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ABBREVIATIONS
2D/3D

two-dimensional/three-dimensional

α-Dia

antibody against Dia (similarly the other antibodies)

ADP/ATP

adenosine diphosphate/adenosine triphosphate

CO2

carbon dioxide

CSF-1

colony stimulating factor-1

DAD

Diaphanous auto-regulatory domain

DD

dimerization domain

ddH2O

double-distilled water

DID

Diaphanous inhibitory domain

DMEM

Dulbecco's Modified Eagle's Medium

DPBS

Dulbecco's Phosphate Buffered Saline

DRF

Diaphanous-related formin

ECM

extracellular matrix

EGF

epidermal growth factor

F-actin

filamentous actin

FBS

foetal bovine serum

FH1/FH2

formin homology domain 1/ formin homology domain 2

G-actin

globular actin

GAP

GTPase-activated protein

GBD

GTPase binding domain

GEF

guanine nucleotide exchange factor

GDI

guanine nucleotide dissociation inhibitor

GPCR

G protein-coupled receptor

hDia

human Dia

hr

hour

HRP

horse-radish peroxidase

kDa

kilodalton

LARG

leukemia-associated Rho-GEF

LIMK

LIM kinase

LPA

lysophosphatidic acid

MATra

magnet assisted transfection

mDia

mouse Dia (stands also for mammalian Dia)
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Met-OH

methanol

Mg2+

magnesium ion

MLC

myosin light chain

MLCK

myosin light chain kinase

MLCP

myosin light chain phosphatase

MMP

matrix-metalloprotease

NFDM

non fat dry milk

N-WASP

neural Wiskott-Aldrich syndrome protein

o/n

overnight

PAK

p21-activated kinase

PFA

paraformaldehyde

P-MLC

phosphorylated myosin light chain

pmol

picomole

RGS

regulator of G protein signaling

Rif

Rho in filopodia

ROCK

Rho-associated kinase

rpm

rotations per minute

RT

room temperature

SDS-PAGE

sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM

standard error of mean

Ser19

serine in position 19

siRNA

small interfering RNA

SRF

serum response factor

Thr18

threonine in position 18

TRITC

tetramethylrhodamine isothiocyanate

VCA

verprolin-cofilin-acidic domain

WASP

Wiskott-Aldrich syndrome protein

WAVE

WASP family Veprolin-homologous protein
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1. INTRODUCTION
During many years, research has tried to elucidate the molecular mechanisms
of tumor progression. Many clinical studies have been established in order to
improve the treatment of different kinds of tumors. There is already a wide
range of anti-proliferative drugs being used in patients with cancer. However,
mechanisms of tumor progression and tumor spreading need different ways of
treatment and therefore there is still a lot of work to be done in this field.

Tumor cell motility is one of the important properties of tumor cells, which
enable the spread of tumor cells. Nowadays, many research groups are
interested in cellular products and pathways that lead to this tumor cell property
and thus an increasing amount of new insights appears considering this topic.

Diaphanous-related formins (DRFs) are known to regulate the actin
cytoskeleton and possess also functions, which could be highly important for
tumor cell invasion. Melanoma is the most dangerous type of skin cancer, which
can spread very rapidly and is the most deadly form of skin cancer. This thesis
was a part of a long-termed project that investigates Diaphanous-related
proteins and their functions in cells. The aim of this thesis was to study the role
of human Dia1 and Dia2 in cell invasion of human melanoma cells and to
investigate the mechanisms underlying possible changes in invasive behavior.
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2. THEORY

2.1. Tumor cell motility
Cell motility is a property which is critical for many physiological processes,
such as development, wound healing, immunity or angiogenesis. However,
there are also some situations when the motility of cells is pathological,
including tumor metastasis or inflammatory reactions. In case of tumor cells,
term cell invasion is often used to emphasize the pathological spreading of
tumor cells into surrounding tissues, extracellular spaces and vasculature.
Similarly, metastasis is referred to as a process when tumor cells spread from
the original tumor, causing new growth of tumor even far from the primary tumor
(Wang et al., 2005). Thus, cell motility is irreplaceable in metastasis (Clark et
al., 2000; Yoshioka et al., 2003; Wang et al., 2004). Metastasis is referred as
the most frequent cause of death for patients with cancer (Yamaguchi et al.,
2005).

The invasive processes in tumors are enhanced in presence of gradient of
extracellular chemotactic compounds which activate different intracellular
signaling pathways and lead cell movement according to the gradient
(Maghazachi, 2000; Condeelis et al, 2005). The pathways cause e.g. cell
polarization, reorganization of cytoskeleton or vesicular transport. The tumor
environment seems to play a big role in metastasis. It was observed that tumor
spreading is enhanced in presence of tumor associated macrophages (Pollard,
2004) and it was revealed that paracrine interaction between tumor cells and
macrophages exists and causes their co-migration in vivo explaining how
macrophages contribute to metastasis:

macrophages produce epidermal

growth factor (EGF) which interacts with EGF receptor on the cellular surface of
tumor cells whereas tumor cells are able to activate macrophages by secretion
of colony stimulating factor-1 (CSF-1) which interacts with CSF-1 receptors
expressed by macrophages (Wyckoff et al., 2004; Goswami et al., 2005;
Yamaguchi et al., 2005).
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2.1.1. Three-dimensional invasion assays
To study tumor cell migration, different attitudes were applied. For a long time,
two-dimensional (2D) environment was used, but advances in technology
allowed the involvement of three-dimensional (3D) matrices in studies with
tumor cells. These 3D studies were shown to be more advantageous because
they more closely mimic the real situation in vivo. They helped to reveal
different mechanisms of cell motility and differences in response to
pharmacological compounds (Sahai and Marshall, 2003; Wolf et al., 2003). For
such assays, it is necessary to possess a matrix with similar properties as
extracellular matrix (ECM) (Hooper et al., 2006). ECM is a complex structure
composed of polysaccharides, especially glycosaminoglycans, and proteins.
Proteoglycans are formed by glycosaminoglycans connecting to proteins such
as collagens and laminins. Collagens exist as trimeric coiled-coil complexes
which form higher organized structures of fibrous appearance (Bornstein and
Sage, 1980; Lodish et al., 2003). Collagen I and collagen III fibers are typical
components of ECM in connective tissues and dermis. Collagen IV and laminin
family members are typical for basement membranes which are found on
epithelial tissue boundaries (Hudson et al., 1993; Geiger et al., 2001) and act as
barriers for tumor cell movement, they are organized in a meshlike net of fibers.
Usually, after crossing this membrane, epithelial tumor cells are considered to
be invasive.

Figure 2.1. Difference between Matrigel (left) and collagen I (right) matrix (Hooper et
al., Methods in Enzymology, 2006)
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For in vitro 3D studies, collagen I is the most widely used. It forms insoluble
fibers in vivo, but it is possible to convert collagen I to soluble form by applying
the

acidic

pH

and

partial

pepsin

digestion

(Bornstein,

1958).

Disadvantageously, pepsin digestion used for collagen preparation causes
collagen fibers not to be identical to native collagen (Hooper et al., 2006).
Another available ECM preparation is called Matrigel which is purified from
ECM gained from mouse sarcoma cell line that is grown in vivo. MatrigelTM
consists primarily of collagen IV and laminins fibers (Kleinman et al., 1989) and
its composition is therefore similar to composition of basement membranes.
MatrigelTM differs from collagen I matrices by more fibrous and gel-like structure
(Figure 2.1.) and simulates much more the environment found in tumors.

To investigate cell migration, different kinds of 3D assays were established.
Invasion assays without gradient are performed in two variations: in simple
overlay assay, cells move form the bottom of the dish into matrix, another
arrangement is possible when the cells are seeded on the top of matrix and
move down into matrix. Invasion assays with gradients are advantageous to
study cell movement which is dependent on a gradient of chemotactic factor.
Both conventional and inverted transwell assays are performed using transwell
inserts and cells are seeded either on the top or on underside of insert filled with
matrix. Gradient is then reached by adding different concentration of
chemoattractant to upper or lower chamber (Hooper et al., 2006).

2.1.2. Modes of motility
Different types of cells use different modes of motility (Figure 2.2.) and also
different modes are used simultaneously. Each of the modes is directed by
distinct molecular mechanism and thus it is difficult to cure cancer using only
one way of strategy. Cells are also able to switch between these modes.
However, actin polymerization and reorganization is in the centre of attention in
all strategies, because it plays the role in all types of motility.
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2.1.2.1. Collective mode of motility
Collective mode of motility is represented by cells which maintain cell-cell
junctions containing cadherin and appear to move in sheet-like structures.
Compared to single cell movement which is characterized by the loss of
adherence junctions, in this case, the maintenance of adherence junctions is
essential for the movement (Friedl, 2004). Furthermore, cells in front of the
sheet produce matrix-metalloproteases (MMPs) destroying ECM and generate
the way for the following cells (Nabeshima et al., 2002). This type of motility was
observed in breast, colon and other types of tumors (Pitts et al., 1991;
Nabeshima et al., 1999) and is also typical for epithelial cells during wound
healing or for endothelial cells during angiogenesis (Friedl et al., 2004).
However, as it is difficult to study this type of movement under in vitro
conditions, still a lot of question marks remain to be answered.

