cells. Upon stimulation 

by growth factors, sustained ERK pathway activation results in c-Fos stabilization and activation. i) ERK 

phosphorylates Ser374 that enhances c-Fos stability. ii) In turn, RSK phosphorylates Ser362 that also improve c-

fos stability and moreover uncovers ERK binding site in central part of c-Fos. iii) ERK subsequently 

phosphorylates Thr325/Thr331 that results in c-Fos activation and induction of cellular transformation in 3T3 

cells (Murphy et al. 2002). 
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1.3.8 DISORDERS AND DISEASES RELATED TO ERK SIGNALING 

 Defects in the regulation of the ERK signaling pathway, especially its aberrant 

hyperactivation, have serious consequences for individuals’ health and can lead to variety of 

disorders and diseases such as hypertrophic cardiomyopathy, rheumatoid arthritis and many types of 

cancers. 

 The ERK signaling pathway is involved in regulation of several steps of tumorigenesis 

including cell proliferation, migration, metastatic spread or resistance to apoptosis. Constitutive 

phosphorylation and activation of protein kinases MEK and ERK are present in more than 30% of 

human tumors, particularly those derived from pancreas, lung, colon, ovary and kidney (Hoshino et 

al. 1999). It has been shown, that hyperactivation of ERK module is mostly caused by activating 

mutations in upstream activators of ERK such as Ras or Raf. According to the most comprehensive 

database of somatic mutations in human cancers (http://cancer.sanger.ac.uk/cosmic), activating 

mutation in Ras is present in around 30% of all human tumors. K-Ras, most commonly mutated 

isoform of Ras has been reported in about 57% of pancreatic carcinomas, 30% colon carcinomas and 

16% lung carcinoma. Activating mutations in protein kinase Raf were present in approx. 7% of 

tumors. The most frequently mutated Raf isoform in human cancers is B-Raf. Activating mutations of 

B-Raf were detected in about 60% of malignant melanomas, 45% thyroid carcinomas and 12% colon 

carcinomas. Apart from activating mutations of Raf and Ras, ERK signaling can also be hyperactivated 

by overexpression or mutational activation of upstream receptors such as receptors of EGFR family 

(Lynch et al. 2004). In particular, EGFR receptor is overexpressed in colorectal, pancreatic or lung 

cancer (Roberts and Der 2007). Moreover, 27% of lung carcinomas express mutated EGFR that makes  

EGFR constitutively active. 

 The overwhelming frequency of aberrant activation of ERK module in human cancers results 

in considerable effort to design various pharmacological inhibitors that will be able to block sustained 

ERK activation during tumor development and progression. Research teams focus their attention in 

particular on inhibitors that target protein kinases Raf, MEK and ERK. Several Raf inhibitors such as 

vemurafenib, dabrafenib or sorafenib have been approved by the U.S. Food and Drug Administration 

(FDA) as a treatment for advanced melanoma and other cancers with mutated Raf. However, despite 

prolonging survival of patients, tumors almost invariably develop resistance to Raf inhibitors within 

approximately 7 months and tumors relapse. More potent inhibition of ERK signaling and improved 

responses of tumors to treatment was achieved by combination of Raf inhibitors with MEK inhibitors 

such as trametinib or cobimetinib. Although the survival rate is higher than in case of Raf 

monotherapy, combination of both inhibitors are still not curative for majority of patients, and drug 

resistance that is accompanied by ERK signaling recovery are not completely suppressed (Flaherty et 

al. 2012, Robert et al. 2015). 
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 Thus, uncovering the mechanisms how ERK pathway drives cellular transformation and 

tumorigenesis is still a challenging task. Identification of specific substrates controlling particular 

steps of cellular transformation can reveal new potential therapeutic targets that can be later used 

for successful treatment of patients with oncological issues.   

1.4 EPITHELIUM 

 More than 80% of all human tumors are derived from epithelial tissue. They are together 

referred to as the carcinomas. By origin, carcinomas covers wide spectrum of tumors as  they arise 

from epithelial cells of skin, gastrointestinal tract, lung, pancreas, liver, urinary bladder, ovary or 

mammary gland and others. The major problems associated with high morbidity and mortality of 

carcinomas is their ability to invade surrounding tissues and to form distant metastasis. Thus, 

describing the molecular mechanisms that regulate cancer development and manifestation in 

epithelia allow us to better understand the complexity of malignant process with possibility to 

rationally design new therapeutical approaches. 

1.4.1 EPITHELIUM – STRUCTURE AND FUNCTION 

 The evolutionary appearance of polarized epithelium is tightly connected with onset of 

Metazoa and their requirement for tissue structure that is able to segregate internal fluids from the 

outside environment. Epithelial cells are well suited for this fundamental function because of their 

capability to form polarized sheets where individual cells are firmly kept together through diverse 

specialized cell-cell contacts (Fig. 1.7). In particular, cells are interconnected by calcium dependent 

adhesions called adherens junctions which represent the most robust cohesive unit within 

epithelium. In addition, there are desmosomes that interconnect networks of intermediate filaments 

between adjacent cells, sealing adhesions called tight junctions that segregate apical and basolateral 

domain and hemidesmosomes that attach cells to the proteins of basement membrane. The 

establishment of apical surface facing the lumen or external environment and basal surface facing 

the basement membrane is a typical feature of polarized epithelium, often referred to as apical-basal 

polarity.  

 Mammals have over 150 different types of epithelial cells that adopt variety of structures 

from simple mono-layered epithelium to stratified multi-layered sheets. Epithelial cells became 

essential building blocks that line almost all body surfaces such as skin, intestine, lung or body 

cavities. Epithelial cells also line the surfaces of blood and lymphatic vessels and are constituents of 

all secretory glands within the body. To secure epithelial integrity and function in time, damaged or 

dead epithelial cells are constantly replaced by new ones which arise from tissue specific stem cells 

(Rodriguez-Boulan and Macara 2014).  
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Fig. 1.7. Organization of cell-cell contacts in polarized epithelium. Epithelial cells are connected together by 

diverse specialized cell-cell junctions. Tight junctions located at apical site of cell-cell contact are responsible for 

sealing membranes of adjacent cells together to form semi-permeable barrier. Moreover, they segregate apical 

and basolateral surface. Adherens junctions located at lateral membrane represent robust cohesive apparatus 

between neighboring cells. Desmosomes are cell-cell junctions that interconnect networks of intermediate 

filaments in adjacent cells. They allow epithelial cells to collectively react to diverse mechanical cues. 

1.4.1.1 TIGHT JUNCTIONS – STRUCTURE AND FUNCTION 

 Tight junctions (TJs) represent type of cell-cell contacts that form continuous intercellular 

barrier that limits paracellular transport of solutes and substances across epithelial layer. Usually, 

only small metabolites and ions are able to cross the epithelial layer through TJs. However, the rate 

of paracellular diffusion depends on the composition of TJs and tissue location. In addition to sealing 

function, TJs also separate epithelial membrane into two major domains (i.e. apical and basolateral) 

and thus define epithelial polarity. The both membrane domains have unique protein composition 

and unique function (Van Itallie and Anderson 2014). 

 TJs are composed of various families of transmembrane proteins, as are claudins, occludins 

and junctional adhesion molecules (JAMs). Extracellular domains of these proteins interact with 

structurally similar domains of neighboring cells and form semipermeable pore (Fig. 1.8). The 

cytoplasmic domains directly associate with numerous proteins that mediate linkage to actin 

cytoskeleton (Fig. 1.8). The example of scaffolds constituting connection of TJs with actin represents 

ZO-1, ZO-2,ZO-3 or cingulin (Van Itallie and Anderson 2014). 

  



29 
 

 

 

 

Fig. 1.8. Schematic representation of tight 

junctions in epithelial cells. Tight junctions 

formed at apical site of epithelial cells are 

composed of various transmembrane proteins 

such as claudins, occludins and JAMs. The 

extracellular domains of these proteins interact 

with structurally similar domains of neighboring 

cells and form semipermeable pore. Cytoplasmic 

domains of claudins, occludins as well as JAMs 

are linked to actin cytoskeleton via numerous 

adaptor proteins such as ZO-1, -2,-3 or cingulin. 

 

 

 

1.4.1.2 ADHERENS JUNCTIONS –  STRUCTURE AND FUNCTION 

 In contrast to TJs and their ability to firmly seal the gaps between epithelial cells, adherens 

junctions (AJs) together with desmosomes are mainly responsible for intercellular cohesive 

properties. The crucial element of AJ complex is represented by a family of transmembrane proteins 

called cadherins. Cadherins form homophilic interaction between adjacent cells in calcium 

dependent manner and constitute physical intercellular connection. Unlike TJs, AJs are fairly well 

permeable for whole range of solutes and metabolites. Mammalian cells express approximately 20 

different cadherins such as E-cadherin, N-cadherin, P-cadherin and others. They share similar 

common domain organization, but very often differ in tissue distribution and adhesive ability (Chu et 

al. 2006, Meng and Takeichi 2009). E-cadherin is a typical member of cadherin family expressed in 

polarized epithelial cells. E-cadherin form strong cell-cell adhesions between adjacent cells and 

maintain epithelial integrity. On the contrary, cells with low intercellular cohesivity such as 

transformed epithelial cells or mesenchymal cells rather express N-cadherin (Meng and Takeichi 

2009).  

 The extracellular domain of E-cadherin is composed of five repetitive subdomains called EC 

domains. Each EC domain contain binding site for Ca2+ ions. Binding of Ca2+ ions induces complex 

conformational change of the extracellular domain that results in the ability of E-cadherin to form 
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homophilic interaction with E-cadherin of adjacent cell (Fig. 1.9) (Pokutta et al. 1994, Overduin et al. 

1995). 

 The cytoplasmic domain of E-cadherin associates with family of catenin proteins p120, α-, β- 

and γ-catenins (Fig. 1.9.). Catenins link E-cadherin molecules with actin cytoskeleton inside the cells. 

They can also interact with other cytoplasmic proteins such as vinculin, eplin, formin or α-actinin. 

These proteins together regulate the stability of E-cadherin/catenin complex and influence adhesive 

properties of E-cadherin (Meng and Takeichi 2009).  

 

Fig. 1.9. Schematic representation of adherens junctions in epithelial cells. Transmembrane proteins called E-

cadherins form calcium-dependent homophilic interactions between adjacent cells. E-cadherin-based cell-cell 

contacts are stabilized by linkage to actin cytoskeleton. The interconnection is mediated through the complex 

of diverse proteins that associate with cytoplasmic domain of E-cadherin. Namely, β-catenin bound to 

cytoplasmic tail of E-cadherin recruit α–catenin that in turn binds actin fibers and therefore mediates bridge 

between cell-cell contact and actin cytoskeleton. The stability of E-cadherin based cell-cell contacts can be 

regulated also via various accessory proteins, such as p120-catenin which interacts with intracellular domain of 

E-cadherin and stabilize E-cadherin connections between adjacent cells.   

1.4.1.3 ACTIN CYTOSKELETON IN EPITHELIAL CELLS 

 The maintenance of polarized epithelial architecture with well-developed cell-cell contacts 

involves specific organization of cellular cytoskeleton. Microtubules are mainly responsible for 

polarized vesicle trafficking across cell body and proper orientation of mitotic spindle during cell 

division. Intermediate filaments (IF) provides mechanical support of cell nucleus and a resistance for 

whole cell to mechanical stress. In highly cohesive epithelial cells, networks of IF are interconnected 

between neighboring cells through desmosomes. This mutual connection of IF allows epithelial cells 

to collectively react to various mechanical cues. However, the cellular shape and ability of epithelial 
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cells to polarize, separate apical-basal regions and carry epithelial functions are mainly driven by 

actin cytoskeleton. During various conditions, actin cytoskeleton inside the cell forms several 

functionally different structures. Plasma membrane of epithelial cells is similarly to other cell types 

reinforced by a meshwork of actin filaments called cortical actin. Cortical actin provides protection 

against tension into the plane of membrane and generally determines the shape of a membrane 

(Koster and Mayor 2016). TJs and AJs are connected through various adaptor proteins to pronounced 

ring of actin cytoskeleton called perijunctional actin belt. The perijunctional actin belt is involved in 

the formation, stabilization and maintenance of AJs (Jamora and Fuchs 2002, Yamada and Nelson 

2007). Perijunctional actin also supports the integrity of TJs and TJs-mediated barrier function (Van 

Itallie and Anderson 2014). At basal site, epithelial cells usually adhere to the basement membrane 

that provides structural support to epithelia and mechanically link epithelium with underlying 

connective tissue. Epithelial cells adhere to basement membrane through numerous of 

transmembrane proteins called integrins. At the cytoplasmic side of plasma membrane, integrins 

recruit several structural and signaling proteins and form multi-protein complexes called focal 

adhesions. Focal adhesions at basal site are connected to stress fibers,  contractile actin bundles that 

stabilize the interconnection between cells and proteins of basement membrane (Burridge and 

Guilluy 2016). Finally, epithelial cells growing in isolated islets or epithelial sheet edge facing 

denuded area are flanked by thick peripheral actin bundles that are oriented parallel with the free 

edge of the marginal cells (Bement, Forscher and Mooseker 1993, Ridley, Comoglio and Hall 1995, 

Reffay et al. 2014). These contractile actin bundles have a pluricellular character as they are 

interconnected between adjacent cells. Their precise role is still poor understood, although several 

studies suggest their supportive role for coordinated collective migration, maintaining epithelial 

polarity of marginal cells or during apical extrusion of apoptotic cells from epithelium (Farooqui and 

Fenteany 2005, Bement et al. 1993, Bement 2002). 

1.5 EPITHELIAL-TO-MESENCHYMAL TRANSITION 

 Under normal conditions, stable cell-cell contacts well-differentiated epithelial cells are 

tightly held together by stable cell-cell contacts and form polarized layers. Stable junctions provide 

physical connection between adjacent cells that secure cell position and function over time. In 

particular, stable cell-cell contacts are responsible for preserving epithelial integrity and facilitating 

intercellular communication between adjacent cells. Moreover, firm connection between cells 

restricts motility and permits individual cells to function as a cohesive unit (Christiansen and 

Rajasekaran 2006). However, this seemingly static and solid morphology of epithelial layers can be 

disturbed during different physiological and pathophysiological events such as embryogenesis, 

wound healing, tissue fibrosis or cancer development (Nieto et al. 2016). During these events 
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epithelial cells lose many of their epithelial characteristics and take on properties typical of 

mesenchymal cells (Fig. 1.10). These multistep changes in epithelial integrity, also referred to as 

epithelial to mesenchymal transition (EMT), include downregulation of epithelial markers, loss of 

epithelial polarity and loss of intercellular junctions. The suppression of epithelial features is often 

accompanied by adoption of front-rear polarity, increased protrusivity, increased autonomous 

migration and upregulation of mesenchymal genes. EMT program allows epithelial cells to overcome 

the physical constraints mediated by intercellular adhesions and allow them to adopt a migratory 

and invasive phenotype for colonization of different territories. EMT is a reversible biological process, 

as highly motile and invasive mesenchymal or mesenchymal-like cells can undergo reverse 

phenotype conversion of mesenchymal to epithelial transition (MET). During this event cells lose 

capacity to migrate and invade, restore cell-cell connections and adopt apical-basal polarity typical 

for epithelial cells (Nieto et al. 2016, Thiery et al. 2009).  

EMT is a general term for three distinct yet similar biological programs that have very 

different functional implications The first type of EMT is developmentally encoded program, second 

type is associated with wound healing, tissue regeneration, and organ fibrosis, and third type occurs 

in carcinoma cells where it promotes cells’ ability to invade and metastasize (Kalluri and Weinberg 

2009). In the last decade, it became widely assumed that in the most physiological and 

pathophysiological situations epithelial cells do not usually undergo complete EMT program, but 

rather move through a spectrum of intermediate states of EMT (Christiansen and Rajasekaran 2006, 

Thiery et al. 2009, Nieto et al. 2016, Brabletz et al. 2018). Depending on tissue and signaling context, 

epithelial cells can lose only some of the epithelial features and conversely gain only some of 

mesenchymal traits. This phenotypic conversion also referred to as a „partial EMT“ includes 

situations such as collective migration of depolarized epithelial cells during wound healing when cell-

cell contacts remained preserved. Another example is provided by morphological changes of renal 

cells during tissue fibrosis when cells are morphologically similar to mesenchymal cells, but are 

unable to invade to surrounding tissue and rather remain integrated in the tubules (Shaw and Martin 

2016, Grande et al. 2016).  
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Fig. 1.10. Key events during epithelial to mesenchymal transition (EMT). Conversion of static epithelial cells to 

highly motile mesenchymal cells is referred to as EMT. Cells lose many of their epithelial characteristics and 

take on the properties of mesenchymal cells. The conversion is associated with the changes in morphology, as 

well as in the gene expression program. Epithelial cells gradually lose epithelial polarity, disrupt cell-cell 

contacts and gain motile mesenchymal phenotype. The expression of typical epithelial genes such as E-

cadherin, ZO-1, desmoplakin and others is attenuated, whereas expression of typical mesenchymal genes 

including N-cadherin, Vimentin, Snail, Slug or Twist is induced. However, cells in vivo usually do not undergo 

complete EMT reprogramming, but rather move through a spectrum of intermediated and metastable states. 

Adopted from (Kalluri and Weinberg 2009) 

1.5.1 CHANGES IN GENE EXPRESSION DURING EMT 

The conversion of epithelial cells to mesenchymal cells is connected with considerable 

changes in gene expression profile of the cells. Up to date, deregulation of several hundreds of genes 

are associated with EMT (Zhao, Liu and Qu 2016). In order to induce gradual loss of epithelial polarity 

and weakening of cell-cell contacts, epithelial cells suppress the expression of typical epithelial 

markers that are responsible for maintaining epithelial architecture. In particular, downregulation of 

TJs proteins such as claudins, occludins or ZO-1 affects the capability of cells to maintain apical-basal 

polarity, whereas downregulation of key AJs constituent E-cadherin leads to weakening of adhesive 

forces between adjacent cells. Simultaneously, gaining of spindle-shaped mesenchymal phenotype 

with high migratory and invasive potential is accompanied by upregulation of typical mesenchymal 

genes. In particular, increased expression of N-cadherin, vimentin, fibronectin or matrix-

metalloproteinases (MMPs) represents characteristic feature of mesenchymal cells. Among these 

changes, the switch from E- to N-cadherin expression (so called cadherin switch) and repression of 

cytokeratins with induced expression of vimentin represent major hallmark of EMT (Thiery and 

Sleeman 2006). 
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1.5.2 INDUCTION AND REGULATION OF EMT 

 Execution of EMT program that involves downregulation of epithelial genes and upregulation 

of mesenchymal genes are under the control of EMT-inducing transcription factors (EMT-TFs). These 

factors are broadly overexpressed during EMT initiation and progression. Notably, ectopic expression 

of EMT-TFs such as SNAI1, SNAI2, ZEB1, ZEB2/SIP1, TWIST1 and others are sufficient to induce EMT in 

various epithelial lines pointing to their significant importance in EMT manifestation (Cano et al. 

2000, Bolos et al. 2003, Yang et al. 2004, Peinado, Portillo and Cano 2004, Eger et al. 2005). The 

expression profile of particular EMT-TFs and their contribution to EMT program differ case by case 

and mostly depends on tissue and signaling context. 

 The expression of EMT-TFs can be triggered by various extracellular stimuli including growth 

factors, cytokines or components of extracellular matrix (ECM). All these ligands bind to appropriate 

receptors and initiate activation of number of signaling pathways that induce EMT-TFs expression. It 

has been shown that EMT-TFs expression could be triggered by activation of TGFβ/SMAD signaling, 

PI3K/AKT pathway, ERK1/2 pathway, JAK/STAT pathway, WNT signaling and others (Thiery et al. 

2009, Lamouille, Xu and Derynck 2014, Shin et al. 2010, Cho et al. 2013, Song et al. 2017). 

1.5.3 INVOLVEMENT OF THE ERK SIGNALING PATHWAY IN THE REGULATION OF EMT 

 The ERK signaling pathway comprised of protein kinases Raf, MEK, ERK has been repeatedly 

shown to be a crucial signaling node which is involved in driving EMT program in epithelial cells. 

Already in 1990s it was found that stimulation of growth factors receptors which act upstream of ERK 

module is sufficient to induce EMT process (Naldini et al. 1991, Miettinen et al. 1994). Roughly at the 

same time, some research groups showed that temporal or constitutive activation of upstream 

activators of ERK such as Src and Ras is sufficient to induce EMT in renal and breast epithelia, 

respectively (Behrens et al. 1993, Kinch et al. 1995). It was the matter of time to prove that ERK 

signaling directly participates in EMT process and that protein kinase ERK represents important 

effector controlling EMT. First evidence that the ERK module is directly involved in EMT brought 

Lehmann and collegues who showed that Raf activation in epithelial cells is sufficient to induce 

changes in epithelial morphology which substantially resembled EMT (Lehmann et al. 2000). The 

development of new small-molecule MEK inhibitors confirmed the necessity of MEK and its exclusive 

substrate ERK in EMT. Indeed, it was independently showed that an abrogation of MEK activity 

results in the suppression of EMT in various cases (Lehmann et al. 2000, Hansen et al. 2000, Grande 

et al. 2002). More recent research focused on clarifying the role of particular ERK isoforms in EMT 

progression. It has been shown that changes in epithelial morphology leading to mesenchymal highly 

migratory and invasive phenotype are driven by ERK2 rather than ERK1 (Shin et al. 2010, Botta et al. 

2012, Radtke et al. 2013). In the last decade, the identification of ERK substrates and ERK regulated 
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effectors that drives EMT progression became highly challenging task. It has been shown that 

expression of many EMT-TFs is under ERK control. For instance, in human liver cancer cells, ERK-

induced intracellular accumulation of SNAI1 results in downregulation of E-cadherin and induction of 

cell scattering (Grotegut et al. 2006). Another study highlighted the importance of ERK in SNAI2 

stabilization and induction of migratory program in breast cancer cells (Chen et al. 2009). Moreover, 

ERK has been shown to directly phosphorylate SNAI2 at position Ser87. Phosphorylation of SNAI2 by 

ERK led to expression of mesenchymal genes such as vimentin and is supposed to induce invasive 

behavior of breast epithelial cells (Virtakoivu et al. 2015). Also, other EMT-TFs were shown to induce 

EMT in ERK dependent manner. Shin and his colleagues found that protein kinase ERK2 induces 

manifestation of EMT in various human and mouse epithelial cells through overexpression of ZEB1 

and ZEB2/SIP (Shin et al. 2010).  Conversely, Hong and colleagues showed that stabilization and 

phosphorylation of TWIST1 by ERK promote the invasiveness in mammary epithelial cells (Hong et al. 

2011).  

 Interestingly, recent studies suggested that EMT manifestation could be driven by switch in 

EMT-TFs expression where one set of EMT-TFs is replaced by a different set of EMT-TFs. It has been 

found that ERK are able to drive this switch and thus promotes melanomagenesis (Caramel et al. 

2013). Under normal conditions, melanocytes express SNAI2 and ZEB2 whereas expressions of other 

EMT-TFs are suppressed. In this particular case, both SNAI2 and ZEB2 control melanocytic 

differentiation program and behave as oncosupressive proteins. During melanomagenesis, ERK drives 

attenuation of SNAI2 and ZEB2 expressions and concurrently induces expressions of another EMT-TFs 

such as TWIST1 and ZEB1 (Caramel et al. 2013). From these studies it is evident that ERK can control 

manifestation of EMT by different molecular mechanism using different EMT-TFs. Depending on cell 

or tissue context, ERK may change the expression profile of particular EMT-TFs and thus mediate 

conversion of epithelial cells to mesenchymal or mesenchymal-like cells.  

1.5.4 INVOLVEMENT OF THE ERK SIGNALING PATHWAY IN THE REGULATION OF 

PARTICULAR SUBPROGRAMS OF EMT 

 The whole range of studies also highlighted the role of ERK in the regulation of particular 

subprograms of EMT, such as remodeling of cell cytoskeleton, regulation of apical-basal polarity, 

regulation of cell-cell adhesion and cell scattering or induction of migration and invasion. Some of 

these studies also focused on the possible effectors of ERK which are responsible for the regulation 

of these subprograms.   
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1.5.5 ERK IN THE REGULATION OF EPITHELIAL POLARITY AND BARRIER FUNCTION 

 It has been shown by numerous studies that ERK influences the integrity of TJs. The role of 

ERK in regulation of TJs seems to be complex and tissue specific. In a limited number of studies, it 

was shown that upregulation of ERK pathway is connected with increased expression of TJ proteins 

and with concomitant increase in the barrier function of epithelium (Yang et al. 2005, Lipschutz et al. 

2005). However, most of the studies showed that ERK activation induces destabilization of TJs via 

downregulation or relocalization of their structural component. In particular, constitutive activation 

of Raf in rat epithelial cell line induces downregulation of claudin-1 and occludin (Li and Mrsny 2000). 

Similarly, ERK activation downregulates the expression of claudin-2 in MDCK upon HGF stimulation or 

conditional activation of Raf (Lipschutz et al. 2005, Doehn et al. 2009). Concordantly, inhibition of 

ERK pathway in Ras transformed MDCK restores integrity and function of TJs (Chen et al. 2000). 

Elsum and colleagues showed that attenuation of ERK activity in depolarized MCF10A cells is 

associated with elevated expression of claudin-1 and occludin and subsequent MCF10A polarization 

(Elsum, Martin and Humbert 2013). 

Several downstream targets of ERK have been proposed to control changes in epithelial 

polarity and barrier function. Togawa and colleagues suggested that ERK induces disassembly of TJs 

by phosphorylation of Cdc42 GTPase activating protein (cdGAP) (Togawa et al. 2010). 

Phosphorylation of cdGAP results in the breakdown of cdGAP/CdC42 complex and subsequent 

recruitment of CdC42-GTP to apical region. The authors suggested that at apical side Cdc42-GTP 

associates with Par6 and drives local reorganization of actin cytoskeleton, relocalization of Par6 and 

disruption of TJs (Togawa et al. 2010). Another study proposed that the loss of epithelial polarity 

during ERK activation is caused by attenuation of RhoA activity (Hansen et al. 2000).  Authors showed 

that activation of ERK in MDCK induces expression of endogenous RhoA inhibitor Rnd3/RhoE that 

directly associates with RhoA and blocks its intrinsic GTPase activity. Authors further suggested that 

inhibition of RhoA leads to a breakdown of epithelial integrity, decrease in epithelial barrier function 

and complex changes in the morphology of epithelial cells. Another mechanism by which ERK may 

regulate epithelial polarity includes repression of apical polarity protein Crumbs3, whose low level is 

associated with disruption of TJs (Whiteman et al. 2008). ERK activation in MCF10A cells has been 

proposed to induces repression of Crumbs3 via Fra1 and Zeb1/2 transcription factors (Elsum et al. 

2013). The authors suggest that disruption of TJs is driven by upregulation of early immediate gene 

Fra-1 that subsequently induces expression of ZEB1/2. ZEB1/2 then mediates repression of Crumbs3. 

Despite the precise molecular mechanism of Crumbs3 in TJs maintaining is fully understood, most 

likely it involves recruiting or stabilizing other complexes important for TJs formation.  
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1.5.6 THE ROLE OF ERK IN THE REGULATION OF ADHERENS JUNCTION COMPLEXES AND 

INTERCELLULAR ADHESION 

 Numerous studies brought clear evidence that activation of the ERK pathway in epithelial 

cells is able to induce reorganization or destabilization of cell-cell contacts. Similarly to TJs, activation 

of ERK can induce transcriptional repression or relocalization of structural component of AJs. E-

cadherin is integral protein of AJs which mediates homophilic interactions between adjacent cells. 

Various studies showed that ERK directly participates in E-cadherin downregulation (Grotegut et al. 

2006, Li and Mattingly 2008, Shin et al. 2010, Tashiro et al. 2016). Notably, Shin and colleagues 

proposed that EMT in various epithelial lines is mediated principally by ERK2 but not ERK1 isoform. In 

their study was shown that ectopic expression of ERK2 induces downregulation of E-cadherin and 

upregulation of less cohesive N-cadherin. However, in some cell lines, the transcriptional repression 

of E-cadherin requires also the activation of parallel pathways such as TGFβ (Lehmann et al. 2000).  

In addition to transcriptional repression, destabilization of AJs can be also mediated by relocalization 

of component of AJs from cell-cell contacts to the cytoplasm by targeting E-cadherin to lysosomal 

degradation or by cleavage of E-cadherin at the plasma membrane and its subsequent degradation. 

ERK has been shown to induce internalization of E-cadherin and β-catenin resulting in destabilization 

of cell-cell contacts (Pellon-Cardenas et al. 2013). Changes in AJs integrity mediated by ERK result in 

different responses of epithelial cells depending on tissue and cultivation conditions. Destabilization 

of AJs in sparsely seeded epithelial cells usually results in cell-scattering, whereas cells grown in 

confluent layer form multilayered epithelium (Doehn et al. 2009).  

 It has been shown that ERK controls destabilization of AJs by different molecular 

mechanisms. Transcriptional repression of AJs proteins by ERK is mostly mediated through 

upregulation of aforementioned EMT-TFs, especially SNAI1/2 and ZEB1/2 (Grotegut et al. 2006, Shin 

et al. 2010). However, disruption of AJs by ERK may proceed also independently of transcriptional 

repression. The involvement of small Rho GTPases as downstream effector of ERK was repeatedly 

shown to be an important step in AJs destabilization (de Rooij et al. 2005, Ray, Vaidya and Johnson 

2007, Woodcock et al. 2009). AJs weakening and cell scattering in renal epithelial cells depends on 

the activation of the ERK pathway. ERK activation results in upregulation of integrin-mediated 

adhesions that become subsequently interconnected with cell-cell junctions through contractile actin 

cytoskeleton. The authors proposed that tensile forces generated by cytoskeletal contraction against 

the ECM are responsible for cell scattering upon ERK activation. In addition, they suggest that the 

breakdown of cell-cell contacts is driven by spatio-temporal regulation of actomyosin contractility 

through small Rho GTPases (de Rooij et al. 2005). In another study, Woodcock and colleagues 

showed that ERK could drive disassembly of AJs through modulation of Rac1 activity at the sites of 

cell-cell contacts (Woodcock et al. 2009). During this event, ERK and its upstream activator Src 
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cooperate in localized phosphorylation and degradation of Rac1 activator Tiam1. Mechanistically, 

upon Src activation, Tiam1 is phosphorylated at Tyr384 creating docking site for Grb2-SOS1 complex. 

Grb2-SOS1 recruitment leads to the activation of the ERK pathway in a close vicinity of Tiam1. ERK 

than triggers localized degradation of Tiam1 through the local activation of calpain proteases and 

thus induces AJs disassembly (Woodcock et al. 2009). Finally, it has been also proposed that ERK can 

suppress junctional E-cadherin in poorly metastatic HCT116 cells via downregulation of Palladin (Tay 

et al. 2010). Palladin is a scaffold protein associated with actin cytoskeleton which is involved in actin 

fibers assembly and maintenance (Najm and El-Sibai 2014). Some studies suggested that attenuation 

of Palladin expression could be associated with a decrease of active Rac1 (Goicoechea et al. 2006). 

1.5.7 ERK IN THE REGULATION OF CELL MIGRATION 

Highly cohesive epithelial cells form seemingly static and solid sheet of cells. However, as 

aforementioned, during distinct physiological and pathophysiological circumstances, cells can 

undergo EMT that is associated with activation of cell migration program. During EMT, cells can be 

transformed to individually migrating mesenchymal or mesenchymal-like cells or, alternatively, they 

can migrate collectively with preserved cell-cell contacts. 

1.5.7.1 INDIVIDUAL CELL MIGRATION 

 The cell migration plays central role in embryonic development, wound healing or immune 

responses. Defects in regulation of cell migration could have dramatic consequences leading to 

developmental failures, metastasis formation or chronic inflammations (Vicente-Manzanares, Webb 

and Horwitz 2005). Depending on cell type and ECM composition, cells developed various 

mechanisms how to move within the organism or how to infiltrate various locations. 

