Chapter 6

Cytoskeleton and Nucleotide Signaling
in Glioma C6 Cells

Wanda Klopocka, Jarostaw Korczynski, and Pawel Pomorski

Abstract This chapter describes signaling pathways stimulated by the P2Y, nucleotide receptor
(P2Y,R), that regulate cellular processes dependent on actin cytoskeleton dynamics in glioma C6
cells. P2Y R coupled with G-proteins, in response to ATP or UTP, regulates the level of phosphati-
dylinositol-4,5-bisphosphate (PIP,) which modulates a variety of actin binding proteins and is involved
in calcium response and activates Racl and RhoA proteins. The RhoA/ROCK signaling pathway
plays an important role in contractile force generation needed for the assembly of stress fibers, focal
adhesions and for tail retraction during cell migration. Blocking of this pathway by a specific Rho-
kinase inhibitor induces changes in F-actin organization and cell shape and decreases the level of
phosphorylated myosin II and cofilin. In glioma C6 cells these changes are reversed after UTP stimu-
lation of P2Y R. Signaling pathways responsible for this compensation are connected with calcium
signaling. Stimulation of the Racl mediated pathway via G_ proteins needs additional interaction
between o, B3, integrins and P2Y _Rs. Racl activation is necessary for cofilin phosphorylation as well
as integrin activation needed for focal complexes formation and stabilization of lamellipodium.
Inhibition of positive Racl regulation prevents glioma C6 cells from recovery of control cell like
morphology.
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LIMK LIM kinase

MARCKS Myristoylated alanine rich C-kinase substrate
MHC Myosin heavy chains

MLC Myosin light chain

MLCK Myosin light chain kinase

MLCP Myosin light chain phosphatase

P2Y R P2Y, receptor

PAK p21 Activated kinase

PDGFRs Platelet-derived growth factor receptors
PI3K Phosphatidylinositol 3-kinase

PIP, Phosphatidylinositol-4,5-bisphosphate

PIP 5-kinase
PIP

Phosphatidylinositol-4-phosphate 5-kinase
Phosphoinositol phosphate
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PKC Protein kinase C

PLC Phospholipase C

P-MLC Phosphorylated myosin light chain
PTX Pertussis toxin

ROCK Rho-associated protein kinase
SSH Slingshot homolog

TESK Testis-specific kinase

6.1 Introduction

The way in which simple, chemical reactions of the signaling pathways translate itself into the cell
behavior is crucial for understanding of the living world. This chapter describes how the signal from
one nucleotide receptor can influence and regulate complex phenomena of cell structure and motility.

This is the ability to actively change shape and travel from one location to another what we intuitively
assume as one of the most fundamental attributes of being alive. Being motile is the common feature of
multiple free living protista (Chung et al. 2001; Kiopocka and Pomorski 1996; Pomorski et al. 2007;
Stockem and Klopocka 1988) as well as tissue cells in higher organisms (Pomorski et al. 2004). The
motility is crucial for organism development and everyday functions. While most of cells in human body
can use bloodstream as a fast way of traveling long distance, the existence of blood-brain-barrier isolates
cells of central nervous system from the passive way to spread around and force to use active crawling
to change position. This is as true for the microglia cell looking for the inflammation as for the spreading
cells of malignant glioma. The existence of the barrier between blood and brain creates very special
environment, where every cell at least on some period in the life have to be actively motile.

The P2Y, nucleotide receptor is located in the very centre of signaling network regulating cell
motility and cytoskeleton shape. There are two basic systems regulating cytoskeleton and motility:
Rho-family pathways (Ktopocka and Redowicz 2003, 2004; Ktopocka et al. 2005; Schmitz et al.
2000; Worthylake et al. 2001) and calcium signaling (Pletjushkina et al. 2001; Pomorski et al.
2004; Somlyo and Somlyo 2003). In this chapter we will show how P2Y, receptor signaling can
influence both those systems. While the Chap. 4 focus on the calcium signaling in glia and glioma
cells, here we will discuss the complex relations between this two signaling systems and show
why nucleotide receptors and nucleotide signaling are so important for them.

In the chapter we will describe crucial pathways regulating glioma C6 cells cytoskeleton as well
as the peculiar role of P2Y, in cross-talk between them. Finally we will show how experimental
induction of this receptor may influence inhibition of classical RhoA cytoskeleton and motility-
regulating pathway.
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6.2 The Role of the P2Y, Receptor in Actin Cytoskeleton Organization