2.1.2.2. Mesenchymal mode of motility
Mesenchymal mode of motility is the most understood type of motility so far. It is
typical for cells which exhibit elongated morphology, with established cell
polarity. Proteolysis and degradation of ECM is necessary for cell movement
(Friedl and Wolf, 2003; Friedl, 2004), cells are able to form a path through
matrix. In front of the cell, so-called leading edge, a formation of actin-rich
protrusions occurs – different terms are used to distinguish the protrusions
according to their shape: lamellipodia are flat, filopodia are spike-shaped,
pseudopodia are cylindrical or rounded. After the new protrusion is formed,
focal contacts appear in order to attach it to ECM. These contacts are
dependent on integrin function. During the time, some focal contacts develop to
focal adhesions, special structures attaching cells to substratum, which take
part in transmission of actomyosin contractile force to ECM (Ridley et al., 2003).
This causes cell body to move following the leading edge whereas cell tail is
promoted to contract.
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Figure 2.2. Different modes of cell motility (Yamazaki et al., Cancer Sci., 2005)
A) Collective, B) mesenchymal, C) amoeboid mode of motility.

2.1.2.3. Amoeboid mode of motility
Amoeboid mode of motility is known to be used by Dictyostelium amoeba or
leukocytes, such as lymphocytes and neutrophils (Friedl et al., 2001). This type
of movement is similar to rounded type of motility observed in tumor cells (Sahai
and Marshall, 2003), lymphoma and small-cell lung carcinoma cells are known
to move using amoeboid type of motility. In Dictyostelium, actin polymerization
appears around the cell cortex (Vicker, 2002) and subsequent cortical actin
contraction underlies the movement. Cells possess the ability to squeeze
12

through the gaps in ECM and therefore proteases are not required to degrade
the matrix (Wolf et al., 2003). Inhibition of integrin-β1 function revealed that cellmatrix attachments are probably much weaker compared to mesenchymal
mode of motility, because the inhibition of integrin function did not have any
effect on amoeboid movement (Hegerfeldt et al., 2002). No large focal
adhesions are found in cells, the attachments are dispersed around the cell
body.

2.2. Actin cytoskeleton and regulation of its dynamics
2.2.1. Actin structure and assembly
Actin dynamics provides the force that drives the motility of cells. Moreover, its
remodeling is also involved in determining cell shape and it functions in
cytokinesis. Actin is the most abundant protein in many cells. Genes which
encode actin belong to large and highly conserved protein family. In humans,
several isoforms of actin are found: α-actin associates with contractile structures
and is present in muscle cells, β-actin and γ-actin are found in non-muscle cells.
Actin exists in two forms, globular actin (G-actin) represents monomeric
subunits of polymeric filamentous actin (F-actin). Each molecule of G-actin
binds Mg2+ ion and ATP or ADP in the cleft which divides the molecule into two
lobes. All subunits composing F-actin point towards one end of the filament and
as a consequence, the filament exhibits polarity. The end with the exposed
ATP-binding cleft is called (-)/pointed end, whereas the opposite end where the
cleft is in contact with another G-actin subunit is designated (+)/barbed end.
The rate of growth is not the same at both ends of filament, the filament grows
faster at (+) end. Mechanism called treadmilling occurs in cells when subunits
are added to one end and they are lost from the other end of filament (Lodish et
al., 2003).

Several proteins influence actin dynamics. Profilin is a cytosolic protein
regulating polymerization of G-actin, it binds actin and allows exchange of ADP
for ATP. ATP-bound monomer can be added to the end of filament. In filament,
ATP is hydrolyzed and ADP-bound subunit finally dissociates from the opposite
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end, binds to profilin and the whole cycle repeats. Severing proteins such as
cofilin or gelsolin break actin filaments into shorter fragments. Capping proteins
bind to one end of filament and prevent it from addition of actin subunits (Lodish
et al., 2003).

2.2.2. Rho-GTPases and cell motility
Rho GTPases are well known regulators of actin dynamics belonging to Ras
superfamily of small GTPases. They are found in all eukaryotic organisms. In
mammals, there are 22 distinct genes encoding Rho GTPases, but most studies
have focused on three of them – RhoA, Rac1 and Cdc42 (Wennerberg and Der,
2004; Ridley, 2006). Rho GTPases function as regulators of cell polarity and
motility, influence adhesion and vesicle trafficking (Jaffe and Hall, 2005; Jiang
and Ramachandran, 2006). Functions on actin dynamics are explained by their
influence on two types of actin nucleators – Wiskott-Aldrich syndrome protein/
WASP family Verprolin-homologous protein (WASP/WAVE proteins) and
Diaphanous-related formins, comprising hDia1 and hDia2.

Mostly, Rho GTPases act on membranes affecting actin cytoskeleton
associated with membranes. Their localization on membranes is reached by
posttranslational modifications, they are modified by prenylation (modification by
isoprenoid lipids), either farnesylation or geranylgeranylation, or palmitoylation
at C-terminus. Posttranslational modifications not only enhance the interaction
with membranes, but they also locate Rho GTPases to specific membrane
compartments. Several members of Rho GTPase family have polybasic domain
next to C-terminus, which also contributes to association with membranes
(Wennerberg and Der, 2004; Chenette et al., 2006).

Rho GTPases are mostly regulated by GDP/GTP cycling. GDP-bound Rho
GTPases are in inactive state and conversion to active state is reached by
exchanging GDP for GTP. GDP exchange is the function of guanine nucleotide
exchange factors (GEFs). GTP-bound conformation differs from GDP-bound
state and it increases the binding affinity of Rho GTPases for their downstream
effectors. Rho GTPases are able to recognize a wide range of effectors (Bishop
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and Hall, 2000), while some effectors can be identified by more Rho GTPases.
On the other hand, GTPase-activated proteins (GAPs) act as down-regulators
of Rho GTPases activity as they catalyze hydrolysis of GTP. However, there are
exceptions, like Rnd1, Rnd2, Rnd3 and RhoD, which are regulated neither by
GEFs nor GAPs and are considered to be regulated by phosphorylation or by
expression levels (Chardin, 2006; Riento et al., 2005). Guanine nucleotide
dissociation inhibitors (GDIs) are regulators of Rho GTPases which bind to
some Rho GTPases and prevent them from interaction with membranes by
masking their prenyl group and from binding to downstream effectors
(Michaelson et al., 2001; DerMardirossian and Bokoch, 2005).

2.2.2.1. Cdc42 and Rac function
Cdc42 is a Rho GTPase which binds directly to WASP and neural-WASP (NWASP) proteins. N-WASP is expressed ubiquitously, WASP only in
haematopoietic cells. They both act as activators of Arp2/3 complex (Stradal
and Scita, 2006) and stimulate actin polymerization. Arp2/3 complex is a stable
complex of seven proteins including two actin-related proteins – Arp2 and Arp3
which form a nucleation core of actin polymerization (Yamazaki et al., 2005).
The complex binds to sides of existing actin filaments and it acts as inducing
agent of actin polymerization causing the forming of branching filament network.
In comparison to Arp2/3 complex, DRFs nucleate parallel, non-branching actin
filaments (see later). In the absence of activating protein, Arp2/3 complex has a
very low actin nucleating activity (Ridley, 2006). Rac is a Rho GTPase which
indirectly activates WAVE proteins through multi-protein WAVE complex
(Suetsugu et al., 2006). Multi-protein WAVE complex includes besides WAVE
1-3 proteins also Abi2, Sra1/PIR121, Nap125/Kette and HSPC300. WAVE
proteins exhibit the same function like WASP proteins, they also induce actin
polymerization via Arp2/3 complex. Rac binds to Sra1 and this causes the
activation of WAVE1-3. Both WASP and WAVE proteins contain verprolincofilin-acidic domain (VCA domain) at their C-termini that functions in direct
binding of Arp2/3 complex.
Cdc42 and Rac can also activate p21-activated serine/threonine kinases
(PAKs). Activated PAKs then phosphorylate and therefore activate LIM kinases
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(LIMKs). LIMKs phosphorylate and inactive cofilin (Maekawa et al., 1998), an Factin severing and depolymerizing protein and lead to increased levels of
polymerized actin (DesMarais et al., 2005; Huang et al., 2006).