 The movement of individual cell across flat and rigid substrate is composed of several 

sequential steps. Cell migration is initiated by formation of lamellipodia-based protrusion at leading 

edge. The protrusion is anchored to ECM by number of focal adhesions that are linked to the actin 

cytoskeleton and generates traction forces for forward movement. Some of these focal adhesions 

rapidly turn-over while others are stabilized. As cell body move forward, stabilized focal adhesions 

undergo gradual disassembly at cell rear allowing rear retraction in the direction of migration 

(Parsons, Horwitz and Schwartz 2010). 

 The movement of individual cell through more complex and dense 3D environment requires 

an ability to pass the cell body through the ECM. Depending on the ECM structure and cell type, cells 

use distinct modes of migration, such as mesenchymal, amoeboid or lobopodia-based (Maninova, 

Caslavsky and Vomastek 2017). In dense matrices, cells often use mesenchymal mode that resembles 

cell migration in planar 2D dimension. Mesenchymally migrating cells produce proteolytic enzymes 

called matrix-metalloproteinases (MMPs) that degrade ECM in front of the cell. Cells then form 
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lamellipodia-based protrusions at leading edge that generates forces to push the cell body forward. 

Conversely, in soft ECM, cells rather use amoeboid and lobopodial-based migration exploiting 

formation of blebs and lobopodial protrusions, respectively, that allows cells to locally squeeze their 

body through the pores in ECM. Cells migrating by amoeboid or lobopodial-based mode usually do 

not required MMPs to invade through ECM (Friedl and Wolf 2010, Petrie et al. 2017).   

1.5.7.2 ERK IN THE MODULATION OF INDIVIDUAL CELL MIGRATION  

 It has been shown that ERK pathway significantly contributes to regulation of individual cell 

migration. Pharmacological inhibition of the ERK pathway significantly suppresses the migration of 

diverse cell types in response to growth factors, cell matrix proteins and other stimuli such as fetal 

calf serum (Anand-Apte et al. 1997, Klemke et al. 1997, Xie et al. 1998, Shono, Kanetake and Kanda 

2001, Giehl et al. 2000). Similarly, expression of dominant negative mutant of MEK or silencing of ERK 

expression abrogated cell migration suggesting an important role of ERK in migration regulation 

(Anand-Apte et al. 1997, Klemke et al. 1997). Apart from the induction of cell migration program in 

various cell lines, ERK has been shown to facilitate movement through the 3D environment (Vial, 

Sahai and Marshall 2003). 

 Protein kinase ERK can affect all steps of cell migration cycle. The involvement of ERK was 

found in initial formation of lamellipodia, as well as in focal adhesion disassembly during cell 

migration. ERK regulates the formation of lamellipodia-based protrusion at leading edge by activating 

WASP/WAVe complex. In general, lamellipodia formation requires activation of Rac1, small GTPase 

essential for actin polymerization and for formation of branched actin network beneath plasma 

membrane that drives the membrane protrusion. Active Rac1 induces the activation of Wiskott-

Aldrich syndrom proteins WASP/WAVE that in turn activates catalytic complex Arp2/3. Arp2/3 

complex mediates nucleation and polymerization of actin fibers beneath the plasma membrane 

(Pollard and Borisy 2003). It has been demonstrated that ERK can control formation of lamellipodia 

by direct phosphorylation of WAVE2 and its interactor partner Abi1. These phosphorylations are 

required for Arp2/3 complex activation and lamellipodia formation (Mendoza et al. 2011). Additional 

mechanism has been shown by Vial and colleagues as they showed that ERK induces Rac1 activation 

and subsequent lamellipodia formation through overexpression of the urokinase receptor (uPAR). 

Interestingly, silencing of uPAR expression completely abolishes protrusions at leading edge (Vial et 

al. 2003). Apart from Rac1 activation, the authors also found that ERK promotes the migration and 

invasion through inhibition of small GTPase RhoA. Although the mechanism remains unclear, it 

involves ERK induced overexpression of promotile transcription factor Fra-1 that subsequently 

suppresses RhoA activity through inhibition of β1-integrin signaling. All these data pointed to the 
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fact, that spatiotemporal control of RhoA GTPAses mediated by ERK is necessary for efficient cell 

migration and invasion (Vial et al. 2003).  

 The spatially segregated ERK signaling also plays a role in the regulation of focal adhesions 

(FAs) as active ERK localizes to FAs and contributes to the turnover of adhesion complexes (Fincham 

et al. 2000, Slack-Davis et al. 2003, Ishibe et al. 2004, Webb et al. 2004, Vomastek et al. 2007). Along 

with these findings, it has been shown that ERK phosphorylates distinct signaling and structural 

proteins of FAs. For instance, stimulation of mouse epithelial cells by HGF results in ERK dependent 

phosphorylation of structural protein of FAs paxillin (Liu et al. 2002, Ishibe et al. 2004). Paxillin 

phosphorylation by ERK at Ser83 is responsible for activation of Rac1, protrusion formation and 

stabilization of nascent FAs in newly formed lamellipodia (Ishibe et al. 2004). Moreover, cells 

expressing phosphoablative mutant form of paxillin (S83A), or cells expressing paxillin mutant that 

fails to bind ERK, were unable to effectively migrate and invade upon HGF stimulation (Ishibe et al. 

2004). Another study showed that ERK is able to directly phosphorylate paxillin at Ser130 in Raf 

transformed fibroblasts (Cai et al. 2006). Phosphorylation of Ser130 by ERK primes paxillin for 

subsequent phosphorylation by GSK-3β at Ser126, and both phosphorylations play a role in 

protrusion formation and cell spreading (Cai et al. 2006). Additional target of ERK in focal adhesion is 

focal adhesion kinase (FAK) which is phosphorylated by ERK at position Ser910 (Hunger-Glaser et al. 

2003). In Ras transformed fibroblasts, FAK phosphorylation at Ser910 induces FAK isomerization 

(Zheng et al. 2009). FAK conformational change allows the recruitment of phosphatase PTP-PEST that 

dephosphorylates of FAK at Tyr397 and thus mediates FAK inactivation. The authors proposed that 

FAK inactivation by ERK is essential for cell migration and invasion of Ras transformed cells (Zheng et 

al. 2009). In addition, phosphorylation of FAK at Ser910 decreases the ability of FAK to bind paxillin 

(Hunger-Glaser et al. 2003) suggesting that ERK can attenuate both adhesion signaling and focal 

adhesions integrity. 

 ERK can drive destabilization of FAs also by direct activation of the calpain family of cystein 

calcium-dependent proteases, particulary by activation of calpain-2. ERK phosphorylates  calpain-2 

on Ser50 causing calpain-2 translocation to the membrane and its activation (Glading et al. 2004, 

Leloup et al. 2010). Active calpain can cleave numerous proteins of FAs such as talin, vinculin, paxillin 

or FAK (Franco et al. 2004, Serrano and Devine 2004, Cortesio et al. 2011, Chan, Bennin and 

Huttenlocher 2010). The calpain-mediated cleavage thus regulates the composition and stability of 

focal adhesion complexes. The role of calpain in proteolysis of FAs is described in more detail in 

chapter 1.6.3.2. 

 In addition to direct regulation of cell migration machinery components by ERK 

phosphorylation, ERK also can regulate cell motility indirectly by changing the expression of 

migration specific genes.  For instance, ERK activation results in upregulation of proteolytic enzymes 
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that are involved in degradation of ECM. Namely, ERK induces expression of MMP-1 and its receptor 

α2 integrin, MMP-9 and its receptors CD44, MMP-10, MMP-13 and MMP-25 and ADAM-28 (Doehn et 

al. 2009). Additionally, ERK can change the expression of genes involved in Rac1 activation and 

lamellipodia formation such as uPA, uPAR, laminin 332, α6β4 integrin and others (Doehn et al. 2009). 

In the regulation of expression of pro-motile genes ERK cooperates with RSKs, direct substrates of 

ERK controlling cell motility and invasive program through the upregulation of transcription factor 

Fra-1. Thus, RSK represents principal effector of ERK in induction of cell motility and invasiveness.  

1.5.7.3 ERK IN THE REGULATION OF COLLECTIVE MIGRATION OF EPITHELIAL CELLS 

 One of the fundamental functions of epithelium within an organism is to act as a self-sealing 

barrier layer. Epithelium is programmed from early stages of the development to be able to close 

naturally occurring gaps or punctures to maintain epithelial integrity and function. Prime examples 

involve epithelial movements during morphogenesis leading to establishment of new tissues and 

organs, re-epithelization of wounded tissues or closing the gap arising after extrusion of apoptotic 

cells. The ability to close the gap within the epithelium requires changes in the behavior and 

morphology of cells facing the denuded area. These cells become mobilized and collectively migrate 

to seal the gap. The important feature of collectively migrating epithelial cells is that they maintain 

cell-cell adhesions that allow epithelial cell to coordinately move as a unit. Only appropriate number 

of cells undergoes mobilization depending on the size of the hole. Two conceptually different modes 

of collective migration across flat and rigid substrate have been identified. Epithelial cells are able to 

collectively seal the gap by “cell crawling” or “purse-string” mechanism (Jacinto, Martinez-Arias and 

Martin 2001, Klarlund 2012). The cell crawling movement is based on a formation of lamellipodia 

protrusions at or near free edges by a mechanism which is similar to mesenchymal movement of 

single cells. Collective crawling requires Rac1 activity and Rac1 is activated usually in a several rows 

of cells from the epithelial margin (Fenteany, Janmey and Stossel 2000, Farooqui and Fenteany 

2005). Upon Rac1 activation, epithelial polarity is partially abrogated, cells forms lamellipodial 

protrusions and begin to collectively migrate into the cell-free area. When two free edges are 

brought together, epithelial cells reconstitute cell-cell contacts and gradually polarize (Yamada and 

Nelson 2007). In contrast to the cell crawling mechanism, the purse string collective movement is 

mediated through the contraction of actin/myosin cables that span the free edge of epithelium. 

These bundles in adjacent cells are connected and form pluricellular structure. Their contraction 

induces the movement of cell edges resembling a string for closing the purse or bag (Bement et al. 

1993, Farooqui and Fenteany 2005, Klarlund 2012). Cells using purse-string mechanism at the free 

edge do not form lamellipodia and usually do not lose the polarized phenotype. The purse string 

mechanism is more often involved during sealing small gaps, whereas the crawling mechanism is 
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preferentially used for closing larger holes (Klarlund 2012). However, both mechanisms can coexist 

together at the epithelial edge and both can contribute to epithelial sheet movement. 

 Several studies showed that ERK pathway participates in collective migration of epithelial 

sheets (Matsubayashi et al. 2004, Nikolic et al. 2006, Klarlund 2012). One of the best examples of ERK 

function is the wound healing where the migration is induced by the scratch made in the epithelial 

cells monolayer. Inhibition of ERK signaling by specific MEK inhibitors or by expression of dominant 

negative ERK2 results in significant inhibition of epithelial sheet movement during wound healing 

(Matsubayashi et al. 2004). Interestingly, wounding the monolayer induces ERK activation in two 

sequential waves. Both waves of ERK activation were propagated across the epithelial layer gradually 

from marginal to sub-marginal cells. The first wave of activation was rapid and transient, whereas the 

second wave of activation started to propagate one hour after wound and remained sustained. 

During the propagation of the second wave, there was a significant correlation between ERK activity 

and the speed of migration. Higher activity of ERK corresponded to higher motility of cells. 

Interestingly, when opposing edges of epithelium was brought to close vicinity, ERK activation was 

suppressed (Matsubayashi et al. 2004). In the similar setup, Nikolic and colleagues showed that the 

first wave of ERK activation is induced by mechanical injury and the second wave is predominantly 

triggered by an availability of empty space (Nikolic et al. 2006). When the gap in epithelium was 

generated without injury (by silicone insert removal), the first transient wave of ERK activation 

observed in wounding assays was absent and only the sustained wave of ERK activation coinciding 

with second wave seen during wound was detected. Interestingly, these cells migrated significantly 

slower suggesting that the both waves of ERK activation are necessary for coordinated and efficient 

wound healing response (Nikolic et al. 2006).  

 Finally, it has been shown that the shape of free epithelial edge during gap closure is critical 

for the mode of collective migration, as well as for the involvement of ERK signaling (Klarlund 2012). 

Small round holes with concave edges of epithelium were very often encircled by pluricellular 

actomyosin bundle. These holes were healed almost exclusively by the purse string mechanism. 

Inhibition of ERK signaling by specific MEK inhibitor did not affect the healing by the purse string 

suggesting that ERK does not affect healing of concave edges. Conversely, straight or convex shape of 

epithelial edges promoted the cell crawling and lamellipodia-based protrusions. In contrast to the 

purse string mechanism, healing by the cell crawling and lamellipodia formation was significantly 

impaired during MEK inhibition (Klarlund 2012).  
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1.6 CALPAINS – AN ELABORATE PROTEOLYTIC SYSTEM 

 Mammalian cells express diverse set of proteolytic enzymes that play important role in 

various cellular processes. Group of proteolytic enzymes also known as digestive proteases plays a 

fundamental role in turnover of cellular proteins – they cleave and degrade proteins that are 

defective or no longer needed. Digestion of intracellular proteins predominantly occurs in dedicated 

organelles such as lysosomes and proteasomes. However, during evolution, eukaryotic cells started 

to use proteolytic enzymes also for different purposes. Some proteases such as matrix 

metalloprotease (MMPs) are secreted to extracellular environment that degrade ECM proteins and 

therefore allow cells to effectively invade surrounding tissues. Some proteases have also signaling 

function as they mediate limited proteolytic processing of their substrates and generate protein 

fragments with modified structure, function, localization or ability to interact with binding partners. 

The later group is represented by the family of calcium dependent proteases called calpains.  

 The calpains (calcium-dependent papain-like enzymes) are intracellular cysteine proteases 

that are involved in many cellular processes such as cell migration, cell survival, cell invasion, 

apoptosis or embryo development (Goll et al. 2003, Storr et al. 2011). Several studies have 

highlighted the implications of calpains in cancer development and progression (Storr et al. 2011, 

Leloup and Wells 2011). First, human cancers are often associated with aberrant expression of 

diverse calpain isoforms. Increased expression of several calpains was observed in schwanonomas, 

meningomas, renal cell carcinoma or colorectal adenocarcinomas (Kimura et al. 1998, Braun et al. 

1999, Lakshmikuttyamma et al. 2004). Second, several oncoproteins such as v-src, v-myc, k-Ras or v-

Fos drives cellular transformation via calpain activation (Carragher et al. 2002, Carragher, Fonseca 

and Frame 2004). Third, calpains are involved in several molecular mechanisms supporting tumor 

progression, namely by promoting cell migration, invasion and tumor vascularization (Glading, 

Lauffenburger and Wells 2002, Popp et al. 2003, Su et al. 2006). For these reasons, the family of 

calpain proteases may represents potential therapeutic target for effective treatment of various 

malignancies. 

 Calpain proteases are highly conserved in evolution. The presence of calpain protease 

domain has been found in almost all eukaryotes and in some bacteria (Ono and Sorimachi 2012). Up 

to date, 14 mammalian calpain isoforms (CAPN 1-3; 5-15) that are defined by the presence of calpain 

protease domain have been described. Eight calpain isoforms are ubiquitously expressed (CAPN 

1,2,5,7,10,13,14,15) and six of them are considered to be tissue-specific (CAPN 3,6,8,9,11,12). 

Expression profiles of mammalian calpain isoforms are summarized in table 1.1. It is widely believed 

that ubiquitous calpains have fundamental role in all cells, whereas tissue specific isoforms exert 

more specialized cellular functions. Indeed, knockouts of ubiquitous calpains, such as CAPN2, lead to 
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embryonic lethality and conversely knockout of tissue specific calpains, such as CAPN3, mostly results 

in normal embryonic development. CAPN3-deficient mice were indistinguishable from normal mice, 

except that they suffer from muscular dystrophy (Richard et al. 2000).  

 

Gene Protein Name (alias) Tissue specificity 

CAPN1 CAPN1 (µ-calpain, calpain-1) Ubiquitous 

CAPN2 CAPN2 (m-calpain, calpain-2) Ubiquitous, none expression in erythrocytes 

CAPN3 CAPN3 Skeletal muscle 

CAPN5 CAPN5 Ubiquitous 

CAPN6 CAPN6 Embryonic muscle, placenta 

CAPN7 CAPN7 Ubiquitous 

CAPN8 CAPN8 Gastrointestinal tract 

CAPN9 CAPN9 Gastrointestinal tract 

CAPN10 CAPN10 Ubiquitous 

CAPN11 CAPN11 Testis 

CAPN12 CAPN12 Ubiquitous, high expression in hair folicule 

CAPN13 CAPN13 Ubiquitous 

CAPN14 CAPN14 Ubiquitous 

CAPN15 CAPN15 (SOLH) Ubiquitous 

CAPN16 CAPN16 (demi-calpain) Ubiquitous 

CAPNS1 CAPNS1 (CAPN4) Ubiquitous 

CAPNS2 CAPNS2 Ubiquitous 

 

Tab. 1.1. Human family of calpain and calpain related proteins and their tissue expression. Adopted 

from (Ono and Sorimachi 2012). 

1.6.1 STRUCTURE OF CALPAINS 

 Calpain isoforms very often form homodimers or heterodimers to become fully active. The 

most studied isoforms CAPN1 and CAPN2 are able to heterodimerize with small regulatory subunit 

encoded by CAPNS1 gene (Imajoh, Kawasaki and Suzuki 1987). CAPN8, widely expressed in 

gastrointestinal tract, is able to heterodimerize with CAPN9 and hence form calpain dimer called G-

calpain (Hata et al. 2010). Conversely, CAPN3 isoform preferentially exists in skeletal muscles as a 

homodimer CAPN3/CAPN3 (Kinbara et al. 1998). 

 Calpain proteases are mostly composed of 4 domains (DI-DIV; Fig. 1.11). DI domain located at 

the N-terminus contains 19-residue α-helix that has been shown to interact with calpain small 
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regulatory subunit (Campbell and Davies 2012). DII domain is conserved protease „core“ domain 

which is divided into two subdomains PC1 and PC2. Both sub-domains contain one binding site for 

Ca2+ ion that plays important role in the regulation of calpain activity. DIII domain (also known as C2-

like) and C-terminal DIV domain (also known as PEF-L) play most likely role in supporting active 

conformation of catalytic site. The lack of both of these domains results in decrease of protease core 

activity to 5-10% of that of whole enzyme (Moldoveanu et al. 2002). In addition, PEF(L) domain 

contains four binding sites for Ca2+ and also  and interaction site for the small regulatory subunit.   

 

 

 

 

 

 

 

Fig. 1.11. Schematic representation of primary structure of conventional calpain. The structure of 

conventional calpain is composed of 4 domains. 1) N-terminal domain called anchor helix (red), 2) protease 

core domain consist of PC1 (orange) and PC2(yellow) subdomains, 3) C2-like domain (green) and 4) PEF(L) 

domain (blue). Adopted from (Ono and Sorimachi 2012). 

1.6.2 REGULATION OF CALPAIN ACTIVITY 

 The activity of calpain proteases can be regulated by diverse mechanisms. It includes binding 

of calcium ions, interaction with small regulatory subunit CAPNS1, interaction with endogenous 

regulatory proteins such as calpastatin, posttranslational modification such as phosphorylation, 

SUMOylation or autolysis of N-terminus.  

 Calpains were first described in 1964, as calcium-activated proteases. Initial naming of two 

most common isoforms µ-calpain (CAPN1) and m-calpain (CAPN2) reflected the concentrations of 

Ca2+ ions which are required for their activation in vitro. µ-calpain needs micro-molar concentration 

for its activity, whereas m-calpain requires mili-molar concentration (GUROFF 1964). The binding 

sites for calcium ions are located at PC1, PC2 and PEF(L) domain. It has been shown that direct 

binding of two Ca2+ to protease core domain induces conversion of inactive catalytic site to functional 

proteolytic unit (Moldoveanu et al. 2002) (Fig. 1.12). Additional four Ca2+ binding sites at PEF(L) 

domain and small subunit CAPNS1 are considered to act rather as a safeguard against accidental 

activation than as a primary regulators of calpain activity (Campbell and Davies 2012). 

 It is important to note that the intracellular concentration of calcium ions is kept relatively 

low, roughly around 100 nM (Clapham 2007). It is several orders of magnitude below the optimal 
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level for CAPN1 and CAPN2 activation. Cells thus had to evolve additional regulatory mechanisms 

that decrease the actual requirements for Ca2+ ions.  

 

 

 

 

Fig. 1.12. Schematic representations of 3D structure of inactive and active CAPN2 complexed with small 

subunit CAPNS1. Inactive calpain-2 (left) composed of anchor helix (red), protease core subdomain 1 (PC1; 

orange), protease core subdomain 2 (PC2; yellow), C2L domain (green) and PEF(L) domain (light blue) is able to 

associate with CAPNS1 subunit (dark blue) via anchor helix and PEF(L). Switch from inactive to the active form 

is mediated by binding of calcium ions. In total, 10 calcium binding sites were identified within CAPN2/CAPNS1 

complex. Two binding sites are located at PC1 and PC2, four sites for Ca2+ are present at PEF (L), four sites for 

Ca2+ are present on CAPNS1. Endogenous inhibitor calpastatin (pink) associates directly with protease core 

domain of activated calpain. Adpoted from Calpain research portal http://calpain.net/3dstructure/index.html. 

 

 Small regulatory subunit CAPNS1 (also known as CAPN4) has been shown to directly interact 

with two calpain isoforms CAPN1 and CAPN2 to form catalytically functional heterodimers 

CAPN1/CAPNS1 or CAPN2/CAPNS1. Biochemical studies suggest that CAPNS1 has chaperon-like 

properties that help to find optimal conformation of catalytic subunit. Moreover, knockout of 

CAPNS1 is embryonic lethal, and it is accompanied by downregulation of CAPN1 and CAPN2  

suggesting important role of CAPNS1 in CAPN1 and CAPN2 stabilization (Zimmerman et al. 2000). 

CAPNS1 is composed of two domains – N-terminal glycine rich region (GR) and C-terminal PEF-S 

CAPNS1 CAPNS1 
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domain. PEF-S has similar structure to a PEF(L) domain of conventional calpains. PEF-S as well as 

PEF(L) contains four binding sites for Ca2+ ions, but their function is still not fully understood. Human 

genome encodes also another small calpain subunit CAPNS2 that shares structural similarities with 

CAPNS1, but its function remains unclear (Schad et al. 2002).    

 In addition to Ca2+ ions, calpains can be regulated by endogenous proteins. Calpastatin 

represents ubiquitously expressed regulatory protein of calpain system. It has been shown that 

calpastatin is able to reversibly attenuate CAPN1 and CAPN2 activity in vivo. Calpastatin-mediated 

inhibition of other calpain isoform such as CAPN8 and CAPN9 has been described in vitro. The level of 

calpastatin available for action is under control of Ca2+ and cAMP. In fact, influx of Ca2+ results in 

increase amounts of soluble calpastatin in cytosol. Calpastatin interacts with calpains in their active 

state (after binding Ca2+ ions) and directly block their catalytic site (Fig. 1.12.). 

 Function of calpain proteases are also regulated by posttranslational modification such as 

phosphorylation or SUMOylation. It has been shown that phosphorylation of CAPN2 by protein 

kinase A (PKA) at Ser369 reduces enzymatic activity, whereas phosphorylation of CAPN2 by ERK at 

Ser50 stimulates enzymatic activity (Shiraha et al. 2002, Glading et al. 2004). Leloup and colleagues 

described in more detail the mechanism of CAPN2 activation via phosphorylation (Leloup et al. 

2010). They showed that calpain activity is regulated by ERK and PKA indirectly by controlling calpain 

intracellular distribution. Phosphorylation of Ser50 residue promotes CAPN2 translocation from the 

cytoplasm to the plasma membrane. At plasma membrane, CAPN2 phosphorylated at Ser50 is bound 

to phosphatidylinositol 4,5-bisphosphate (PIP2) and this interaction is indispensable for CAPN2 

activation. Conversely, phosphorylation of Ser369 inhibits the translocation to the membrane and 

retains CAPN2 in cytoplasm (Leloup et al. 2010). Activity of calpain has been also shown to be 

regulated by SUMOylation. SUMOylation is post-translational modification that is characterized by 

attachment of small ubiquitin-like modifier (SUMO) to a target protein. SUMOylation usually induces 

changes in conformation or function of modified protein. Wang and colleagues found that CAPN2 can 

be SUMOylated at Lys390 leading to increased calpain activity (Wang et al. 2009b).  

1.6.3 CALPAIN SUBSTRATES 

 At least 150 cytoplasmic substrates have been identified as calpains substrates in mammals. 

However, the diversity of calpain substrates encoded by mammalian genome is probably much 

higher and the real number may exceed 1000 substrates (Piatkov et al. 2014, Shinkai-Ouchi et al. 

2016). The identification of the substrates is complicated by the fact that the exact mechanisms of 

substrate recognition and cleavage site selection are not fully understood. Recent proteomic study 

using diverse set of oligopeptides at least partially clarified calpains substrate specificity (Shinkai-

Ouchi et al. 2016). In total, 483 different calpain cleavage sites have been identified and the catalytic 
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efficiencies kcat/Km for particular sites were determined. The study showed that presence of 

hydrophilic or neutral amino acid residue surrounding the cleavage site significantly favors calpain-

mediated cut while hydrophobic amino acid residues are rather unfavorable (Fig. 1.13) (Shinkai-

Ouchi et al. 2016). The authors thus concluded that primary sequence surrounding cleavage site is 

crucial for effective proteolysis by calpain. However, the polypeptides and proteins are in vivo folded 

to higher-order structures and the accessibility of cleavage site represents another factor 

determining the ability of calpain to cleave.  

 Calpain belongs to the group of proteases that mediate limited proteolytic processing of their 

substrates. It means that proteins cleaved by calpain are not degraded, but rather modified in terms 

of structure and function. These proteolyzed products can thus differ from nonproteolyzed form in 

the localization, the ability to interact with other proteins or in the stability (Piatkov et al. 2014). 

 Cell migration has been shown to be one of the major cellular processes regulated by calpain 

mediated proteolysis. Despite the importance of cell migration in both physiological and pathological 

conditions, the regulatory role of calpain remains poorly understood. Most likely, calpain regulates 

cell migration at different levels targeting simultaneously more substrates. This complexity underlies 

the absence of commonly accepted model of calpain functions in cell migration. Nevertheless, it is 

generally believed that calpain can target cell migration machinery by three basic mechanisms: it can 

directly cleave the structural component of actin cytoskeleton and actin associated proteins, it can 

target the regulators of actin cytoskeleton such as Rho GTPases, and it can regulate the function and 

dynamics of focal adhesions, the sites that mediate the cell’s attachment to the substratum. The 

following text aims to mention some well-established calpain substrates while several others (e.g. 

ezrin, spectrin, myosin 5A and many more) have been excluded from the description. 

 

 

 

Fig. 1.13. Schematic representation of calpain cleavage site. 

Frequencies of favored and disfavored amino acid residues 

surrounding calpain cleavage site are represented as a length of 

letter abbreviation of each amino acid. The abbreviation of 

hydrophilic amino acids are colored in black, neutral in green 

and hydrophobic in blue Adapted from (Shinkai-Ouchi et al. 

2016).  
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1.6.3.1 CALPAIN SUBSTRATES REGULATING ACTIN CYTOSKELETON 

 The small Rho GTPases belonging to the family of Ras-like GTPases are important cellular 

regulators of actin dynamics. They are involved in the regulation of diverse processes including cell 

migration, cell-cell adhesion formation and maintenance, cell polarization cell division and many 

others. Rho GTPases are present in cells in two main conformation – active conformation with bound 

GTP or inactive conformation with bound GDP. Activation of Rho GTPases is controlled by guanine 

exchange factors (GEFs) that catalyzes dissociation of GDP from GTPase and subsequent binding of 

GTP. Conversely, inactivation of Rho GTPases is mediated by GTPase activating proteins (GAPs) that 

mediate hydrolysis of GTP to GDP. In addition, Rho GTPases can be inhibited by Rho guanine 

nucleotide dissociation inhibitors (GDIs). Association of Rho GTPases with GDIs prevents their 

translocation to plasma membrane where Rho GTPases are usually activated (Hanna and El-Sibai 

2013). 

 Calpain can regulate activity of small Rho GTPases by several ways. It has been shown that 

CAPN1 can directly cleave RhoA upon integrin-induced signaling in bovine endothelial cells (Kulkarni, 

Goll and Fox 2002). Cleavage occurs close to the C-terminus of RhoA and results in generation of 

RhoA fragment that is truncated by 13 amino acid residues. Importantly, the truncation includes the 

removal of C-terminal cysteine that undergoes posttranslational prenylation. RhoA prenylation is 

crucial event necessary for RhoA targeting to plasma membrane and for RhoA activation (Solski et al. 

2002, Roberts et al. 2008). Indeed, cleavage of RhoA by calpain results in attenuation of RhoA 

activity, inhibition of integrin-induced stress fiber assembly and inhibition of cell spreading (Kulkarni 

et al. 2002). 

 Apart from direct cleavage of RhoA GTPases, calpain has been shown to interfere with 

upstream regulators of Rho GTPases. One of these regulators is Tiam1 that is the GEF for GTPase 

Rac1 (Woodcock et al. 2009). Tiam1 protein localizes to cell-cell contacts where is responsible for AJs 

and TJs maintenance (Hordijk et al. 1997, Mertens et al. 2005, Malliri et al. 2004). Proteolytic 

cleavage of Tiam1 by calpain-2 was described in canine epithelial cells upon Src activation. The 

proteolysis of Tiam1 predominantly occurred at a site of cell-cell contacts and resulted in their 

destabilization (Woodcock et al. 2009).  

 It was also suggested that calpain proteases could be involved in direct proteolytic cleavage 

of actin molecules.  In pre-apoptotic neuronal cells, calpain induces of α-actin and β-actin 

fragmentation which facilitates the process of apoptosis. Inhibition of calpain activity increase 

neuronal survival, and it was proposed that that actin cleavage reduces the stiffness of actin 

cytoskeleton in pre-apoptotic cells and thus enables to form apoptotic bodies (Villa et al. 1998). 

 Number of studies also indicated that calpains can cleave various actin associated proteins 

that are responsible for actin cytoskeleton organization and function. Calpain-mediated cleavage of 
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α-actinin-1 results in the removal of N-terminal actin binding domain (Sprague et al. 2008). Another 

actinin family member α-actinin-4 is also cleaved by CAPN2 which removes thirteen N-terminal 

amino acid of α-actinin-4. The proteolysis did not affect binding of α-actinin-4 to actin, but was 

sufficient to decrease persistence of cell migration (Shao et al. 2013). It has been also described that 

calpain cleave filamin A. Filamin A is a large actin binding protein that participates in the organization 

of actin cytoskeleton beneath plasma membrane. Cleavage by calpain generates proteolytic 

fragment that accumulates in the nucleus and may act as a nuclear transcriptional modulator (Loy, 

Sim and Yong 2003). Interestingly, filamin A proteolytic fragment forms under hypoxic condition and 

interacts with HIF1α. Proteolytic fragment of filamin A in turn enhances the accumulation of HIF1α in 

the nucleus and potentiates the  expression of genes contributing to tumor growth and angiogenesis 

(Zheng et al. 2014). However, the role of filamin A cleavage in actin cytoskeleton remodeling has 

been not addressed yet.  

1.6.3.2 CALPAIN SUBSTRATES IN FOCAL ADHESIONS 

 Although the regulation of actin cytoskeleton by calpains represents the evident and logical 

target in promoting cell migration, available evidence suggests that calpain primarily targets the 

proteins of focal adhesions. By cleaving numerous proteins in FA plaques calpains thus regulate the 

stability and turnover of FAs. FAs are multi-protein complexes that mediate physical connection 

between proteins of ECM and cellular cytoskeleton. The adhesion formation is mediated by integrin 

family of transmembrane receptors that upon binding to ECM recruit both structural and signaling 

molecules at the intracellular side of plasma membrane. These complexes eventually associate with 

actin fibers and therefore create a bridge between ECM and cellular cytoskeleton. The cells possess 

several types of FAs that differ in size, shape, protein composition and dynamics and in response to 

mechanical cues. The shape of adhesions ranges from small dynamic dot-like nascent adhesion 

formed within the lamellipodium in myosin II independent manner, to large and stable elongated FAs 

that mature in response to actomyosin tension (Choi et al. 2008, Gupton and Waterman-Storer 2006, 

Zaidel-Bar et al. 2003). Nascent FAs contain clustered integrins, FAK, talin and paxillin (Choi et al. 