Signaling cascades evoked by the P2Y, receptor (P2Y,R) stimulation operate by the sequential
activation and deactivation of small G proteins, phospholipases and protein kinases that regulate cellular
processes dependent on actin cytoskeleton dynamics: endo- and exocytosis, cytokinesis, intracellular
transport, cell to cell adhesion and cell migration. Actin cytoskeleton reorganization in response to extra-
cellular stimuli is crucial in these processes. The dynamic transformation of actin filaments that involves
actin polymerization and depolymerization, formation and degradation of filamentous networks and
bundles is regulated by integrated signaling cascades. Important factors in actin cytoskeletal reorganiza-
tion are small GTPases of the Rho family, Rho, Rac, and Cdc42 (Bishop and Hall 2000; Hall 1998) and
phosphoinositides, especially phosphatidylinositol-4,5-bisphosphate (PIP,) that binds directly to a vari-
ety of actin regulatory proteins and modulates their functions (Sechi and Wehland 2000; Takenawa and
Itoh 2001). It means that changes in PIP, levels influence the remodeling of the actin cytoskeleton. The
P2Y, receptor is coupled to Gq, G, and G, proteins. Gq-coupled receptors stimulate phospholipase C
(PLC) activity that hydrolyzes PIP, and generates two second messengers, inositol 1,4,5-trisphosphate
(IP,) and diacylglycerol (DAG). IP, mobilizes Ca** from the endoplasmic reticulum, whereas DAG
activates protein kinase C (PKC). Calcium transient promotes actin cytoskeleton reorganization by
activation of Ca?*-calmodulin-dependent myosin light chain kinase (MLCK). MLCK phosphorylates
myosine light chains (MLCs) at Ser19 and/or Thr18 residues (Katoh et al. 2001; Somlyo and Somlyo
2003) and increases acto-myosin contractility at the cell periphery (Totsukawa et al. 2000).

The P2Y, nucleotide receptor contains the integrin-binding domain, arginine-glycine-aspartic acid
(RGD), in its first extracellular loop (Lustig et al. 1996; van Rhee et al. 1998). The integrin binding
domain in P2Y R enables it to interact selectively with a B, and o (3 integrins (Erb et al. 2001) and
is required for G _-mediated Racl activation (Bagchi et al. 2005; Erb et al. 2001). Interaction with o 3,
is also necessary for coupling the P2Y, receptor to G, (Liao et al. 2007).

The cross-talk between integrins and P2Y, receptors has been shown to enable receptor coupling
to specific G proteins involved in cell migration. It was demonstrated that o integrin expression is
required for P2Y R to induce cell migration in many cell types (Bagchi et al. 2005; Wang et al.
2005). P2Y, receptor has also been suggested to play a role in the wound-healing process (Greig
et al. 2003).

In addition to modulation of ion channel activity (Chap. 3), P2Y receptors can modulate the
activity of receptor tyrosine kinases. SH3-binding domains, that are necessary to bind and activate the
non-receptor tyrosine kinase Src, have been identified in C-terminal tail of the P2Y,. UTP stimulation
causes Src activation and subsequent recruitment of the epidermal growth factor receptors (EGFRs)
into a protein complex with the P2Y R that allows Src to phosphorylate EGFR (Liu et al. 2004).
Responses to P2Y R stimulation depend on cell types and the cross-talk between various signaling
pathways (Erb et al. 2006).

6.2.1 Regulation by PIP,

In response to external stimuli G protein-coupled receptors (GPCRs) and tyrosine kinase receptors
(EGFRs and PDGFRs) regulate the level of PIP, by activating Rac and/or PLC. GTP-bound Rac
activates phosphatidylinositol-4-phosphate 5-kinase (PIP 5-kinase) responsible for PIP, synthesis
(Hartwig et al. 1995; Tolias et al. 2000), whereas activation of PLC leads to hydrolysis of PIP, and to
formation of DAG and IP, (Boarder and Hourani 1998).

PIP, plays a critical role in controlling actin cytoskeleton dynamics by modulating a variety of
actin regulatory proteins (Cooper and Schafer 2000). PIP, inhibits the activities of profilin, severing
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proteins ADF/cofilin and capping proteins such as CapZ and gelsolin, whereas it activates the cross
linking activity of a-actinin (Fukami et al. 1992). PIP, also activates ERM (ezrin/radixin/moesin)
and vinculin that link actin filaments to the plasma membrane (Takenawa and Itoh 2001). WASP
proteins, MARCKS and pleckstrin regulate actin cytoskeleton also in a PIP,-dependent manner
(Toker 2002). PIP, promotes actin nucleation and polymerization by interacting directly with profilin.
Profilin sequesters actin monomers, thus preventing polymerization, and PIP, disrupts this association
(Sohn et al. 1995). Actin filaments are also prevented from spontaneously polymerizing by capping
proteins that cap the barbed ends. Interaction of PIP, with capping proteins dissociates them from the
barbed ends of actin filaments. Uncapping of the barbed ends leads to elongation of the existing
microfilaments (Takenawa and Itoh 2001; Toker 2002). The activity of cofilin is regulated by several
mechanisms, but the most important are phosphorylation (Pak et al. 2008) and the binding of PIP,
(van Rheenen et al. 2007). By binding unphosphorylated cofilin PIP, inhibits its actin-depolymerizing
and actin-severing activity. Stimulation of P2Y,R by ATP or UTP results in activation of PLC and
decrease in the level of PIP, with the subsequent release and activation of cofilin. Upon activation,
cofilin diffuses from the plasma membrane to the F-actin compartment, where it binds to and severs
actin filaments, which results in filaments with more free barbed ends and the formation of cofilin-G-actin
complexes (van Rheenen et al. 2007). These complexes diffuse to the cytosol, where cofilin is phos-
phorylated and released from the cofilin-G-actin complex by LIM kinase (LIMK) (Song et al. 2006;
van Rheenen et al. 2007). LIMK is activated nearly simultaneously with PLC (Song et al. 2006)
through Rho/Rho associated kinase (ROCK) and Rac/p21-activated kinase (PAK)-dependent pathway
(Dan et al. 2001). Thus the translocation of cofilin from the plasma membrane to the F-actin com-
partment is induced by PLC-mediated decrease in PIP, levels, whereas the translocation from the
cytosol to the plasma membrane compartment is induced by dephosphorylation of cofilin (van Rheenen
et al. 2009). In mammary-tumor cells the reduction in PIP, levels by PLC, with the subsequent
release of cofilin, is the key to regulating cofilin activity after receptor stimulation (Mouneimne et al.
2004). By contrast, in leukocytes, the primary activation of cofilin is through dephosphorylation
(Boldt et al. 2006; Sun et al. 2007) although the binding of PIP, might be the key to regulating the
activity locally at the cell periphery.