Cdc42 and Rac are active at the front of moving cells and their inhibition
reduces lamellipodium extension (Nobes and Hall, 1995; Kurokawa et al.,
2004). As already mentioned, lamellipodia are broad sheet-like protrusions at
cell front which contain networks of branched actin filaments. For instance, it
was shown that expression of dominant negative version of Rac in elongated
cells caused the decreased levels of cell protrusions at the leading edge thus
leading to drop in cell migration (Kurisu et al., 2005). This experiment
demonstrated the requirement of Rac signaling for mesenchymal migration.
WAVE and N-WASP proteins are also localized in front of lamellipodia, but it
was not clarified so far if N-WASP proteins act in lamelipodium formation.
However, activated N-WASP was already shown to induce filopodium formation
(Miki et al., 1998). On the other hand, WAVE proteins were demonstrated to be
necessary for the lamellipodium formation (Sukumvanich et al.,2004; Kawamura
et al., 2004; Innocenti et al., 2005). Interestingly, cofilin plays a role in
lamellipodium extension at early stage, because its severing activity generates
new ends of actin filaments which are then used by Arp2/3 complex. Later, it is
inhibited by activated LIMKs (Mouneimne et al., 2004; DesMarais et al., 2005;
Huang et al., 2006). It was also found that cofilin removes actin subunits from (-)
ends, which are therefore accessible for filament growing at the front of cell
(Pollard and Borisy, 2003). Cdc42 can also activate filopodium formation
through its effect on DRF Dia2. Filopodia are finger-like protrusions in moving
cells and they contain parallel bundles of actin filaments. DRFs were shown to
stimulate the formation of filopodia by its effect on actin polymerization
(Schirenbeck et al., 2005).

2.2.2.2. Function of Rho proteins
RhoA-related subfamily of Rho GTPases, for simplification also called Rho
proteins, comprises RhoA, RhoB and RhoC. However, in many studies, the
distinction between them was not made. When present in the cell in activated
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form, they contribute to myosin-contractility and formation of stress fibers and
focal adhesions (Burridge, Wennerberg, 2004). Stress fibers are contractile
bundles composed of actin and myosin II filaments, their ends are attached to
integrin-containg focal adhesions that link the actin cytoskeleton to ECM (Lodish
et al., 2003). All three members of the subfamily mentioned above regulate
Rho-associated kinase (ROCK) activity. ROCK activity was established to take
part in myosin light chain (MLC) phosphorylation via two different manners:
1) ROCK inhibits myosin light chain phosphatase (MLCP), an enzyme
which dephosphorylates MLC, and therefore increases phosphorylated
MLC levels (Kimura et al., 1996).
2) ROCK can also directly phosphorylate regulatory MLC, also known as
myosin light chain 2 (MLC2), and therefore enhance myosin activation
(Amano et al., 1996). This action is similar to that caused by myosin light
chain kinase (MLCK), phosphorylation occurs at Thr18 and Ser19.
The formation of stress fibers and focal adhesions seems to be dependent on
the tension, because the tension itself, applied as extrinsic mechanical force, is
sufficient to assemble these structures (Riveline et al., 2001). ROCK can also
act as activator of LIMK, thereby inhibiting the function of cofilin.
Y-27632, the ROCK specific inhibitor, was used to analyze the functions of
ROCK (Uehata et al., 1997). This compound was revealed to reduce the
number of tumors in lungs after injection of tumor cells into mice (Itoh et al.,
1999) and it inhibited metastasis of prostate tumor cells in mice (Somlyo et al.,
2000).

Another downstream effector of Rho proteins are DRFs. RhoA is well known
upstream effector and activator of Dia1 and Dia2, which both stimulate
nucleation and extension of non-branching actin filaments; Dia1 is activated
also by RhoB and RhoC, Dia2 by Cdc42 and Rif (Ridley, 2006). During
mesenchymal cell motility, new cell-substrate adhesions are formed at cellular
leading edge, while the old adhesions at the rear are detached and the trailing
cell body retracts (Rottner et al., 1999; Laukaitis et al., 2001). Whereas Rac
function in migration was explained by forming membrane protrusions at leading
edge, RhoA was thought to function mainly at the back of moving cells, acting in
tail detachment. However, active RhoA was described to localize in
17

lamellipodia, where Dia1 seems to be its target (Kurokawa, Matsuda, 2005;
Pertz et al., 2006). There is the hypothesis that overall RhoA activity should be
blocked during the movement, presumably by Rho GAPs (Arthur and Burridge,
2001). The expression of active RhoA resulted in impaired cell migration due to
emphasized stress fibers and adhesions (Besson et al., 2004; Sahai et al.,
2001). Except generation of force, mammalian homolog of Drosophila
Diaphanous protein seems to be another component involved in formation of
stress fibers and focal adhesions (Riveline et al., 2001). Thus, Rho triggers the
assembly of focal adhesions via its two major effectors, Dia1 and ROCK. ROCK
controls the formation of myosin II-driven forces and Dia1 plays a role in focal
adhesion response to these forces. Supporting this suggestion, it was revealed
that expression of active form of Dia1 in the cells with inhibited Rho function still
allowed the external force-mediated assembly of mature focal adhesions. On
the other hand, when Dia1 protein levels were downregulated in cells with
activated Rho, maturation of focal adhesions was not observed any more
(Bershadsky et al., 2006).

Interestingly, Rho signaling plays an indispensable role in amoeboid mode of
motility. During amoeboid mode of motility, actin cytoskeleton is reorganized
along the plasma membrane and acts in forming so called blebs on cell surface.
Actin reorganization along cell membrane is dependent on Rho – ROCK
signaling pathway (Worthylake et al., 2001). Experiments with active ROCK
revealed that ROCK induces further blebbing on rounded cell surface (Sahai
and Marshall, 2003). Consistently, inhibition of Rho – ROCK signaling blocked
the formation of blebs and also amoeboid type of motility.

The pathway involved in Rho activation was described (Figure 2.3.). The
signaling starts from cell surface receptors which allow binding of several
chemical compounds which are then, in turn, able to activate the whole
signaling pathways. Lysophosphatidic acid (LPA) was established as a Rho
activator and the molecular basis of this signaling was elucidated, as well. The
receptors for LPA are seven-transmembrane proteins and they couple to
heterotrimeric G proteins belonging therefore to class of G protein-coupled
receptors (GPCR). The interaction of LPA with receptor induces a
18

conformational change in α subunit of G protein, G protein releases GDP which
is followed by GTP binding. In GTP-bound conformation, α subunit exhibits a
low affinity for β and γ subunits and it releases from the complex (Karp, 2005).
LPA induces activation of Gα12/13 subunits which bind to Rho GEFs containing
regulator of G protein signaling (RGS) domain, thus, Rho GEFs approach the
membrane and are activated (Hart et al., 1998; Kozasa et al., 1998). Rho GEFs
containing RGS domain which are activated by G proteins are p115 Rho GEF,
PDZ-Rho GEF and leukemia-associated Rho-GEF (LARG) (Fukuhara et al.,
2001).

Figure 2.3. Schematic overview of signaling pathway leading to activation of Rho
effectors
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2.3. Diaphanous-related formins
Formins represent a diverse, highly conserved protein family present in all
eukaryotic organisms. Besides Arp2/3 complex and Spire, formins were
established as nucleators of actin filament assembly (Pruyne et al., 2002;
Quilan et al., 2005). While Arp2/3 complex and Spire belong to pointed ends
nucleators, formins nucleate actin filaments at their barbed ends and because
of their association with barbed ends, they are able to counteract the function of
capping proteins (Zigmond et al., 2003), therefore enabling the formation of long
actin filaments in their presence.

DRFs form a subfamily of formins which was shown to act downstream of Rho
GTPases (Watanabe et al., 1997). This subfamily comprises a range of proteins
found in different organisms, varying in cellular localization and taking part in
different functions, e.g. Bni1p (Saccharomyces cerevisiae), Bni1 (Candida
albicans),

dDia2

(Dictyostelium

discoideum),

Diaphanous

(Drosophila

melanogaster), mDia1, mDia2, mDia3 (Mus musculus), hDia1, hDia2, hDia2C
(Homo sapiens). DRFs are characterized as multidomain proteins (Faix and
Grosse, 2006):


Formin homology domain 2 (FH2) is a highly conserved domain located
at C-terminus. This domain consists of approximately 400 amino acids.



Formin homology domain 1 (FH1), rich in proline residues, is situated
next to FH2 domain, in direction to N-terminus.



Diaphanous auto-regulatory domain (DAD) localizes to C-terminus
(Alberts, 2001) and contains a small number of amino acid residues.



GTPase binding domain (GBD) represents a regulatory domain at Nterminus.



Diaphanous inhibitory domain (DID) is placed at N-terminus, it is also
referred as armadillo-repeat region (ARR).