2008, Lawson and Schlaepfer 2012). They are highly dynamic and undergo continuous turnover (Choi 

et al. 2008). Subset of nascent focal adhesions is linked to actin cytoskeleton and undergoes gradual 

maturation in a tension dependent manner (Fig. 1.14). In particular, actomyosin tension induces 

activation of FAK. FAK in turn mediates phosphorylation of scaffold protein paxillin at Tyr31 and 

Tyr118. Phosphorylations of these sites are crucial for the vinculin recruitment to FAs (Case et al. 

2015). Recruited vinculin undergoes conformational change in talin dependent manner that resulted 

in vinculin activation. Activated vinculin then reinforce linkage between focal adhesion complex and 
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actin cytoskeleton. Vinculin recruitment thus represents key event in stabilization, strengthening and 

maturation of FAs (Carisey et al. 2013, Case et al. 2015).  

 

Fig. 1.14. Model of focal adhesions maturation. Subset of highly dynamic nascent FAs is stabilized by linkage to 

actin cytoskeleton in tension dependent manner. During maturation, the cytoplasmic domains of integrins 

serve as a recruitment sites for several structural and signaling proteins such as talin, paxillin, FAK and others. 

Recruitment of talin mediates initial talin-integrin-actin linkage. Tension generated by actomyosin bundles at 

site of FA induces FAK activation. FAK subsequently phosphorylates paxillin at Tyr31 and Tyr118 that results in 

vinculin recruitment. Vinculin is in turn activated by talin and mediates reinforcement of linkage between FAs 

and actin cytoskeleton. Adapted from (Case et al. 2015). 

1.6.3.2.1  CLEAVAGE OF INTEGRINS 

 Calpain is able to cleave integrin molecules and therefore may affect integrin stability and 

integrin-mediated signaling. Both CAPN1 and CAPN2 are able to cleave the C-terminal portion of 

cytoplasmic domain of β-integrins (Du et al. 1995, Pfaff, Du and Ginsberg 1999). The precise role of 

cytoplasmic domain removal is not clear. It is tempting to speculate that cleavage of cytoplasmic 

domain of integrins affects recruitment of accessory proteins that contribute to formation and 

stability of focal adhesions. However, two recent studies showed that calpain proteolysis rather 

affects integrin turnover (Rintanen et al. 2012, Jungwirth et al. 2014). During FAs disassembly, 

integrins are endocytosed to endosomal compartments and the majority of integrins is afterwards 

recycled back to the plasma membrane to establish new focal contact. Calpain suppresses the 

integrin recycling by promoting integrin cleavage in intracellular vesicles (Rintanen et al. 2012). 

Concordantly, Jungwirth and colleagues observed that calpain mediates integrin relocalization from 

plasma membrane during apoptosis, ultimately leading to destabilization of cell-ECM contacts 

(Jungwirth et al. 2014). Taken together, these data suggested that calpains could be involved in the 

destabilization of integrin contacts. 
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1.6.3.2.2 CLEAVAGE OF PAXILLIN 

 Paxillin is an integral part of FAs that brings to close vicinity number of structural and 

signaling proteins. Paxillin participates in integration of signals coming from extracellular 

environment and transforms these signals to mechanical cues that are responsible for FAs 

maturation. Four paxillin isoforms has been described. Three of them (α, β, γ) are produced by 

alternative splicing, the fourth isoform (δ) is produced from internal translational initiation site 

within the full-length paxillin mRNA (Tumbarello et al. 2005). 

 Calpain cleaves the most abundant α-paxillin isoform in human epithelial cells (Cortesio et al. 

2011). The cleavage of α-paxillin by calpain removes 96 N-terminal amino acid residues (Fig. 1.15). 

The cleavage product structurally and functionally resembles δ-paxillin isoform that lacks first 132 

amino acid residues (Tumbarello et al. 2005, Cortesio et al. 2011). The both forms lack several 

regulatory phosphorylation sites at the N-terminus, such as Tyr31 or Ser83 comparing to α-paxillin 

isoform, nevertheless the cleavage product is still phosphorylable on Tyr118. The both forms are able 

to localize to focal adhesions due to the preserved LIM domains (Brown, Perrotta and Turner 1998). 

Overexpression of either cleavage product or δ-paxillin significantly reduced FAs turnover and cell 

migration in HeLa cells (Cortesio et al. 2011). Moreover, paxillin somatic mutations G105A and, 

A127T that render paxillin partially resistant to calpain cleavage are associated with enhanced cancer 

cell migration and invasion (Cortesio et al. 2011). Although contrary to the expectation, these data 

suggest that calpain-mediated cleavage of paxillin attenuates FAs dynamics and cells’ migratory 

potential. 

 

 

 

Fig. 1.15. Schematic comparison of α-paxillin, δ-paxillin and calpain cleavage form of α-paxillin. The cleavage 

of α-paxillin by calpain generates N-terminally truncated fragment that lacks first 96 amino acids residues. The 

cleavage of α-paxillin results in removal of important FAK (Tyr31) and ERK (Ser83) phosphorylation sites. The 

proteolytic fragment of α-paxillin is similar in size to δ-paxillin isoform. 
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1.6.3.2.3  CLEAVAGE OF FAK 

 Calpain is able to cleave also signaling components of FAs. One example is represented by 

protein kinase FAK, the important regulator of FAs dynamics. However, the precise role of FAK in FA 

stability is still not fully understood. Activation of FAK at sites of focal adhesions promotes FAs 

disassembly (Webb et al. 2004) and FAK deficient cells form large stable focal adhesions and the 

turnover of FAs is significantly impaired (Webb et al. 2004, Chan et al. 2010). On the other hand, 

several studies described that FAK promotes integrin activation and focal adhesion maturation 

(Michael et al. 2009, Case et al. 2015).  

 CAPN2 has been shown to cleave FAK in vitro and in vivo (Chan et al. 2010). The calpain 

cleavage site is located in FAK C-terminal region between Ser745 and Gly746 and generates 80 kDa 

N-terminal and 35 kDa C-terminal fragment (Chan et al. 2010) (Fig. 1.16). Interestingly, 35 kDa 

cleavage product is similar in size and primary sequence to the FAK related non-kinase (FRNK). FRNK 

is autonomously expressed product of FAK gene that is under the control of alternative promotor 

(Nolan, Lacoste and Parsons 1999). It is widely assumed that FRNK acts as a negative inhibitor of full 

length FAK (Taylor et al. 2001, Koshman et al. 2010). Similarly to FRNK, 35 kDa cleavage product of 

FAK is supposed to inhibit FAK function and thus increase the stability of FAs. However, the 

expression of calpain-resistant FAK in FAK depleted cells did not rescue impaired adhesion turnover 

compared to expression of FAK wt (Chan et al. 2010). Thus, these data surprisingly suggest that 

calpain-mediated cleavage of FAK is necessary for FAs disassembly. Taken together, calpain-mediated 

cut of FAK is most likely involved in both FAs assembly as well as FAs disassembly.   

 

 

Fig. 1.16. Schematic comparison of full length FAK, 35 kDa cleavage product of FAK and FRNK. The cleavage of 

FAK by calpain-2 generates 35 kDa C-terminal fragment that lacks FERM and kinase domain. The 35 kDa 

proteolytic fragment is similar in size to an endogenous FAK inhibitor FRNK.  
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1.6.3.2.4 CLEAVAGE OF TALIN 

 Talin is an important structural protein of focal adhesions that mediates linkage between 

transmembrane integrins and actin cytoskeleton. Talin has two binding sites for integrins and three 

binding sites for actin. Talin is usually recruited to ligand-bound integrins as a homodimer and can 

thus potentially bind four integrin molecules and number of actin fibers. Talin associated to one 

molecule of ECM-bound integrin can expand its connection to adjacent non-ligand bound integrins 

and therefore promotes integrins clustering and activation. The formation of talin-integrin complex is 

followed by the talin association with contractile actin cytoskeleton. Actin fibers generate mechanical 

forces that stretch talin molecules and therefore expose the talin’s mechanosensitive domains which 

recruit additional FAs proteins, such as vinculin. Taken together, talin represents crucial element in 

integrin clustering and activation, in linkage of integrins to actin cytoskeleton and in FAs maturation 

(Klapholz and Brown 2017).  

 Calpain is capable to cleave talin in various cell lines and that talin cleavage products 

naturally occurrs within the mammalian cells (Franco et al. 2004, Saxena et al. 2017). CAPN2 cleaves 

talin between “head” and “rod” domains (Fig. 1.17). Downregulation of CAPN2 expression in mouse 

fibroblasts decreased talin cleavage and significantly stabilized FAs. Re-expression of talin wt, but not 

calpain resistant form of talin rescued FAs turnover in talin KO cells  suggesting that calpain-mediated 

cleavage of talin is necessary for this event (Franco et al. 2004). Later on, it was shown that talin 

cleavage by calpain occurs mostly in newly formed FAs in a force dependent manner. It was 

suggested that calpain cleavage of talin is a part of mechanosensing and that the cleavage of talin is 

necessary for proper adhesion maturation (Saxena et al. 2017).  

 Apart from the role of talin cleavage products in FAs maturation, it has been shown that the 

both proteolytic products can drive diverse cellular functions. Generation of talin rod fragment by 

calpain has been shown to drive cell proliferation (Wang, Ballestrem and Streuli 2011, Saxena et al. 

2017). Conversely, talin head fragment usually associates with SMURF-1 E3 ubiquitin ligase and 

undergoes ubiquitinilation and proteasomal degradation (Huang et al. 2009). However, upon 

phosphorylation by CDK5, talin head fragment is stabilized and promotes focal adhesion assembly, 

lamellipodia formation and cell migration (Huang et al. 2009). 
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Fig. 1.17. Schematic representation of talin structure. Talin is composed of N-terminal head domain (1-400 

amino acid residues), linker region (401-481) and C-terminal rod domain (482-2541). Calpain cleavage site is 

located in the linker region. Adapted from (Bate et al. 2012). 

 

 Collectively, the findings mentioned above clearly demonstrate the importance of calpain 

proteases in the regulation of cell migration. However our knowledge about the molecular 

mechanisms by which calpain proteases alter cell migration is much less clear. It is generally inferred 

from the experiments with pan-calpain inhibitors that calpains positively regulates cell motility. 

Confusingly and contrary to the expectations, the attempts to break down the calpain signaling into 

individual events and substrates often suggest that calpains are negative regulators of cell motility. 

Thus, it seems that calpain regulatory function is distributed between many substrates that can 

either promote or suppress cell migration, and their specific constellation optimizes the process of 

cell migration. 
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2 CHAPTER 2 MATERIALS AND METHODS 

2.1 CHEMICALS 

 

The following reagents were used: 

 

1 µM 4-hydroxytamoxifen (4HT; Sigma Aldrich; #H7904) 

100 ng/ml HGF (Sigma Aldrich; #H1404) 

20 µM UO126 (Promega; #V1121) 

2 µM CI-1040 (Axon Medchem; #1368) 

100 nM Trametinib (SeleckChem; #S2673) 

1 µM PD0325901 (SeleckChem; #S1036) 

10 µM BI-D1870 (Axon Medchem; #1528) 

100 µM Sl0101 (Calbiochem; #559285) 

50 µM ALLN (Sigma Aldrich; #A6185) 

100 µM ALLM (Sigma Aldrich; #A6060) 

500 µM PD150606 (Sigma Aldrich; #D5946) 

10 µM GDC0941 (kindly provided by Petr Novák) 

50 µM DRB (Sigma Aldrich; #D1916) 

1 µg/ml cycloheximide (Sigma Aldrich; #01810) 

5 µg/ml Actinomycin D (Sigma Aldrich; #A1410) 

50 µM Y27632 (Focus Biomolecules; #10-2301) 

1 µg/ml Fibronectin (Millipore; #FC010) 

50 ng/ml jasplakinolide (Calbiochem; #420107) 

 

HGF/SF and cycloheximide was dissolved in demiH20, ALLM and 4HT was dissolved in ethanol, 

fibronectin in PBS, all other reagents were dissolved in DMSO. 
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2.2 ANTIBODIES AND STAINS 

 

The following antibodies were used:  

 

anti-β-catenin (mouse; BD Biosciences; #610154) 

anti-E-cadherin (mouse; BD Biosciences; #610182) 

anti-ZO-1 (rabbit; Thermo Fisher Scientific; #61-7300) 

anti-PAR-6β (rabbit; Sigma Aldrich; #B8187) 

anti-vinculin (mouse; Sigma Aldrich; #V9131) 

anti-paxillin (mouse; Upstate; #05-417) 

anti-ERK2 (mouse; kindly provided by M.J. Webber) 

anti-Phospho-ERK (rabbit; kindly provided by M.J. Webber) 

anti-RSK (mouse; BD Biosciences; #610226) 

anti-Phospho-Thr348-RSK (rabbit; GeneScript; #A00487) 

anti-Phospho-Ser221-RSK (rabbit; R&D System; #MAB892) 

anti-RAF-1 (human; Santa Cruz Biotechnology; C-20; #sc-227) 

anti-Phospho-Ser473-Akt (rabbit; Cell Signaling Technology; #9271T) 

anti-calpain-2 (rabbit; Cell Signaling Technology; #2539S) 

anti-Phospho-Ser235-RPS-6 (rabbit; GeneScript; #A00315) 

anti-cofilin (mouse; BD Biosciences; #612145) 

anti-Phospho-Ser3-cofilin (rabbit; Cell Signaling Technology; #3313S) 

anti-FAK (mouse; Millipore; clone 4.47;  #05-537) 

anti-Phospho-Ser19-MLC2 (mouse; Cell Signaling Technology; #3675S) 

anti-Flag tag (mouse; Sigma Aldrich; M2; #F1804) 

anti-HA tag (mouse; 12CA5; kindly provided by M.J. Webber) 

Goat AF488-anti mouse (Thermo Fisher Scientific; #A-11029) 

Goat AF546-anti mouse (Thermo Fisher Scientific; #A-11003) 

Goat AF488-anti rabbit (Thermo Fisher Scientific; #A-11034)  

Goat AF546-anti rabbit (Thermo Fisher Scientific; #A-11010) 

Phalloidin-Rhodamine (Thermo Fisher Scientific; #R415)  

Texas Red-Phalloidin (Thermo Fisher Scientific; #T7471) 

Goat HRP-anti mouse (Sigma Aldrich; #A0168) 

Goat HRP-anti rabbit (Sigma Aldrich; #SAB3700852) 
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2.3 CONSTRUCTS AND TRANSFECTIONS 

 

The following constructs were used: 

 

pcDNA5 ΔRaf-1:ER Conditionally active form of Raf-1 was generated according to previously 

published principle (Samuels et al. 1993). CR3 region of human Raf-1 containing protein kinase 

domain (305–648 amino acid residue of human Raf-1) was fused in frame with the ligand binding 

domain of mouse estrogen receptor and was subcloned into pcDNA5 vector (Thermo Fisher 

Scientific) using HindIII and BamHI restriction sites. 

 

pcDNA5 FLAG-ERK2 wt Full length rat ERK2 wt containing Flag-tag at the N-terminus was subcloned 

to pcDNA5 vector (Vomastek et al. 2008). 

 

pcDNA5 FLAG-ERK2 L232A Mutant form of rat ERK2 defective in binding substrates containing DEF 

motif. ERK2 L232A was subcloned to pcDNA5 vector (Vomastek et al. 2008) 

 

pcDNA5 FLAG-ERK2 DDNN Mutant form of rat ERK2 defective in binding substrates containing D-

domain (Prepared by Jan Rasl). 

 

pcDNA5 FLAG-CAPN2 wt Full length human CAPN2 amplified from cDNA library of HeLa cells was 

subcloned to pCDNA5.  

 

pcDNA3 3xHA CAPN2 wt Full length human CAPN2 containing 3xHA tag at N-terminus was subcloned 

to pcDNA3 vector. 

 

pcDNA5 FLAG-CAPN2 S50E Mutant form of human CAPN2 that is supposed to be constitutively 

active (Glading et al. 2004). CAPN2 S50E was prepared by site-directed mutagenesis from human 

FLAG-CAPN2 wt where serine residue 50 was replaced by glutamic acid.  

 

pcDNA5 FLAG-CAPN2 S50A Mutant form of human CAPN2 that is supposed to be inactive (Glading et 

al. 2004). CAPN2 S50A was prepared by site-directed mutagenesis from human FLAG-CAPN2 wt 

where serine residue 50 was replaced by alanine.  
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pcDNA5 FLAG-CAPN2 C105A Mutant form of human CAPN2 that possess catalytically dead 

proteolytic core. CAPN2 C105A was prepared by site-directed mutagenesis from human FLAG-CAPN2 

wt where cysteine residue 105 was replaced by alanine.  

 

pcDNA5 RFP-actin Full length human β-actin fused in frame with mRFP and subcloned to pCDNA5 

vector (Iwanicki et al. 2008). 

 

pcDNA5 GFP-paxillin Full length chicken paxillin was fused in frame with GFP and subcloned to 

pCDNA5 vector (Vomastek et al. 2007).  

 

pEGFP N1 RhoA V14 Constitutive active form of mammalian RhoA that was fused in frame with GFP 

(kindly provided by Peter Šebo). 

 

pEGFP N1 RhoA N19 Dominant negative form of mammalian RhoA that was fused in frame with GFP 

(kindly provided by Peter Šebo). 

 

pEGFP C1 mDia1-FH2deltaN (dn-mDia) Dominant negative form of mouse mDia1 that was fused in 

frame with GFP (kindly provided by M.Maninová). 

 

pEGFP C1 mDia2-deltaN-deltaC (ca-mDia) Constitutive active form of mouse mDia2 that was fused in 

frame with GFP (kindly provided by M.Maninová). 

 

pSpCas9(BB)-2A-GFP (PX458) Expression vector encoding Cas9 from S. Pyogenes were used as a 

cloning backbone for various CAPN2 sgRNA (Addgene plasmid # 48138). 

 

All transfections were performed by using Lipofectamine 2000 according to the manufacturer’s 

instructions (Thermo Fisher Scientific). Transient transfections of mDia constructs or RhoA constructs 

were done in subconfluently growing MDCK ΔRaf-1:ER cells at least 24 hours prior treatments.  

2.4 CELL CULTURE AND CELL TREATMENT 

MDCK cell lines were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 

10% FBS (all obtained from Thermo Fisher Scientific). Prior to each experiment, cells were cultivated 

for at least 36 hours to form polarized islets of epithelium. The ERK pathway activation was induced 

either by 1 μM 4HT dissolved in ethanol or by 100 ng/ml of HGF/SF. Following drugs were added 30-

60 minutes before ERK pathway activation at indicated final concentration: MEK inhibitors UO126 (20 
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μM), CI-1040 (2 μM), PD0325901 (1 μM) and Trametinib (100 nM); RSK inhibitors BI-D1870 (10 μM) 

and Sl0101 (100 μM), calpain inhibitors PD150606 (500 μM), ALLN (50 μM) and ALLM (100 μM), 

jasplakinolide (50 ng/ml), PI3K inhibitor GDC0941 (10 μM), transcription inhibitors DRB (50 μM) and 

actinomycin D (5 µg/ml), translational inhibitor cycloheximide (1 µg/ml), ROCK inhibitor Y27632 (50 

μM).  

2.5 GENERATING STABLE MDCK CELL LINES 

Populations of MDCK cells stably expressing either RAF-1:ER, CAPN2 wt, CAPN2 S50E, CAPN2 S50A,  

CAPN2 C105A, ERK2 wt, ERK2 L232, ERK2 DDNN, GFP-paxillin or RFP-actin were generated by FLP-

INTM system from Thermo Fisher Scientific. Briefly, parental MDCK cell line were transfected with 

pFRT/lacZeo for introduction FRT recombination sites into the genome. Cells were selected in 200 

µg/ml zeocin for 14 days until single foci can be identified. Zeocin-resistant colonies were then 

cotransfected with pOG44 plasmid encoding Flp recombinase and either pcDNA5-RAF-1:ER, pcDNA5-

CAPN2 wt, pcDNA5-CAPN2 S50E,  pcDNA5-CAPN2 S50A, pcDNA5-CAPN2 C105A, pcDNA5-ERK2 wt, 

pcDNA5-ERK2 L232, pcDNA5-ERK2 DDNN, pcDNA5 GFP-paxillin or pcDNA5 RFP-actin in ratio 8:1 and 

incubated in selection media containing 200 µg/ml hygromycin B. After 10 days single hygromycin B-

resistant colonies were picked up and expanded for further use. Each stable clone was analyzed for 

ectopic expression by western blotting. 

2.6 SDS-PAGE AND WESTERN-BLOTTING 

Cells were washed with PBS and scraped in RIPA lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA). Lysates were clarified by centrifugation 

(10,000 x g, 15 min), supernatants were mixed with sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 

10% glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue) and boiled for 10 

minutes. Samples were then subjected to SDS-PAGE and transferred onto nitrocellulose membrane. 

Membranes were blocked with 5% skim milk (Gerbu; #1602.1000) in PBS and incubated overnight 

with primary antibody at 4°C. Membranes were washed three times with PBS and incubated with 

secondary antibody conjugated with horse radish peroxidase. To detect imunoreactive bands  

SuperSignal West Pico Chemiluminescent Substrate from Pierce (#34078) was used. The 

chemiluminescent signal was detected by autoradiography films and developed by automatic Agfa 

Curix 60 film processor. For quantification purposes, immunoreactive bands were also detected using 

G-box system (Syngene). Intensity of chemiluminescent signals were then analyzed by Quantity one 

software (Biorad). To separate phosphorylated and non-phosphorylated form of HA-CAPN2, modified 

10 % separating gel was used to obtain better resolution (10% acrylamide, 0.066 % bis-acrylamide, 

375mM TRIS-HCl pH 8.8, 0.1% ammonium persulfate, 0.1% SDS, 0.1% TEMED).  
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2.7 CO-IMMUNOPRECIPITATION OF FLAG-ERK2 WITH HA-CAPN2 

To co-immunoprecipitate of FLAG-ERK2 and HA-CAPN2, MDCK ΔRaf-1:ER cells were co-transfected in 

ratio 1:1 with pcDNA5 FLAG-ERK2wt and pcDNA3 3xHA-CAPN2wt constructs. Cells were treated 48 

hours post transfection with vehicle, 1 μM 4HT or 20 μM UO126 as indicated for 5 hours. Cells were 

then lysed with FLAG-lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton-X100, 10% glycerol, 0.5 

mM EDTA, 0.5 mM EGTA, pH 7.3) and clarified extracts were incubated with FLAG resin (Sigma 

Aldrich; #A2220). Immune complexes were washed three times with FLAG-lysis buffer, resolved by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to a nitrocellulose 

membrane. Immunoblotting was performed with the following antibodies: anti-FLAG TAG M2 (Sigma 

Aldrich), anti-HA 12CA5 (M.J. Webber) and anti phospho-ERK (M.J.Webber).  

2.8 INDIRECT IMMUNOFLUORESCENCE MICROSCOPY 

MDCK cells were seeded on glass coverslips precoated with 1 μg/ml of human fibronectin (Millipore)  

and left for at least 36 hours to form discrete polarized islets. Cells were treated as indicated.  

After the treatment, cells were washed with PBS, fixed with 2% paraformaldehyde in PBS for 20 min 

and permeabilized with 0.5% Triton X-100 in PBS for 5 min. Coverslips were washed three times with 

PBS, blocked with 20% normal goat serum(Thermo Fisher Scientific) in PBS and incubated with 

indicated antibodies for 1 hour. Finally, coverslips were briefly washed in H20 and mounted on slides 

using Vectashiled mounting medium (Vector Laboratories; #H1200). Images were acquired by 

confocal microscope Olympus FV1000 equipped with Hamamatsu EM-CCD camera or by epi-

fluorescence Olympus X81 microscope with Olympus FV2T Digital B/W camera. 

2.9 LIVE CELL IMAGING OF GFP-PAXILLIN AND RFP-ACTIN, THERMAL 

DENATURATION AND FRAP 

MDCK GFP-paxillin or MDCK RFP-actin cells were seeded on a glass bottom dish (In vitro Scientific; 

#D35-20-1.5-N) precoated with 1 μg/ml of human fibronectin (Millipore) and left for at least 36 hours 

to form discrete polarized islets. Cells were then overlaid by mineral oil (Sigma Aldrich; #M8410) and 

analyzed by confocal microscope Olympus FV1000 equipped with Hamamatsu EM-CCD camera, 100x 

oil objective NA. 1.40 and heated airstream incubator. The single-layer images focused on basal 

plane of MDCK cells were acquired every 2 minutes during the period of 1 hour.  

Thermal denaturation of actin bundles was performed in MDCK RFP-actin cells using high-intensity 

pulse of 405 nm laser. The intensity of laser was set to 100%, duration of the single pulse used for 

photoablation of particular region was 5 seconds. The photoablation was followed by acquiring 

images focused on basal plane of MDCK cells every 1 minute during the period of 20 minutes. 
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Fluorescence recovery after photobleaching (FRAP) was used to characterized the internal dynamics 

of peripheral bundles and stress fibers. Analysis was done in MDCK RFP-actin cells using mild-pulse of 

405 nm laser. The intensity of laser was set to 70%, duration of the single pulse used for bleaching of 

particular region was 2 seconds. The photobleaching was followed by acquiring images focused on 

basal plane of MDCK cells every 1 minute during the period of 20 minutes. 

2.10 QUANTITATIVE ANALYSIS OF APICAL–BASAL POLARITY 

Cell area was determined by encircling cell perimeter visualized by β-catenin or phalloidin-rhodamine 

staining. Images were acquired by confocal microscope Olympus FV1000 using 60×/1.35 UPLSAPO 

objective and cell area was obtained from images of a XY projection of single horizontal scan close to 

the basal side of cells. Adherens junctions heights were measured from XZ projection of 3D 

reconstructions of confocal stacks by drawing a line along lateral cell–cell contact. 3D reconstructions 

were obtained by stacking 20–40 horizontal images using 0.45 μm section step. To determine cell 

area and height of lateral cell–cell contacts at least 30 cells were counted from a single colony and at 

least four randomly selected colonies were analyzed using Olympus Fluoview FW10-ASW2.0 

software. Data are presented as mean of cell area or cell height ± standard deviation of the mean. 

2.11 TIME-LAPSE IMAGING, CELL SCATTERING AND CELL MIGRATION 

QUANTIFICATION 

MDCK cells were grown on a plastic dishes precoated with fibronectin (1 μg/ml) for at least 36 hours 

to form discrete cell colonies. For long-term imaging cells were overlaid with mineral oil. Time-lapse 

phase contrast images were acquired at 37 °C using Olympus CellR imaging station (Olympus IX81 

inverted microscope with 10×/0.3 UPLFLN objective equipped with heated airstream incubator). Cell 

scattering was quantified by the measurement of circularity index (CI) of MDCK colonies using the 

formula CI = 4π x (colony area/colony perimeter2). Colony area and perimeter were determined from 

time-lapse phase contrast images that allowed identifying cells that either transiently or permanently 

detached from cell colony. Detached cells were included in the measurement. Data are represented 

as mean ± standard deviation of the mean. To measure cellular motility cells were stimulated by 

either 4HT or HGF/SF and followed by time-lapse microscopy for 14 hours. The trajectories of 

individual cell were tracked using ImageJ software and MTrackJ plugin and velocity was determined 

as a distance individual cell traveled from 13 to 14 hours or as described in figure description. 

Velocities of at least 10 cells from a single colony were averaged and three randomly selected 

colonies for each treatment were analyzed. The data are presented as a mean of the averaged 

velocities ± standard deviation of the mean. 
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2.12 QUANTITATIVE ANALYSIS OF THE STRENGTH OF E-CADHERIN-BASED 

ADHESIONS 

The quantification of E-cadherin protein levels in cell–cell contacts was performed essentially as 

described previously (Loerke et al. 2012). Images of cells stained for E-cadherin were acquired by epi-

fluorescence microscopy using Olympus BX43 with UPLANSAPO 60x/1.35 immersion objective. The 

relative intensity of E-cadherin in cell–cell contacts was measured by drawing a line on a top of cell–

cell contacts between adjacent cells and the average pixel intensity between 5-pixel wide area along 

the entire line was divided by the average pixel intensity in a 20-pixel wide area along the same line. 

The relative intensities of E-cadherin determined from 50 junctions for each treatment were plotted 

as Box and Whiskers graph with the median and quartiles. Statistical analyses (Mann–Whitney non 

paired (not assuming Gaussian distribution) t-test) were done using Prism software (GraphPad 

Software, Inc). 

2.13 QUANTITATIVE ANALYSIS OF THE NON-PROTRUDING REGIONS AT 

EPITHELIAL MARGIN 

MDCK cells were grown on glass coverslips precoated with fibronectin (1 μg/ml) for at least 36 hours 

to form discrete cell colonies. Cells were treated as indicated. Images of cells stained with Phalloidin-

Rhodamine were acquired by epi-fluorescence microscopy using Olympus BX43 with UPLANSAPO 

60x/1.35 immersion objective. The percentage representation of non-protruding region at the free 

edge of MDCK colony was measured by drawing a line around the perimeter of non-protruding 

regions in a single colony and total length of these lines was put in ratio with perimeter of particular 

MDCK colony. The percentage of non-protruding regions determined from at least 20 colonies for 

each treatment were plotted as a Box and Whiskers graph with the median and quartiles. Statistical 

analyses (Mann–Whitney non paired (not assuming Gaussian distribution) t-test) were done using 

Prism software (GraphPad Software, Inc). 

2.14 QUANTITATIVE ANALYSIS OF THE COLOCALIZATION OF THE 

PERIPHERAL BUNDLE/STRESS FIBERS WITH VINCULIN 

Parental MDCK cells were grown on glass coverslips precoated with fibronectin (1 μg/ml) for 48 

hours to form discrete cell colonies. Images of cells stained with Phalloidin-Rhodamine and 

counterstained with vinculin antibody were acquired by epi-fluorescence microscopy using confocal 

microscope Olympus FV1000, 100x oil objective NA. 1.40. and Hamamatsu EM-CCD camera. The 

measurement of colocalization of peripheral bundle/stress fiber with vinculin was done from merged 

images of actin and vinculin staining in a single horizontal plane with 0.45 µm thickness. 

Colocalization was measured by drawing a line along the entire stress fiber/peripheral actin bundle in 
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a single marginal cell and the percentage of colocalizing pixels were analyzed by Olympus Fluoview 

FW10-ASW2.0 software. The percentages of colocalizing pixels were determined from at least 30 

stress fibers/peripheral bundles and were plotted as a Box and Whiskers graph with the median and 

quartiles. Statistical analyses (Mann–Whitney non paired (not assuming Gaussian distribution) t-test) 

were done using Prism software (GraphPad Software, Inc). 

2.15 CRISPR/CAS9-MEDIATED KNOCKOUT OF CAPN2 GENE 

Three pairs of complementary oligonucleotides were used for preparation of three distinct sgRNA 

targeting genomic sequence of CAPN2 gene (designed by collaborator Jan Kosla). 