PIP, plays also an important role in focal adhesion formation. It binds and regulates the function of
proteins that link the extracellular matrix to actin filaments via integrins. PIP, binds to vinculin and
promotes its binding to actin filaments and to talin (Gilmore and Burridge 1996; Huttelmaier et al.
1998). The interaction between actin cytoskeleton and plasma membrane not only modulates local
adhesion energy but also influences cell shape and migration. The ERM family members link actin
filaments and surface glycoproteins, and this association is enhanced by PIP,. ERM proteins are regu-
lated by PIP, in synergy with Rac since they are effectors of this small GTP-binding protein (Hirao
etal. 1996; Mackay et al. 1997). Similarly, an effector of Cdc42, WASP, binds PIP, (Miki et al. 1996).
PIP, also interacts with the PKC substrates, plekstrin and MARCKS, and promotes their association
with actin cytoskeleton (Glaser et al. 1996; Harlan et al. 1995).

6.2.2 Regulation by the Small GTP-binding Proteins: Rho, Rac and Cdc42

Small GTP-binding proteins of the Rho family belong to the Ras superfamily and are intracellular
signaling proteins known to act as molecular switches to control actin cytoskeleton dynamics. The
best characterized members: RhoA, Racl, and Cdc42 were first identified in the early 1990s (Ridley
and Hall 1992). They play an essential role in the regulation of various cellular processes, including
cell migration, smooth muscle contraction, endocytosis, cytokinesis, neurite outgrowth and retraction.
They are conformationally regulated by the binding of GTP and GDP. The active form of Rho is GTP-
bound (Hall 1998; Van Aelst and D’Souza-Schorey 1997). The exchange of GDP by GTP, catalyzed
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by guanine nucleotide exchange factors (GEFs), allows Rho proteins to interact with and activate their
downstream effectors and thereby transmit signals (Schmitz et al. 2000) (see Chap. 7). It is established
that activation of Rho GTPases is controlled by several mechanisms including the stimulation of
receptor tyrosine kinases and that many among the G protein-coupled receptors (GPCRs), particularly
those coupled to the G,,, G and G type of heterotrimeric G proteins, are upstream regulators of the
Rho proteins. Rac activation by both tyrosine kinases and G-coupled receptors is dependent on
phosphatidylinositol 3-kinase (PI3K) activity (Royal et al. 2000). During lamellipodia extension
phosphoinositol phosphates also bind and activate GEFs that regulate the activity of Rac (Kaibuchi
etal. 1999). Rho GTPase downstream target proteins include protein kinases, lipid-modifying enzymes
and activators of the Arp2/3 complex (Etienne-Manneville and Hall 2002).

The ability of a cell to move requires an asymmetrical localization of cellular activities. The front
of the migrating cell generates a protrusive force, generally associated with the extension of a lamel-
lipodium and development of new cell adhesions to the extracellular substrate. Cell contractility is
required to allow cell body to follow the extending front (Ridley 2001; Worthylake et al. 2001).
Through its ability to promote both protrusion and cell contraction, the actin cytoskeleton provides the
driving force for cell migration. RhoA, Racl and Cdc42 proteins are the key regulators of actin
cytoskeleton dynamics involved in cell shape changes, protrusion, adhesion and contractility (Clark
et al. 1998; Nobes and Hall 1995, 1999). Distinctive effects of Rho, Rac, and Cdc42 activation on the
organization of the actin cytoskeleton have been observed in many cell types, including fibroblasts,
macrophages, epithelial cells, endothelial cells, astrocytes, neurons and in cancer cells as well as in
circulating cells such as lymphocytes, mast cells and platelets (Allen et al. 1997; Hartwig et al. 1995;
Ridley et al. 1995).