Dimerization domain (DD) is also localized at N-terminus. The region
comprising DID and DD was also described as FH3 domain which is
thought to be involved in subcellular localization of mDia proteins (Kato
et al., 2001).
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Each domain possesses a defined function. The FH2 domain together with the
link connecting it with the FH1 domain is indispensable for the nucleation
activity of DRFs, thus for the action when actin fibers polymerize from G-actin
subunits (Pruyne et al., 2002). The FH1 domain binds profilin which is the
protein responsible for G-actin recruitment (Watanabe et al.,1997). FH1 domain
delivers then G-actin subunits with bound ATP from profilin complexes to FH2
domain to be incorporated to barbed ends of growing filaments (Sagot et al.,
2002). The FH2 domain probably functions in actin dimer stabilization (Pring et
al., 2003). Moreover, the formin molecule remains to be bound at actin filament
barbed end (Pruyne et al., 2002), enabling the addition of further G-actin
subunits. Because of such activity, formins act as „leaky cappers‟ while allowing
the addition of further actin subunits (Zigmond et al., 2003). The FH2 domain
was shown to dimerize (Xu et al., 2004) and experiments with Bni1p FH2
domain demonstrated that each of dimer subunits binds two actin subunits
orientated in the same direction like in actin filament, suggesting that FH2
domain works as the filament nucleus (Otomo et al., 2005).

Figure 2.4. A) Structure and B) regulation of Diaphanous-related formins (Faix and
Grosse, Dev. Cell, 2006)
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Binding of G-actin by DRFs has also another consequence except filament
generation. In cytoplasm, G-actin is also bound to MAL, a transcriptional
cofactor. After G-actin polymerizes by mDia1, MAL translocates to nucleus,
binds to serum response factor (SRF) and starts the transcription via serum
response elements (SRE) which leads to activation of genes and protein
production, including genes involved in cell motility and adhesion, such as actin
itself, profilin and many others (Miralles et al., 2003).

In the inactive conformation, DID binds to DAD leading to auto-inhibition of the
protein. DRFs lacking the N-terminal regulatory domain or containing mutations
in the DAD domain are constitutively active (Faix and Grosse, 2006). When
active GTP-bound Rho GTPases bind to GBD, they interfere with DID/DAD
interaction (Nezami et al., 2006; Otomo et al., 2005), the auto-inhibition is
released and the catalytic FH1 and FH2 domains are exposed. However,
except Rho GTPase binding, another signal, which is still unknown, is required
to fully activate DRFs as was revealed for RhoA and its effector protein mDia1
during in vitro experiments when active RhoA binding did not fully activate
mDia1 (Li, Higgs, 2005).

DRFs play a role in a wide range of processes important for cells. Some of their
functions were already discussed in previous text. However, they are not only
involved in cell motility, but they were also shown to function during cytokinesis,
morphogenesis, endocytosis or microtubule stabilization.

During cytokinesis, parental cells give rise to two daughter cells. For cell
division, the formation of contractile ring consisting of actin filaments and nonmuscle myosin II is essential. The ring appears at the position of cell separation
and its assembly was found to be mediated by formins (Faix and Grosse, 2006).
The role of formins in endocytosis of internalized molecules is also mediated by
the influence on actin polymerization. Recently, mDia1 as a downstream
effector of RhoB was proposed to act in formation of actin coat around
endosomes and endosomal actin was suggested to associate with actin
filaments and therefore prevent the endosomes from being transported to
microtubules for further transport (Fernandez-Borja et al., 2005). Another Rho
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GTPase, RhoD, regulates the endosomal transport through hDia2C, a splice
variant of hDia2, but not through mDia1 (Gasman et al., 2003). Microtubule
stabilization is another function observed by some formins. DRFs were revealed
to support the formation of “stable microtubules” which are polarized,
detyrosinated and are characterized by a long half-life (Gundersen et al., 2004).
mDia1 interacts with microtubule tip proteins, thereby attaching microtubules to
the cell cortex (Wen et al., 2004). Experiments with cells knocked down for
mDia1 demonstrated the role of mDia1 in microtubule stabilization and
polarized cell migration (Goulimari et al., 2005).

As far as cell motility is concerned, some formins were investigated because of
their contribution to actin cytoskeleton rearrangement, as well as for their effect
on cell-substrate adhesion. Focal adhesion formation depends on mDia1 and its
function as actin polymerizing agent as was already discussed previously.
Furthermore, mDia1 is also thought to play a role in generation of cell-cell
adhesions, since active mDia1 caused the expression of E-cadherin and αcatenin clusters at contacts between cells (Sahai, Marshall, 2002). The
requirement for mDia1 in directional cell motility was investigated using siRNA
approach and it was revealed that mDia1 is necessary for fibroblast migration
(Goulimari et al., 2005) as well as for axon elongation in cerebellar granule
neurons (Arakawa et al., 2003). Moreover, mDia1 was observed to colocalize
with RhoA at front of migrating fibroblasts. Formation of filopodia was also
shown to be involved in cell migration, however, these protrusions are
implicated

in

another

processes

such

as

cell-substrate

adhesion

or

phagocytosis, as well (Schirenbeck et al., 2005; Tuxworth et al., 2001). mDia2
as effector protein of Cdc42 was shown to lead to filopodia formation, similarly
to dDia2 as Rif effector (Peng et al., 2003; Schirenbeck et al., 2005). However,
many functions of Dia proteins still remain to be revealed.
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3. AIMS
Several aims of the thesis were established to be reached. The aims of this
diploma thesis were:


comparison of the morphology of A375-M2 cell line with the morphology
of the parental A375-P cell line.



to determine the concentration of siRNA against hDia1 and hDia2
efficient for the knockdown of these proteins.



to investigate the morphology and proportion of cells invaded into
Matrigel, both for cells transfected with control-siRNA and with
hDia1/hDia2-siRNA and search for the changes in invasion behavior
after hDia1/hDia2-siRNA application.



to show the effect of application of LPA and different serum
concentration on tumor cell behavior.



to rule out the role of ROCK for A375 tumor cell invasion and MLC
phosphorylation by using Y27632, a specific ROCK inhibitor.



to analyze the role of hDia1 and hDia2 in MLC phosphorylation.
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4. MATERIALS AND METHODS

4.1. Materials
4.1.1. Materials and instruments
Centrifuges (Heraeus Sepatech, GE)
Confocal microscope (Leica TCS SP2, GE)
Fluorescence microscope (Leica DMIRE 2 microscope, GE)
Hamilton syringes (Hamilton, GE)
Heating block (Bioblock Scientific, GE)
Incubator (Heraeus, GE)
Laboratory scales (Sartorius, GE)
Laboratory shaker (NeoLab, GE)
Laminar flow hood (Heraeus, GE)
Light microscope (Leica, GE)
96 Magnet plates (IBA, GE)
Magnetic stirrer (Heidolph, GE)
Microscopy chamber (Ibidi Integrated BioDiagnostics, GE)
Microscope slides (Paul Marienfeld, GE)
Neubauer chamber (GE)
Nitrocellulose Transfer Membrane (Whatman, GE)
pH-Meter 761 (Knick, GE)
Western blotting equipment (Bio-Rad, GE)
Transwell inserts (Greiner Bio-One, GE)
Tube roller (NeoLab, GE)
UV lamp (GE)
Vacuum pump (Saskia Hochvakuum- und Labortechnik GmbH, GE)
Voltmeters (Biometra, Bio-Rad, GE)
Vortex (Heidolph, GE)
X-Ray Film Processor (PROTEC Medizin technik, GE)
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4.1.2. Softwares
Leica IM 50 Software
Leica Confocal Simulator Software
Adobe Photoshop

4.1.3. Chemicals
Ammonium persulfate (APS) (Carl Roth, GE)
Bovine serum albumin (BSA) (Carl Roth, GE)
Bromphenol blue (Sigma-Aldrich, GE)
Buffer solution pH 4 (phthalate) (Fisher Scientific, UK)
Buffer solution pH 7 (phosphate) (Fisher Scientific, UK)
Buffer solution pH 9 (NeoLab, GE)
Dulbecco's Phosphate Buffered Saline (DPBS) 1x (Invitrogen, GE)
Ethanol (Mallinckrodt Baker B.V., Holland)
Glycerin 99% (GE)
Glycin p.a. (AppliChem, GE)
Growth factor reduced Matrigel (BD Biosciences, GE)
Hydrochloric acid 25% p.a. (AppliChem, GE)
Isopropanol (2-propanol) (Carl Roth, GE)
LPA (Biomol, UK)
Luminol Enhancer Solution (Pierce, USA)
MATra-A Reagent (IBA, GE)
2-Mercaptoethanol (Sigma, GE)
Methanol (Merck, GE)
Milk powder, nonfat dry (NFDM) (Carl Roth, GE)
MowiolR 4-88 (Merck, GE)
Natrium hydroxide (Neuenheimer Feld, GE)
PageRulerTM Prestained Protein Ladder Plus (Fermentas, GE)
Paraformaldehyde (PFA) (AppliChem, GE)
Peroxide Solution (Pierce, USA)
Potassium dihydrogenphosphate anhydrous (KH2PO4) (Gerbu, GE)
RotiphoreseR Gel 30 (Carl Roth, GE)
Sodium dodecyl sulphate (SDS) (C12H25O4SNa) (Serva, GE)
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Sodium azide (NaN3) (Sigma, GE)
Sodium chloride p.a. (NaCl) (AppliChem, GE)
di-Sodium hydrogen phosphate 12-hydrate (Na2HPO4.12H2O) (Riedel-deHaën,
GE)
Tetramethylethylenediamine (TEMED) (AppliChem, GE)
Tris base (Tris-(hydroxymethyl)-aminomethan) (Carl Roth, GE)
Triton X-100 p.a. (Merck, GE)
Trypsin-EDTA 0,25% (Invitrogen/Gibco, GE)
Tween-20 (AppliChem, GE)
Y-27632 (Calbiochem, USA)