 

I. pair 

caCAPN2sgRNA-1fwd  5 ’- CAC CGC GGA TCA TCG CAG ATC TCC G - 3 ’ 

caCAPN2sgRNA-1rev 5 ’- AAA CCG GAG ATC TGC GAT GAT CCG C- 3 ’ 

 

2. pair 

caCAPN2sgRNA-2fwd  5 ’- CAC CGG CGC CCC GTA GTC CTG GTT G- 3 ’ 

caCAPN2sgRNA-2rev  5 ’- AAA CCA ACC AGG ACT ACG GGG CGC C- 3 ’ 

 

3. pair 

caCAPN2sgRNA-3fwd  5 ’- CAC CGA GTA CCT CAA CCA GGA CTA C- 3 ’ 

caCAPN2sgRNA-3rev  5 ’- AAA CGT AGT CCT GGT TGA GGT ACT C- 3 ’ 

 

Each pair of complementary oligonucleotides was annealed according to following procedure. In 

brief, each oligonucleotide was resuspended at concentration of 100 µM in dH20. Oligonucleotides  

were annealed in a mix containing 2 µl of oligo #1, 2 µl of oligo #2, 5 µl buffer 2.1 (Neb England 

Biolabs) and 41 µl dH20 using PCR cycler and following parameters: mix was heated to 95°C for 10 

min and then ramped down to 25 °C at 5 °C/min. Annealed oligonucleotides (sgRNA) were cloned to 

pX458 cloning vector using BpiI restriction sites. In total, three distinct pX458 constructs carrying 

three distinct CAPN2 sgRNA were prepared (CAPN2 sgRNA#1, sgRNA#2and sgRNA#3). These 

constructs were subsequently transfected to MDCK cells using Lipofectamine 2000. Efficiency of 

transfection was monitored by expression of GFP. Single GFP-positive cells were sorted to 96-well 

plates using BD Influx high speed cell sorter. Clones were expanded and further analyzed for 

expression of CAPN2 using SDS-PAGE and CAPN2 specific antibody.  
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2.16 WOUND HEALING AND GAP CLOSURE 

Parental MDCK cells seeded onto glass coverslips precouted with fibronectin (1 µg/ml; Millipore) 

were left to form monolayer in 36 hours. Cells were then incubated with fresh 10% FBS DMEM for 

additional 16 hours. The epithelial monolayer was subsequently wounded by pipette tip. Cells were 

fixed 4 hours after the scratch and stained with Rhodamine-Phalloidine to visualize F-actin. 

Generation of gap in epithelial layer was performed using silicone inserts (Ibidi) which were plated 

onto glass coverslips precoated with fibronectin before seeding of the cells. Cells plated around the 

inserts were left to form monolayer in 36 hours. Cells were then incubated with fresh 10% DMEM for 

additional 16 hours. After this period, silicone insert were removed and cells were left additional 4 

hours. Cells were then stained with Rhodamine-Phalloidin to visualize F-actin. 

2.17 RNA SEQUENCING 

RNA was isolated from MDCK cells growing in isolated islets for 48 hours by RNA isolation kit 

(Qiagen) according to manufacturers’ protocol. The preparation of cDNA was performed by 

collaborating lab from the Institute of molecular genetics (Michal Kolář, Ph.D.), the following RNA 

sequencing was done by SEQme company. Data analysis was provided by Michal Kolář, Ph.D. 
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CHAPTER 3 AIMS 

 

 

The main goal of this thesis was to characterize the mechanism how ERK signaling pathway regulates 

loss of epithelial polarity and the establishment of migratory polarity in epithelial cells. To address 

this goal, specific aims were  

 

1) Characterize morphological changes of epithelial cells after activation of the ERK pathway.  

 

2) Determine the role of protein kinase ERK and its downstream effector RSK in the regulation of 

epithelial integrity 

 

3) Describe the mutual relationship between effector kinases ERK and RSK in the regulation specific 

biologic response 

 

4) Characterize actin cytoskeleton reorganization during the phenotypic conversion of epithelial cells 

induced by protein kinase ERK 
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CHAPTER 4 RESULTS 

4.1 TREATMENT OF MDCK CELLS BY HGF/SF INDUCES DRAMATIC 

CHANGES IN EPITHELIAL MORPHOLOGY CHARACTERIZED BY CELL 

FLATTENING, THE LOSS OF EPITHELIAL POLARITY AND CELL 

SCATTERING 
 To study the role of the ERK signaling pathway in the regulation of epithelial morphology we 

used Madin-Darby canine kidney (MDCK) cells. They represent prototypical polarized epithelium 

widely used for examining epithelial function and integrity. Initially, we treated the cells with 

Hepatocyte Growth factor/Scatter factor (HGF/SF), a potent upstream activator of ERK signaling in 

MDCK cells (Liang and Chen 2001). As expected, the addition of HGF/SF induced activation of protein 

kinase ERK as judged from the increase in ERK phosphorylation (Fig. 4.1A). The increase in ERK 

activity induced by HGF was completely blocked in the presence of MEK inhibitor UO126 (Fig. 4.1A) 

indicating that HGF/SF and its receptor actually works as the upstream activator of ERK signaling 

pathway in MDCK model system. 

 Next, we analyzed the effect of HGF/SF-induced activation of the ERK pathway on epithelial 

morphology. The morphology was examined in sparsely seeded MDCK cells that form polarized islets 

of epithelium (Fig. 4.1B, control). MDCK cells were stained for marker of apical region PAR6β protein 

and for marker of adherens junctions, β-catenin. Control cells displayed typical cuboidal architecture 

with prominent PAR6β staining of apical site and well developed lateral β-catenin junctions (Fig. 

4.1B). Upon treatment with HGF/SF, PAR6β protein relocalized from apical region to cytoplasm and 

lateral cell-cell contacts underwent disassembly (Fig. 4.1B and 4.1D). The disassembly of lateral cell-

cell contacts resulted in rapid (in approx. 5 hours) cell flattening that was accompanied by increase in 

cell area (Fig. 4.1B and 4.1C). Pretreatment with MEK inhibitor UO126 completely prevented 

morphological changes induced by HGF/SF. UO126 treated cells remained polarized as PAR6β 

localized to apical surface and cell area and height of cell-cell contacts were comparable with control 

cells (Fig. 4.1B, 4.1C and 4.1D). For further analysis, we used cell area and height of cell-cell contacts 

as parameters for morphological changes associated with the loss of epithelial polarity.  

 Long-term treatment of MDCK cells with HGF/SF (approx. 10 hours) led to a complete 

breakdown of multicellular epithelial morphology (Fig. 4.1E). Cells disrupted their cell-cell contacts 

and gained front-rear polarity typical of mesenchymal cells. In addition, cells started to migrate 

individually and the velocity of their migration significantly increased (Fig. 4.1F). Cell scattering, as 

well as the loss of epithelial polarity, induced by HGF/SF was blocked by MEK inhibitior UO126 

suggesting the central role of the ERK signaling pathway in these processes (Fig. 4.1E and Fig. 4.1F). 
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Fig. 4.1 HGF induces morphological changes in MDCK cells characterized by the loss of epithelial polarity and 
cell scattering. (A) ERK activation in parental MDCK cells induced by HGF/SF. Subconfluent parental MDCK cells 
were treated with HGF/SF (100 ng/ml), UO126 (20 µM) or 4HT (1 µM) for 30 minutes as indicated. Cell lysates 
were probed with antibody recognizing phosphorylated and activated ERK (pERK) and reprobed with ERK2 
antibody to confirm equal amount of loaded proteins. (B) Top view (XY plane; upper panels) and cross-sectional 
(XZ plane; lower panels) confocal images of MDCK cells showing HGF induced changes in PAR6β localization, β-
catenin staining, cell-cell contacts and cell area. Parental MDCK cells were treated with vehicle (Control), 
HGF/SF (100 ng/ml) without or with UO126 (20 µM) for 16 hours and stained for PAR6β (green; upper part), β-
catenin (green; lower part) and DAPI (blue). (C) Quantification of cell area and (D) quantification of adherens 
junctions height in cells treated as in B. Data are presented as a mean ±SD, n>120. (E) Phase contrast images of 
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subconfluent parental MDCK cells treated for 24 hours with vehicle (Control), HGF/SF (100 ng/ml) without or 
with 20 μM UO126 as indicated. Black-and-white representations of phase contrast images are shown to 
accentuate the shape of MDCK colonies with circularity indexes (CI) indicated. (F) Quantification of cell 
scattering in parental MDCK cells treated as in E. Cell scattering was quantified by the measurement of CI. Data 
are presented as mean ± SD (n=8 for each treatment). (G)Quantification of cell migration in parental MDCK 
cells treated as in E. Cell velocity was determined 14 hours after the treatment as described in Material and 
Methods. Data are presented as mean ± SD (n>30). 

 

 For purposes of cell scattering quantification, we set up a new measurement method. We 

measured circularity index (CI) of discrete MDCK colonies using formula CI= x (colony area/colony 

perimeter2). Control cells usually form isolated islets with circular shape and CI value close to 1. Cell 

scattering was manifested as a change in shape of MDCK colonies from circular to more irregular, 

with empty spaces inside the colony and increased cell perimeter that results in general decrease of 

circularity index. Measurement of circularity index in MDCK cells treated with HGF/SF showed that 

cell scattering was driven in MEK dependent manner (Fig. 4.1G). 

4.2 THE CONDITIONAL ACTIVATION OF THE ERK PATHWAY PHENOCOPIES 

MORPHOLOGICAL CHANGES IN PARENTAL MDCK CELLS TREATED 

WITH HGF/SF 
 It has been shown that cells stimulated by growth factors such as HGF/SF activate plethora of 

parallel pathways including MAPK, PI3 kinase/AKT, JAK/STAT or PLCγ signaling pathways (Liang and 

Chen 2001, Oda et al. 2005). To confirm that ERK pathway exclusively drives changes in epithelial 

morphology, we decided to prepare stable cell line where we would be able to activate the ERK 

signaling module alone. To this end, we employed the strategy where the constitutively active C-

terminal portion of Raf-1 is fused to hormone binding domain of the estrogen receptor (ΔRaf-1:ER; 

Fig. 4.2A). The presence of hormone binding domain holds Raf-1 protein in the catalytically inactive 

conformation. However, the switch to the active conformation can be induced rapidly by the 

addition of estrogen hormone or its synthetic analog 4-hydroxytamoxifen (4HT). MDCK cells stably 

transfected with ΔRaf-1:ER construct (Fig. 4.2B) displayed conditional activation of the ERK pathway 

as the treatment of MDCK ΔRaf-1:ER cells with 4HT induced rapid and sustained ERK activation (Fig. 

4.2C and 2D). ERK activation can be blocked by pretreatment with MEK inhibitor UO126 (Fig. 4.2C). 

Comparison of parental MDCK cell line stimulated with HGF/SF and MDCK ΔRAF-1:ER cells treated 

with 4HT revealed that ERK is activated in both cell lines in a similar fashion and to a similar extent 

(Fig. 4.2E). 
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Fig. 4.2 ERK activation by conditional activation of Raf-1. (A) Schematic representation of conditionally active 
form of ΔRaf-1:ER. CR3 region of human Raf-1 containing protein kinase domain was fused in frame with the 
hormone binding domain of the mouse estrogen receptor. (B) Expression of ΔRaf-1:ER protein in parental 
MDCK cells. Cell lysates from parental MDCK cells or cells stably transfected with ΔRaf-1:ER construct (MDCK 
ΔRaf-1:ER) were probed with antibody recognizing human Raf-1 and reprobed with E-cadherin antibody to 
confirm equal amount of loaded proteins. (C) ERK activation in MDCK ΔRaf-1:ER cells. Subconfluent cells were 
treated for 30 min with 1 μM 4HT without or with MEK inhibitor UO126 (20 μM). Cell lysates were probed with 
antibody recognizing phosphorylated and activated ERK (p-ERK) and reprobed with ERK2 antibody to confirm 
equal loading of proteins. (D) ERK activation in subconfluent MDCK ΔRaf-1:ER cells treated with 1 μM 4HT for 
the indicated times. Cell lysates were probed as in C. (E) ERK activity in MDCK ΔRaf-1:ER cells treated either 
with 1 μM 4HT or HGF/SF (100 ng/ml) for the indicated times. Cell lysates were probed as in C. 

 

 Next, we analyzed the effect of conditional Raf-1 activation on epithelial morphology of 

MDCK cells. Similarly to parental MDCK cells stimulated by HGF/SF, conditional Raf-1 activation in 

MDCK ΔRAF-1:ER cells by 4HT induced considerable changes in epithelial morphology. Few hours 

after 4HT addition, we observed cell flattening with concomitant increase in cell area (Fig 4.3A, 4.3B 

and 4.3C). These morphological changes were accompanied by relocalization of marker of apical 

surface PAR6β from apical side, relocalization of marker of tight junctions (TJs) ZO-1 from apical side 

to basal side, significant decrease in height of β –catenin cell-cell contacts and increase in cell area 

(Fig 4.3A, 4.3B and 4.3C). The phenotypical changes induced by 4HT were prevented by pretreatment 

with two structurally dissimilar MEK inhibitors UO126 and CI-1040 (Fig 4.3A, 4.3B and 4.3C; data not 

shown). Finally, the long-term stimulation of MDCK ΔRAF-1:ER with 4HT induced also cell scattering 

and increased cell migration in a MEK dependent manner (Fig 4.3D, 4.3E and 4.3F).  Taken together, 

these data suggest that activation of the ERK signaling pathway is sufficient and necessary to induce 

prominent changes in epithelial morphology of MDCK cells, namely the loss of epithelial polarity and 

cell scattering.  
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Fig. 4.3 ERK activation in MDCK ΔRaf-1:ER phenocopies morphological changes in parental MDCK cells 

induced by HGF. (A) Top view (XY plane; upper panels) and cross-sectional (XZ plane; lower panels) confocal 

images of MDCK cells showing ERK induced changes in PAR6β, ZO-1 and  β-catenin localization, cell-cell 

contacts and cell area. Cells were treated for 16 hours with 1 μM 4HT without or with UO126 (20 µM) and 

stained for PAR6β (green; upper part), ZO-1 (red; middle part), β-catenin (green; lower part) and DAPI (blue). 

(B) Quantification of cell area and (C) quantification of adherens junctions height in cells treated as in A. Data 

are presented as a mean ±SD, n>120. (D) Phase contrast images of subconfluent MDCK ΔRaf-1:ER cells treated 

with 1 µM 4HT without or with UO126 (20 µM) for 24 hours. (E) Quantification of cell scattering in MDCK ΔRaf-

1:ER cells treated as in D. Cell scattering was quantified by measurement of CI. Data are presented as mean ± 

SD (n=6 for each treatment). (F) Quantification of cell migration. MDCK ΔRaf-1:ER cells were treated as in D and 

cell velocity was determined 14 hours after the treatment as described in Material and Methods. Data are 

presented as mean ± SD (n> 30). 
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4.3 THE LOSS OF EPITHELIAL POLARITY PRECEDES CELL SCATTERING 
 In order to determine the dynamic changes in epithelial morphology we followed MDCK 

ΔRAF-1:ER treated cells with 4HT by phase contrast microscopy and time lapse live cell imaging. We 

observed that control cells remained polarized and tightly held together over the duration of whole 

assay (data not shown). On the other hand, cells treated with 4HT gradually lost their polarity as 

indicated by the increase in cell area (Fig. 4.4A). Interestingly, despite the fact that cells lost their 

polarity, individual cells were still, for some time, tightly held within the circular colony by their cell-

cell contacts. A few hours later, depolarized MDCK cells disassembled cell-cell contacts, become 

elongated and scattered forming individually migrating cells (Fig. 4.4A). The quantification of cell area 

in time revealed that the loss of epithelial polarity begins between 2-4 hours after ERK activation (Fig. 

4.4B). In connection, the quantification of circularity index in time showed that colony scattering was 

initiated 6 hours after 4HT addition (Fig. 4.4C). Similar dynamics of particular morphological changes 

was also observed in MDCK cells treated with HGF/SF (data not shown).  

 These data indicate that ERK drives conversion of epithelial cells to individually migrating 

cells in two sequential steps. The first step is characterized by the loss of apical-basal polarity and the 

following step by breakdown of intercellular junctions, activating the migration program and cell 

scattering.  

 

Fig. 4.4 Kinetics of morphological changes in MDCK ΔRaf-1:ER cells treated with 4HT. (A) Time lapse imaging 
of MDCK ΔRaf-1:ER cells treated with 4HT (1 µM) showing sequential changes in cell area and the colony shape. 
(B) Time course of the loss of epithelial polarity. Subconfluent MDCK ΔRaf-1:ER cells were treated with 1 μM 
4HT without or with 20 μM UO126 and fixed at different time points. Cell area was determined from β-catenin 
stained cells (mean ± SD, n > 120). (C) Time course of cell scattering. Cell colonies were treated as in B and 
followed by time-lapse phase contrast microscopy. Circularity index was determined by following 6 colonies for 
each treatment and presented as mean ± SD. 
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4.4 PROTEIN KINASE RSK INDUCES CELL SCATTERING AND MOTILITY 

PROGRAM, BUT NOT THE LOSS OF EPITHELIAL POLARITY 
 The protein kinase RSK represents important downstream effector of ERK signaling pathway. 

RSK plays crucial role in motile and invasive programs in various epithelial and carcinoma cell lines 

(Doehn et al. 2009, Smolen et al. 2010). RSK is directly phosphorylated and activated by ERK. Initially, 

we wanted to determine whether conditional activation of the ERK pathway activates also RSK. We 

observed that stimulation of MDCK ΔRAF-1:ER cells with 4HT resulted in rapid and sustained 

phosphorylation of RSK at Thr348 (corresponding to human Thr359) and Ser221 (Fig. 4.5A). 

Phosphorylation of the both sites is necessary for full RSK activation (Anjum and Blenis 2008). RSK 

activation and ability of RSK to phosphorylate downstream substrates were monitored with antibody 

recognizing phosphorylated Ser235 of ribosomal protein S6 (RPS6). This residue has been namely 

shown to be directly phosphorylated by RSK (Roux et al. 2007). Indeed, we observed that the ERK 

pathway activation led to increase in RPS6 phosphorylation (Fig. 4.5B). Conversely, pretreatment 

with MEK inhibitor UO126 or RSK inhibitor BI-D1870 led to pronounced decrease in phosphorylation 

of RPS6 at Ser235.  

These data suggest that conditional ERK activation in MDCK ΔRAF-1:ER cells leads to the 

activation of ERK downstream effector RSK. 

 Next, we sought to determine the role of RSK in ERK induced morphological changes of 

MDCK cells. MDCK ΔRAF-1:ER cells were stimulated with 4HT in the presence or absence of specific 

RSK inhibitor BI-D1870. Immunofluorescence analysis revealed that RSK inhibition did not prevent 

the changes that were associated with the loss of apical-basal polarity. In the presence of RSK 

inhibitor, cells became flattened, cells spread over larger area, PAR6β relocalized from apical region, 

ZO-1 staining relocalized from apical to basal site and β-catenin contacts decreased in height (Fig. 

4.5C, 4.5D and 4.5E). In a notable contrast, RSK inhibition significantly impaired cell scattering and 

increase in cell motility (Fig. 4.5F, 4.5G and 4.5H). Upon the presence of RSK inhibitor, cells remained 

tightly held together, despite the fact they lost epithelial polarity and became flattened (Fig. 4.5F). 

We recapitulated experiments also with another specific RSK inhibitor Sl0101 and observed similar 

morphological changes as in case of BI-D1870 (Fig. 4.5I, 4.5J and 4.5K). 

 These data suggested that protein kinases ERK and RSK functionally cooperate to impair the 

epithelial integrity of MDCK cells. Whereas ERK drives loss of epithelial polarity with concomitant cell 

flattening, RSK is responsible for the subsequent changes in epithelial morphology characterized by 

the breakdown of multicellular epithelium to individual cells and the induction of cell motility.  
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Fig. 4.5 RSK drives cell scattering but it is dispensable for the loss of apical basal polarity. (A) Detection of 
RSK-activating phosphorylations in MDCK ΔRaf-1:ER cells subjected to 1 μM 4HT for the indicated times. Cell 
lysates were probed with antibody recognizing phosphorylated ERK (p-ERK) and phosphorylated RSK (pThr348-
RSK or pSer221-RSK) and reprobed with ERK2 and RSK antibodies to confirm equal amount of loaded proteins. 
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(B) RPS6 phosphorylation in MDCK ΔRaf-1:ER cells treated with 1 μM 4HT without or with 20 μM UO126 or 10 
μM BI-D1870 for the indicated times. Cells were probed with antibody recognizing phosphorylated site Ser235 
of RPS6 (pSer235-RPS6) or phosphorylated ERK (p-ERK) and reprobed with ERK2 to confirm equal amount of 
loaded proteins. Arbitrary units of integrated chemiluminescent signals normalized to the ERK2 loading control 
band are reported below each lane. Integrated chemiluminescent signals were quantified by Quantity one 
software. (C) RSK inhibition does not affect the loss of epithelial polarity. Top view (XY plane; upper panels) and 
cross-sectional (XZ plane; lower panels) confocal images of MDCK cells showing the effect of RSK inhibition on 
changes in PAR6β (green; upper part), ZO-1 (red; middle part) and β-catenin (green; lower part) localization, 
cell-cell contacts and cell area. Cells were treated for 16 hours with 1 μM 4HT and stained for PAR6β (green; 
upper part), ZO-1 (red; middle part), β-catenin (green; lower part) and DAPI (blue). To inhibit RSK activity, cells 
were pretreated with 10 μM BI-D1870. (D) Quantification of cell area and (E) quantification of adherens 
junctions height in cells treated as in C. Data are presented as a mean ±SD, n>120. (F) Phase contrast images of 
MDCK ΔRaf-1:ER treated for 16 hours with 1 μM 4HT without or with 10 μM BI-D1870. (G) Quantification of cell 
scattering in the presence of RSK inhibitor BI-D1870. Cells were treated as in F and cell scattering was 
quantified by the measurement of CI. Data are presented as mean ± SD (n=9 for each treatment). (H) 
Quantification of cell migration in the presence of RSK inhibitor BI-D1870. MDCK ΔRaf-1:ER cells were treated 
as in F and cell velocity was determined 14 hours after the treatment as described in Material and Methods. 
Data are presented as mean ± SD (n=30). (I) Phase contrast images of MDCK ΔRaf-1:ER cells treated for 16 
hours with 1 μM 4HT without or with 100 μM Sl0101. (J) Quantification of cell area in the presence of RSK 
inhibitor Sl0101. MDCK ΔRaf-1:ER cells were treated for 16 hours with 1 µM 4HT in the presence or absence of 
Sl0101 (20 µM). Data are presented as a mean ±SD, n>120. (K) Quantification of cell scattering in the presence 
of RSK inhibitor Sl0101. Cells were treated as in I and cell scattering was quantified by the measurement of CI. 
Data are presented as mean ± SD (n=15 for each treatment). 

4.5 THE ROLE OF DE NOVO GENE EXPRESSION IN THE MANIFESTATION OF 

THE LOSS OF APICAL-BASAL POLARITY AND CELL SCATTERING 
 Effector protein kinases ERK and RSK phosphorylate wide range of substrates, both in the 

cytoplasm and in the nucleus. Intuitively, the phosphorylation of proximal pre-existing cytoplasmic 

targets can result in rapid biological responses that are based only on posttranslational modification 

and do not involve changes in gene expression program of the cell. On the contrary, the 

phosphorylation of nuclear targets is usually connected directly or indirectly with changes in 

transcription of particular set of genes. Thus, the manifestation of specific responses that need 

transcription and related translation reprograming is supposed to be delayed. Since we observed 

time gap of approx. 2 hours between ERK activation and first signs of impaired epithelial integrity, we 

examined the role of de novo transcription and translation in this process. To this end, MDCK ΔRAF-

1:ER cells were pretreated  with transcriptional inhibitors actinomycin D and 5,6-Dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB) or translational inhibitor cycloheximide. Inhibition of transcription 

or translation by these inhibitors prevented the loss of epithelial polarity during ERK activation. Cells 

remained polarized with well-developed cell-cell contacts (Fig. 4.6A) and the area of these cells was 

comparable with control cells (Fig. 4.6C). As expected, transcriptional and translational inhibition also 

blocked cell scattering (Fig. 4.6B and 4.6D).  

These findings raised the question whether the cell scattering is transcriptional and/or 

translational dependent process and whether cell scattering requires to be preceded by the loss of 

epithelial polarity. To address this question, we performed series of drug „wash-out“ experiments. 
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We treated cells with 4HT to activate the ERK pathway simultaneously with given inhibitor for 8 

hours. Inhibitor was in turn washed-out. Initially, we treated cells concurrently with 4HT and RSK 

inhibitor BI-D1870 for 8 hours. After this period, cells lost epithelial polarity and became 

synchronously flat, but they were still held together in circular colony (CI index =0,8-0,9). At this time 

point, we washed BI-D1870 out and measured the velocity of cell scattering in time. MDCK islets 

subjected to concurrent 4HT and BI-D1870 treatment with the following BI-D1870 wash-out 

underwent almost immediate distortion accompanied by cell scattering (Fig. 4.6E). Since the initial 

stationary phase in circularity index observed in 4HT treated cells alone was skipped (Fig. 4.4C, dark 

blue line, first 5 hours) and MDCK cells can scatter much faster, it suggested that cell scattering is 

tightly tied with the manifestation of the loss of epithelial polarity.  

Similarly, we pretreated cells concurrently with 4HT and DRB or with 4HT and cycloheximide 

for 8 hours. The inhibition of both transcription and translation prevented the morphological changes 

induced by ERK as cells maintained both polarized cuboidal phenotype and circular colonies. At this 

time point, we washed out either inhibitor and followed cell scattering by circularity index 

measurement (Fig. 4.6E).  Similarly to 4HT treated cells alone (see Fig. 4.4C, dark blue line), the 

circular shape of MDCK colonies was unaffected for initial 5 hours and first decrease of circularity 

index was observed at later time points (Fig. 4.6E).  

We also wanted to determine the role of de novo gene expression in cell scattering itself. We 

pretreated cells with 4HT and RSK inhibitor BI-D1870 for 8 hours and then replaced BI-D1870 with 

DRB or cycloheximide. In both cases, the manifestation of cell scattering was neither blocked nor 

delayed and started immediately after BI-D1870 replacement (Fig. 4.6F).   

 Taken together, these data suggest that the transition from multicellular epithelium to single 

cell phenotype induced by ERK signaling in MDCK cells requires de novo gene expression. We 

propose that ERK drives the loss of epithelial polarity through the changes in transcriptional program 

of the cells, whereas RSK drives cell scattering independently of transcription or translation. In 

addition, we suggest that cell scattering induced by RSK can occur only after the loss of epithelial 

polarity. Thus, the loss of epithelial polarity and cuboidal cell shape is rate limiting step in cell 

scattering propagation.  
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Fig. 4.6 The morphological changes of MDCK ΔRaf-1:ER cells induced by ERK require de novo gene 
expression. (A) Top view (XY plane; upper panels) and cross-sectional (XZ plane; lower panels) confocal images 
of MDCK cells showing the effect of transcription and translation inhibition on changes in cell-cell contacts and 
cell area. Cells were treated for 6 hours with 1 μM 4HT and stained for β-catenin (green) and DAPI (blue). To 
inhibit transcription, cells were pretreated with 50 μM DRB. To inhibit translation, cells were pretreated with 1 
µg/ml cycloheximide. (B) Phase contrast images of MDCK ΔRaf-1:ER cells treated for 8 hours with 1 μM 4HT 
without or with transcription inhibitor DRB (50 μM) or translational inhibitor cycloheximide (1 µg/ml). (C) 
Quantification of cell area in cells treated as in A. In addition, the results from side-by side experiment of MDCK 
ΔRaf-1:ER cells treated with 1 μM 4HT and 5 µg/ml Actinomycin D (ACTD) are shown. Data are presented as a 
mean ±SD, n>120. (D) Quantification of cell scattering in the presence of transcription and translational 
inhibitors. MDCK ΔRaf-1:ER cells were treated for 8 hours with vehicle (Ctrl), 1 μM 4HT, 50 μM DRB or  1 µg/ml 
cycloheximide as indicated. Cell scattering was quantified by measurement of CI. Data are presented as mean ± 
SD (n=8 for each treatment). (E) Time course of cell scattering after the wash out of transcriptional, 
translational and RSK inhibitors. MDCK ΔRaf-1:ER cells were concurrently treated with 1 μM 4HT and 10 μM BI-
D1870 or 50 μM DRB or 1 µg/ml cycloheximide for 8 hours. At this time point, inhibitors were washed out and 
cells were incubated only with 1 μM 4HT for additional 14 hours. Circularity index was determined by following 
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of 6 colonies for each treatment and presented as mean ± SD. (F) Time course of cell scattering after 
concurrent wash out of RSK inhibitor and addition of transcription or translation inhibitors. MDCK ΔRaf-1:ER 
cells were treated with 1 μM and 10 μM BI-D1870 for 8 hours. At this time point, BI-D1870 was washed out and 
cells were incubated for at least 6 hours with of 1 μM 4HT without or with 50 μM DRB or 1 µg/ml 
cycloheximide. Circularity index was determined by following of 6 colonies for each treatment and presented 
as mean ± SD. 

4.6 THE LOSS OF EPITHELIAL POLARITY AND CUBOIDAL CELL SHAPE 

REQUIRES REMODELING OF ACTIN CYTOSKELETON  
 Actin cytoskeleton underneath the plasma membrane and at the sites of cell-cell contacts in 

particular represents important structural element that helps to maintain cuboidal morphology and 

apical-basal polarity of epithelial cells. We thus examined whether ERK signaling pathway induces 

remodeling of perijunctional actin cytoskeleton. We stained actin in MDCK ΔRAF-1:ER cells treated 

with 4HT with Texas Red-Phalloidin. The ERK activation led to reorganization of perijunctional actin 

cytoskeleton that reinforces cell-cell contacts (Fig. 4.7A). The previous observation that loss of 

epithelial polarity is accompanied by relocalization of tight junction proteins from apical site to basal 

site (see Fig. 4.5C, ZO-1 staining) suggests that actin cytoskeleton at apical site of lateral contact was 

preserved (Fig. 4.7A, white arrowhead), whereas actin cytoskeleton close to basal site underwent 

dissolution (Fig. 4.7A, yellow arrowhead). In addition, pretreatment with RSK inhibitor BI-D1870 did 

not prevent perijunctional remodeling induced by ERK suggesting that RSK signaling does not drive 

this process (Fig. 4.7A). To determine whether the remodeling of actin cytoskeleton is necessary for 

the loss of epithelial polarity, we pretreated cells with jasplakinolide, a drug that stabilizes and 

preserve cellular F-actin cytoskeleton. Stimulation of ERK signaling in the presence of jasplakinolide 

prevented the loss of epithelial polarity (Fig. 4.7B). Cells remained polarized with cell area and height 

of lateral junctions comparable to control cells (Fig. 4.7B, 4.7C and 4.7D). These data show that 

remodeling of actin cytoskeleton induced by ERK is crucial event leading to the loss of epithelial cell 

shape and polarity. 
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Fig. 4.7 The loss of epithelial polarity and cuboidal shape requires actin cytoskeleton remodeling. (A) ERK 
activation induces perijunctional actin remodeling independently of RSK. Top view (XY plane; upper panels) and 
cross-sectional (XZ plane; lower panels) confocal images of MDCK Raf-1:ER cells showing changes in actin 
organization. Cells were treated for 16 hours with 4HT (1 µM) without or with BI-D1870 (10µM), stained with 
Texas Red-Phalloidin (red) and counterstained with DAPI (blue). Arrowheads point to perijunctional actin at 
apical (white) and basal sides (yellow) of lateral membranes. (B) Top view (XY plane; upper panels) and cross-
sectional (XZ plane; lower panels) confocal images of MDCK ΔRaf-1:ER cells treated for 16 hours with 1 μM 4HT 
in the presence or absence of F-actin stabilizing drug jasplakinolide (50 ng/ml). Cells were stained for β-catenin 
(green) and counterstained with DAPI (blue). (C) Quantification of cell area and (D) quantification of adherens 
junctions height in cells treated as in B. Data are presented as mean ± SD, n > 120. 

4.7 REMODELING OF PERIJUNCTIONAL ACTIN CYTOSKELETON REQUIRES 

ATTENUATION OF RHOA-MDIA ACTIVITY 
 The family of small Rho GTPases including Rho, Rac1 and Cdc42 represents important 

regulators of actin cytoskeleton. Reorganization of actin cytoskeleton by Rho GTPases underlies 

many biological processes such as cell proliferation, the establishment of cell polarity and shape or 

cell migration. Not surprisingly, it has been shown that the establishment, maintenance and 

disruption of epithelial cell morphology are also under tight control of small Rho GTPases (Sahai and 
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Marshall 2002, Braga 2000). However, the role of the ERK pathway in the regulation of Rho GTPases 

in epithelial cells is rather unclear. To determine whether small RhoGTPases are involved in the 

regulation of perijunctional actin and epithelial polarity, we initially determined the changes in the 

phosphorylation of actin binding protein cofilin. Cofilin is phosphorylated and inactivated in the 

response to activation of RhoA, Rac1 or Cdc42 and thus represents target for indirect measurement 

of these Rho GTPases activities. Stimulation of MDCK ΔRAF-1:ER cells with 4HT resulted in significant 

decrease of cofilin phosphorylation of Ser3 which persisted for hours and days (Fig. 4.8A). These data 

suggested that activities of particular Rho GTPases may be downregulated by ERK signaling.  