Cdc42 is the principal determinant in establishing cell polarity and stabilization of the directional
movement (chemotaxis) (Itoh et al. 2002). Rac and Cdc4?2 regulate also small integrin clusters at the
leading edge, known as focal complexes, that stabilize the lamellipodium (Ridley et al. 2003). Rac
and Cdc42 induce Arp2/3 complex- mediated actin polymerization in an area limited to the cell pro-
trusion and thus enable directional migration. When the Arp2/3 complex is bound with proteins of the
WASP or WAVE family, it is activated and catalyzes nucleation of actin polymerization and the for-
mation of new filament branches (Condeelis 2001; Pollard et al. 2000). The product of the human
Wiskott-Aldrich syndrome gene, WASP, has been identified as a Cdc42-specific target (Aspenstrom
1997; Welch and Mullins 2000). WAVE is itself regulated by Rac (Cory and Ridley 2002; Ridley
2001). Rac interacts with the insulin receptor tyrosine kinase substrate p53 (IRSp53) (Miki et al.
2000), which in turn interacts through an Src-homologous domain 3 (SH3) with a number of the
WAVE family proteins, which then bind to and activate the Arp2/3 complex. An active Arp2/3 com-
plex binds to proteins called nucleation promoting factors (Campellone and Welch 2010; Chesarone
and Goode 2009). Another target of Rac that may be involved in actin polymerization is PIP 5-kinase,
the enzyme that converts phosphoinositol phosphate (PIP) to PIP, (Hartwig et al. 1995). Rac can also
control the activity of a crucial regulator of actin assembly, cofilin. Through its effector, PAK, which
phosphorylates and activates LIM kinase, Rac regulates LIMK activity (Dan et al. 2001; Edwards
et al. 1999; Maekawa et al. 1999; Yang et al. 1998). RhoA-mediated reorganization of the filamentous
actin network involves RhoA downstream effectors, among them, the Rho family of serine-threonine
protein kinases (ROCKs) that, in turn, affect their specific substrate proteins (Schmitz et al. 2000;
Tsuji et al. 2002). ROCK acts upon LIM kinase and testis-specific kinase (TESK), which phosphory-
late cofilin at Ser 3 (Arber et al. 1998; Bernard 2007; Maekawa et al. 1999; Pak et al. 2008). LIMK
phosphorylates and inactivates cofilin in the cytosol (Delorme et al. 2007). Cofilin ability to bind
actin, and therefore its actin severing and depolymerizing activity is inhibited upon phosphorylation
(Bamburg et al. 1999; DesMarais et al. 2005). Dephosphorylation of cofilin by the phosphatase Slingshot
homolog (SSH) and chronophin (CIN) (Huang et al. 2006; Niwa et al. 2002; Ohta et al. 2003) circum-
vents this inhibition. Cofilin can increase the number of barbed ends by severing the existing
microfilaments (Ichetovkin et al. 2002) and by its actin-nucleation activity (Andrianantoandro and
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Pollard 2006). The actin-depolymerization activity of cofilin increases the pool of actin monomers
available for polymerization (van Rheenen et al. 2009).

A number of myosins have been implicated in cell migration (Mermall et al. 1998). Myosin light
chain phosphorylation is enhanced in the lamellipodial region of cells (Matsumura et al. 1998), which
suggests a role for myosins in lamellipodium extension. Rac can affect the phosphorylation of both
myosin heavy chains (MHC) (van Leeuwen et al. 1999) and myosin light chains via activation of its
downstream kinase, PAK (Brzeska et al. 2004; Klosses et al. 2001). In polarized cells Rac activity is
constrained to the cell front. FRET (fluorescence resonance energy transfer) microscopy has revealed
that Rac GTP levels are highest at the leading edge of a migrating cell (Itoh et al. 2002). Rho GTP is
restricted to the cell body and excluded from the leading edge (Worthylake et al. 2001). Coordination
of localized actin polymerization at the front of the cell with contraction at the rear can propel cells
forward.

Cell body contraction is dependent on acto-myosin contractility. RhoA plays an important role in
contractile force generation needed for the assembly of stress fibers (Fukata et al. 2001), and large
integrin clusters — focal adhesions (Ridley et al. 2003) as well as tail retraction, which is a myosin
dependent process (Worthylake et al. 2001). ROCK affects the acto-myosin II contractility by phos-
phorylation and inhibition of the myosin-binding subunit of myosin light chain phosphatase (MLCP)
at Thr853 and Thr696 (Hartshorne et al. 1998; Kawano et al. 1999; Kimura et al. 1996; Ramachandran
et al. 2011). The actin-activated ATPase activity of myosin Il is also increased by direct phosphoryla-
tion of MLC at Ser19 (Amano et al. 1996; Matsumura 2005; Moussavi et al. 1993; Riento and Ridley
2003). The ROCK-mediated activation of myosin II is suggested to cause assembly of stress fibers
and focal adhesions in nonmuscle cells (Chrzanowska-Wodnicka and Burridge 1996; Kawano et al.
1999; Kimura et al. 1996). The RhoA/ROCK-mediated increase in the level of phosphorylated MLC
and contraction occurs in the absence of Ca** (Kimura et al. 1996) while myosin light chain kinase
phosphorylates MLC at Ser19 and/or Thr18 residues in a Ca**-dependent way (Katoh et al. 2001;
Somlyo and Somlyo 2003). Accordingly, G protein-coupled receptors (GPCRs) that mobilize intrac-
ellular-free Ca** activate MLCK and induce MLC phosphorylation.

These two kinases, ROCK and MLCK, may play distinct roles in the spatial regulation of myosin
II activity. The RhoA/ROCK signaling pathway plays an important role in generating myosin II-based
contractility and stress fiber assembly in the center of cells (Chrzanowska-Wodnicka and Burridge
1996; Kawano et al. 1999; Kimura et al. 1996; Totsukawa et al. 2000). Ca?*/calmodulin ML.CK regu-
lation is primarily responsible for phosphorylating MLC at the cell periphery (Totsukawa et al. 2000).
A reduction in Rho or Rho-kinase activity affects morphology, motility and invasion of all cell types
examined until now.