4.1.4. Buffers
Buffer

Composition

Lysis buffer (Laemmli 4x)

Lysis buffer (Laemmli 2x)

Separating gel buffer pH 8,8

Collecting gel buffer pH 6,8

SDS-PAGE running buffer (10x)
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40 ml 1M Tris-HCl pH 6,8



40 ml 20% SDS



3,25 ml 0,5M EDTA



6 ml H2O



40 ml Glycerol 100%



40 mg Bromphenol blue



8 ml 2-Mercaptoethanol



50 % Laemmli 4x



ddH2O



0,75 M Tris base



0,2 % SDS



ddH2O



0,25 M Tris base



0,2 % SDS



ddH2O



0,25 M Tris base



1,92 M Glycine



34,7 mM SDS



ddH2O



SDS-PAGE running buffer (1x)

10 % SDS-PAGE running
buffer (10x)

Transfer buffer

10x PBS (Phosphate Buffered Saline)

1x PBS-T (Washing buffer A)

Blocking buffer A

10x TBS (Tris Buffered Saline) pH 7,6

1x TBS-T (Washing buffer B)

Blocking buffer B

Primary antibody dilution buffer

Table 4.1.
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ddH2O



24 mM Tris base



193mM Glycine



10 % Methanol



ddH2O



15,43 mM KH2PO4



1,54 mM NaCl



27,11 mM Na2HPO4.12H2O



ddH2O



10 % PBS 10x



0,1 % Triton X-100



ddH2O



5 % w/v Milk powder



0,8 % EDTA 0,5 M



1x PBS-T



(Sodium azide)



199,77 mM Tris base



1,37 M NaCl



ddH2O



HCl adjusted pH



10 % TBS 10x



0,1 % Tween-20



ddH2O



5 % w/v Milk powder



1x TBS-T



5 % w/v BSA



1x TBS-T

4.1.5. Antibodies and fluorescent stains
Anti-p140mDia1, mouse antibody (α-Dia1) (BD Biosciences, GE)
Anti-Dia2 C-15, goat polyclonal antibody (α-Dia2) (Santa Cruz Biotechnology,
GE)
Anti-MLC, mouse antibody (Sigma, GE)
Anti-phospho-MLC 2 (Thr18/Ser19), rabbit antibody (Cell Signaling, USA)
Anti-α-tubulin, mouse monoclonal antibody (Sigma-Aldrich, GE)
Anti-vinculin, mouse antibody (Sigma-Aldrich, GE)
HRP-conjugated anti-goat, donkey antibody (Dianova, GE)
HRP-conjugated anti-mouse, rabbit antibody (Dianova, GE)
HRP-conjugated anti-rabbit, goat antibody (Dianova, GE)
TRITC-conjugated anti-mouse antibody (Molecular Probes, GE)
DAPI (4',6-diamidino-2-phenylindole) (Molecular Probes, GE)
BODIPYR FL phallacidin (Molecular Probes, GE)
Rhodamine-phalloidin (Molecular Probes, GE)

4.1.6. siRNA sequences
Dia1 (human and mouse)

Sense

5´

Antisense

3´ GA CGACCAGUCUCGGUACCUA

GCUGGUCAGAGCCAUGGAU UU

target sequence (bp 702-720): 5´ gctggtcagagccatggat

Dia2 (human)

Sense

5´

Antisense

3´ UU GGUUUAAUGUGAUUCCAGA

CCAAAUUACACUAAGGUCU UU

target sequence (bp 5954-5972): 5´ ccaaattacactaaggtct
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4.1.7. Cell culture
4.1.7.1.

Cell lines

A375-M2 human melanoma cell line (ATCC, GE)
A375-P human melanoma cell line (ATCC, GE)

4.1.7.2. Media for cell culture
Medium

Composition

Serum free medium

DMEM 1x
(+ 4,5 g/l Glucose
+ 1,1 g/l Sodium pyruvate
- L-Glutamine)

0,5 % serum DMEM medium

DMEM 1x supplemented with:
o 0,5 % FBS

(Starving medium)

o 1 % Non-essential amino acids
o 1 % L-Glutamine
o 1 % Penicillin-Streptomycin
10 % serum DMEM medium

DMEM 1x supplemented with:
o 10 % FBS

(Growth medium)

o 1 % Non-essential amino acids
o 1 % L-Glutamine
o 1 % Penicillin-Streptomycin
Table 4.2.

DMEM 1x (Dulbecco's Modified Eagle's Medium) (Invitrogen, GE)
FBS (Foetal bovine serum) (Invitrogen, GE)
L-Glutamine 200mM (Invitrogen, GE)
Non-essential amino acids (100x) (Invitrogen, GE)
Penicillin-Streptomycin (Invitrogen, GE)
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4.2. Methods
4.2.1. Cultivation of cells
A375-M2 and A375-P cell lines were incubated under the conditions of 37°C
and 5 % CO2. Cells were split each second day (volumes per 10-cm dish):
1) DPBS, trypsin and 10 % serum DMEM medium were warmed to 37°C.
2) Old medium was removed away the 10-cm dishes.
3) Cells were washed with 10 ml of DPBS.
4) Cells were washed with 8 ml of trypsin.
5) 1,5 ml of trypsin was added and cells were trypsinised in incubator.
6) Cells were re-suspended in 10 % serum DMEM medium and reseeded to
10-cm dish.

4.2.2. Staining of cells
A375-M2 and A375-P cells were seeded to 6-well plates with coverslips. After
24 hours, cells were washed with DPBS and fixed at +4°C for 10 minutes:

Fixation

Staining

4 % PFA

Anti-vinculin, BODIPYR FL phallacidin, DAPI

Ice cold Met-OH

Anti-α-tubulin, DAPI

Table 4.3.

Cells were washed twice with DPBS and permeabilised using 0,3 % Triton X100/DPBS at room temperature (RT) for 10 minutes. After permeabilisation,
cells were washed three times with DPBS and blocked in 5 % FBS/DPBS at RT
for 1 hour.
A. Staining with anti-vinculin, BODIPYR FL phallacidin and DAPI (volumes per
coverslip):
Cells were stained with 70 µl of anti-vinculin (mouse) diluted in 5 % FBS/DPBS
(1:200) for 1 hour, rinsed in DPBS and stained with 70 µl of TRITC-conjugated
anti-mouse antibody diluted in 5 % FBS/DPBS (1:200) for 1 hour.
Simultaneously with secondary antibody, staining with BODIPYR FL phallacidin
(1:200) was applied. Then, cells were rinsed in DPBS and water and stained
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with 70 µl of DAPI diluted in ddH2O (1:10.000) for 15 minutes. Cells were
rinsed in water and mounted in 30 µl of Mowiol solution.
B. Staining with anti-α-tubulin and DAPI (volumes per coverslip):
Cells were stained with 70 µl of anti-α-tubulin (mouse) diluted in 5 % FBS/DPBS
(1:200) for 1 hour, rinsed in DPBS and stained with 70 µl of TRITC-conjugated
anti-mouse antibody diluted in 5 % FBS/DPBS (1:200) for 1 hour. Then, cells
were rinsed in DPBS and ddH2O and stained with 70 µl of DAPI diluted in
ddH2O (1:10.000) for 15 minutes. Cells were rinsed in ddH2O and mounted in
30 µl of Mowiol solution.
Samples were analyzed by fluorescence microscope Leica DMIRE 2.
Immersion objective 40x was used. Images were obtained with help of Leica IM
50 software and they were imported into Adobe Photoshop for further
proceeding.

4.2.3. Transfection of siRNA (siRNA titration)
Cells were seeded into 6-well plates 24 hours before transfection. Cells were
transfected with different amounts of hDia1-siRNA and hDia2-siRNA (small
interfering RNA), respectively, at the confluency of 60% by means of magnet
assisted transfection (MATra):

Figure 4.1. MATra principle (MATra comprehensive manual, IBA)
Short interference siRNAs (hDia1-siRNA, hDia2-siRNA) were in the first step
associated with magnetic particles and then, using the magnetic force, they were
drawn towards and delivered into the target cells adhered to the bottom of the plate.
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1) siRNA and MATra-A Reagent titration was prepared in 500 µl of serum
free DMEM medium (Table 4.4.).
2) Mixtures of serum free DMEM medium, siRNA and MATra-A Reagent
were incubated at RT for 20 minutes.
3) During the incubation, a medium change was performed - 1,5 ml of new
10% serum DMEM medium was added to each well of 6-well plate.
4) Mixtures of serum free medium, siRNA and MATra-A Reagent were
added to cells in 6-well plate.
5) After mixing, 6-well plate was placed immediately on a 96 Magnet Plate.
6) Cells were incubated at 37°C and 5 % CO2 for 15 minutes.
7) 96 Magnet Plate was removed.
8) Cells were incubated at 37°C and 5 % CO2 for 48 hours.