 In next experiments, we examined the role of Rho GTPases more directly. First, we wanted to 

examine the role of RhoA in perijunctional actin remodeling. To manipulate the Rho activity, we used 

expression constructs encoding either constitutively active form of RhoA (RhoA-V14) or dominant 

negative form (RhoA-N19), both fused to GFP.  To examine whether alteration of RhoA activity 

affects perijunctional actin remodeling induced by ERK signaling, we transiently transfected the both 

forms of RhoA to MDCK ΔRAF-1:ER cells. Two days later, cells were subjected to 4HT treatment to 

induce ERK activity. We found that the expression of constitutively active form of RhoA almost 

completely impaired perijunctional actin remodeling and loss of cuboidal cell shape induced by ERK 

as judged from the cell area measurement (Fig. 4.8B and 4.8C). In contrast, dominant negative form 

of RhoA does not blocked rearrangement of perijunctional actin and cells underwent the loss of 

cuboidal shape similarly to control transfected cells (Fig. 4.8B and 4.8C). Collectively, these data 

suggest that ERK-mediated downregulation of RhoA signaling promotes remodeling of perijunctional 

actin and loss of cuboidal shape of MDCK cells.  

 Downstream of RhoA, Rho associated protein kinases (ROCK) and family of Diaphanous-

related formins (mDia) have been shown to be important effectors of RhoA in the regulation of 

cellular actin cytoskeleton. To examine ROCK/mDia roles in perijunctional actin remodeling, we 

impaired their function either by small molecule inhibitor (in case of ROCK) or by expression of 

constitutively active/dominant negative forms (in case of mDia). Inhibition of ROCK by specific ROCK 

inhibitor Y27632 alone did not significantly affected perijunctional actin bundles and epithelial 

morphology (Fig 4.8D and 4.8E). Moreover, pre-treatment of MDCK ΔRAF-1:ER cells with Y27632 

followed by ERK activation by 4HT did not block ERK induced perijunctional remodeling suggesting 

that global attenuation of ROCK activity did not mediate junctional rearrangement. On the other 

hand, transient transfection of dominant negative form of mDia induced cell flattening and increased 

cell area of MDCK cells, even without ERK activation (Fig. 4.8F and 4.8G). Conversely, the expression 

of constitutively active mDia in MDCK ΔRAF-1:ER cells blocked the increase in cell area induced by 

ERK activation (Fig. 4.8F and 4.8G). Since the increase in cell area correlates with the loss of cuboidal 
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shape and cell flattening, it implicates mDia formins as important regulators of perijunctional actin 

integrity. 

 Taken together, our data indicate that ERK signaling interferes with RhoA signaling. The 

attenuation of RhoA signaling then triggers the perijunctional actin remodeling, the loss of cuboidal 

cell shape and epithelial polarity. In addition, mDia formins, but not ROCK, appear to play decisive 

role in the perijunctional actin remodeling downstream of RhoA.  

Fig. 4.8 Perijunctional actin remodeling requires attenuation of RhoA-mDia. (A) Cofilin phosphorylation in 
MDCK ΔRaf-1:ER cells subjected to 1 μM 4HT for the indicated time. Cell lysates were probed with antibody 
recognizing phosphorylated cofilin at Ser3 residue (pSer3-cofilin) and reprobed with ERK2 antibody to confirm 
equal amount of loaded proteins. (B) Top view (XY plane; upper and middle panels) and cross-sectional (XZ 
plane; lower panels) confocal images of MDCK ΔRaf-1:ER cells transiently transfected with empty vector (pEGFP 
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N1), constitutive active RhoA-EGFP construct (RhoA V14) or dominant negative RhoA-EGFP construct (RhoA 
N19). 24 hours post transfection, cells were stimulated with 1 μM 4HT for 16 hours and stained with Texas Red-
phalloidin for visualization of F-actin (red) and counterstained with DAPI (blue). (C) Quantification of cell area in 
cells treated as in B. Data are presented as a mean ±SD, n>120. (D) Top view (XY plane; upper panels) and 
cross-sectional (XZ plane; lower panels) confocal images of MDCK ΔRaf-1:ER cells showing the effect of ROCK 
inhibition on actin organization. Cells were treated for 10 hours with vehicle (Control), 1 μM 4HT and 50 μM 
Y27632 as indicated. Cells were stained with Texas Red-phalloidin to visualize F-actin (red) and counterstained 
with DAPI (blue). (E) Quantification of cell area in cells treated as in D. Data are presented as a mean ±SD, 
n>120. (F) Effect of transient transfection of constitutive active mDia and dominant negative mDia on cell area. 
MDCK ΔRaf-1:ER cells were transfected with empty vector (pEGFP N1), constitutive active mDia-EGFP (ca mDia) 
and dominant negative mDia-EGFP (dn mDia). 24 hours after transfection, cells were incubated with vehicle or 
1 μM 4HT for 16 hours and stained with DAPI (blue). (G) Quantification of cell area in cells transfected and 
treated as in F. Data are presented as a mean ±SD, n>50. 
 

4.8 ERK INDUCED REMODELING OF PERIJUNCTIONAL ACTIN 

CYTOSKELETON AT SITES OF CELL-CELL CONTACTS REQUIRES 

CALPAIN ACTIVITY 
 The above presented results strongly implicated RhoA/mDia signaling as ERK downstream 

targets in the regulation of actin cytoskeleton and cell shape. However, they also raised the question, 

how ERK regulates RhoA signaling and consequently perijunctional actin and cell shape. One of the 

plausible links between ERK signaling, RhoA and actin cytoskeleton remodeling is represented by the 

family of calpain proteases. First, calpain has been shown to be phosphorylated and activated by ERK 

(Glading et al. 2004). Second, active calpain can intervene with small Rho GTPases signaling (Kulkarni 

et al. 2002). In additions, several studies highlighted the role of calpains in processes important for 

cancer development such as reduced adhesiveness, cell transformation, cell migration and invasion 

(Carragher and Frame 2002, Carragher et al. 2002, Carragher et al. 2004, Leloup and Wells 2011). 

Calpains thus represent potential downstream ERK effectors in manifestation of motile and invasive 

phenotype. 

We thus decided to determine the role of calpain activity in perijunctional actin remodeling 

and loss of apical-basal polarity in cells with conditionally activated ERK. To this end, we pretreated 

4HT stimulated MDCK ΔRAF-1:ER cells with three structurally different inhibitors of calpains – ALLN, 

ALLM and PD150606. All calpain inhibitors prevented perijunctional actin cytoskeleton remodeling 

and the loss of epithelial polarity (Fig. 4.9A, 4.9B and 4.9C). Not surprisingly, calpain inhibition also 

blocked cell scattering (Fig. 4.9E and 4.9F). Importantly, calpain inhibitors did not block increase in 

ERK activity indicating that calpain inhibitors act downstream of ERK (Fig. 4.9D). These data 

suggested that calpain activity is necessary for ERK induced remodeling of actin cytoskeleton and for 

the depolarization process of epithelial cells. Moreover, our additional findings (Fig. 4.12E) show that 

the expression of presumably constitutively active calpain 2 is sufficient to induce perijunctional actin 

dissolution and the loss of epithelial polarity. The ability of activated calpain 2 to mimic ERK 
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activation further supports the central role of calpain proteases in the regulation of epithelial 

integrity. 

 

Fig. 4.9 Calpain regulates perijunctional actin remodeling. (A) Calpain activity is necessary for perijunctional 
actin remodeling. Top view (XY plane; upper panels) and cross-sectional (XZ plane; lower panels) confocal 
images of MDCK cells showing the effect of calpain inhibition on actin cytoskeleton, cell area and cell–cell 
contacts. Cells were treated for 6 hours with 1 μM 4HT without or with calpain inhibitors PD150606 (500 μM) 
or ALLM (100 μM). Cells were stained with Texas Red-phalloidin to visualize F-actin (red) and counterstained 
with DAPI (blue). (B) Quantification of cell area and (C) quantification of adherens junctions height in cells 
treated as in A. Data are presented as a mean ±SD, n>120. In addition, the results from side-by-side experiment 
of MDCK ΔRaf-1:ER cells exposed to 4HT and the third calpain inhibitor ALLN (50 μM) are shown. Data are 
presented as a mean ± SD, n>120. (D) Calpain inhibition does not affect ERK activity. Subconfluent MDCK ΔRaf-
1:ER cells were treated with 1 μM 4HT for 8 hours without or with 500 μM PD150606. Cell lysates were probed 
with antibody recognizing phosphorylated ERK (p-ERK) and reprobed with ERK2 antibody to confirm equal 
amount of loaded proteins. (E) Phase contrast images of subconfluent MDCK ΔRaf-1:ER cell colonies treated 
with 1 μM 4HT for 8 h without or with 500 μM PD150606. (F) Calpain regulates cell scattering. Cells were 
treated as in E and cell scattering was quantified by the measurement of CI. Data are presented as a mean ± SD 
(for mock and 4HT treatments n = 8, for PD150606 treated cells n = 10). 
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4.9 RSK INDUCES E-CADHERIN INTERNALIZATION AND ADHERENS 

JUNCTIONS WEAKENING 
 Having identified calpain proteases as the main regulators involved the disassembly of lateral 

junctions and loss of apical-basal polarity, we focused on the molecular mechanisms underlying the 

cells scattering, successive step of epithelium breakdown. As described in the section 4.4, our 

experiments revealed that cell scattering is controlled by RSK and that this event could be to a large 

degree transcriptionally independent (see Fig. 4.6E and 4.6F). We thus aimed at the mechanism how 

RSK affects cell-cell adhesion.  

Transmembrane protein E-cadherin is a candidate target that can be regulated by protein 

kinase RSK, as it is an integral part of adherens junctions and plays pivotal role in cell-cell contact 

formation. Disruption of adherens junctions reduces adhesive forces between adjacent cells and 

facilities cell scattering (Loerke et al. 2012). Transcriptional downregulation of E-cadherin is 

considered as a central event in epithelilal-to-mesenchymal transition (EMT) that frequently 

accompanies the transition from multicellular epithelium to individually migrating mesenchymal cells 

(Huber, Kraut and Beug 2005, Thiery and Sleeman 2006). Another described mechanism of cell-cell 

contacts weakening involves E-cadherin relocalization from cell membrane and its degradation 

(Thiery and Sleeman 2006, Mosesson, Mills and Yarden 2009). To address whether ERK and RSK 

control E-cadherin, we first determined whether ERK activation affects the expression level of E-

cadherin protein. We found that short term, as well as long term, ERK and RSK activation did not 

significantly decrease the level of E-cadherin protein (Fig. 4.10A and 4.10B). It suggested that neither 

transcriptional downregulation nor the degradation of E-cadherin are involved in the breakdown of 

cell-cell contacts. Interestingly, we found that ERK activation induced the accumulation of E-cadherin 

in cytoplasm and obvious weakening E-cadherin based junctions (Fig. 4.10C). The cytoplasmic 

accumulation of E-cadherin was evident in scattered, as well as non-scattered cells. To quantitatively 

analyze the effect of RSK on the strength of E-cadherin contacts, we measured the intensity of E-

cadherin signal in cell-cell contacts as described before (Loerke et al. 2012). We found that the 

weakening of E-cadherin contacts in cells treated with 4HT was blocked by the pre-treatment of cells 

with RSK inhibitor BI-D1870 (Fig. 4.10D). Finally, we wanted to determine whether RSK inhibition 

reinforce E-cadherin junctions after cell-cell contacts breakdown. We stimulated MDCK ΔRAF-1:ER 

cells for 5 days with 4HT to induce cell scattering and complete relocalization of E-cadherin from 

adherens junctions. Subsequent treatment with BI-D1870 (upon ongoing treatment with 4HT) 

induced reversion from scattered to non-scattered phenotype. Changes in cell morphology were 

accompanied by recovering of E-cadherin based junctions at basal site (Fig. 4.10E). Taken together, 

these data suggested that protein kinase RSK is a downstream effector of ERK that regulates the 
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integrity of E-cadherin contacts. Thus, RSK controls manifestation of cell scattering through the 

reduction of cell-cell cohesion and through the induction cell migration.  

 

 

 

 

 

 

Fig. 4.10 RSK regulates the strength of E-cadherin based cell-cell adhesions. (A) ERK activation for several 
hours does not affect E-cadherin protein level. MDCK ΔRaf-1:ER cells were treated with 1 μM 4HT for the 
indicated time and cell lysates were probed with antibody recognizing E-cadherin and reprobed with ERK2 
antibody to confirm equal amount of loaded proteins. (B) ERK activation for several days does not affect E-
cadherin protein level. Cells were treated with 1 μM 4HT for indicated time. Cell lysates were probed with E-
cadherin and phosphorylated ERK (p-ERK) antibodies and reprobed with ERK2 antibody to confirm equal 
amount of loaded proteins. (C) ERK activation induces cytoplasmic accumulation of E-cadherin. MDCK ΔRaf-
1:ER cells were treated for 10 h with 1µM 4HT. Fixed cells were stained with E-cadherin antibody (green), 
counterstained with DAPI (blue) and analyzed by confocal microscopy. Lower panels show a higher 
magnification of boxed area from upper panels. Arrowheads indicate perinuclear cytoplasmic accumulation of 
E-cadherin. (D) RSK regulates the strength of E-cadherin junctions. Epifluorescence images of MDCK ΔRaf-1:ER 
cells treated as in C and stained with E-cadherin antibody (left) and the graph showing relative intensity of E-
cadherin in cell–cell contacts (right). Cells treated as in C were used for analysis of E-cadherin level in cell–cell 
junctions as described in Material and methods. Data are presented in the box and whiskers plot (n = 50), ***p 
< 0.001. (E) RSK inhibition restores E-cadherin in cell–cell junctions. Epifluorescence images (left) and the graph 
showing the relative intensity of E-cadherin in cell–cell contacts (right) of MDCK ΔRaf:1:ER cells exposed to 4HT 
for 5 days followed by treatment with 10 μM BI-D1870 for 8 h. Cells were stained and analyzed as in D. 
Arrowheads point the changes in the strength of E-cadherin contacts after RSK inhibition.  
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4.10 OVEREXPRESSION OF ERK2 ISOFORM IN MDCK CELLS INDUCES 

CHANGES IN EPITHELIAL INTEGRITY AND BYPASSES THE 

REQUIREMENT FOR THE UPSTREAM ACTIVATION  
 Mammalian cells, including MDCK cells, express two ERK isoforms, ERK1 and ERK2 (Busca et 

al. 2016). The both isoforms are widely co-expressed in tissues and both are co-activated in a similar 

fashion. They share more than 80% of amino acid identity and plenty of studies showed their 

overlapping, if not redundant, functions (Busca et al. 2016). However, some studies have proposed 

distinct functions in regulation of specific biological responses. In particular, changes in epithelial 

integrity leading to mesenchymal phenotype, increased migration and invasion have been attributed 

preferentially to ERK2 isoform (Shin et al. 2010, Radtke et al. 2013, Botta et al. 2012). We therefore 

prepared cell line stably transfected with FLAG-tagged ERK2. Comparing to parental MDCK cells, cells 

expressing FLAG-ERK2 exhibited the features typical for the loss of apical-basal polarity such as 

increase in cell area paralleled by decrease in cell height (Fig. 4.11A, 4.11B, 4.11C and 4.11D). 

Moreover, ectopic expression of FLAG-ERK2 resulted in partial disruption of circular shape of MDCK 

colonies. We frequently observed empty spaces within the colonies, although cell scattering was not 

as remarkable as in case of HGF or 4HT treated cells (Fig. 4.11E compare with Fig 4.1E or Fig 4.3D).  

 ERKs interact with their substrates through two separate domains - CD interacting domain or 

DBP domain. These domains interact with different sets of substrates and ensure their efficient 

phosphorylation. To determine the particular ERK interaction domain responsible for phenotype 

manifestation, we stably transfected MDCK cells with FLAG-ERK2 that had mutated CD interacting 

domain (ERK2 DDNN) or DBP domain (ERK2 L232). These point mutations in ERK2 was shown to 

effectively block interaction with substrates containing D-domain, resp. DEF motif (Shin et al. 2010). 

Interestingly, overexpression of ERK2 L232 did not induce changes in epithelial polarity suggesting 

that ERK effectors containing DEF-motif potentially drive breakdown of epithelial phenotype. In 

striking contrast, the morphology of cells overexpressing ERK2 DDNN mutant phenocopied to a large 

extent WT-ERK2. Cells became flattened covering larger area and cell-cell contacts decreased in 

height (Fig. 4.11A, 4.11B, 4.11C and 4.11D). However, the shape of colonies was not affected, as they 

remained mostly circular (Fig. 4.11A and 4.11E).   

 Previous study showed that ERK2 DDNN mutant was unable to associate and phosphorylate 

RSK (Shin et al. 2010) making RSK the plausible candidate in the regulation of colony shape. We thus 

tested the ability of ERK2, ERK2 L232 or ERK DDNN to activate RSK. We observed that ectopic 

expression of ERK2 wt slightly increased RSK phosphorylation at Ser221 and Thr348, whereas the 

expression of ERK2 DDNN significantly decreased both phosphorylations of RSK (Fig. 4.11F and 

4.11G). Thus, these data suggested that preserved circularity of MDCK ERK2 DDNN colonies is most 

likely caused by inability of ERK2 DDNN to activate RSK.  
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Collectively, these data suggest that the overexpression of ERK2 is sufficient to induce the 

loss of epithelial polarity and to corrupt the regular shape of MDCK colonies. It appears that these 

two processes are controlled by different ERK effectors: while substrates containing DEF-motif are 

responsible for changes in epithelial polarity, the substrates containing D-domain control the shape 

of colonies. 
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Fig. 4.11 Ectopic expression of ERK2 isoform is sufficient to induce changes in epithelial integrity. (A) Phase 
contrast images of parental MDCK cells (MDCK wt) and MDCK lines stably transfected with either FLAG-ERK2wt 
(MDCK ERK2), FLAG-ERK2 L232A (MDCK ERK2 L232) or FLAG-ERK2 DDNN (MDCK ERK2 DDNN). Lower panels 
show higher magnification of images from upper panels. The images were captured 48 hours after seeding. (B) 
Top view (XY plane; upper panels) and cross-sectional (XZ plane; lower panels) confocal images of MDCK cells 
showing the effect of ectopic expression of ERK2 isoform and ERK2 mutants on changes in actin organization, 
cell-cell contacts and cell area. Parental MDCK cells (MDCK wt), MDCK ERK2, MDCK ERK2 L232 and MDCK ERK2 
DDNN were stained 48 hours after seeding with Phalloidine-Rhodamine to visualize F-actin (red; upper part), β-
catenin (green; middle part) and DAPI (blue). Merge images of actin, β-catenin and DAPI staining are displayed 
in the lower part. (C) Quantification of cell area and (D) quantification of adherens junctions height in cells 
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prepared as in B. Data are presented as a mean ±SD, n>120. (E) Quantification of cell scattering in cells 
prepared as in A. Cell scattering was quantified by the measurement of CI. Data are presented as mean ± SD 
(n>50 for each treatment). (F) Ectopic expression of ERK2 DDNN attenuates phosphorylation of RSK at Ser221. 
Cell lysates were probed with antibodies recognizing phosphorylated RSK at Ser221 (pSer221-RSK), Flag-Tag 
and ERK2 and reprobed by RSK to confirm equal amount of loaded proteins. Red arrow highlights the loss of 
RSK phosphorylation at Ser221 in MDCK ERK2 DDNN. (G) Ectopic expression of ERK2 DDNN attenuates 
phosphorylation of RSK at Thr348. Cell lysates were probed with antibodies recognizing phosphorylated RSK at 
Thr348 (pThr348-RSK) and reprobed by FAK antibody to confirm equal loading of proteins. Red arrow highlights 
the loss of RSK phosphorylation at Thr348 in MDCK ERK2 DDNN. 
 

4.11 CALPAIN-2 AS A POTENTIAL TARGET OF ERK CONTROLLING THE LOSS 

OF EPITHELIAL POLARITY 
 Our results strongly suggested that the calpain activity is necessary for perijunctional actin 

remodeling and the loss of epithelial polarity (see Fig. 4.9). In the remaining work we focused on 

determining the role of particular calpain isoforms in these processes. The family of calpain 

proteases contains 16 different members, some of which are expressed ubiquitously while some 

calpains are expressed in tissue specific manner (Ono and Sorimachi 2012). Analysis of MDCK 

transcriptome by RNA sequencing (RNAseq) revealed that MDCK cells express 7 calpain isoforms. 

CAPN1, CAPN2 and CAPN5 being the most abundant (Fig. 4.12A). Since CAPN2 is also phosphorylated 

by ERK (Glading et al. 2004) and since it is one of the most abundant isoform expressed in MDCK cells 

we therefore decided to address whether CAPN2 could be involved in the ERK induced changes of 

epithelial morphology.  

First, we wanted to know, whether ERK and CAPN2 can interact and whether ERK activation 

affects their association. To examine this, MDCK ΔRAF-1:ER cells were co-transfected with HA-tagged 

CAPN2 and FLAG-tagged ERK2 and allowed to express them for 48 hours. Cells were then stimulated 

with 4HT to activate the ERK pathway. FLAG-ERK2 was subsequently immunoprecipitated and the 

amount of HA-CAPN2 present in ERK2 immunoprecipitate was analyzed by western blotting (Fig. 

4.12B). We observed none or very weak interaction between ERK and CAPN2 in non-stimulated cells. 

However, the interaction between CAPN2 and ERK2 was significantly increased after the ERK 

pathway stimulation (Fig. 4.12B). The pretreatment with specific MEK inhibitor abrogated the ability 

of ERK2 to interact with CAPN2 suggesting that only phosphorylated and activated ERK can associate 

with CAPN2 during the loss of epithelial polarity (Fig. 4.12B).  

 Next, we analyzed whether CAPN2 phosphorylation can be enhanced by ERK activation in 

MDCK ΔRAF-1:ER cells. Previously, it has been shown that ERK directly phosphorylates CAPN2 at 

Ser50 and that the phosphorylation increases CAPN2 activity (Glading et al. 2004). Only one specific 

primary antibody recognizing phosphorylated residue Ser50 is commercially available, but it did not 

work in our hands. To confirm that ERK induces CAPN2 phosphorylation, we employed modified SDS-

PAGE that allowed us to separate phosphorylated and non-phosphorylated forms of CAPN2 (see the 
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Material and Method section). We transfected HA-CAPN2 into MDCK ΔRAF-1:ER cells and treated 

cells with vehicle, 4HT or 4HT with UO126 (Fig. 4.12C). Separation of protein by modified SDS-PAGE 

revealed that the activation of ERK signaling decreased migration of a CAPN2 fraction (upper band in 

Fig. 4.12C) suggesting that ERK activation induced phosphorylation and probably also activation of 

CAPN2. Conversely, pretreatment with UO126 significantly blocked bandshift of CAPN2 confirming 

that CAPN2 is phosphorylated in ERK dependent manner.  

 These observations prompted us to examine whether calpain activity is sufficient to induce 

changes in cuboidal shape of epithelial cells and epithelial polarity. We prepared the 

phosphomimetic mutant of CAPN2, where serine residue at the position 50 is replaced by glutamic 

acid (S50E). The negative charge introduced by mutagenesis mimics the presence of phosphate 

group. Phosphomimetic S50E mutant is supposed to be constitutively active (Glading et al. 2004). 

Using FRT methodology, we prepared MDCK cell lines that stably express either FLAG-CAPN2 wt 

(MDCK CAPN2 wt) or phosphomimetic mutant form FLAG-CAPN2 S50E (MDCK CAPN2 S50E; Fig. 

4.12D). Ectopic expression of FLAG-CAPN2 wt did not induce significant changes in morphology of 

epithelial cells. Cells remained polarized, perijunctional actin cytoskeleton supporting cell-cell 

contacts remained well preserved and circular shape of colonies was comparable with control cells 

(Fig. 4.12E, 4.12F, 4.12G and 4.12H). In contrast, ectopic expression of phosphomimetic mutant 

FLAG-CAPN2 S50E induced considerable changes in epithelial morphology. Cells became flat and 

large, perijunctional actin cytoskeleton supporting cell-cell contacts underwent almost complete 

dissolution and cell-cell contacts remained present only at basal site (Fig. 4.12E, 4.12F and 4.12G). 

The expression of CAPN2-S50E also affected the shape of MDCK colonies. The colonies were more 

irregular than in parental culture, but cells scattered very rarely (Fig. 4.12E and 4.12H). Collectively, 

ectopic expression of CAPN2 S50E induced very similar changes in epithelial morphology to ectopic 

expression of ERK2 wt and ERK2 DDNN. MDCK CAPN2 S50E cells, however, differ from the ERK2 

stable cell lines in the absence of perijunctional actin and in the presence of larger number of stress 

fibers. 

 Taken together, these data suggest that activation of the ERK pathway drives remodeling of 

perijunctional actin followed by loss of apical-basal polarity through CAPN2 protease. This is 

evidenced namely by the fact that pan-calpain inhibition blocks, and the expression of CAPN2-S50E 

induces, the remodeling of perijunctional actin cytoskeleton and changes in cuboidal shape of 

epithelial cells. Considering previously published data (Glading et al. 2004, Leloup et al. 2010) we 

hypothesize that association of ERK2 with CAPN2, CAPN2 phosphorylation at Ser50 and CAPN2 

translocation to the membrane is central for changes in epithelial morphology induced by ERK. 
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Fig. 4.12 Ectopic expression of phosphomimetic mutant form CAPN2 S50E is sufficient to induce changes in 
epithelial integrity. (A) Normalized mRNA expression of CAPN isoforms in parental MDCK cells. (B) CAPN2 
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associates with ERK2 in MDCK ΔRaf-1:ER cells upon ERK activation. MDCK cells were transiently co-transfected 
with FLAG-ERK2 and HA-CAPN2 constructs. Cells were stimulated 48 hours after transfection with 1 µM 4HT or 
20 µM UO126 for 5 hours as indicated. FLAG-ERK2 was then precipitated and detected with FLAG antibody. Co-
precipitated HA-CAPN2 was detected with HA-antibody. The activity of ERK was monitored with antibody 
recognizing phosphorylated ERK (P-ERK). Total cell lysates were probed with the FLAG and HA antibodies to 
verify comparable expression levels of FLAG-ERK2 and HA-CAPN2. (C) ERK induces phosphorylation of CAPN2 in 
ΔRaf-1:ER cells. MDCK cells were transiently transfected with HA-CAPN2 construct. Cells were stimulated 48 
hours after transfection with  1 µM 4HT or 20 µM UO126 for 5 hours as indicated. Cell lysates were probed 
with ERK2, HA-Tag and E-cadherin antibodies. E-cadherin staining was used to confirm an equal amount of 
loaded proteins. Red arrows in HA staining highlight potentially less phosphorylated CAPN2 (lower band) and 
more phosphorylated CAPN2 (upper band). (D) Expression of CAPN2 wt and CAPN2 S50E in MDCK cells. Cell 
lysates from parental MDCK cells (MDCK wt) or cells stably transfected with either FLAG-CAPN2 wt or FLAG-
CAPN2 S50E constructs (MDCK CAPN2wt or MDCK CAPN2 S50E) were probed with antibody recognizing FLAG-
Tag and reprobed with ERK2 antibody to confirm equal amount of loaded proteins. (E) Phase contrast images of 
parental MDCK (MDCK wt), MDCK CAPN2 wt and MDCK CAPN2 S50E cells. The images were captured 48 hours 
after seeding. (F) Top view (XY plane; upper panels) and cross-sectional (XZ plane; lower panels) confocal 
images of MDCK cells showing the effect of CAPN2 wt and CAPN2 S50E expression on changes in actin 
organization (red; upper part), β-catenin localization (green; middle part), PAR6β localization (green; lower 
part), cell-cell contacts and cell area. Parental MDCK cells, MDCK CAPN2wt, MDCK CAPN2 S50E were stained 48 
hours after seeding with Phalloidine-Rhodamin (red; upper part), β-catenin (green; middle part), PAR6β (light 
green; lower part) and DAPI (blue). (G) Quantification of cell area in cells prepared as in F. Data are presented 
as a mean ±SD, n>120. (E) Quantification of cell scattering in cells prepared as in E. Cell scattering was 
quantified by the measurement of CI. Data are presented as mean ± SD (n=8 for MDCK wt, n=10 for MDCK 
CAPN2 wt, n=27 for MDCK CAPN2 S50E). 

4.12 INHIBITION OF CAPN2 SIGNALING BY THE EXPRESSION OF 

CATALYTICALLY DEAD CAPN2, PHOSPHOABLATIVE MUTANT CAPN2 

S50A OR BY KNOCKOUT OF CAPN2 GENE  
 Next, we examined whether attenuation of CAPN2 activity in MDCK cells can influence ERK 

induced changes in epithelial integrity. We stably transfected MDCK cells with either catalytically 

dead CAPN2 containing point mutation in the active site (C105A) or phosphoablative mutant form of 

CAPN2 that has serine at position 50 replaced to alanine (S50A; Fig. 4.13A). Both mutants of CAPN2 

are supposed to be inactive (Glading et al. 2004) and there was a chance that they could behave as a 

dominant negative forms inhibiting the function of  endogenous CAPN2 (Sheppard 1994). After 

plating, parental MDCK, MDCK CAPN2 C105A or MDCK CAPN2 S50A cell lines were allowed to form 

discrete polarized colonies. Simultaneous stimulation of parental MDCK, MDCK CAPN2 C105A or 

MDCK CAPN2 S50A by HGF/SF induced gradual changes in epithelial morphology leading to the loss 

of epithelial polarity and cell scattering (Fig. 4.13B). However, the dynamics and extent of particular 

changes in epithelial morphology slightly differed among the cell lines. In response to HGF/SF, 

catalytically dead mutant of CAPN2 C105A behaved very similarly to parental MDCK. The progression 

of cell flattening, protrusion formation, cell scattering and the capacity to migrate were comparable 

(Fig. 4.13B). Conversely, stimulation of MDCK CAPN2 S50A by HGF/SF seemingly reduced the rate of 

cell flattening and development of protrusions at the margin of epithelial colony. The difference in 

increase in cell area and protrusion formation upon HGF stimulation is most prominent in Fig. 4.13B 

(compare MDCK wt and MDCK CAPN2 S50A treated with HGF for 6 hours). Surprisingly, the 
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expression of CAPN2 wt and CAPN2 S50A, but not catalytically dead CAPN2 C105A, significantly 

increased cells’ basal migration (Fig. 4.13C and 4.13D). Similarly, in HGF stimulated cells, CAPN2 wt, 

as well as CAPN2 S50A, but not catalytically dead form, significantly improved cell motility. These 

data suggest that migration capacity of MDCK cells can be promoted by CAPN2 and this support is 

dependent on calpain activity, but independent on phosphorylation of Ser50 (Fig. 4.13C and 4.13D). 

Since the expression of phosphoablative mutant CAPN2 S50A is able to partially slow down 

the manifestation of cell flattening induced by ERK, we used CRISPR/Cas9 system to target 

endogenous expression of CAPN2. Using three different targeting sequences and parental MDCK cell 

line, we prepared a several clonally selected cell lines where the expression CAPN2 has been 

disrupted (Fig. 4.14A). Two CAPN2 KO clones 1A-B7 and 3B-C2 were subjected to further analysis. 

Upon HGF/SF treatment, CAPN2 KO cells underwent loss of epithelial polarity and cell scattering. 

However, similarly to MDCK CAPN2 S50A cell line, the manifestation of cell flattening and the loss of 

epithelial polarity were delayed in the comparison to parental cell line (Fig. 4.14B, compare MDCK wt 

and KO CAPN2 1A-B7 treated with HGF for 6 hours). Interestingly, the migration was significantly 

reduced in MDCK KO CAPN2 cells suggesting that CAPN2 plays important role in HGF induced cell 

motility (Fig. 4.14C).  