Another RhoA effector, mDial, induces actin polymerization and cooperates with ROCK in stress
fiber formation (Watanabe et al. 1999). Although not direct targets of Rho, the ERM proteins are
essential for Rho- and Rac-induced cytoskeletal effects. Their interaction with a transmembrane pro-
tein, CD44, and filamentous actin can be regulated by Rho (Fukata et al. 1998; Hirao et al. 1996;
Mackay et al. 1997; Matsui et al. 1998).

Axon guidance can be thought of as a specialized form of directed migration: the cell body does
not move, but the growth cone at the axon tip responds to attractive and repulsive extracellular cues
(Pak et al. 2008). Cdc42 and Rac are positive regulators of neurite outgrowth, whereas RhoA inhibits
neurite extension (Luo 2000). Rac activation induces growth cone advance and increases the number
of dendritic spines, RhoA has the opposite effect (Wong et al. 2000). Axonal extension is driven by
actin polymerization within the growth cone consisting of filopodial and lamellipodial protrusions.
Activation of Rac and Cdc42 in neuroblastoma cells has been shown to promote the formation of
lamellipodia and filopodia, respectively, along the neurite extensions (Luo 2000).

The assembly and disassembly of peripheral actin filaments can be utilized to promote localized
changes in the structure of the plasma membrane which subsequently affect membrane-controlled
processes such as phagocytosis and pinocytosis. Two distinct signaling pathways regulate phagocytosis.
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When induced by immunoglobulin receptor stimulation, phagocytosis requires Rac and Cdc42, and
when induced by the complement receptor it requires Rho (Caron and Hall 1998).

In addition to their effect on migration and endocytosis, Rho GTPases contribute to the regulation
of the mitotic phase of the cell cycle. Mitotic cell rounding is the process of cell shape change. In
many types of cells the rearrangement of the actin cytoskeleton and an increase in cortical rigidity that
accompany mitotic cell rounding require RhoA and Rac1 (Glotzer 2001; Maddox and Burridge 2003).
The cell cycle is completed with cytokinesis, and in animal cells this is driven by an actin and myosin
contractile ring, which constricts to form the two daughter cells. Inhibition of Rho as well as expres-
sion of constitutively activated Rho prevents the assembly of the contractile ring in a variety of mam-
malian cells (Kosako et al. 2000). Activated Rho recruits ROCK and citron kinase and probably also
the Diaphanous-related proteins, to assemble the contractile ring, mediate cleavage furrow ingression
and promote abscission (Eda et al. 2001; Gruneberg et al. 2006; Kosako et al. 2000; Madaule et al.
1998; Piekny et al. 2005). ROCK is responsible for phosphorylation of MLC in the cleavage furrow.
Citron kinase phosphorylates MLC at both Ser19 and Thrl18 and increases diphosphorylation of
MLC during cytokinesis. Both kinases accumulate at the cleavage furrow in several types of cultured
cells (Eda et al. 2001; Yamashiro et al. 2003).

6.3 Compensation of ROCK Inhibition by P2Y R Activated
Signaling Pathways

Blocking of the RhoA/ROCK signaling pathway in glioma C6 cells causes serious changes in the
organization of actin cytoskeleton, cell shape and migration. These changes can be compensated by
UTP stimulation of the P2Y R. Recovery of the cells from ROCK inhibition requires P2Y_R coupling
with both G_and G, proteins. Induction of G -mediated signal transduction depends on a. B, integrin
activation.

6.3.1 ROCK Inhibition in Glioma C6 Cells

Addition of a specific inhibitor of ROCK — Y-27632 inhibits stress fibers and focal adhesions in several
cell lines. In glioma C6 cells ROCK inhibition induces changes in F-actin organization and cell shape
similar to those observed in other types of cells with blocked RhoA/ROCK signaling pathway.

Our results have shown that actin reorganization and subsequent alterations in glioma C6 cell mor-
phology and migration correlate with the level of phosphorylated MLC (P-MLC) and phosphorylated
cofilin (P-cofilin) — two actin binding proteins downstream of RhoA/ROCK. ROCK inhibition by
Y-27632 reduces the level of P-MLC (Fig. 6.1a) (Korczynski et al. 2011), the level of P-cofilin and
simultaneously increases the level of Racl GTP (Fig. 6.1b, unpublished results) (Korczynski et al.
in preparation). The observed activation of Racl following ROCK inhibition may result from the
influence of Rho on Rac, as it has been observed in neurons (Kozma et al. 1997; van Leeuwen et al.
1997), Swiss 3T3 cells (Tsuji et al. 2002) and in malignant astrocytoma (Salhia et al. 2005). Tsuji and
coworkers have revealed that the Rho-dependent Rac activation is mediated by mDial through Cas
phosphorylation (Tsuji et al. 2002).