Sample

siRNA

number

(pmol)

siRNA (µl)

MATra-A

Serum

free

Reagent (µl)

medium (µl)

1

-

-

-

500

2

100

1

1

500

3

150

1,5

2

500

4

200

2

3

500

5

300

3

4

500

6

400

4

5

500

DMEM

Table 4.4. siRNA-titration
A375-M2 cells and A375-P cells were transfected with increasing amounts of siRNA to
look for differences in effect on knockdown of hDia1 and hDia2, respectively.

After 48 hours of incubation, cells were lysed in Laemmli 2x buffer and western
blotting was performed to look for the effect of siRNA on hDia1/hDia2
knockdown. At first, immunoblotting for downregulated protein was performed.
After development, membranes were washed three times in 1x PBS-T, blocked
in blocking buffer A (with addition of sodium azide to destroy HRP-label) and reblotted for loading control.
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4.2.4. Inverse Transwell assay
4.2.4.1. Setting of inverse Transwell assay
A375-M2 cells were transfected with control-siRNA (100 pmol per well) and
either hDia1-siRNA or hDia2-siRNA at the confluency of 60 % 24 hours after
seeding to 6-well plate. The amounts of MATra-A Reagent and siRNA were
used according to the results obtained by siRNA titration experiment. ControlsiRNA was used to verify hDia1 and hDia2 knockdown. Transfection was
performed as already described, cells were incubated at 37°C and 5% CO2. 48
hours after transfection, A375-M2 cells were starved overnight (o/n) – 10 %
serum DMEM medium was changed for 2 ml of 0,5 % serum DMEM medium
per well.
Before harvesting of cells, 50 µl of Matrigel solution was pipetted using cooled
pipette tips into upper wells of Transwell inserts which were placed into 24-well
plate. After 1 hour of Matrigel incubation at 37°C and 5% CO2, cells were
harvested (volumes per 6-well plate):


Cells were washed with 2 ml of DPBS.



Cells were washed with 1 ml of trypsin.



200 µl of trypsin was added and cells were trypsinised in incubator.



2 ml of 0,5 % serum DMEM medium was added and cells from two wells
transfected with control-siRNA and hDia-siRNA, respectively, were pulled
together to Falcon tubes. Cells in the third well were used as the first
control for knockdown.

Cells in suspension were centrifuged at 900 rpm and 24°C for 4 minutes, resuspended in 5 ml of DPBS, centrifuged and re-suspended in DPBS again.
Finally, after the third centrifuging step, cells were re-suspended in 1 ml of 0,5
% serum DMEM medium and 10 µl of this suspension was pipetted into
Neubauer chamber. Cells were counted using light microscope and diluted to
the concentration 300.000 cells/ml.

24-well plate containing Transwell inserts with polymerized Matrigel was turned
upside down and 50 µl of cell suspension containing 15.000 cells was pipetted
onto the porous membrane of inverted Transwell inserts. The base of 24-well
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plate was put back so that it covered inverted inserts. 24-well plate was then
placed to incubator (37°C, 4 % CO2) and cells were let adhere.
Control was adherence was ensured by reseeding cells into a new 6-well plate,
the cells were grown for another 48 hours. After 48 hours, they were lysed in
Laemmli 2x buffer and western blotting was performed to look for the
knockdown of hDia1 and hDia2 during the invasion assay (second control for
knockdown). Cells used as the first control for knockdown of hDia1 and hDia2
were lysed in Laemmli 2x buffer 48 hours after transfection, instead of being
harvested for inverse Transwell assay, and western blotting was performed.

After cells adhered to the membrane of inverse Transwell inserts, 24-well plate
was turned back up-right. 1 ml of 0,5 % serum DMEM medium was added to
lower chamber and 200 µl of 10 % serum DMEM medium supplemented with 10
µM LPA was added to upper chamber. Another arrangement of inverse
Transwell assay was accessed by adding 0,5 % serum DMEM medium to both
chambers. 24-well plate was put back to incubator and cells were allowed to
invade into Matrigel for 48 hours:

Figure 4.2. Configuration of inverse Transwell assay (Hooper et al., Methods
Enzymol., 2006)
A375-M2 cells knocked down for hDia1 and hDia2, respectively, were seeded on the
on the underside of Transwell insert and they were allowed to cross the membrane
filter and invade into Matrigel. Arrow on the right hand side demonstrates the direction
of tumor cell invasion.
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To determine the role of ROCK in A375-M2 cell invasion, invasion assays with
Y-27632, a potent ROCK inhibitor, were performed for cells transfected with
control-siRNA and hDia1-siRNA: 1 ml of 0,5 % serum DMEM medium with 10
µM Y-27632 was added to lower chamber and 200 µl of 10 % serum DMEM
medium with 10 µM LPA and 10 µM Y-27632 was added to upper chamber.

4.2.4.2. Fixation and staining of inverse Transwell assay
After 48 hours, invasion assays were terminated. Media were removed from
both upper and lower chamber and further steps were performed:
1) Both chambers were washed in DPBS.
2) Cells were fixed at RT using 4 % PFA in PBS for 30 minutes.
3) Both chambers were washed twice in DPBS.
4) Cell were permeabilised at RT using 0,2 % Triton X-100 in DPBS for 30
minutes.
5) Both chambers were washed twice in DPBS.
6) Cells were stained o/n at +4°C using Rhodamin-phalloidin (1:200) and
DAPI diluted in ddH2O (1:10.000). 650 µl of staining solution was added
to lower chamber and 200 µl was added to upper chamber. Staining was
performed in dark place.
7) Both chambers were washed three times in DPBS, 15 minutes were
allowed for each washing in dark place.
8) Samples were kept at +4°C in DPBS, covered with tinfoil.

4.2.4.3. Analysis of inverse Traswell assay – confocal microscopy
Transwell inserts were placed into microscopy chamber filled partially with
DPBS. Invasion assays were analyzed by taking optical sections with z-intervals
of 5 µm from total 100 µm using laser-scanning microscope Leica TCS SP2.
Immersion objective 20x was used. To quantify the proportion of cells invaded
into Matrigel, cells were counted both on the membrane and inside of Matrigel
in randomly chosen fields. High resolution images showing the morphology of
invaded cells were obtained with immersion objective 63x, z-intervals being 0,5
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µm from total 40 µm. Cells were counted and 3D reconstructions were created
using Leica Confocal Simulator Software.

4.2.5. LPA and Y-27632 sensitivity assay
A375-M2 cells were seeded to 6-well plate and incubated at 37°C and 4 % CO2.
After 96 hours, medium change was performed and cells were starved o/n in
0,5 % serum DMEM medium. Three different arrangements were further
exhibited:
A. Cells were treated with 10 µM Y-27632 for 1 hour. Afterwards, they were
stimulated with 10 µM LPA for 10 minutes.
B. No further treatment was applied.
C. Cells were treated with 10 µM LPA for 10 minutes.

Cells were lysed in Laemmli 2x buffer and western blotting was performed to
search for the effect of different treatments on phosphorylated myosin light
chain (P-MLC) protein levels. Two gels were run and proteins were transferred
to two membranes, one of them was immunoblotted for P-MLC, the second
membrane was immunoblotted for MLC as a loading control.

4.2.6. P-MLC assay
A375-M2 cells were transfected with control-siRNA, hDia1-siRNA and hDia2siRNA, respectively, at the confluency of 60 % 24 hours after seeding to 6-well
plate. The amounts of MATra and siRNA were used according to the results
gained during siRNA titration experiment. After 48 hours of incubation, cells
were lysed in Laemmli 2x buffer and western blotting was performed to search
for the effect of hDia1 and hDia2 knockdown on MLC phosphorylation. Two gels
were run and proteins were transferred to two membranes, one of them was cut
and immunoblotted for hDia1 and P-MLC, the second membrane was
immunoblotted for MLC as a loading control.
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4.2.7. Western blotting
4.2.7.1. Lysate preparation
Cells were lysed in Laemmli 2x buffer, the amount of Laemmli 2x buffer
depended on cell confluency. Plates with cells were placed on ice (volumes per
6-well plate):
1) Cells were washed with 1ml of DPBS.
2) Laemmli 2x buffer was added.
3) Adherent cells were scraped off from the plate using a plastic cell
scraper.
4) Cell suspensions were transferred into pre-cooled microcentrifuge tubes.
5) Samples were stored at -20°C.

4.2.7.2. SDS-PAGE
One dimensional electrophoresis was used to separate the proteins. 9 %
polyacrylamide gels were used for hDia1 and hDia2 protein separation, 14 %
gels were prepared to separate MLC and P-MLC. Before loading onto gel,
samples were boiled at 100°C for 10 minutes and centrifuged for 10 minutes.
Gels were placed in electrophoresis tank with SDS-PAGE running buffer (1x).
Hamilton syringe was applied to load the samples into wells in collecting gel.
Prestained protein marker was used to monitor the progress of electrophoresis
and to determine the protein size after development. Gels were run at 105 V
and the power was turned off after the dye in lysis buffer run out from the gel.