 Taken together, CAPN2 depletion in MDCK cells delays morphological changes induced by 

HGF/SF, although these changes were not completely abrogated. We therefore suggest that other 

calpain isoform may act in parallel to CAPN2 and participate in the actin cytoskeleton remodeling, 

cell flattening and the loss of epithelial polarity. 
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Fig. 4.13 Expression of phosphoablative mutant form of CAPN2 S50A or catalytically dead mutant CAPN2 
C105A does not prevent changes in epithelial integrity induced by HGF. (A) Expression of phosphoablative 
mutant form CAPN2 S50A and catalytically dead mutant CAPN2 C105A in MDCK cells. Cell lysates from parental 
MDCK cells (MDCK wt) or cells stably transfected with either FLAG-CAPN2 S50A or FLAG-CAPN2 C105A 
constructs (MDCK CAPN2 S50A or MDCK CAPN2 C105A) were probed with antibody recognizing FLAG-Tag and 
reprobed with ERK2 antibody to confirm equal amount of loaded proteins. (B) Phase contrast images of HGF 
treated parental MDCK (MDCK wt), MDCK CAPN2 S50A and MDCK CAPN2 C105A cells. Cells growing in isolated 
islets were stimulated with HGF/SF (100 ng/ml) for indicated time. (C) Quantification of accumulated distance 
of parental, MDCK CAPN2 wt and MDCK CAPN2 C105A cells during the period of 16 hours of HGF (100ng/ml) 
stimulation. Accumulated distances of individual cells were measured as described in Material and methods. 
Data are presented in the box and whiskers plot (n > 30), ***p < 0.001, p>0.05 (not significant-ns). (D) 
Quantification of accumulated distance of parental, MDCK CAPN2 wt and MDCK CAPN2 S50A upon HGF 
stimulation. Cells were treated as in C. Accumulated distances of individual cells were measured as in C. Data 
are presented in the box and whiskers plot (n > 30), ***p < 0.001. 
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Fig. 4.14 CAPN2 depletion by CRISPR/Cas9 slows down manifestation of morphological changes in epithelial 
integrity induced by HGF. (A) The level of CAPN2 protein in particular clones of CAPN2 knockouts prepared by 
CRISPR/CAS9. Cell lysates were probed with antibody recognizing CAPN2 and reprobed with ERK2 antibody to 
confirm equal amount of loaded proteins. (B) Phase contrast images of HGF treated parental cells (MDCK wt) or 
a clone of MDCK cells with effective knockout of CAPN2 gene (KO CAPN2 1AB7). Cells growing in isolated islets 
were stimulated with HGF/SF (100 ng/ml) for indicated time. (C) Quantification of accumulated distance of 
parental MDCK cells and two MDCK knockout clones in CAPN2 gene (MDCK CAPN2 KO 1A-B7 and MDCK CAPN2 
KO 3B-C2) during the period of 24 hours of HGF (100ng/ml) stimulation. Accumulated distances of individual 
cells were measured as described in Material and methods. Data are presented in the box and whiskers plot (n 
> 30), ***p < 0.001. 
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4.13 ERK AND CAPN2 REGULATE PROTRUSIVITY AT THE MARGIN OF MDCK 

COLONIES AND THIS EVENT IS ACCOMPANIED BY PERIPHERAL ACTIN 

REMODELING 
 From our previous experiments it became evident that ERK and CAPN2 are involved in loss of 

epithelial polarity and the adoption of front-rear polarity that is typical for individually migrating 

cells. One of the typical markers of cells migrating on flat and rigid substrates is the formation of 

lamellipodia-based protrusions. Lamellipodia are thin actin-based membrane protrusions that 

generate pushing forces and propels cellular movement. When we analyzed the margin of epithelial 

islets in MDCK colonies, we found that the stimulation of ERK activity induced rapid formation of 

lamellipodia-like protrusions in marginal cells (Fig. 4.15A). We observed similar protrusive behavior in 

cells ectopically expressing either ERK2 or CAPN2 S50E (Fig. 4.15A). 

 The physical backbone of lamellipodia-based protrusions is made of meshwork of actin 

cytoskeleton. We therefore stained cells with Phalloidin-Rhodamine to visualize F-actin fibers within 

the cells. Consistently with previous findings (Ridley et al. 1995), we observed that colonies of 

parental MDCK cells are flanked by thick marginal actin bundles that form seemingly pluricellular 

structure (Fig. 4.15B). ERK activation by 4HT in MDCK Raf-1:ER cells , the ectopic expression of ERK2 

or expression of mutationaly activated CAPN2 S50E disrupted well-organized peripheral actin 

bundles to numerous tenuous fibers accompanied by the formation of actin-based protrusions (Fig. 

4.15B). 
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Fig. 4.15 ERK and CAPN2 regulate protrusivity and actin organization at the margin of MDCK colonies. (A) 
Phase contrast images of parental MDCK cells (MDCK wt),  MDCK ΔRaf-1:ER cells stimulated with 1 µM for 16 
hours , MDCK ERK2 or MDCK CAPN2 S50E cells. Lower panels showed higher magnification of images from 
upper panels. The images of MDCK wt, MDCK ERK2 and MDCK CAPN2 S50E were captured 48 hours after 
seeding. The images of MDCK ΔRaf-1:ER cells were captured 64 hours after seeding. (B) Actin organization at 
the margin of MDCK parental cells (MDCK wt), MDCK ΔRaf-1:ER cells stimulated with 1 µM for 16 hours , MDCK 
ERK2 and MDCK CAPN2 S50E cells is shown. Cells were prepared as in A and stained with Phalloidin-Rhodamine 
(F-actin). 

4.14 ORGANIZATION OF PERIPHERAL ACTIN BUNDLES AT THE EDGE OF 

EPITHELIAL SHEET 
 Based on aforementioned results, we decided to analyze the peripheral actin bundles in 

more detail. First, we compared peripheral actin organization in cells exposed to different conditions. 

We prepared MDCK cells grown in monolayer or grown in isolated islets. We also subjected 

monolayer to wound by scratch to mimics injury or made gap inside the epithelium by silicon inserts 

that do not trigger injury response (Nikolic et al. 2006). Not surprisingly, we observed that MDCK 

cells grown in monolayer formed only conventional stress fibers at basal site (Fig. 4.16). On the other 

hand, isolated islets of MDCK cells were encircled by thick marginal bundles without any prominent 

protrusions (Fig. 4.16). In striking contrast, cells migrating to the wound made by scratch displayed 

protrusions formed along the entire length of the epithelial margin and pluricellular actin bundles 

formed behind the protrusions connecting neighboring cells (Fig. 4.16). Finally, cells sealing the gap 



98 
 

after silicone insert removal displayed mixed actin organization in the edge cells. Some cells formed 

protrusions, whereas others were flanked by thick actin bundle without prominent protrusive 

behavior.  

 

 

Fig. 4.16 Organization of peripheral actin at the free edge of MDCK cells. (A) Phase contrast images of 
parental MDCK cells:  growing in monolayer (monolayer), growing in isolated islets (subconfluent), subjected to 
wound by scratch (wound by scratch) and after removal of silicone insert (gap). (B) Actin organization at the 
margin of MDCK cells prepared as in A is shown. Cells were stained with Phalloidin-Rhodamine to visualize 
cellular actin cytoskeleton (F-actin).  

4.15 PERIPHERAL ACTIN BUNDLES AT THE EDGE OF MDCK CELLS SHEET 

ARE ANCHORED IN MULTIPLE FOCAL ADHESIONS  
 In order to describe the rearrangement of peripheral actin cables in more detail, we decided 

to characterize their structure and function in MDCK cells grown in isolated islets. To this end, we 

stained cells with Phalloidine-Rhodamin to visualize F-actin and used confocal microscopy to 

precisely characterize prominent actin structure in epithelium. At the basal site of MDCK colony, two 

prominent types of actin fibers were present – conventional stress fibers and thick marginal actin 

bundles that were oriented parallel with the free edge of the marginal cells (Fig. 4.17A). In addition 

to actin fibers at basal side of cells, we visualized perijunctional actin cytoskeleton supporting cell-cell 

contacts in cellular middle layers and actin meshwork constituting the roofing of epithelial cells (Fig. 

4.17A).  

 A comparison of conventional stress fibers with peripheral actin bundles revealed several 

differences. Peripheral actin bundles differed from the conventional stress fibers in height and width. 

Peripheral fibers being approx. three times higher and wider than conventional stress fibers (Fig. 

4.17B, 4.17C and 4.17D). In contrast to conventional stress fibers that are anchored to focal 
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adhesions at the ends only, basal side of peripheral bundles co-localized with several proteins of 

focal adhesions along its length indicating that these bundles are attached to the substrate through 

multiple adhesions (Fig. 4.17E, 4.17F and 4.17G).  Interestingly, apical site of peripheral actin bundle 

seemed to be mostly free of focal adhesions proteins (Fig. 4.17F, xz cross-sections) suggesting that 

the top layer of peripheral bundles is not attached to the substrate.  

We further characterized the dynamics of peripheral bundles using live cell imaging of MDCK 

cells expressing RFP-actin. Fluorescence recovery after photobleaching (FRAP) analysis of 

conventional stress fibers, as well as peripheral bundles, revealed rather rapid recovery of 

fluorescent signal in bleached areas (Fig. 4.17H). We observed in the both cases more than 70% RFP 

signal recovery within 6 min after photobleaching indicating that internal dynamics of stress fibers, as 

well as peripheral actin, is quite high. On the other hand, live cell imaging of MDCK cells expressing 

RFP-actin revealed that peripheral bundles display limited movement and form stable boundary of 

cell colony (Fig. 4.17I, blue arrowhead). Interestingly, the protrusivity was significantly reduced at the 

free edges of cells with peripheral bundles, although protrusions were formed at the same cells at 

the sites away from peripheral bundles (Fig. 4.17I, green arrowhead). We also observed dynamic 

actin protrusions being formed in cells within the islet and protruded beneath neighboring cells. The 

formation of these so called “cryptic lamellipodia” indicated that the protrusive activity is not 

globally reduced (Fig. 4.17I, black arrowhead). Small protrusions were also infrequently observed at 

the sites of peripheral actin discontinuity (red arrowheads in Fig. 4.17I) or in the marginal cells that 

lacked peripheral actin (data not shown). Consistently with the cells’ ability to form cryptic 

lamellipodia, cells displayed dynamic movement that was confined to cell colony (Fig. 4.17J, 4.17K 

and 4.17L). The movement of marginal cells and cells within the colony was similar although the 

velocity of marginal cells seemed to be slightly slower (Fig. 4.17L). Interestingly, the boundaries of 

colonies remained stationary for hours without prominent movement (Fig. 4.17K) raising the 

possibility that peripheral actin prevents the colony movement. Collectively, these data are 

consistent with previously published results that showed that the absence of peripheral actin induces 

protrusivity and they suggest that peripheral actin may be antagonistic to membrane protrusion and 

cell spreading (Ridley et al. 1995, Farooqui and Fenteany 2005, Reffay et al. 2014).   
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Fig. 4.17 Peripheral actin characterization in MDCK cells growing in isolated islets. (A) Top view (XY plane; 
upper panels) and cross-sectional (XZ plane; lower panels) confocal images of parental MDCK cells showing 
different organization of actin cytoskeleton in distinct horizontal layers. Cells were fixed 48 hours after seeding 
and actin cytoskeleton was visualized by Phalloidin-Rhodamine. Basal layer (left images) of epithelial colony 
displays number of stress fibers (yellow arrow) and thick marginal bundle at epithelial edge (red arrow). The 
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middbody of colony (images in the middle) displays prominent perijunctional actin (red arrow) that supports 
cell-cell contacts. The top of colony (right images) is composed of meshwork of actin. (B) Top view (XY plane; 
upper panels) and cross-sectional (XZ plane; lower panels) high-resolution confocal images of parental MDCK 
cells showing the organization of peripheral actin in more detail. Cells were stained with Phalloidin-Rhodamine 
(white) and counterstained with DAPI (blue). (C) Quantification of peripheral actin bundle height and (D) 
quantification of peripheral actin bundle width of MDCK cells. Data are presented as a mean ±SD (n=13 for 
peripheral bundle, n=15 for stress fiber). (E) Confocal images of basal site of MDCK cells growing in isolated 
islets showing colocalization of peripheral actin bundle with protein of focal adhesions vinculin. Cells were fixed 
48 hours after seeding and stained for actin (red) and for marker of focal adhesions vinculin (green). White 
arrowheads point at the structure of peripheral actin bundle. (F) Confocal images of xz projection of MDCK cells 
growing in isolated islets showing colocalization of peripheral actin bundle with proteins of focal adhesions. 
Cells were prepared and stained as in E. White arrowheads highlight the colocalization region. (G) 
Quantification of a colocalization of either stress fibers or peripheral bundle with vinculin at basal site. Data are 
presented in the box and whiskers plot (n > 30), ***p < 0.001. (H) Fluorescence recovery after photobleaching 
(FRAP) experiment showing high internal dynamics of peripheral actin bundles, as well as stress fibers, in MDCK 
cells. Actin structures in MDCK RFP-actin cells were bleached by a pulse of high intensity laser. Recovery of 
signal was monitored at indicated time by live cell imaging of MDCK RFP-actin cells using confocal microscopy. 
Red asterisks highlight bleached areas. (I) Time-lapse imaging of MDCK RFP-actin cells growing in isolated islets 
showing the dynamics of peripheral actin and protrusions within MDCK colony. The actin dynamics of boxed 
area (red dashed box) were followed by confocal microscopy at indicated time. Red arrowheads highlight 
formation of limited number of protrusions at the free edge of colony. These protrusions were exclusively 
located at the borders between adjacent cells. Kymograph analysis of actin protrusivity (very right image) 
revealed that protrusion formation is significantly limited at the margin (blue arrowhead), but not globally 
reduced in marginal cells, especially at the sites away from marginal bundle (green arrowhead). Protrusions 
within the islets possess also high dynamic (black arrowhead). Yellow dashed line in left image displays the 
region used for the kymograph analysis. (J) Time-lapse images of parental MDCK cells showing sequential 
changes in colony area and colony shape during the period of 10 hours. (K) Changes in colony outline during 
the period of 10 hours. (K) Trajectories of marginal and non-marginal cells displaying the motion of these cells 
during the period of 10 hours. 

4.16 THE PERIPHERAL ACTIN BUNDLE IS A PLURICELLULAR STRUCTURE 

THAT SERVES AS AN ANCHORING PLATFORM FOR PERIJUNCTIONAL 

ACTIN THAT SUPPORTS CELL-CELL CONTACTS   
 Several studies have showed that peripheral actin bundles are interconnected between 

adjacent marginal cells and form pluricellular structure (Bement et al. 1993, Bement 2002, Farooqui 

and Fenteany 2005). To further characterize peripheral bundles, we performed detailed analysis of 

the peripheral actin organization at the sites of intercellular junctions. Confocal microscopy revealed 

that peripheral bundle is composed of two layers – basal, which is proximal to adhesions, and top 

layer sitting on the apical side of basal layer. These layers differed at the boundaries between 

adjacent cells. The basal layer of peripheral bundles was interrupted at cell-cell boundaries of 

marginal cells thus forming obviously discontinuous structure (Fig. 4.18A). On the contrary, the top 

layer of peripheral bundle in one cell is connected to the top layer of peripheral bundle in 

neighboring cell, thus forming pluricellular structure (Fig. 4.18A). XZ projection of confocal stacks 

confirmed that the basal and the top layers are often separated at the boundary of adjacent cells. 

This separation appears as two dots in XZ–projections (Fig. 4.18B). In contrast, this separation is not 

evident along the length of peripheral bundle and both the basal and the top layers of peripheral 

actin bundle are tightly connected and form one bundle (Fig. 4.18A, 4.18B and 4.18D). 
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 Next, we wanted to describe in more detail organization of the basal and the top layers at 

the cell-cell boundary. Confocal microscopy revealed two important aspects: while the basal layer 

terminated in focal adhesions, the top layer was connected to perijunctional actin that supports cell-

cell contacts (Fig. 4.18C). Visualization of a marker that associates with cell-cell contacts (β-catenin) 

confirmed that adherens junctions terminate in the top layer of peripheral bundle at the cell-cell 

boundary (Fig. 4.18C).  Interestingly, at this location, β-catenin accumulated and formed β-catenin 

enriched puncta (Fig. 4.18C). Further analysis brought evidence that puncta interconnecting 

perijunctional and peripheral actin were also enriched in vinculin (Fig. 4.18D). Simultaneous 

visualization of vinculin and adherens junction protein E-cadherin showed overlapping staining at the 

top layer of peripheral actin (Fig. 4.18E and 4.18F).  

 Taken together, these data suggest that the top layers of peripheral bundles in neighboring 

cells are connected in puncta enriched in adherens junction components E-cadherin, β-catenin and 

vinculin.  It has been described previously that vinculin associates with adherens junctions in force 

dependent manner and provides stability of cell-cell junctions when tension at cell-cell contacts rises 

(Spanjaard and de Rooij 2013). Since we observed the accumulation of vinculin at the sites of 

interconnection of peripheral and perijunctional actin, we suggest that the connection between 

these actin structures is under considerable mechanical tension.  
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4. 18 Peripheral actin is a pluricellular structure that serves as an anchoring structure for perijunctional actin. 
(A) Confocal images of MDCK cells growing in isolated islets showing interruption of basal layer and 
preservation of top layer of peripheral actin at cell boundaries. Cells were fixed 48 hours after seeding and 
stained for actin (white) and for marker of cell-cell contacts β-catenin (green) and DAPI (blue). Merged 
projection of all confocal slices is shown on the left. Each red boxed area (ROI1, ROI2) of widefield XY projection 
were splitted to basal and apical stack and displayed on the right. (B) Top view (XY plane; on the left) and cross-
sectional (XZ plane; on the right) confocal images of parental MDCK cells showing the interruption of basal 
layer and the preservation of top layer of peripheral actin at cell boundaries. Cells were fixed 48 hours after 
seeding and stained with Phalloidin-Rhodamine to visualize F-actin (red) and DAPI (blue). Yellow dashed lines 
mark the sites used for XZ projections (displayed on the right). (C) Top view (XY plane; on the left) and cross-
sectional (XZ plane; on the right) confocal images of parental MDCK cells showing interconnection of 
perijunctional actin supporting cell-cell contacts to the top layer of peripheral actin via β-catenin enriched 
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puncta. Cells were fixed 48 hours after seeding and stained with Phalloidin-Rhodamine to visualize F-actin 
(red), β-catenin (green) and DAPI (blue). White dashed line (left image) marks the site used for XZ projection 
(right images). (D) Top view (XY plane; on the left) and cross-sectional (XZ plane; on the right) confocal images 
of parental MDCK cells showing the presence of vinculin enriched puncta at interconnection sites between 
perijunctional actin and the top layer of peripheral actin. Cells were fixed 48 hours after seeding and stained 
with Phalloidin-Rhodamine to visualize F-actin (red), vinculin (green) and DAPI (blue). White dashed line (left 
image) marks the site used for XZ projection (right images). White arrowheads (left image) highlight the 
vinculin puncta at sites of interconnection between perijunctional and the top layer of peripheral actin. (E) 
Confocal image of MDCK cells growing in isolated islets showing the interconnection of perijunctional and 
peripheral actin through the E-cadherin/Vinculin puncta. Cells were fixed 48 hours after seeding and stained 
with Phalloidin-Rhodamine to visualize F-actin (blue), vinculin (pink) and E-cadherin (yellow). White dashed line 
marks the site used for XZ projection showed in F. (F) Magnified XZ projection of peripheral actin bundle 
(highlighted by white dashed line in Panel E) at cell-cell boundaries showing the localization of E-cadherin and 
vinculin to the top layer of peripheral bundle. Vinculin localizes also to basal layer of apical bundle as a part of 
focal adhesions.  
 

4.17 PERIPHERAL BUNDLE IS HIGHLY CONTRACTILE STRUCTURE THAT 

PARTICIPATES IN MAINTAINING APICAL-BASAL POLARITY OF 

MARGINAL CELLS 
 Significant co-localization of vinculin with basal layer of peripheral actin (Fig. 4.17E) and the 

presence of vinculin enriched puncta in apical layer at the boundaries between marginal cells (Fig. 

4.18D) indicated that peripheral actin bundles as well as puncta itself are under high tension. We 

therefore performed several experiments to prove this hypothesis. Tension within the actin bundles 

are generated by myosin molecular motors, in particular by class II myosins. Myosin II consists of two 

heavy and two light regulatory chains. The ability of myosin II to induce contraction of actin bundles  

mostly depends on phosphorylation of its light regulatory chains at the positions of Thr18 and Ser19 

by ROCK or MLCK (Vicente-Manzanares et al. 2009). Visualization of phosphorylated light regulatory 

chain of myosin II (pMLC2) by immunofluorescence microscopy revealed that pMLC2 strongly co-

localized with peripheral actin bundles along the entire length (Fig. 4.19A) suggesting that peripheral 

bundles are highly contractile.  

 We then asked whether an interference with actomyosin contractility is able to affect 

peripheral bundles. To inhibit actomyosin contractility we incubated MDCK cells with selective ROCK 

inhibitor Y27632. Interestingly, cell treatment with Y27632 rapidly (in 1-2 hours) induced significant 

changes in morphology of marginal cells (Fig. 4.19B). Phase-contrast microscopy revealed that MDCK 

colonies exhibited more irregular shape compared to non-treated cells and marginal cells became 

more flat and occasionally formed small protrusions at their free edge (Fig. 4.19B). Visualization of 

actin cytoskeleton in Y27632 treated cells uncovered that peripheral actin bundles, as well as 

conventional stress fibers, were almost completely dissolved (Fig. 4.19C). In contrast, the 

perijunctional actin of non-marginal cells was largely insensitive to ROCK inhibition and cells within 

the cell colony maintained their cuboidal shape. However, the absence of marginal bundle caused 
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disconnection of perijunctional actin from the periphery and induced centripetal retraction of 

perijunctional actin (Fig. 4.19C).  

 To test whether the changes in morphology of marginal cells upon Y27632 treatment could 

be linked to changes in epithelial polarity, we stained Y27632 treated cells with PAR6β antibody. In 

contrast to non-treated control cells, marginal cells treated with Y27632 lost PAR6β from apical 

surface suggesting that their epithelial polarity is compromised. Conversely, non-marginal cells 

retained PAR6β at apical site and remained polarized (Fig. 4.19D).  

 To support previous result with the ROCK inhibitor, we also examined the effect of direct 

inhibition of myosins II by blebbistatin. The direct inhibition of myosin II by blebbistatin induced 

breakdown of peripheral actin and the loss of epithelial polarity of marginal cells. However, in 

contrast to ROCK inhibition, the effect was observed only in some of marginal cells (data not shown). 

The reason for more pronounced effect of ROCK inhibition is not clear. ROCK inhibition can affect 

also other proteins apart from myosin II. We speculate that ROCK inhibition could promote the 

activity of actin depolymerizing protein cofilin. Cofilin can then enhance the turnover of peripheral 

bundles and thus more effectively induce their disruption. Whatever the exact mechanism would be, 

these data show that the formation and maintenance of peripheral bundles requires Rho-ROCK 

signaling and actomyosin contractility. The observation that ROCK inhibition induces disruption of 

peripheral bundles and perijunctional actin retraction suggests that peripheral bundles anchor 

perijunctional actin and promote the epithelial polarity of marginal cells.  

 Since these data suggested that peripheral bundles are under tension and that they serve as 

an anchoring platform for perijunctional actin via specific E-cadherin enriched puncta, we further 

explored the function of puncta by local photoablation. Thermal denaturation of peripheral actin 

bundle in central part by a pulse of high-intensity laser resulted in a rapid bundle contraction 

confirming the contractile nature of peripheral actin bundles (Fig. 4.19E). The bundle regenerated 

approximately in 20 minutes after the laser pulse indicating high dynamics of peripheral actin 

formation (Fig. 4.19E). On the other hand, thermal denaturation of puncta crosslinking peripheral 

bundles and perijunctional actin by a pulse of high-intensity laser resulted in more dramatic effect. 

Photoablation of puncta led to rapid contraction of both peripheral actin bundle and perijunctional 

actin. In addition, the puncta disruption resulted in gradual disassembly and “unzipping” of 

intercellular adhesions, loss of cell-cell cohesion and overall cell retraction away from the area of 

photoablated puncta (Fig. 4.19F). Thus, it seems that the peripheral puncta that are being formed at 

the intersection of peripheral bundles and perijunctional actin are subjected to actomyosin tension. 

In agreement, we quite often observed that the top layers of peripheral bundles are bended toward 

the perijunctional actin (data not shown). Quite surprisingly, the puncta are important for the 
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maintenance of cell-cell cohesion at the edge of epithelial sheet and supports the epithelial edge 

integrity.   

 

 

 

4.19 Peripheral bundle is highly contractile structure that participates in maintaining epithelial polarity of 
marginal cells. (A) Confocal images of MDCK cells growing in isolated islets showing apparent colocalization of 
peripheral bundle with pMLC2. Cells were fixed 48 hours after seeding and stained for actin (white, on the left) 
and for pMLC2 (white, on the right). (B) Phase contrast images of MDCK cells showing the effect of ROCK 
inhibition on morphology of epithelial sheet edge. Parental MDCK cells growing in isolated islets were treated 
for 2 hours without or with ROCK inhibitor Y27632 (50 µM). (C) Top view (XY plane; upper panels) and cross-
sectional (XZ plane; lower panels) confocal images of parental MDCK cells showing the effect of ROCK inhibition 
on changes in peripheral and perijunctional actin organization. Cells were treated as in B and stained with 
Phalloidin-Rhodamine to visualize F-actin (red) and counterstained with DAPI (blue). White arrowheads 
indicates a dissolution of peripheral actin bundle upon Y27632 treatment, yellow arrowheads display 
perijunctional actin retraction upon Y27632 treatment. Yellow dashed line in XY planes marks the site used for 
XZ projections (lower panels). (D) Cross-sectional confocal images of parental MDCK cells showing the loss of 
epithelial polarity in marginal cells upon ROCK inhibition. Cells were treated as in B and stained with PAR6β 
(green) and counterstained with DAPI (blue). White arrows highlight the loss of PAR6β staining at the margin of 
epithelial colony. (E) Thermal denaturation of peripheral actin bundle in the central part leads to rapid 
contraction of peripheral bundle. MDCK RFP-actin cells growing in isolated islets were subjected to a pulse of 
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high-intensity laser (yellow asterisk). Peripheral actin retraction was monitored by time-lapse confocal 
microscopy at indicated time. Yellow arrowhead highlights peripheral actin regeneration within 20 min after 
thermal denaturation. (F) Thermal denaturation of puncta crosslinking peripheral and perijunctional actin leads 
to disruption of peripheral bundle and cell-cell contacts destabilization. MDCK RFP-actin cells growing in 
isolated islets were subjected to two pulses of high-intensity laser at sites of crosslinking puncta (yellow 
asterisks). Peripheral actin disruption and cell-cell contacts destabilization was monitored by time-lapse 
confocal microscopy at indicated time. Yellow dashed line in the left image outlines the initial borders of 
epithelial margin.  

4.18 PROTEIN KINASE ERK DRIVES REMODELING OF PERIPHERAL ACTIN 

CYTOSKELETON UPON HGF STIMULATION 
 Our data showed that the activation of the ERK pathway in MDCK cells led to morphological 

changes of epithelial margin and these changes were accompanied by peripheral actin remodeling 

(see Fig. 4.15A and 4.15B). To precisely characterize these changes of peripheral actin in time, we 

used MDCK cells stably expressing RFP-actin and stimulated them with HGF to induce ERK activation. 

The cells were followed by time lapse confocal microscopy. Few tens of minutes after HGF addition 

we observed reorganization of thick marginal bundle to a number of tenuous fibers (Fig. 4.20A). The 

reorganization of actin cytoskeleton went hand in hand with the formation of protrusions (Fig. 4.20A 

and 4.20B). In complementary experiments, we performed time lapse imaging of MDCK cells stably 

expressing GFP-paxillin that were stimulated with HGF. In non-stimulated cells, paxillin adhesions 

decorated the basal layers of peripheral actin bundles. Adhesions were mostly elongated and 

oriented parallel to peripheral actin bundles. During the first 60 minutes of the incubation with HGF, 

paxillin adhesions underneath peripheral bundles were gradually dissolved (Fig. 4.20C).  At the same 

time, new focal adhesions, now centripetally oriented, formed within the protrusions at the 

prospective leading edge of migrating cells (Fig. 4.20C). These data indicated that the adoption of 

migratory phenotype is preceded by the remodeling of peripheral actin bundles and underlying focal 

adhesions. We then performed confocal microscopy analysis of initial phases of the peripheral actin 

bundles remodeling. Upon HGF stimulation, we observed that the basal layer colocalizing with focal 

adhesions underwent rapid dissolution, whereas the top layer of peripheral actin with crosslinking 

puncta remained at the same time mostly intact and preserved pluricellular character (Fig. 4.20D). 

We suggest that disruption of the basal layer and concurrent maintenance of the top layer of 

peripheral actin with crosslinking puncta allows cells to collectively expand to surrounding free space 

and gradually lose epithelial polarity. In later time points (i.e. 10 hours HGF treatment), the loss of 

epithelial polarity followed by breakdown of depolarized epithelial layer induces the transition to 

individually migrating cells (Fig. 4.13B, MDCK wt).  This event is accompanied by complete disruption 

of crosslinking puncta, breakdown of apical layer of peripheral actin that together with weakening of 

cell-cell contacts allows cell to detach from each other (data not shown). 

 To address whether the peripheral actin remodeling stimulated by HGF is ERK dependent 

process, we pretreated cells with specific MEK inhibitor PD032901. Surprisingly, inhibition of MEK did 
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not attenuate the formation of protrusions, but conversely potentiated the protrusivity comparing to 

HGF only stimulated cells (Fig. 4.20E and 4.20F). We thus speculated that HGF activates some parallel 

pathways that can be involved in peripheral actin remodeling and protrusion formation. Candidate 

pathway represents PI3K signaling that has been shown to be involved in front-rear polarization and 

induction of protrusion formation (Campa et al. 2015, Xiong et al. 2010). In addition, the activation of 

PI3K pathway by growth factors can be augmented by the inhibition of ERK signaling pathway due to 

the mutual negative crosstalk (Turke et al. 2012, Zhang et al. 2017). To explore whether the PI3K 

pathway is involved in peripheral actin remodeling or whether can be aberrantly activated during 

MEK inhibition, we pretreated HGF-stimulated MDCK cells with specific PI3K inhibitor GDC0941 alone 

or in combination with specific MEK inhibitor PD032901. Whereas PI3K inhibition with GDC0941 

alone did not significantly reduced the number of protrusions at free edge, pretreatment with both 

GDC0941 and PD032901 completely blocked protrusive behavior and peripheral actin rearrangement 

induced by HGF (Fig. 4.20E and Fig. 4.20F). It indicates that increased protrusion formation seen in 

MEK inhibited cells could be indeed mediated by the activation of the PI3K pathway. In addition, 

biochemical analysis showed that MEK inhibition during HGF stimulation slightly increased 

phosphorylation and activation of AKT that is downstream of PI3K (Fig. 4.20G) suggesting that MEK 

inhibition also disables negative regulation and potentiates the PI3K/AKT pathway activation. 

 These data suggested that both PI3K and ERK pathways could be involved in protrusion 

formation. Although PI3K signaling could substitutes for the ERK pathway in the protrusion 

formation, it cannot induce the remodeling of peripheral actin. 
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Fig. 4.20 Protein kinase ERK drives remodeling of peripheral actin upon HGF stimulation. (A) Time-lapse 
imaging of MDCK RFP-actin cells upon HGF stimulation showing reorganization of peripheral actin cytoskeleton. 
Cells growing in isolated islets were treated with HGF/SF (100 ng/ml) and followed by confocal microscopy at 
indicated time. (B) Quantification of non-protruding areas at the free edge of MDCK cells. Parental MDCK cells 
growing in isolated islets were treated with vehicle (ctrl) or HGF/SF (100 ng/ml) for 3 hours. Cells were then 
fixed and stained with Phalloidin-Rhodamine to visualize F-actin. Quantification was performed as described in 
Materials and Methods. Data are presented in the box and whiskers plot (n > 20), ***p < 0.001. (C) Time-lapse 
imaging of MDCK GFP-paxillin cells upon HGF stimulation showing reorganization of focal adhesions at the 
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epithelial margin. Cells growing in isolated islets were treated with HGF/SF (100 ng/ml) and followed by 
confocal microscopy at indicated time. (D) HGF induces rapid destabilization of basal layer of peripheral actin 
bundle. MDCK RFP-actin cells growing in isolated islets were treated with HGF/SF (100 ng/ml) for 1 hour. Cells 
were then scanned by confocal microscopy from the bottom to the top and single horizontal scans were 
captured. Yellow arrows point at sites of cross-linking puncta and red arrows highlight the top layer of 
peripheral bundle. (E) ERK and PI3K pathways drive protrusion formation upon HGF stimulation of MDCK cells. 
Parental MDCK cells growing in isolated islets were treated for 6 hours with HGF/SF (100 ng/ml), MEK inhibitor 
PD0325901 (1 µM) and PI3K inhibitor GDC0941 (10 µM) as indicated. Cells were then fixed and stained with 
Phalloidin-Rhodamine to visualize actin cytoskeleton. Red dashed lines highlight the protrusive regions at the 
epithelial margin. (F) Quantification of non-protruding areas at the free edge of cells treated as in E. Data are 
presented in the box and whiskers plot (n > 20), ***p < 0.001, **p < 0.01, p>0.05 (not significant-ns). (G) ERK 
and PI3K activation in parental MDCK cells treated as in E. Cell lysates were probed with antibody recognizing 
phosphorylated and activated ERK (p-ERK) or phosphorylated and activated AKT (p-S473-AKT) and reprobed 
with ERK2 antibody to confirm equal amount of loaded proteins. 
 