Glioma C6 cells normally exhibit a polygonal shape and are well spread on the substrate. They are
usually characterized by a fibroblast-like morphology (Fig. 6.2a) (see Chap. 3). Actin filaments form
a cortical network just beneath the plasma membrane and stress fibers in the cytoplasm. Phospho-
myosin II is distributed along the stress fibers and under the cell membrane (Fig. 6.2b). Cells are
polarized with clearly defined lamellipodium. Decreasing the level of phosphorylated MLC and
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Fig. 6.1 Changes in protein phosphorylation level in glioma C6 cells after ROCK inhibition with Y-27632. Western
blot analysis of (a) P-MLC, (b) Racl GTP, (¢) P-cofilin and (d) Integrin o3, level in cells treated with different
reagents before material collection. Abbreviations for experimental models: Ctrl — control cells, Ctrl UTP - cells
stimulated with UTP, Ctrl -Ca?* UTP - control cells stimulated with UTP in calcium-free medium, Y-27632 — cells
pretreated with Y-27632 inhibitor, Y UTP — UTP stimulated Y-27632-pretreated cells, Y -Ca* UTP — Y-27632 pre-
treated cells stimulated with UTP in calcium-free medium, Y PTX UTP — cells pretreated with Y-27632 and pertussis
toxin (PTX) stimulated with UTP, Y ML-7 UTP — Y-27632 and ML-7-pretreated cells followed by UTP stimulation, Y
NCS UTP - Y-27632 and NCS 23766-pretreated cells stimulated with UTP, Y o B, UTP — cells pretreated with
Y-27632 and a. B, integrin antibody followed by UTP stimulation

Control Ctrl UTP

Y -Ca” UTP Y ML-7 UTP Y NCS UTP Y PTXUTP

Fig. 6.2 Changes in morphology of glioma C6 cells in different experimental models (for abbreviations see Fig. 6.1).
3D orthogonal sections (a—d) and single images (e-h) from confocal microscopy. Immunofluorescence staining for
F-actin (red) and P-cofilin (images a, c, e, g, h; green) or P-MLC (images b, d, f; green). Scale bars 20 pm
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cofilin results in the loss of cell polarization, in stress fibers decomposition and promotes membrane
ruffling and multiple lamellipodia formation. The cells round up and develop long outgrowths.
Rounded cells exhibit a high volume to surface ratio as the 3D images show (Fig. 6.2¢c). F-actin is
concentrated mainly under the cell surface and in the elongated processes.

Myosin II inactivation in the presence of Y-27632 contributes to destabilization of the actin
cytoskeleton. Since the F- to G-actin ratio is not affected under such conditions (Targos et al. 2006)
changes observed in actin cytoskeleton organization (stress fiber disappearance, relocation of
F-actin) and in cell morphology seem to be caused by disorganization of the functional state of
acto-myosin II system by inhibition of Rho-kinase. Dephosphorylation of MLC would favor myosin
remaining in the low-affinity state for actin and subsequently dissociating from actin (Sutton et al.
2001). Phosphorylated myosin II diffuses all over the rounded cell body and does not co-localize
with actin filaments. Temporal separation between myosin II inactivation and a complete disruption
of stress fibers (Sutton et al. 2001) suggests that other processes, such as actin severing, may be
involved in stress fiber disassembly. In glioma C6 cells suppression of LIMK-mediated phosphory-
lation of cofilin might be responsible for microfilament destabilization in the cell center. However,
the ability of cofilin to affect actin dynamics is restricted at the leading edge because in this region
microfilaments are not saturated with tropomyosin and not resistant to cofilin severing (DesMarais
et al. 2002; Gupton et al. 2005). Changes in the actin cytoskeleton organization described above,
together with the dysfunction of cell adhesion regulation, impair directional cell migration. Human
TM cells treated with ROCK inhibitors showed a decrease in the electrical cell-substrate resistance
and adecrease in tyrosine phosphorylation of paxilin and focal adhesion kinase (FAK) (Ramachandran
etal. 2011).

6.3.2 Effect of P2Y, Receptor Stimulation on MLC
Phosphorylation — The Role of MLCK

In glioma C6 cells UTP stimulation induces an about 15 % increase in the pool of P-MLC. However,
it does not cause visible changes in F-actin distribution and cell morphology even though P2Y R
promotes the formation of stress fibers (Fig. 6.2b) and cell migration (Korczynski et al. 2011) simi-
larly as in astrocytoma cells (Peterson et al. 2010). Moreover stimulated glioma C6 cells are more
spread than the control ones. In cells pretreated with ROCK inhibitor, stimulation of P2Y R induces
almost a 65 % increase in P-MLC level (Fig. 6.1a) (Korczynski et al. 2011). The relatively lower level
of P-MLC after UTP stimulation in cells with inhibited ROCK, as compared to control cells, seems to
be the result of constitutively active myosin II phosphatase which is inhibited by ROCK under normal
conditions.