4.2.7.3. Transfer of proteins onto membrane
Proteins separated by SDS-PAGE were transferred onto nitrocellulose
membranes. Gels and membranes were placed in between two paper sheets in
transfer sandwich. Sandwich was put to transfer unit filled up with transfer buffer
and constant power of 350 mA was applied for 1 hour.
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4.2.7.4. Blocking
Membrane blocking prevents non-specific background binding of antibodies to
membrane. Membranes were incubated in blocking buffer A at RT for 1 hour, or
at +4°C o/n, under agitation. For P-MLC detection, membranes were incubated
in 25 ml of blocking buffer B at RT for 1 hour.

4.2.7.5. Detection
Primary antibodies were diluted in 5 ml of blocking buffer A containing sodium
azide, for P-MLC detection, primary antibody was diluted in 4 ml of primary
antibody dilution buffer:

Primary antibody

Dilution

Incubation time and temperature

anti-p140mDia1 (mouse)

1:500

o/n; +4°C

anti-Dia2 C-15 (goat)

1:400

o/n; +4°C

anti-α-tubulin (mouse)

1:5000

1 hr, RT

anti-MLC (mouse)

1:200

o/n; +4°C

1:500

o/n; +4°C

anti-phospho-MLC2
(Thr18/Ser19) (rabbit)

Table 4.5. Primary antibodies and conditions for western blotting
Falcon tubes with antibody solutions were subjected to a gentle rotation on tube roller
to enable homogenous covering of membrane and prevent uneven binding.

To remove unbound primary antibody, membranes were washed three times in
washing buffer A, 10-20 minutes for each washing. For P-MLC detection,
membranes were washed three times in 15 ml of washing buffer B, 5 minutes
were allowed for each washing step.

After washing, HRP-conjugated secondary antibodies were diluted in 10 ml of
blocking buffer A without sodium azide, for P-MLC detection, secondary
antibody was diluted in 10 ml of blocking buffer B:
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Secondary antibody

Dilution

Incubation time and temperature

HRP-anti-mouse

1:4000

1-2 hrs; RT

HRP-anti-goat

1:3000

1-2 hrs; RT

HRP-anti-rabbit

1:5000

1 hr; RT

Table 4.6. Secondary antibodies and conditions for western blotting
Antibody solutions were subjected to a gentle agitation on laboratory shaker to enable
homogenous covering of membrane and prevent uneven binding.

The same washing step was applied to remove unbound secondary antibody.

After washing, membranes were incubated with peroxide/luminol solution (1:1)
for 1 minute. Photographic film was placed against the membrane and X-Ray
Film Processor was used to develop the film.
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5. RESULTS

5.1. Comparison of A375-P and A375-M2 cell morphology
A375-M2 cells were derived from the A375-P cell line (Clark et al., 2000).
Therefore, both cell lines were stained with fluorescence-labeled antibodies to
search for the difference in morphology between parental and derived cell line.
Fluorescence microscopy revealed that the shape of parental cells was trianglelike (Figure 5.1.).

Figure 5.1. A375-P tumor cell morphology
A) Staining for α-tubulin and nuclei. B) Staining for F-actin, focal adhesions and nuclei.
Pictures were obtained by fluorescence microscope, imported to Adobe Photoshop and
further processed.

On the other hand, A375-M2 cells were shown to be more elongated in their
shape compared to parental cell line (Figure 5.2.). The same morphology of
both cell lines was also observed using light microscope.
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Figure 5.2. A375-M2 tumor cell morphology
A) Staining for α-tubulin and nuclei. B) Staining for F-actin, focal adhesions and nuclei.
Pictures were obtained by fluorescence microscope, imported to Adobe Photoshop and
further processed.

5.2. hDia1-siRNA and hDia2-siRNA titration – A375-M2 cell line
Downregulation of hDia1 and hDia2 by means of siRNA was chosen as the
method to search for the function of these proteins in tumor cell invasion. In the
beginning, it was important to optimize the concentrations of siRNA, which
would efficiently decrease intracellular levels of hDia1 and hDia2 proteins.

Western blotting performed with cellular lysates from A375-M2 cells transfected
with increasing amounts of hDia1-siRNA revealed that intracellular levels of
hDia1 protein depended on the amount of hDia1-siRNA applied (Figure 5.3.).
For further experiments, the amount 150 pmol of hDia1-siRNA was chosen.
This amount was considered to be efficient for hDia1 downregulation, although
the titration shown in Figure 5.3. is not fully convincing. However, taking the
uneven loading control into consideration, it was estimated that reduction in
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intracellular hDia1 content to approximately one half occurred compared to
untreated control cells. Primary experiment with α-tubulin as loading control
shown in section Supplements (Figure 9.1., A), and also results shown later in
this section support the suggestion that 150 pmol is efficient to knockdown
hDia1 in A375-M2 cells.
It is also important to mention that although higher amounts of siRNA had more
efficient effect on protein knockdown, they were not chosen for further
experiments. The main reason was that these amounts caused much higher
proportion of cells to die presumably because of being exposed to siRNA.

Figure 5.3. hDia1-siRNA titration in A375-M2 cell line
Cells were transfected with increasing amount of hDia1-siRNA. Control cells were not
treated with siRNA. Cells were lysed and western blotting for hDia1 was performed.
After development, membranes were re-blotted for hDia2 as a loading control.

A375-M2 cells were transfected with increasing amounts of hDia2-siRNA, as
well. Based on data from western blotting (Figure 5.4.), 200 pmol of hDia2siRNA was chosen for further experiments. This amount of siRNA was
considered to efficiently decrease the intracellular content of hDia2 protein
compared to control cells. Primary experiments were performed with α-tubulin
as loading control and similar observations are shown in section Supplements
(Figure 9.1., B).
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During experiment with increasing amount of hDia2-siRNA, higher amounts of
hDia2-siRNA also caused increased number of dying cells after exposure to
siRNA, confirming the effect of higher siRNA doses on cell death.

Figure 5.4. hDia2-siRNA titration in A375-M2 cell line
Cells were transfected with increasing amount of hDia2-siRNA. Control cells were not
treated with siRNA. Cells were lysed and western blotting for hDia2 was performed.
After development, membranes were re-blotted for hDia1 as a loading control.

A375-P cells were also subjected to siRNA treating with siRNA both towards
hDia1 and hDia2. However, results from these titrations, shown in section
Supplements (Figure 9.2.), were not so distinct and therefore, these cells were
not included in further experiments. On the other hand, attention was focused
on A375-P derived A375-M2 cell line.

5.3. Invasion assays – A375-M2 cell line
Invasion assays were performed in Matrigel which is a heterogeneous mixture
of proteins and its composition is similar to composition of basement
membranes. This arrangement is known to resemble the ECM in tumors.
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Figure 5.5. The effect of A) hDia1-siRNA and B) hDia1-siRNA on A375-M2 invasion
Lower chamber was filled with 0,5 % serum medium and 10 % serum medium
containing LPA was placed to upper chamber. After 48 hours, cells were fixed,
permeabilized and stained. Pictures were taken on confocal microscope and cells
were manually counted. Data are expressed as mean ± stand error of mean (SEM) of
three independent experiments (hDia1-siRNA) or two independent experiments
(hDia2-siRNA).
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Cells were allowed to invade according to the gradient of serum and LPA as
chemoattractant. Counting of the cells revealed that knockdown of hDia1 and
hDia2 had the effect on tumor cell invasion compared to the invasion behavior
of cells treated with control-siRNA.

Figure 5.6. 3D reconstructions of cells invaded into Matrigel
Cells were stained for F-actin and nuclei. Representative reconstructions of z-sections
were performed in Leica Confocal Simulator Software. Arrows show the direction of
tumor cell migration. Dashed lines indicate position of Transwell membrane.

Cells treated with hDia1-siRNA showed decreased tumor cell invasion
compared to control cells (Figure 5.5., A). The proportion of cells invaded
decreased from 3,6 % for control-siRNA treated cells to 1,5 % for cells treated
with hDia1-siRNA, this means more than one half reduction in invasive
behavior. The same results are depicted by representative 3D reconstructions
(Figure 5.6.) and z-sections (Figure 5.7.) of invading cells.