4.19 PROTEIN KINASE ERK DRIVES REMODELING OF PERIPHERAL ACTIN 

CYTOSKELETON IN MDCK ΔRAF-1:ER CELLS UPON 4HT TREATMENT 
 The previous observations that ERK drives peripheral actin remodeling were recapitulated in 

MDCK ΔRAF-1:ER cells, where conditional activation of Raf-1 by 4HT activates solely the ERK module. 

To inhibit ERK activation, we used three structurally dissimilar inhibitors of MEK (PD032901, CI-1040, 

trametinib). As expected, activation of the ERK pathway by 4HT resulted in significant actin 

cytoskeleton remodeling and protrusion formation (Fig. 4.21A, 4.21B and 4.21C). MEK inhibition by 

PD032901, CI-1040 or trametinib significantly impaired peripheral actin remodeling and protrusivity 

suggesting that ERK specifically controls these processes (Fig. 4.21A, 4.21B and 4.21C). Conversely, 

pretreatment with PI3K inhibitor GDC0941 did not abrogate peripheral actin remodeling (Fig. 4.21A 

and 4.21B) indicating that ERK pathway represents the key signaling module controlling marginal 

bundle rearrangement.  
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Fig. 4.21 Protein kinase ERK drives remodeling of peripheral actin in MDCK ΔRaf-1:ER treated with 4HT. (A) 
ERK pathway induces peripheral actin remodeling in MDCK ΔRaf-1:ER cells upon 4HT stimulation. Cells growing 
in isolated islets were treated for 6 hours with 1 µM 4HT, MEK inhibitors PD0325901 (1 µM) and trametinib 
(100 nM) and PI3K inhibitor GDC0941 (10 µM) as indicated. Cells were then fixed and stained with Phalloidin-
Rhodamine to visualize actin cytoskeleton. Red dashed lines highlight the protrusive regions at the epithelial 
margin. (B) Quantification of non-protruding areas at the free edge of cells treated as in A. In addition, the 
results from side-by-side experiment of MDCK ΔRaf-1:ER cells exposed to 4HT and the third MEK inhibitor CI-
1040 (2 μM) are shown. Data are presented in the box and whiskers plot (n > 20), ***p < 0.001, **p < 0.01, 
p>0.05 (not significant-ns). (G) ERK and PI3K activation in MDCK ΔRaf-1:ER cells treated as in B. Cell lysates 
were probed with antibody recognizing phosphorylated and activated ERK (p-ERK) or phosphorylated and 
activated AKT (p-S473-AKT) and reprobed with ERK2 antibody to confirm equal amount of loaded proteins. 
 

4.20 CALPAIN ACTIVITY IS NECESSARY FOR PERIPHERAL ACTIN 

REMODELING INDUCED BY ERK 
 It was apparent from our previous experiments that ERK utilizes the family of intracellular 

calpain proteases as an effector in the regulation of epithelial polarity (Fig. 4.9). Since the remodeling 

of actin cytoskeleton at the periphery of MDCK colonies precedes the loss of epithelial polarity, we 

wanted to examine whether calpain activity controls also changes in morphology of peripheral actin 

bundles. To examine this, we pretreated parental MDCK cells and MDCK ΔRAF-1:ER cells with specific 

calpain inhibitor PD150606 and then stimulated the cells with HGF and 4HT, respectively. 

Visualization of actin cytoskeleton by Phalloidin-Rhodamine revealed that inhibition of calpain 

activity significantly blocked peripheral actin remodeling and protrusion formation in HGF or 4HT 

stimulated cells (Fig. 4.22A, 4.22B, 4.22C and 4.22D). These data suggested that calpain activity is 

necessary for both ERK and HGF induced remodeling of actin cytoskeleton at the margin of MDCK 

colonies.  
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Fig. 4.22 Calpain activity is necessary for peripheral actin remodeling induced by ERK. (A) Calpain inhibition in 
parental MDCK cells treated with HGF block peripheral actin remodeling and protrusion formation at the 
epithelial margin. Cells growing in isolated islets were treated for 6 hours with HGF/SF (100 ng/ml) without or 
with calpain inhibitor PD150606 (500 µM) as indicated. Cells were then fixed and stained with Phalloidin-
Rhodamine to visualize F-actin. Red dashed lines highlight the protrusive regions at the epithelial margin. (B) 
Quantification of non-protruding areas at the free edge of cells treated for 3 and 6 hours with HGF/SF (100 
ng/ml) without or with calpain inhibitor PD150606 (500 µM) as indicated. Data are presented in the box and 
whiskers plot (n > 20), ***p < 0.001, **p < 0.01. (C) Calpain inhibition in MDCK ΔRaf-1:ER cells treated with 4HT 
blocks peripheral actin remodeling and protrusion formation at the epithelial margin. Cells growing in isolated 
islets were treated for 6 hours with 1 μM 4HT without or with calpain inhibitor PD150606 (500 µM) as 
indicated. Cells were then fixed and stained with Phalloidin-Rhodamine to visualize F-actin. Red dashed lines 
highlight the protrusive regions at the epithelial margin. (D) Quantification of non-protruding areas at the free 
edge of cells treated for 4 and 6 hours with HGF/SF (100 ng/ml) without or with calpain inhibitor PD150606 
(500 µM) as indicated. Data are presented in the box and whiskers plot (n > 20), ***p < 0.001, *p < 0.05, p>0.05 
(not significant-ns). 

4.21 CAPN2 REGULATES PERIPHERAL ACTIN REMODELING 
 Next, we wanted to examine the involvement of CAPN2 isoform in peripheral actin 

remodeling induced by ERK. We used MDCK cells with inactivated CAPN2 gene (CAPN2 KO, clone 

3CA11, see also Fig. 4.14A) and stimulated them with HGF. We found that actin remodeling and 

protrusion formation was significantly reduced in CAPN2 KO cells upon HGF stimulation. Compared 

to parental cells, peripheral actin in CAPN2 KO remained thicker (Fig. 4.23A). In addition, inactivation 

of CAPN2 reduced the formation of protrusions (Fig. 4.23A and 4.23D). In order to exclude the 

possibility that CRISPR/Cas9-derived off-target effects inhibited the actin remodeling and the 

protrusion formation, we characterized phenotype of 4 different KO CAPN2 clones (1A-B7, 3B-C2, 2B-

F6, 3CA11) upon HGF treatment. In all cases we obtained similar results (Fig. 4.23C and 4.23D). 

Ultimately, we performed a rescue experiment where we re-expressed GFP-CAPN2 in two MDCK 

CAPN2 KO clones (2B-F6res, 3C-A11res) cells. GFP-CAPN2 re-expression yielded the phenotype 
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similar to parental cells, suggesting that the effect of CRISPR/Cas9 gene inactivation was specific (Fig. 

4.23A, 4.23B and 4.23D). Taken together, the expression of CAPN2 isoform in MDCK cells regulates 

ERK induced remodeling of peripheral actin bundle and the induction of protrusive behavior of the 

cells. 

Fig. 4.23 CAPN2 drives remodeling of peripheral actin upon HGF stimulation. (A) CAPN2 depletion significantly 
impairs peripheral actin remodeling and protrusion formation upon HGF stimulation. Parental MDCK cells 
(MDCK wt), MDCK cells with knockout of CAPN2 gene (CAPN2 KO 3CA11) and MDCK cells with knockout of 
CAPN2 gene re-expressing GFP-CAPN2 (CAPN2 KO 3CA11res) were treated 6 hours with HGF/SF (100 ng/ml). 
Cells were then fixed and stained with Phalloidin-Rhodamine to visualize F-actin. Red dashed lines highlight the 
protrusive regions at the epithelial margin. (B) Re-expression of GFP-CAPN2 in MDCK CAPN2 KO cells. Cells 
were grown in isolated islets for 48 hours. Cell lysates were probed with antibody recognizing CAPN2 and 
reprobed with ERK2 antibody to confirm equal amount of loaded proteins. Red arrow points at the migration 
position of GFP-CAPN2 on SDS-PAGE (~108 kDa). Green arrow points at the migration position of endogeneous 
CAPN2 on SDS-PAGE (~80 kDa). (C) Quantification of non-protruding areas at the free edge of parental MDCK 
cells (WT) and two CAPN2 gene knockout clones – 1AB7 and 3B-C2. Cells were treated for 2, 4 and 6 hours with 
HGF/SF (100 ng/ml) as indicated. Data are presented in the box and whiskers plot (n > 20), ***p < 0.001, **p < 
0.01. (D) Quantification of non-protruding areas at the free edge of parental MDCK cells, two CAPN2 gene 
knockout clones – 2BF6 and 3CA11 and two CAPN2 gene knockout clones re-expressing CAPN2-GFP – 2BF6res 
and 3CA11res. Cells were treated for 6 hours with HGF/SF (100 ng/ml) as indicated. Data are presented in the 
box and whiskers plot (n > 20), ***p < 0.001, **p < 0.01. 
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4.22 ECTOPIC EXPRESSION OF CAPN2 S50E IS SUFFICIENT FOR INDUCTION 

OF PERIPHERAL ACTIN REMODELING AND PROTRUSION FORMATION 
 We suggested that phosphorylation of CAPN2 at position Ser50 is sufficient for the loss of 

epithelial polarity (Fig. 4.12). To investigate whether this phosphorylation affects peripheral actin 

bundle rearrangement, we stably expressed phosphomimetic mutant form of CAPN2 (CAPN2 S50E) in 

MDCK cells and stained these cells with Phalloidin-Rhodamine to visualize F-actin. Ectopic expression 

of CAPN2 S50E significantly altered the organization of peripheral actin. Parental MDCK cells display 

thick marginal bundle that is anchored by number of focal adhesions along its entire length (see Fig. 

4.15A and 4.17E). On the contrary, MDCK CAPN2 S50E cells formed rather number of separated 

fibers at the margin. These fibers were very often aligned parallel with the free edge of the marginal 

cells and reminded conventional stress fibers as their ends, but not the central parts, were attached 

to focal adhesions (Fig. 4.15A, data concerning FAs not shown). Moreover, ectopic expression of 

CAPN2 S50E induced the formation of protrusions to the surrounding free space. Expectedly, 

treatment of MDCK CAPN2 S50E cells with calpain inhibitor PD150606 significantly reduced the 

number of protrusions and induced formation of thick peripheral actin bundle (Fig. 4.24A and 4.24B). 

Finally, we wanted to exclude that changes in peripheral actin in MDCK CAPN2 S50E cells are caused 

by spurious activation of the ERK or PI3K pathways. We treated the cells with specific MEK and PI3K 

inhibitors and found that neither MEK inhibition nor PI3K inhibition led to decrease in protrusive 

potential of these cells (Fig. 4.24C and 4.24D). 

 Taken together, these data indicated that ERK drives remodeling of thick peripheral bundle 

through the phosphorylation and activation of CAPN2. It also suggested that CAPN2 represents 

central downstream effector of ERK, because it is sufficient and necessary for remodeling of 

peripheral actin bundles and formation of protrusions at the edge of epithelial sheet.  
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Fig. 4.24 Ectopic expression of phosphomimetic mutant CAPN2 S50E is sufficient to induces peripheral actin 
remodeling. (A) Calpain activity in cells stably transfected with phosphomimetic mutant form of CAPN2 (S50E) 
drives peripheral actin remodeling and protrusion formation. MDCK CAPN2 S50E cells growing in isolated islets 
were treated with vehicle or calpain inhibitor PD150606 (500 µM) for 8 hours. Cells were then fixed and stained 
with Phalloidin-Rhodamine to visualize F-actin. Red dashed lines highlight the protrusive regions at the 
epithelial margin. (B) Quantification of non-protruding areas at the free edge of cells treated as in A. Data are 
presented in the box and whiskers plot (n > 20), ***p < 0.001. (C) MEK or PI3K inhibition does not affect 
peripheral organization and protrusions formation at the free edge of MDCK CAPN2 S50E cells. Cells were 
treated with vehicle, MEK inhibitor PD0325901 (1 µM) or PI3K inhibitor GDC0941 (10 µM) as indicated. Cells 
were then fixed and stained with Phalloidin-Rhodamine to visualize F-actin. Red dashed lines highlight the 
protrusive regions at the epithelial margin. (D) Quantification of non-protruding areas at the free edge of cells 
treated as in C. Data are presented in the box and whiskers plot (n > 20), p>0.05 (not significant-ns). 
 

4.23 POTENTIAL SUBSTRATES OF CAPN2 INVOLVED IN REGULATION OF 

PERIPHERAL AND PERIJUNCTIONAL ACTIN REMODELING 
 Our data indicates that calpain proteases play important role in regulation of peripheral as 

well as perijunctional actin cytoskeleton in epithelial cells. Upon growth factor stimulation, the 

remodeling of thick peripheral actin bundle is initiated rapidly over period of tens of minutes (Fig. 

4.20A), whereas reorganization of perijunctional actin begins approx. 2 hours after the stimulation 

(Fig. 4.4B). We suggest that calpain regulates peripheral actin remodeling in a transcription 

independent manner. On the contrary, the reorganization of perijunctional actin and subsequent loss 

of epithelial polarity is transcription and translation dependent (Fig. 4.6). 

 In order to identify possible calpain substrates, we looked at candidate cytoplasmic target of 

calpain in the regulation of peripheral actin remodeling. Peripheral actin remodeling induced by 
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calpain involves destabilization of focal adhesions that underlie the basal layer of peripheral actin 

bundle. We tested numerous of structural and signaling proteins of focal adhesions, such as talin, 

vinculin, FAK, paxillin and others, as potential calpain substrates. We found that activation of ERK 

pathway in MDCK ΔRAF-1:ER cells by 4HT increases the amount of ~ 50 kDa paxillin fragment that 

differ by ~20 kDa in size from full length paxillin (Fig. 4.25A). On the other hand, cells pretreatment 

with MEK inhibitor UO126 blocks the increase in shortened form of paxillin. To test whether calpain 

participates in generation of 50 kDa paxillin form, we compared levels of 50 kDa form in parental 

MDCK cells and MDCK cells stably transfected with CAPN2 S50E. Ectopic expression of CAPN2 S50E 

resulted in significant increase in paxillin shortened form suggesting that the onset of paxillin 

fragment is under CAPN2 control (Fig. 4.25B). Concordantly, the production of shortened form of 

paxillin was significantly reduced in MDCK CAPN2 KO cells (data not shown). Taken together, 

activation of ERK signaling by 4HT in MDCK ΔRAF-1:ER or ectopic expression of CAPN2 S50E induces 

production of shortened form of paxillin. We suggested that paxillin could be a potential target of 

CAPN2 in peripheral actin remodeling.  

 Next we tried to find calpain substrates that mediate rearrangement of perijunctional actin 

cytoskeleton via changes in gene expression. It is evident from our previous experiments that 

attenuation of RhoA-mDia signaling axis in epithelial cells induces perijunctional actin rearrangement 

and loss of epithelial polarity (Fig. 4.8). We therefore looked at negative regulators of RhoA activity 

that could be upregulated by ERK activation as well as ectopic expression of active form of CAPN2 

isoform (S50E). A candidate target is represented by endogenous RhoA inhibitor Rnd3/RhoE that 

directly associates with RhoA and blocks its GTPase activity (Forget et al. 2004). We analyzed the 

levels of Rnd3/RhoE mRNA in parental MDCK, MDCK CAPN2 S50E or in MDCK ΔRAF-1:ER cells upon 

4HT stimulation. We found that ERK activation, as well as ectopic expression of CAPN2 S50E, 

potentiates mRNA expression of Rnd3/RhoE (Fig. 4.25C). Comparing to parental cells, the expression 

of Rnd3/RhoE increased by 2-fold in MDCK CAPN2 S50E cells and by 3-fold in MDCK ΔRAF-1:ER cells 

treated with 4HT. Taken together, we suggest that remodeling of perijunctional actin cytoskeleton is 

regulated via calpain-mediated upregulation of Rnd3 transcription. 
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Fig. 4.25 Potential calpain-2 substrates involved in the regulation of peripheral and perijunctional actin 
remodeling (A) ERK activation in MDCK ΔRaf-1:ER cells induces generation of short fragment of paxillin. 
Subconfluent MDCK ΔRaf-1:ER cells were treated for 16 hours with vehicle, 4HT (1 µM) or UO126 (20 µM) as 
indicated. Cell lysates were probed with antibody recognizing paxillin or phosphorylated and activated ERK 
(pERK) and reprobed with ERK2 antibody to confirm equal amount of loaded proteins. High exposition time 
(high exp.) and low exposition time (low exp.) of paxillin chemiluminescent signal are depicted in two outlined 
boxes below. White arrow highlights increase in shortened form of paxillin in 4HT treated cells. (B) Ectopic 
expression of MDCK CAPN2 S50E induces generation of short fragment of paxillin. Parental MDCK cells (MDCK 
wt) and MDCK CAPN2 S50E cells were grown in isolated islets for 48 hours. Cell lysates were probed with 
antibody recognizing paxillin and reprobed with ERK2 antibody to confirm equal amount of loaded proteins. 
White arrow highlights increase in shortened form of paxillin in MDCK CAPN2 S50E cells. (C) Normalized mRNA 
expression of Rnd3 in parental MDCK cells (wt), MDCK CAPN2 S50E and MDCK ΔRaf-1:ER cells treated with 4HT 
(1 µM) for 6 hours (6H) or 12 hours (12H). 
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4.24 LOCALIZATION OF p190A-RhoGAP IN AUTONOMOUSLY MIGRATING 

CELLS 

 In a parallel study and in my side project, we investigated molecular mechanisms underlying 

the establishment of front-rear migratory polarity. Conversion of cells round in shape without any 

signs of migratory polarity to the polarized cells with conical shape and well defined protruding 

leading edge and non-protruding cell rear involves spatiotemporal control of p190RhoGAP. 

p190RhoGAP acts as a GTPase activating protein that suppress activation of RhoA (Hanna and El-Sibai 

2013). We found that during establishment of front-rear polarity, p190RhoGAP localizes to 

prospective leading edge (Fig. 4.26, white arrowheads) that results in spatial suppression of RhoA 

activity and formation of lamellipodia-based protrusions.  Conversely, p190RhoGAP was depleted 

from regions corresponding to prospective cell rear (Fig. 4.26, white arrows). My collegues showed 

that the development of protruding and non-protruding regions requires scaffold protein RACK1 and 

kinase ERK2 that coordinate local depletion of the membrane-associated p190A-RhoGAP (Klímová et 

al. 2016). 

 These data suggest that formation of migratory polarity involves spatiotemporal regulation 

of small Rho GTPases that is consistent with observation from epithelial cells undergoing transition to 

autonomously migrating cells.  

 

 

Fig. 4.26 The localization of p190A-Rho-GAP in RAT2 fibroblasts. (A) p190RhoGAP-GFP localizes to protruding 
areas in migrating RAT2 fibroblasts. Confocal images of migrating RAT2 fibroblast transiently co-transfected 
with p190RhoGAP-GFP (green) and pcDNA3 mCherry empty vector. White arrowheads highlight the localization 
of p190RhoGAP-GFP at protrusive region of the cell. White arrows highlight non-protrusive concave regions 
where p190 RhoGAP is absent. Composite image of GFP and mCherry signal is shown as a MERGE (right panel). 
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CHAPTER 5 DISCUSSION 
 

 In epithelial cells, the activation of the ERK pathway induces epithelial to mesenchymal 

transition-like process, characterized by synchronized phenotypic conversion of multicellular 

epithelium to autonomously migrating mesenchymal-like cells. The data presented here describe 

cooperative functions of two principal effector protein kinases within the ERK signaling pathway, 

namely ERK and RSK, in the regulation of such a complex biological outcome. From our results it is 

evident that EMT–like alteration of the cellular morphology is executed as a series of sequentially 

ordered sub-programs, where loss of apical basal polarity is followed by the disassembly of junctional 

adhesions, initiation of cell migration and cell scattering. During this process, these sub-programs are 

separately controlled as ERK regulates the disruption of apical-basal polarity while RSK, which is 

activated by ERK, induces the disruption of cell-cell contacts and the onset autonomous cell 

migration.  Thus, ERK and RSK control coordination of different cellular sub-programs in time and 

consequently orchestrate the execution of complex biological response. Detailed characterization of 

the role of ERK signaling in the conversion of epithelial cells to mesenchymal-like cells revealed that 

ERK induces the loss of epithelial polarity through rearrangement of peripheral and perijunctional 

actin cytoskeleton. We identified calcium-dependent protease calpain-2 as an important effector 

controlling actin cytoskeleton remodeling. We also found that RSK induces weakening of cell-cell 

contacts resulting in breakdown of cohesive epithelial sheet to individual cells and gaining high-

motile phenotype. 

 In second part of thesis, we described in more detail the structure and function of peripheral 

actin bundles that are oriented parallel with the free edge of the epithelial cells.  Isolated islets of 

epithelial cells are encircled by thick actin bundle consisting of two prominent layers. Basal layer is 

anchored along its entire length by numerous of focal adhesions and forms discontinuous structure. 

The top layer is free of protein of focal adhesions, however its termini are anchored in intercellular 

foci enriched in vinculin and E-cadherin. Through these foci, actin bundles in adjacent cells are 

connected and thus forms pluricellular bundle. We found that ERK activation induces gradual 

changes in peripheral bundles organization. Initially, ERK induces destabilization of focal adhesions 

underlying basal layer which is followed by disruption of anchoring intercellular foci and dissolution 

of top layer. The remodeling of peripheral bundles is primarily mediated by protease calpain-2 that 

acts downstream of the ERK pathway.  
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5.1. COORDINATED FUNCTIONS OF ERK AND RSK IN THE REGULATION OF 

COMPLEX BIOLOGICAL OUTCOME 
 

 The ERK signaling pathway integrates various signals coming from extracellular environment 

and converts these signals to specific biologic outputs. Signal within ERK module is transmitted as a 

linear sequence of phosphorylation steps with MEK as the only commonly accepted substrate of Raf, 

and ERK as the only known substrate of MEK. This arrangement of ERK kinase cascade can amplify a 

signal and convert graded inputs into switch-like outputs thereby possibly filtering out unwanted 

noise. At the level of ERK, the signal splits into numerous branches. ERK phosphorylates a number of 

proteins present both in cytoplasm as well as in nucleus. The phosphorylation of particular set of 

substrates thus drives given cellular response. The family of RSK protein kinases represents the 

important class of ERK substrates. Similarly to ERK, RSK recognizes and phosphorylates a number of 

cytoplasmic and nuclear substrates. RSK has been shown to be a major effector of ERK signaling in 

the regulation of cell survival, apoptosis, cell migration, cell invasion, cell proliferation and tumor 

development (Bonni et al. 1999, Shimamura et al. 2000, Clark et al. 2005, Wang et al. 2009a, Doehn 

et al. 2009, Smolen et al. 2010). All these studies have stressed that RSK acts as a conveyor of ERK 

signal to downstream substrates and functions (Fig. 5.1A). However, several studies showed that the 

relationship between ERK and RSK is more complex. First, RSK has been found to be able to 

negatively regulate duration within ERK pathway keeping ERK activity in check (Kim et al. 2006, Saha 

et al. 2012, Zhang et al. 2013). Second, few studies denote that ERK and RSK could cooperate in 

manifestation of specific biologic outcome. Expression and stabilization of several transcription 

factors belonging to IEGs has been described to be controlled simultaneously by ERK and RSK 

(Murphy et al. 2002, Doehn et al. 2009). In brief, ERK and RSK signal converge at single regulatory 

molecule such as Fra-1 or c-Fos that in turn accumulates inside the cell and drives specific outcomes 

such as cellular motility or transformation (Doehn et al. 2009, Murphy et al. 2002) (Fig. 5.1B). 

 In this thesis we showed for the first time that protein kinase ERK and RSK are able to 

regulate distinct cellular subprograms within complex biological response. During phenotypical 

conversion of epithelial cells to autonomously migrating cells, ERK signaling is specifically required for 

the loss of epithelial polarity, whereas RSK signaling induces the weakening of adherens junctions, 

cell scattering and increased motility. The coordinated execution of these sub-programs in time 

results in general outcome of the cell characterized by the loss of epithelial morphology and 

increased cell autonomy (Fig. 5.1C).  



121 
 

 

 

Fig. 5.1 Schematic models of linear, convergent and cooperative organization of the ERK-RSK signaling. Upon 
the ERK pathway stimulation, protein kinase RSK is phosphorylated and activated directly by protein kinase 
ERK. A. In linear input-output signaling pathway RSK functions as an effector of the ERK pathway that transmits 
ERK signaling. RSK phosphorylates numerous proteins to induce diverse cellular responses, e.g. RSK 
phosphorylation of transcription factor CREB induces the transcription and resistance to apoptosis. B. ERK and 
RSK signaling converge at a single regulatory molecule such as transcription factor c-Fos. c-Fos has a short half-
life and its stabilization depends on dual phosphorylation of c-terminal domain by both ERK and RSK. c-Fos 
stabilization is necessary for cellular transformation and anchorage independent growth. C. In distributive – 
cooperative model, ERK and RSK phosphorylate different sets of substrates that in turn induce discrete cellular 
subprograms such as loss of polarity, cell junction disassembly and cellular migration. These sub-programs are 
coordinately executed in time to regulate morphological changes in epithelial cells. 

It is very likely that particular sub-programs are driven through the phosphorylation of different set 

of substrates. Protein kinase RSK recognizes and phosphorylates serine or threonine residues in the 

sequence context of RXXS/T or RXRXXS/T which differ from the ERK consensual phosphorylation site 

S/TP or PXS/TP (Anjum and Blenis 2008, Gonzalez et al. 1991). Thus, the ERK signaling pathway can 

induce EMT-like process, or in more general terms distinct biologic outcomes, through the 

phosphorylation of non-overlapping or only partially overlapping sets of substrate. Direct ERK 

substrate seems to be calpain-2, which activation induces actin remodeling and loss of epithelial 

polarity. Direct RSK substrates are not known. We assume that relevant substrates will be targeted 

exclusively either by ERK or by RSK in a specific cellular location, although some substrates can be 
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targeted by both ERK and RSK. Aforementioned transcription factor Fra-1 represents an example that 

is phosphorylated and stabilized by ERK and RSK (Doehn et al. 2009). Accumulation of Fra-1 in turn 

promotes scattering and migration of epithelial cells. Taken together, we propose a model in which 

ERK and RSK, the effector protein kinases of the ERK signaling pathway, occupy different signaling 

territories (Fig. 5.1C). Coordinated spatiotemporal regulation of these signaling territories then leads 

to a manifestation of particular biologic response. 

5.2. THE EFFECT OF SUSTAINED ERK SIGNALING IN EPITHELIAL MADIN-

DARBY CANINE KIDNEY (MDCK) CELLS  

 

 MDCK cells represent prototypical epithelial cell line that is widely used for examining 

epithelial function and integrity. When sparsely seeded, they form isolated islets of cells with 

individual cells tightly joined together by stable cell-cell contacts. These islets become polarized 36-

72 hours after seeding. MDCK polarization is characterized by gradual acquisition of cuboidal 

morphology with well-developed apical and basolateral surface. Proteins of tight junctions localize on 

the apical side of cell-cell contacts, whereas the rest of cell-cell contact is decorated by proteins of 

adherens junctions.  

 Sustained activation of the ERK pathway by HGF/SF or by conditional activation of ΔRaf-1:ER 

by 4HT result in loss of epithelial polarity. This is characterized by cell flattening, increased cell area, 

disruption of tight junctions integrity and relocalization of apical markers such as Par6β from apical 

surface. The loss of epithelial polarity is followed by weakening of cell-cell contacts, disruption of 

cohesive forces between individual cell and induction of autonomous migration. The conversion from 

multicellular epithelium to highly motile single cell phenotype resembled behavior of epithelial cells 

during epithelial-to-mesenchymal transition (EMT). Indeed, ERK has been shown to induce EMT in 

several epithelial cell lines (Shin et al. 2010). This developmentally encoded program is commonly 

viewed as a transition between two metastable, full epithelial and full mesenchymal states. Owing to 

the pivotal role of E-cadherin in cohesion of epithelial cells, its loss is a hallmark of EMT. EMT – 

inducing transcription factors, namely SNAI1, Twist and ZEB1/2 are often referred to as E-cadherin 

repressors (Grotegut et al. 2006, Yang et al. 2004, Shin et al. 2010). In our model we found that 

despite morphological similarity with EMT, the expression of E-cadherin was not repressed. The 

analysis of transcriptomics data (available in the lab from different project) confirmed that ERK 

activation is unable to activate complete EMT program characterized by the repression of typical 

epithelial markers and gain typical mesenchymal markers (Fig. 5.2). In addition to E-cadherin, ERK 

activity was insufficient to repress other epithelial markers such as cytokeratin-8, cytokeratin-19 or 

desmoplakin (data not shown). On the other hand, the expression of vimentin, typical marker of 
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mesenchymal cells, was upregulated albeit slightly. The expressions of several other genes associated 

with mesenchymal phenotype were truly induced during sustained ERK activation in MDCK cells. In 

particular, N-cadherin, EMT inducing transcription factors SNAI1, SNAI2, ZEB1 or matrix 

metalloproteases MMP-9, MMP-13 and MMP-14  (Fig. 5.2).  

 

 

Fig. 5.2 Changes in mRNA level during ERK activation in MDCK cells. MDCK ΔRaf-1:ER cells were stimulated for 
24 hours with vehicle or 4HT. Cells were then harvested and total mRNA prepared. The changes in the 
expression of selected epithelial and mesenchymal genes are shown. The data are presented as a ratio of 
normalized counts between stimulated and non-stimulated cells. 

 

 These data suggest that ERK activation in MDCK cells is able to activate a process that 

morphologically and functionally resembles EMT albeit these morphological changes does not fully 

correspond to complete EMT in terms of a transcriptional reprogramming. Our observations go well 

along with recent change of view on EMT that suggests that in most physiological and 

pathophysiological situations epithelial cells genuinely do not undergo complete EMT program. Cells 

rather move from a fully epithelial state to a spectrum of intermediate states of EMT and gain some 

mesenchymal markers while retaining certain key epithelial markers (Christiansen and Rajasekaran 

2006, Thiery et al. 2009, Ye and Weinberg 2015, Nieto et al. 2016, Brabletz et al. 2018). Even the 

significance of E-cadherin repression during the developmental EMT has been questioned (Campbell 

and Casanova 2016), and this opinion change has been also reflected in the EMT role in cancer. 

Although it is still widely believed that full EMT process is essential event involved in metastasis 

spread of cancer cells, it became evident that full EMT is rarely fully executed by tumor cells (Brabletz 

et al. 2018). Many advanced carcinomas retain molecular characteristics typical of well-differentiated 

epithelia including high expression of E-cadherin or low expression of Vimentin (Christiansen and 
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Rajasekaran 2006, Brabletz et al. 2018). Thus, depending on tissue type and environmental context, 

cells can use different mechanistic routes to induce invasive behavior. Likewise, the ERK pathway can 

employ different downstream signaling routes to gain phenotypes mechanistically distinct from but 

functionally similar to EMT. 