UTP stimulation of Y-27632 pretreated glioma C6 cells correlates with a dynamic actin cytoskel-
eton reorganization and subsequent recovery of control cell-like morphology (Fig. 6.2d). Myosin II
phosphorylation occurs rapidly, and temporally correlates with the assembly of short, weak stress
fibers at the cell periphery (Fig. 6.2d). Stress fiber localization and the fact that myosin II phosphory-
lation follows Gq—mediated calcium mobilization indicates that Ca>/calmodulin dependent myosin
light chain kinase may be responsible for the phosphorylation of MLC under such experimental con-
ditions. It was shown that in cells with blocked ROCK and activated MLCK stress fibers are not
assembled in the cell center (Katoh et al. 2001; Totsukawa et al. 2000). MLCK inhibition by a specific
inhibitor, ML-7, almost completely prevented MLC phosphorylation in Y-27632 pretreated glioma
C6 cells and in consequence made actin cytoskeleton reorganization and cell recovery impossible
(Fig. 6.2f) (Korczynski et al. 2011). Similar results concerning MLCK inhibition were obtained also
for non-transformed astrocytes (Baorto et al. 1992).
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Apart from calcium, other upstream messengers may participate in the regulation of MLCK after
P2Y, stimulation. Active Rac, for example, may inhibit MLCK at the leading edge (Brzeska et al.
2004; Sanders et al. 1999). The regulatory mechanism could be complex and the activity of MLCK
probably vary depending on the cell type. The Rac/PAK signaling pathway is also involved in direct
phosphorylation of myosin light chains (Brzeska et al. 2004).

6.3.3 Effect of P2Y, Receptor Stimulation on Cofilin
Phosphorylation — The Role of Racl Protein

Our results have also shown the effect of UTP on cofilin phosphorylation in glioma C6 cells. The
P2Y, receptor activation significantly increases the level of phosphorylated cofilin as well as that of
Racl GTP in cells with blocked ROCK (Fig. 6.1b). It has been established that activated Rac increases
association of PAK with LIMK (Edwards et al. 1999) and in consequence enhances the activity of
LIMK (Yang et al. 1998). Signaling pathways which negatively regulate cofilin in glioma C6 cells
stimulated with UTP are unknown. We suggest that activation of LIMK by Rac1/PAK signaling path-
way may be responsible for cofilin phosphorylation in glioma C6 cells with blocked ROCK, and that
activation of Racl protein is mediated by G protein. The level of phosphorylated cofilin is not
increased in cells pretreated with NCS 23766 (Racl inhibitor) or with pertussis toxin (PTX) - G,
inhibitor (Fig. 6.1c). Under such experimental conditions the recovery from ROCK inhibition is
not completed (Fig. 6.2g, h) although Gq-mediated intracellular calcium mobilization and myosin
II activation is not affected. The complete reversal of the effects of ROCK inhibition in glioma C6
cells requires induction of G_ and G mediated signaling pathways and subsequent increasing the level
of P-MLC as well as phosphorylated cofilin (Korczynski et al. in preparation). However, in mam-
mary-tumor cells the phosphorylation status of cofilin is not directly related to cofilin activity, and
actin depolymerization depends on PLC activity but not on cofilin dephosphorylation. (Mouneimne
et al. 2004; van Rheenen et al. 2009; Song et al. 2006). In carcinoma cells P-cofilin level rises upon
EGF stimulation while the actin-severing activity of cofilin is at its highest level (Song et al. 2006). If
so, cofilin dephosphorylation in glioma C6 cells with blocked ROCK should not be identify with its
ability to actin binding. Dephosphorylated cofilin is immediately bound by PIP, and inactivated
(Rheenen et al. 2009). The morphological effect of decreasing the level of phosphorylated cofilin in
glioma C6 cells with blocked ROCK may be compared to suppression of cofilin in MTC cells, a non-
metastatic mesenchymal-type tumor cells with high polarity and movement (Shestakova et al. 1999),
that caused changes in the cell shape, the formation of numerous lamellipodia and subsequent decrease
in the directionality of migration (Sidani et al. 2007). This may suggests that the activity status of
cofilin in glioma C6 cells does not only depend on phosphorylation-dephosphorylation processes, and
that in cells with blocked ROCK the level of cofilin activity is suppressed.

Stimulation of P2Y, receptor, via G_ protein, activates PLC and a subsequent decrease in the
level of PIP,. Cofilin molecules are released and diffuse to the cortical layer, where cofilin binds
and severs actin filaments to force actin polymerization (van Rheenen et al. 2007). However, cofilin
activation by PLC is not sufficient for glioma C6 cells recovery from ROCK inhibition since block-
ing the Racl activity prevents from this process. Simultaneously with PLC activation of LIMK
through Racl/PAK-dependent pathway phosphorylates and inactivates cofilin molecules that dif-
fuse away from the plasma membrane (Delorme et al. 2007). Cofilin inactivation together with
myosin II activation through calcium dependent MLCK and Rac/PAK signaling pathways (Brzeska
et al. 2004) cause actin cytoskeleton reorganization leading to stress fiber assembly in the cell
periphery, lamellipodium formation, alterations in cell morphology and migration. It is also possi-
ble that UTP stimulation of glioma C6 cells induces G ,-mediated RhoA activation similar to that
observed in human astrocytoma cells (Liao et al. 2007). This in turn activates a downstream effector
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mDial by disrupting its intermolecular interactions. Active mDial induces actin polymerization
and the formation of thin actin stress fibers, which however are disorganized when ROCK is inhib-
ited (Watanabe et al. 1999).

6.3.4 Effect of Integrin on Glioma C6 Cell Recovery from
ROCK - Essential Role of Racl Protein

The a B, and o B, integrins play essential roles in migration of numerous cell types (see Chap. 7). In
astrocytes P2Y R interaction with a., 3, integrin increases chemotactic and chemokinetic cell response.
UTP stimulation also increases the expression of a B, integrins in astrocytes (Wang et al. 2005).
Activation of a, f3, integrin in UTP stimulated glioma C6 cells (Fig. 6.1d, unpublished results) is
important for cell spreading and for coupling P2Y R to G . G -mediated Racl activation thus requires
interaction of P2Y R with a, 3 integrin and is crucial for morphology remodeling of cells with blocked
ROCK (Korczynski et al. in preparation). In calcium-free medium, in detached cells and in cells pre-
treated with anti-o B, antibody integrins are not activated (Fig. 6.1d), and their interaction with
P2Y Rs and in consequence coupling the P2Y R to G_ protein is blocked. Under such experimental
conditions Racl activation and subsequent Racl-mediated cofilin phosphorylation is inhibited. The
morphological effect of blocking a [, integrin is similar to that of ROCK inhibition through Y-27632
(Korczyniski et al. in preparation).

Under UTP stimulation of glioma C6 cells, the P2Y, receptor initiates a typical store operated
calcium signal (Suplat-Wypych et al. 2010). This signal pathway enhances MLC phosphorylation
and, in cells with blocked ROCK, temporally correlates with renormalization (Fig. 6.2d). However, if
UTP stimulation is performed in calcium-free medium, and the calcium response is limited to Ca**
release from intracellular stores, actin cytoskeleton reorganization and the morphology recovery do
not take place even though MLC phosphorylation facilitates cell contractility as manifested by cell
spreading measured by confocal imaging (Fig. 6.2e). MLC phosphorylation is not sufficient for the
reversal of cells with blocked ROCK to their normal phenotype. For cell recovery from ROCK inhibi-
tion two signaling pathways must be triggered: G -mediated PLC activation for mobilization of intra-
cellular calcium and cofilin release from PIP, and G -mediated Racl activation necessary for cofilin
phosphorylation as well as integrin activation (Fig. 6.3). Rac and Cdc42 regulate small integrin clus-
ters at the leading edge known as focal complexes that stabilize the lamellipodium (Ridley et al.
2003). In UTP stimulated glioma C6 cells with blocked ROCK, a. 3, integrins are activated by Racl.
Inhibition of positive Racl regulation by NCS or PTX block integrins activation (Fig. 6.1d) and cell
adhesion as well as cofilin phosphorylation and cell polarization. Together with suppression of
cofilin phosphorylation prevents glioma C6 cells from recovery of control cell like morphology.

6.4 Summary

Central nervous system glial cells release and respond to nucleotides under both physiological and
pathological conditions, suggesting that these molecules play key roles in both normal brain function
and in repair after damage. Signaling cascades evoked by P2Y, receptor plays an important role in the
phenomena dependent on the actin cytoskeleton dynamics endocytosis, cell division, adhesion, intra-
cellular transport and migration. In astrocytes and microglial cells the agonists activate P2Y Rs to
induce integrin-dependent activation of Rho and Rac, promoting glial cells migration. Thus, signaling
pathways related to P2Y Rs are of special interest in glioma tumor cells, where cytoskeleton driven
cell motility is the main way of cancer invasion in brain.
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Fig. 6.3 Schematic diagram of signaling pathways activated by external UTP stimulation of P2Y, receptor in glioma
C6 cells. Green arrows on the scheme indicate activation of downstream substrates, red arrows show inactivation of
cofilin or MLC. For details, see text

UTP stimulation of P2Y R in glioma C6 cells compensates changes in the organization of actin
cytoskeleton, cell shape and migration caused by blocking of the RhoA/ROCK signaling pathway.
The complete renormalization of glioma C6 cells with blocked ROCK requires: (1) induction of
Gq-mediated PLC activation and mobilization of intracellular calcium for increasing the level of
P-MLC, (2) cofilin release from PIP,, (3) G -mediated Racl activation necessary for both cofilin
phosphorylation and integrin activation. Induction of G -mediated signal transduction depends on a. 3,
integrins activation (Korczynski et al. in preparation). In calcium-free medium, as well as in detached
cells, UTP stimulation of glioma C6 cells with blocked ROCK does not cause o B, integrins activa-
tion, blocking the interaction between P2Y,Rs and o [, integrins and in consequence coupling the
P2Y R to G protein. For cell recovery from ROCK inhibition o jB, integrins activation is necessary
for signal transduction and focal complexes formation that stabilize new formed lamellipodium, fix
cell polarization and directional migration. In UTP stimulated cells with blocked ROCK, . B, integrins
are activated by Racl. Inhibition of positive Racl regulation by NCS or PTX decreases integrins acti-
vation and cell adhesion and together with suppression of cofilin phosphorylation prevents glioma C6
cells to complete recovery of control cell like morphology. Inhibition of this signaling pathway can
also affect directional migration of the cell as cofilin activity is necessary to induce protrusions and to
define the direction of cell motility (Ghosh et al. 2004).
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Since the RhoA/ROCK signaling pathway is crucial for migration, infiltrative growth and expansion
of brain tumors, the attempts are made to inhibit the development of this type of cancer by inhibition
of RhoA or ROCK. However numerous publications mentioned in this chapter indicate a high possi-
bility of compensation of this inhibition by alternative signaling pathways especially related to cell
stimulation by nucleotides. This fact can significantly impede the use of currently known inhibitors in
medical therapies of brain tumors.
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