5.3. REGULATION OF EPITHELIAL POLARITY BY PROTEIN KINASE ERK  
 

 First prominent change in morphology and integrity of MDCK cells upon ERK activation is the 

loss of epithelial polarity. During this phase, proteins of apical surface relocalize from membrane to 

cytoplasmic compartment, and lateral cell-cell contacts undergo gradual dissolution at basal side. 

The compromised integrity of junctional complexes affects cell shape as cells loose cuboidal nature, 

become gradually flat and spread over larger area. We described that effector protein kinase ERK 

control the process of loss of apical basal polarity independently of downstream effector kinase RSK. 

There are two lines of evidence supporting this: RSK inhibitions do not block manifestation of 

depolarized phenotype (Fig. 4.5), and the ectopic expression of ERK2 mutant defective in RSK binding 

(ERK2 DDNN) induced the loss of epithelial polarity in MDCK cells, similarly to wild type form of ERK2 

(ERK2 wt) (Fig. 4.11). These data collectively indicate that loss of epithelial polarity is under the 

control of ERK proximal targets different from RSK, however, their identities remained unclear. 

 Our search for ERK target(s) was motivated by the findings that the reorganization of actin 

represents the crucial event that underlies the loss of epithelial polarity. We namely showed that the 

changes in the epithelial morphology induced by ERK were accompanied by the remodeling of 

peripheral and perijunctional actin cytoskeleton, and that the stabilization of actin cytoskeleton 

completely blocked changes in epithelial integrity. We therefore focused on the candidate proteins 

that are downstream of ERK and that are involved in the actin cytoskeleton remodeling. We 

identified calcium dependent protease calpain-2 (CAPN2) as a potential target of ERK in actin 

cytoskeleton reorganization.   

5.3.1. THE INTERACTION OF ERK WITH CAPN2 AND ITS EFFICIENT PHOSPHORYLATION 

 

 ERK has been shown to associate and phosphorylate CAPN2 at Ser50 in the context Asp-Pro-

Ser-Phe (Glading et al. 2004). As aforementioned, ERK is proline directed protein kinase that 

recognize and phosphorylates serine or threonine in consensual sequence S/TP or PXS/TP (Gonzalez 

et al. 1991). Although a screening of peptide libraries revealed that a Ser or Thr phosphoacceptor 

followed by an obligate Pro at the +1 position is strongly preferred by ERKs, calpain phosphoacceptor 

site Asp-Pro-Ser-Phe represents notable exception to this rule. However, CAPN2 is not only one 

substrate phosphorylated at non-consensual site. Protein ETV3 possess eight ERK phosphoacceptor 
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sites and even three of them have been shown to be non-canonical (Carlson et al. 2011). This 

discrepancy could be explained by previous observations demonstrating that the specificity of the 

interaction and phosphorylation comes also from docking motifs that reside outside of a catalytic 

site. These motifs are important for efficient interaction between ERKs and their substrates (Tanoue 

et al. 2000, Lee et al. 2004). Two different kinds of docking motifs have been identified on candidate 

substrates of ERK. The first is sequence of positively charged amino acids called D-domain, the 

second is a specific Phe/Trp-Xxx-Phe/Tyr/Trp sequence called DEF-motif (Anjum and Blenis 2008). 

Both motifs represent important determinant of ERK interacting partners. In addition, DEF motif has 

the ability to select specific residues to be phosphorylated by ERK. Structural and biochemical studies 

have shown that ERK selects phosphorylation sites that are located close to the N-terminus of the 

DEF motif, probably due to the close proximity of the DEF binding region and the active site of ERK 

(Fantz et al. 2001, Lee et al. 2004).  The cooperation of docking domains with the phosphoacceptor 

site in substrate recognition and phosphorylation seems to be crucial as ERKs short peptide 

substrates have affinities several fold lower than peptides that contain docking domains or full-

length protein substrates (Fantz et al. 2001). We have observed that ERK association with CAPN2 is 

enhanced upon ERK activation and that CAPN2 contains two overlapping DEF motifs in the proximity 

of the phosphoacceptor, Ser 50. These findings suggest that the DEF motif of CAPN2 mediates the 

interaction with active ERK and also confers to the selection and efficient phosphorylation of the 

Ser50 phosphoacceptor site. 

5.3.2. THE ABILITY OF ERK TO INDUCE PROTEOLYTIC ACTIVITY OF CAPN2  

 

 It has been shown that phosphorylation of CAPN2 at Ser50 residue by ERK induces CAPN2 

activation in vitro and in vivo (Glading et al. 2004). However, the activation of CAPN2 by ERK seems 

to be not direct. Leloup and colleagues showed that CAPN2 phosphorylated at Ser50 is translocated 

to plasma membrane where is activated by binding to PIP2. Since the artificial targeting of CAPN2 to 

the membrane causes constitutive activation of CAPN2, it seems that ERK phosphorylation is not 

required for CAPN2 activation per se but it induces the conformational change that permits CAPN2 to 

bind PIP2 (Leloup et al. 2010). In polarized cells, PIP2 localizes predominantly at apical surface of 

epithelial layer, while PIP3 localizes to basal membranes (Yu et al. 2003, Martin-Belmonte et al. 

2007). However, stimulation of epithelial cells by HGF can significantly change the localization 

pattern of phosphoinositides (Yu et al. 2003). Unpublished data from our laboratory indicate that 

CAPN2 has cytoplasmic localization in non-stimulated cells and that HGF stimulation induces 

translocation of small fraction of CAPN2 to perijunctional region as well as to newly formed 

protrusions (Bartoš, Vomastek, unpublished results). We thus suggest a model in which ERK 
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activation by HGF mediates the phosphorylation of CAPN2 at Ser50. Phosphorylated CAPN2 is then 

translocated to PIP2 pool at plasma membrane and there it drives the local rearrangement of actin 

cytoskeleton leading to loss of epithelial polarity. Whether HGF induces accumulation of PIP2 in 

membrane region remains unknown. Our data suggest that HGF rather activates PI3K activity as 

judged from kinase AKT phosphorylation (Fig. 4.20G). However, we note that PIP2 producer PTEN can 

localize to the junctional complexes in MDCK cells (Feng et al. 2008) presumably creating pools of 

PIP2 at this location. CAPN2 phosphorylation on Ser50 would then be the only event required for 

CAPN2 translocation to the membranes and actin cytoskeleton remodeling. To support this model, 

we observed that phosphomimetic mutation in CAPN2 is sufficient to induce actin cytoskeleton 

remodeling and loss of epithelial shape and polarity. However, additional experiments are required 

to demonstrate this sequence of event and to show that CAPN2 can localize to adhesion complexes 

in PIP2 dependent manner. 

 

5.3.3. CAPN2 SUBSTRATES IN THE REGULATION OF PERIJUNCTIONAL ACTIN 

CYTOSKELETON AND EPITHELIAL POLARITY 

 

 Perijunctional actin supporting cell-cell contacts in epithelial cells has been shown to be 

responsible for stability and maintenance of adherens junctions (AJs) as well as tight junctions 

integrity (TJs) and TJs-mediated barrier function (Jamora and Fuchs 2002, Yamada and Nelson 2007, 

Van Itallie and Anderson 2014). Our results suggest CAPN2 as a new player in the regulation of actin 

cytoskeleton and epithelial polarity. Notably, we found that the ectopic expression of 

phosphomimetic mutant form of CAPN2 (S50E) is sufficient to induce remodeling of perijunctional 

actin cytoskeleton and depolarized phenotype of epithelial cells. This pointed to the mechanism 

where calpain cleavage of specific substrate or substrates controls these processes.. We tried to shed 

a light on the potential substrates and effectors of CAPN2 that may be involved in the regulation of 

epithelial polarity.  

Previous work in our lab examined E-cadherin and vinculin cleavage in MDCK cells. These 

proteins are integral components of adherens junctions and directly link adherens junctions to actin. 

They have also been shown to be cleaved by calpain proteases (Konze et al. 2014, Serrano and 

Devine 2004). However, E-cadherin and vinculin are not detectably cleaved in MDCK cells (Bartoš, 

Vomastek, unpublished).  

 We thus focused on small Rho GTPases – Cdc42, Rac1 and RhoA as they play a central role in 

the regulation of actin cytoskeleton dynamics (Hanna and El-Sibai 2013). The data presented here 

indicate that the attenuation of RhoA-mDia signaling axis represents the important event that 
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triggers perijunctional actin remodeling (Fig. 4.8). This observation is consistent with data obtained 

by Sahai and Marshall. They showed that attenuation Rho and mDia in colon carcinoma cells results 

in cessation of perijunctional polymerization and destabilization of junctional complexes (Sahai and 

Marshall 2002). We therefore hypothesize that CAPN2 is involved in the inhibition of RhoA signaling 

during the loss of epithelial polarity. Indeed, it has been shown that calpain can interfere with RhoA 

by several mechanisms. First probable mechanism how CAPN2 drives attenuation of RhoA signaling 

represents direct cleavage of RhoA. It has been shown that related CAPN1 isoform are able to 

directly cleave RhoA. The calpain-mediated proteolysis generates C-terminally truncated form of 

RhoA that is defective in targeting to plasma membrane and can acts as a dominant negative form 

(Kulkarni et al. 2002). The mechanism includes the CAPN1 mediated removal of C-terminal lipidation 

sequence that is required for association of RhoA with plasma membrane and for RhoA activation 

(Solski et al. 2002, Roberts et al. 2008). We therefore proposed that CAPN2 could mediate 

spatiotemporal attenuation of RhoA signaling at plasma membrane by RhoA cleavage and 

subsequent relocalization of RhoA to cytoplasm. However, we suppose that direct cleavage of RhoA 

could represent rather accessory mechanism in perijunctional actin remodeling. 

 From our results it seems that reorganization of perijunctional actin cytoskeleton and the 

loss of epithelial polarity is rather transcriptionally dependent process than event driven by post-

translation modification such as RhoA cleavage (Fig. 4.6). We therefore wanted to find whether ERK 

activation or ectopic expression of CAPN2 S50E is able to change expression of RhoA or upstream 

RhoA regulators. We found that mRNA levels of RhoA were mostly unaffected across 

aforementioned samples (data not shown). On the contrary, we were detected 3-fold and 2-fold 

increase in expression of endogenous Rnd3/RhoE in ERK stimulated cells and cells expressing CAPN2 

S50E, respectively (Fig. 4.25C). Rnd3/RhoE is an unusual Rho family member which, paradoxically, 

acts as an inhibitor of RhoA (Hanna and El-Sibai 2013). The exact mechanism behind the Rnd3 

expression by calpain signaling remains unknown. However, we speculate that induction of Rnd3 

expression by ERK-CAPN2 axis could be mediated by the activation of NF-κB pathway. First, Rnd3 has 

been shown to be directly upregulated by NF-κB activation (Nadiminty et al. 2010). Second, ERK 

activation promotes expression of NF-κB responsive genes (Dhawan and Richmond 2002). Third, 

calpain has been shown to cleave NF-κB inhibitor called IκB-α and thus activate NF-κB pathway 

(Schaecher, Goust and Banik 2004). Taken together, the mechanism that underlies the remodeling of 

perijunctional actin cytoskeleton by CAPN2 may also include transcriptional upregulation of NF-κB 

responsive gene Rnd3 that in turn mediates attenuation of RhoA signaling at plasma membrane.  

 It is tempting to speculate that direct substrate of CAPN2 in regulation of perijunctional actin 

remodeling could be protein kinase ERK1. Our unpublished data showed that overexpression of ERK2 

isoform, but not ERK1, results in the perijunctional actin rearrangement and the loss of epithelial 
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polarity (Fig.11; Rasl, Vomastek, unpublished data). This was quite unexpected as both isoforms 

shares 84% of sequence identity and both are widely co-expressed in tissues. The prominent 

sequence diversity between ERK1 and ERK2 are located at N-terminal part of both proteins, where 

ERK1 possess extra stretch of 17 amino acid residues. My colleague Jan Rasl prepared mutant form of 

ERK1 that lacks these 17 amino acids and ectopically expressed this ERK1 mutant in MDCK cells. 

Comparing to ERK1 wt overexpression, N-terminally truncated ERK1 induces perijunctional 

remodeling and the loss of epithelial polarity (J. Rasl, unpublished data). I therefore speculate, that 

CAPN2 can recognize and cleave ERK1 at N-terminus and thus generates fragment that is functionally 

similar to ERK2. However, we admits that potential cleavage of ERK1 is only speculation and if it 

happens, it could represent rather secondary mechanism that fine tune the ERK activity in the 

perijunctional actin remodeling.  

5.3.4. THE ROLE OF ADDITIONAL CALPAIN ISOFORMS IN THE LOSS OF EPITHELIAL 

POLARITY  

 

 As aforementioned, ERK-induced reorganization of perijunctional actin cytoskeleton during 

the loss of epithelial polarity was prevented by three structurally dissimilar calpain inhibitors 

(Fig.4.9). These data suggested that calpain activity is necessary for this process. Which calpain 

isoform participates in regulation of epithelial polarity remains still an unresolved issue. We have 

found that MDCK cells express 7 out of 15 calpain isoforms encoded in mammalian genome 

(Fig.4.12). Our work on CAPN2 revealed that the targeted disruption of CAPN2 gene only partially 

suppressed the morphological changes induced by HGF. This is in contrast to pan-calpain inhibition 

that completely prevents loss of epithelial polarity. Although we cannot rule out the possibility that 

all three calpain inhibitors have similar off-target effect, we interpret these data as additional calpain 

isoform(s) are likely involved in the regulation of epithelial cell shape. Among them, CAPN13 and 

CAPN14 share the striking resemblance of conserved ERK phosphorylation site with CAPN2 and they 

are thus primary candidates. Our unpublished data indicates that CAPN14 became strongly 

upregulated upon ERK activation in MDCK cells. Davies and colleagues showed that epithelial cells 

overexpressing CAPN14 displayed impaired epithelial architecture (Davis et al. 2016). These data 

indicate that other calpain isoforms, and CAPN14 in particular, can be involved in regulation of 

perijunctional actin and epithelial polarity.   

5.4. REGULATION OF CELL SCATTERING BY RSK 
 

 The loss of epithelial polarity induced by ERK was followed by several changes in epithelial 

integrity that is under control of protein kinase RSK. In this thesis, we showed that RSK induces 
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weakening of E-cadherin based cell-cell contacts, cell scattering and increased cell motility (Fig. 4.5), 

and that disruption of cell-cell contacts is driven by RSK in transcription independent manner (Fig. 

4.6E and 4.6F). Notably, cell scattering is initiated after the loss of epithelial polarity, the process 

which seems to require transcription and translation. Thus, the remodeling of perijunctional actin 

and the loss of epithelial polarity are limiting steps in cell scattering propagation.  

 The data presented here suggest that weakening of E-cadherin based cell-cell contacts is 

caused by controlled relocalization of E-cadherin from plasma membrane to cytoplasm rather than 

by the E-cadherin degradation or attenuation of E-cadherin expression (Fig. 4.10). ERK activation in 

cells pretreated with specific RSK inhibitor mainly preserves adherens and tight junctions at basal 

side (Fig. 4.5). The washout of RSK inhibitor induces rapid destabilization of cell-cell contacts and led 

to immediate cell scattering (Fig. 4.6E). These data are consistent with observation that 

internalization of large clusters of E-cadherin and ZO-1 in MDCK cells treated with HGF occurred just 

before cell-cell contact disruption (de Rooij et al. 2005).  

The mechanism how RSK drives E-cadherin-based cell-cell contact internalization is still not clear. 

Small GTPase ARF-6 is a potential downstream effector of RSK signaling as ARF-6 initiates clathrin-

mediated endocytosis of E-cadherin in various cell lines (Palacios et al. 2001, Kon et al. 2008, Pellon-

Cardenas et al. 2013). Moreover, ARF-6-mediated internalization of E-cadherin was observed in 

MDCK cells upon HGF stimulation (Palacios et al. 2001). The authors showed that ectopic expression 

of dominant negative form of ARF-6 abrogated E-cadherin internalization and induction of scattered 

phenotype. In similar experiments, we were unable to recapitulate these results. In our hand, the 

transient expression of dominant negative form of ARF-6 prevented neither disruption of AJs nor cell 

scattering upon HGF stimulation (data not shown). The achievement of different results could be 

explained by different concentrations of HGF that were used during experiments. We used 5 times 

higher dose of HGF to induce cell scattering in MDCK as higher concentration of HGF induces 

disruption of cell-cell contacts and cell scattering more effectively. Thus, it is possible that high HGF 

concentration can overcome the dominant negative effect of ARF-6. In addition, we repeatedly found 

that proteins expressed by transient transfection of plasmids display much weaker given effect than 

stably expressed proteins. It would be interesting to perform the experiment in ARF-6 depleted cells 

to determine whether ARF-6 mediated internalization plays primary or secondary role in E-cadherin 

internalization during HGF stimulation.  

 As mentioned above, the stability of E-cadherin homophilic interaction between adjacent 

cells is controlled by number proteins that associate with cytoplasmic tail of E-cadherin such as  

p120-, α-, β-, γ-catenin, vinculin and others (Meng and Takeichi 2009). All these protein therefore 

represent candidate targets of RSK signaling in AJs weakening. In particular, p120-catenin has been 

shown as an essential promoter of E-cadherin stability (Kourtidis, Ngok and Anastasiadis 2013). The 
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phosphorylation of p120-catenin on Ser310 by GSK3b have been shown to destabilize N-cadherin 

containing junctions and N-cadherin internalization in astrocytes induces the internalization (Peglion, 

Llense and Etienne-Manneville 2014). Interestingly, phosphoacceptor Ser310 lies in the minimal 

context recognized by RSK kinases (Ala-Arg-Arg-Thr-Gly-pThr). Intriguingly, Ser320 that is located in 

close vicinity is within optimal RSK consensus sequence (Pro-Arg-Arg-Arg-Leu-Arg-pSer) and 

according to PhosphoSite database (https://www.phosphosite.org/) is frequently phosphorylated. 

We speculate that phosphorylation of these sites by RSK reduces p120-catenin cadherin association 

and thus represents potential mechanism for RSK-induced cell-cell contact weakening. Collectively 

these data suggested that RSK may control weakening of AJs by the destabilization of E-cadherin 

complexes via phosphorylation of particular AJs components such as p120 catenin and/or through 

the induction of clathrin-dependent endocytosis of E-cadherin molecules via spatiotemporal 

activation of ARF-6.  

5.5 COMPOSITION AND FUNCTION OF PERIPHERAL ACTIN CYTOSKELETON 

AT THE FREE EDGE OF THE EPITHELIUM 
 

 The substantial part of my work concerned the functionally poorly understood contractile 

pluricellular actin bundles that are assembled at the edge of epithelium. To characterize these 

bundles we utilized cells growing in polarized isolated islets as they are encircled by thick marginal 

actin bundles that are anchored to the substratum by numerous focal adhesions. Live cell imaging of 

MDCK cells expressing RFP-actin revealed that marginal bundle display limited movement and form 

stable boundary of epithelial colony (Fig. 4.17). Our data suggest that the presence peripheral 

bundles fix margins of MDCK colonies. This seems to be  necessary for proper establishment of 

epithelial polarity in marginal cells (Fig. 4.19), finding consistent with previous observations (Bement 

et al. 1993). Further characterization revealed that marginal bundles encircling isolated islets of 

epithelium are composed of two structurally distinct layers – basal layer and top layer. Basal layer is 

anchored along its entire length by numerous FAs and forms discontinuous structure that is 

interrupted at cell-cell boundaries of marginal cells (Fig. 4.18). On the contrary, apical layer is mostly 

free of FAs and forms pluricellular bundle that is anchored in intercellular foci enriched in vinculin 

and E-cadherin.  

 The nature of E-cadherin/Vinculin enriched puncta remains quite mysterious. They resemble 

so called tricelular junctions that are assembled within the epithelium at the sites where three cells 

meet. Tricellular junctions are force resistant assemblies that accumulate E-cadherin, vinculin, 

tricellulin and component tight junctions, among other proteins, and fortify 3-way intercellular 

junctions (Higashi and Miller 2017). By assembling tricellular junctions, the cells solve the problem 

https://www.phosphosite.org/
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how to maintain epithelial integrity when actomyosin forces pull the junctions and associated 

membranes in three different directions (Ebrahim et al. 2013) (Fig. 5.3 A). In similar manner, we 

hypothesize that E-cadherin/Vinculin enriched puncta connecting peripheral bundles and 

perijunctional actin are functionally analogous to tricellular junctions (Fig. 5.3B). They balance the 

actomyosin forces pulling in three different directions and thus maintain the cohesion between 

epithelial cells. From photoablation experiments it is evident that lateral cellular junctions are not 

strong enough to counteract pulling forces because the puncta photoinactivation results in unzipping 

of cell-cell contacts and loss of intercellular cohesion. Consistently with this hypothesis, these puncta 

seems to be under immense actomyosin tension – they accumulate tension marker vinculin and, 

conversely, the actomyosin contractility inhibition results in the disassembly of both peripheral 

bundles and E-cadherin/vinculin puncta.  

 Interestingly, we found that presence of E-cadherin/vinculin puncta and pluricellular 

character of peripheral bundle is not characteristic only of cells growing in isolated islets. 

Consistently with previous studies (Matsubayashi, Coulson-Gilmer and Millard 2015, Farooqui and 

Fenteany 2005), we observed puncta as well as pluricellular actin bundles also in the epithelial cells 

collectively migrating into the wound (Fig. 4.16). However, these bundles are rarely anchored by FAs 

to the substratum and the whole structure resembles top-layer of peripheral actin present in isolated 

islets. This indicates that collectively migrating cells utilize mechanism similar to static islets in order 

to maintain intercellular cohesion at the edge of moving epithelia.  

 Taken together, these data indicate that peripheral actin at the margin of epithelial sheet 

may exist in two fundamental forms. First form is characterized as a thick bundle highly-anchored by 

FAs that defines the border of epithelial sheet and prevents epithelial cells to move away from the 

epithelium. The second form characterized by formation of pluricellular actin bundles that are not 

interconnected with ECM through FAs but they are rather anchored in tension-resistant junctional 

puncta. The pluricellular layer allows epithelial cells to collectively migrate into unoccupied area.  

 

Fig. 5.3 Tension transmission at tricellular junctions and E-cadherin/Vinculin foci. (A). Top view (XY 
plane) of epithelial sheet displaying tensile forces applied on tricellulin contacts where three 
epithelial cells meet. Red arrows highlight the force vectors acting at tricellular contacts. Adapted 
from (Higashi and Miller 2017). (B). Model showing tension transmission at Ecadherin/vinculin 
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(Ecad/Vinc) foci. Models shows top view (XY plane) of epithelial sheet edge, black arrow highlights 
the proposed force vectors acting on Ecad/Vinc foci. 

5.5.1 REGULATION OF PERIPHERAL ACTIN CYTOSKELETON IN MDCK CELLS UPON HGF 

STIMULATION 

 

 Consistently with previously published data (Ridley et al. 1995), we showed that HGF 

stimulation of MDCK cells growing in isolated islets induced rapid reorganization of peripheral actin 

cytoskeleton at the free edge of the epithelium. HGF stimulation results in rapid sequential changes 

in peripheral bundle organization characterized by destabilization of focal adhesions at the margin 

and dissolution of peripheral actin at basal side. Conversely, the apical layer of peripheral actin that 

terminates in E-cadherin/vinculin puncta remained preserved for several hours. Notably, remaining 

apical layer resembles pluricellular actin that is formed in monolayer of epithelial cells subjected to 

wound by scratch (Fig. 4.20A vs 4.16).  

 Farooqui and colleague proposed that formation pluricellular actin in wounded MDCK cells 

contributes to regular and uniform wound closure, likely by distributing forces between more 

actively protruding marginal cells and less protruding neighbors (Farooqui and Fenteany 2005). We 

therefore suppose that disruption of basal domain and conservation of apical domain of peripheral 

actin with crosslinking puncta allowed cells to collectively expand to surrounding free space and 

gradually lose epithelial polarity. Long-term stimulation of MDCK islets by HGF results in cell 

scattering that is accompanied by complete disruption of E-cadherin/vinculin puncta, breakdown of 

apical layer of peripheral actin that together with weakening of cell-cell contacts allow cell to detach 

from each other and to migrate individually. 

  

5.5.2 MECHANISM OF PERIPHERAL ACTIN REMODELING INDUCED BY ERK-CAPN2 

SIGNALING AXIS 

 

 Final part of my work concerned the role of ERK effector CAPN2 in the regulation of 

peripheral bundles and intercellular junctional puncta. The ERK activation or the expression of 

conditionally active CAPN2 reorganize the peripheral actin and induce formation dominant 

lamellipodia at the epithelial edge. Conversely, ERK inhibition or CAPN2 knockout by CRISPR/Cas9 

system impaired peripheral actin remodeling and suppressed the onset of protrusion formation and 

crawling mode of migration. This suggests that ERK and its downstream effector CAPN2 are sufficient 

and necessary for the peripheral actin remodeling, protrusive behavior and regulation of crawling 

mode of epithelial cell migration (Fig.4.22 and 4.23). We speculate that ERK and CAPN2 are able to 

drive reorganization of epithelial margin by triggering several independent programs that leads to 
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conversion of highly-anchored and static epithelial margin to highly-protrusive epithelial edge. These 

programs include destabilization of FAs underlying basal layer of the bundle, decrease in RhoA 

activity at cell periphery and induction of Rac1 activity to form protrusions. All these programs are 

supposed to be transcription independent, because the reorganization of peripheral bundle and 

induction of protrusive behavior at the margin became apparent few tens of minutes after ERK 

stimulation (Fig. 4.20).  

 First prominent change in peripheral actin bundle rearrangement represent destabilization of 

numerous FAs underlying basal layer of the bundle (Fig. 20C). CAPN2 has been shown to be 

important effector that drives FAs disassembly (Franco et al. 2004). CAPN2 are able to cleave 

numerous structural and signaling molecules of FAs such as integrin, paxillin, talin or FAK (Pfaff et al. 

1999, Cortesio et al. 2011, Franco et al. 2004, Chan et al. 2010). Interestingly, the cleavage of 

particular proteins of FAs can positively as well as negatively regulate focal adhesion turnover. 

CAPN2-mediated cleavage of integrin or talin was associated with destabilization of FAs, calpain-

mediated cleavage of FAK appears to function in both FAs disassembly and assembly and cleavage of 

paxillin promotes FAs stability. Chan and colleagues proposed that the dynamic of adhesion turnover 

is likely driven by spatiotemporal cleavage of specific set of FAs proteins (Chan et al. 2010). Here, we 

show that ERK activation as well as ectopic expression of CAPN2  S50E results in accumulation of ~ 50 

kDa paxillin fragment that differ by ~20 kDa in size from full length paxillin (Fig. 25A). The size of the 

shortened form of paxillin approximately corresponds to size of δ-paxillin as well as to size of 

previously published cleavage product of paxillin (Tumbarello et al. 2005, Cortesio et al. 2011). 

However, both paxillin forms have been shown to stabilize FAs. The reason for this discrepancy is 

unknown but it seems that calpain regulatory function in FA turnover is distributed rather between 

many substrates of FAs that can, depending on cellular context, either promote or suppress FA 

turnover. It is the combinatorial cleavage and the specific constellation of calpain substrates that 

optimizes the process of FA turnover and accompanied crawling mode of cell migration. 

 Second expressive change associated with reorganization of peripheral actin bundle is 

disruption of highly-contractile basal layer with concurrent formation of lamellipodia-based 

protrusions. Actomyosin contractility within the cell is promoted by RhoA activation, whereas 

lamellipodia formation is driven by Rac1 activity (Nobes and Hall 1995). These activities are in cells 

tightly regulated. Widely accepted model underlying cell migration supposes that active RhoA and 

active Rac1 are spatiotemporally segregated as local activation of Rac1 are able to locally suppress 

the RhoA activity and vice versa (Byrne et al. 2016). We suppose that during destabilization of basal 

layer of peripheral actin and lamellipodia formation, cells initatie CAPN2-mediated switch in RhoA-

Rac1 activity resulting in RhoA attenuation and Rac1 activation at the epithelial margin. The 

destabilization of basal layer and protrusion formation is quite fast (in ~30-60 min; Fig. 4.20A and 
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4.20C), so we expect that CAPN2 regulate RhoA and Rac1 activity in transcription and translation 

independent manner. Direct cleavage of RhoA described in chapter 5.3.3. preventing RhoA targeting 

to plasma membrane and activation can represent potential mechanism how CAPN2 coordinate fast 

local RhoA attenuation at site of peripheral actin. This hypothesis is supported by our observation 

that HGF stimulation of MDCK cells promotes localization of CAPN2 at the epithelial periphery 

(Bartoš, Vomastek, unpublished results). We also hypothesize that spatial decrease in RhoA activity 

at the margin leads to Rac1 activation, protrusion formation and onset of crawling mode of 

migration. Some studies showed that RhoA is able to suppress Rac1 through ARHGAP22 or FilGAP 

(Sanz-Moreno et al. 2008, Saito et al. 2012). CAPN2-mediated cleavage of RhoA could thus spatially 

remove signals promoting actomyosin contractility (Rho mediated) and activates signal promoting 

protrusions (Rac1 driven). 
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CHAPTER 6 CONCLUSIONS 

 

ERK signaling in regulation of morphological changes of epithelial cells 

 ERK signaling activation in MDCK cells by HGF stimulation or by conditional activation of Raf-1 

does not induces complete epithelial-to-mesenchymal transition. 

 EMT-like program induced by ERK signaling consists of two sequential steps that includes the loss 

of apical-basal polarity followed by cell scattering. 

 Protein kinase ERK and protein kinase RSK cooperates in regulation of EMT-like program in MDCK 

cells. ERK primarily regulates the loss of apical-basal polarity while RSK primarily regulates cell 

scattering. Coordinated executions of these subprograms in time results in complex biologic 

response characterized by the conversion of apparently static multicellular epithelium to highly 

motile single cell phenotype. 

 ERK regulates the loss of apical-basal polarity through the remodeling of perijunctional and 

peripheral actin cytoskeleton. 

 RSK regulates cell scattering through the adherens junctions weakening. 

 ERK induced morphological changes leading to loss of epithelial polarity are dependent on de 

novo transcription and translation. 

 RSK induces weakening of cell-cell contacts and cell scattering in transcription and translation 

independent manner.  

 

ERK in regulation of cuboidal shape, perijunctional actin and epithelial polarity 

 The actin cytoskeleton remodeling is necessary for the loss of cuboidal shape and apical-basal 

polarity of epithelial cells and it is driven by downregulation of small GTPase RhoA and its formin 

effector mDia. 

 The family of calpain proteases represents a plausible link between ERK and actin cytoskeleton 

remodeling driven by small GTPases. 

 Pan-calpain activity is necessary for the perijunctional actin remodeling, loss of cuboidal shape, 

and apical-basal polarity of epithelial cells. 

 Protease calpain-2 participates in perijunctional reorganization and the loss of epithelial polarity. 

However, other calpain isoforms most likely participate in these processes. 

 Potential calpain-2 substrate regulating perijunctional reorganization and RhoA attenuation 

represents RhoA inhibitor Rnd3. 
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ERK signaling in regulation of peripheral actin bundle  

 Isolated islets of MDCK cells are flanked by thick marginal bundle that possess pluricellular 

character 

 Peripheral actin bundle in isolated islets are composed of two structurally distinct layers – basal 

layer and top layer. Basal layer are highly anchored to substratum via numerous of focal 

adhesions along its entire length and forms discontinuous structure. Conversely, top layer are 

mostly free of protein of focal adhesions and has a pluricellular character. 

 Top layer of peripheral actin bundle serves as an anchoring platform for perijunctional actin. 

Perijunctional and peripheral actin are interconnected via E-cadherin/Vinculin enriched puncta.  

 ERK signaling induces gradual changes in peripheral actin bundle organization ultimately leading 

to peripheral bundle disruption. First, ERK induces rapid destabilization of basal layer with 

concomitant dissolution of focal adhesions. Second, long-term activation of ERK results in 

destabilization E-cadherin/Vinculin puncta and dissolution of top layer. 

 ERK drives peripheral actin remodeling and protrusion formation at the free edge of the 

epithelium through the protease calpain-2. 

 Paxillin represents potential calpain-2 substrate regulating peripheral actin reorganization.  
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