Knockdown of hDia1 was efficient throughout the whole time period of
experiment, as is shown by data obtained from western blotting, both for the
first and for second control for knockdown (Figure 5.8., A). These data also
confirm that the amount 150 pmol of hDia1-siRNA chosen previously was
indeed effective for protein downregulation.
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Figure 5.7. hDia1 and hDia2 influence on proportion of invaded cells in A375-M2 cells
Representative figures from invasion assays show proportion of cells invaded into
Matrigel for A) control-siRNA, B) hDia1-siRNA, C) hDia2-siRNA treated cells, zsections are depicted. Cells were stained for F-actin and nuclei. DAPI staining for
nuclei is not shown.
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A

B

Figure 5.8. hDia1-siRNA and hDia2 invasion assays, control for knockdown
A375-M2 cells were transfected with control-siRNA (100 pmol) and A) hDia1-siRNA
(150 pmol) or B) hDia2-siRNA (200 pmol). Cells were lysed 48 hours and 96 hours
after transfection and western blotting was performed to verify efficient knockdown.
Membranes were re-blotted for hDia2 or hDia1 as a loading control.
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In contrast, treating A375-M2 cells with hDia2-siRNA revealed opposite effects
on tumor cell invasion. Invasion assays towards the gradient of serum and LPA
as chemoattractant revealed increased invasion compared to control (Figure
5.5., B). The proportion of cells invaded into Matrigel increased in experiments
with hDia2-siRNA from 2,9 % for cells treated with control-siRNA to 5,3 % for
cells

treated

with

hDia2-siRNA.

The

same

results

are depicted

by

representative 3D reconstructions (Figure 5.6.) and z-sections (Figure 5.7.) of
invading cells.

Western blotting for hDia2 revealed that knockdown of protein was efficient
throughout the whole time period of invasion assay, as was observed for both
first and second control for knockdown (Figure 5.8., B).

5.3.2. Morphology of invaded cells
The morphology of A375-M2 cells invaded into Matrigel was also investigated.
Cells treated

with control-siRNA

exhibited

rounded cells morphology.

Surprisingly, the same morphology was observed in cells transfected with
hDia1-siRNA and also in cells transfected with hDia2-siRNA (Figure 5.9.).

Obviously, it was demonstrated that invading cells exhibit completely different
morphology compared to cells which are just grown in cell culture plates. No
cells with elongated morphology were observed to invade into Matrigel. On the
other hand, cells which remained sitting on the Transwell membrane were seen
to show both elongated and rounded cell morphology.
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Figure 5.9. Morphology of cells invaded into Matrigel
Cells were stained for F-actin and nuclei. DAPI staining is not shown. High resolution
images were obtained with 63x objective. Images were imported into Adobe
Photoshop and further processed. Cells invaded into Matrigel after treatment with A)
control-siRNA, B) hDia1-siRNA, C) hDia2-siRNA are shown.

5.3.3. Invasion assays without gradient
Importantly, tumor cell invasion depended on the presence of higher serum
content and LPA addition in upper chamber. Invasion assays, which were
performed simultaneously with addition of low serum medium to both chambers
and without presence of LPA in upper chamber, did not reveal any cell to invade
into Matrigel both for control-siRNA (Figure 5.10.) and hDia1/hDia2-siRNA
treated cells (Figure 9.3.).
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Figure 5.10. Invasion without gradient with cells treated with control-siRNA
Both chambers of Transwell insert were filled with 0,5 % serum medium. No LPA was
added to upper chamber. After 48 hours, cells were fixed, permeabilized and stained
for F-actin and nuclei. A) Cells sitting on the membrane of Transwell insert are shown.
B) No cells were found to invade into Matrigel. The same images were obtained with
hDia1-siRNA and hDia2-siRNA transfected cells (figures not shown).

5.4. LPA and Y-27632 sensitivity assay – A375-M2 cell line
To verify the sensitivity of A375-M2 cells to LPA as a chemoattractant, the
influence of LPA on its downstream targets after LPA stimulation was
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investigated. LPA activates RhoA through LARG pathway which should lead to
increased activity of Dia proteins and also ROCK activity should be increased.
As ROCK functions in MLC phosphorylation, there should be found increased
level of P-MLC in cells stimulated with LPA. Therefore the effect of LPA
stimulation on MLC phosphorylation was investigated. ROCK activity can be
inhibited by Y-27632 compound. Treating the cells with Y-27632 should
therefore block the phosphorylation of MLC.

Figure 5.11. Sensitivity of A375-M2 cells to LPA and Y-27632 treatment
Cells were treated with LPA or Y-2732 as indicated. For stimulation, 10 μM LPA was
applied for 10 minutes, 10 μM Y-27632 was applied for 1 hour. Cells were lysed and
western blotting was performed for indicated proteins.

Experiments with A375-M2 cells revealed that this cell line was sensitive to LPA
stimulation as was already observed in invasion assays described before. After
LPA stimulation, increase in MLC phosphorylation was observed compared to
cells which were not treated with LPA. The addition of Y-27632 to cells
stimulated with LPA caused striking decrease in MLC phosphorylation (Figure
5.11.).
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Invasion assay with Y-27632 treated cells was established with cells transfected
either with control-siRNA or hDia1-siRNA to investigate whether Y-27632
treatment exhibits some effect on tumor cell invasion. Medium with higher
content of serum with addition of LPA was placed to upper chamber of
Transwell insert and Y-27632 was then added to both chambers. Interestingly,
no cell was found to invade into Matrigel under these conditions for cells treated
either with control-siRNA (Figure 5.12.) or hDia1-siRNA (data not shown). This
suggests the irreplaceable role of RhoA – ROCK pathway in tumor cell invasion.

Moreover, treating with Y-27632 obviously changed the cell morphology. Cell
cytoskeleton was partially destroyed and cells appeared more elongated in their
shape.

Figure 5.12. Invasion of Y-27632 treated A375-M2 cells
Control-siRNA transfected cells were allowed to invade into Matrigel. After 48 hours,
they were fixed, permeabilized and stained for F-actin and nuclei. Only F-actin staining
is shown. A) Cells sitting on the membrane of Transwell insert. B) No cells invaded into
Matrigel.
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5.5. P-MLC assay – A375-M2 cell line
Further experiments were performed to elucidate the mechanism underlying the
effects of hDia1-siRNA and hDia2-siRNA on A375-M2 tumor cell invasion. It
was already found out (Kitzing et al., data not yet published) that active Dia1
binds to LARG, its upstream effector. The binding and LARG activation is
thought be a part of positive feedback loop and it could cause even higher
activation of RhoA GTPase and therefore lead to increased activity of ROCK.
ROCK dependent phosphorylation of MLC would be increased while MLC pool
should remain without a change.

Therefore,

the

effect

of

hDia1

and

hDia2

downregulation

on

MLC

phosphorylation in A375-M2 cell line was investigated. Cells were transfected
either with control-siRNA or siRNA towards hDia1 and hDia2, respectively.
Results obtained by western blotting revealed again the difference between
hDia1-siRNA and hDia2-siRNA treated cells.

Figure 5.13. hDia1-siRNA mediated decrease of P-MLC levels in A375-M2 cells
Cells were transfected with 100 pmol of control-siRNA or 150 pmol of hDia1-siRNA.
Cell lysates were immunoblotted for indicated proteins.
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Levels of phosphorylated MLC were decreased in cells downregulated for hDia1
(Figure 5.13.), whereas downregulation of hDia2 led to increase in intracellular
P-MLC (Figure 5.14.). Both results suggest an important role of both hDia1 and
hDia2 in MLC phosphorylation.

Figure 5.14. hDia2-siRNA mediated increase of P-MLC levels in A375-M2 cells
Cells were transfected with 100 pmol of control-siRNA or 200 pmol of hDia2-siRNA.
Cell lysates were immunoblotted for indicated proteins.
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6. DISCUSSION
In this diploma thesis, the role of human Diaphanous-related proteins hDia1 and
hDia2 in tumor cells invasion was demonstrated. Cell motility was investigated
using 3D matrices. The human melanoma cell line, A375-M2, was revealed to
be

sensitive

downregulated

to

siRNA
for

treatment

hDia1

targeting

exhibited

hDia1

decreased

and

hDia2.

invasion,

Cells

whereas

downregulation of hDia2 led to increased invasion. The response of the cells
was influenced by application of chemoattractant and difference in serum
concentration, as well as by Y-27632, the ROCK inhibitor. Furthermore, it was
revealed that the effect of hDia1 and hDia2 on cell invasion could be mediated
via phosphorylation of MLC, because hDia1 knockdown decreased MLC
phosphorylation whereas hDia2 knockdown increased the phosphorylation of
MLC.

hDia1 and hDia2 represent two of RhoA downstream effectors. Actions
dependent on Rho functioning were already previously described to be
necessary for tumor development (Sahai and Marshall, 2002). The colocalization of active Rho with Dia1 at cell front was revealed during scratchwound assays and Dia1 was shown to be required for microtubule stabilization
and directed cell movement during wound repair (Goulimari et al., 2005). More
recently, mDia1 knockdown resulted in impaired cell polarization due to
impaired localization of Apc and active Cdc42, which are molecules essential
for cell polarization, and in impaired adhesion turnover because of fault in
localization of another molecule, active c-Src (Yamana et al., 2006). Moreover,
Diaphanous-related proteins are involved in actin cytoskeleton dynamics and
other cell movement related processes. Therefore, the hypothesis that both
hDia proteins could be involved in tumor invasion arose.

To search for the effect of hDia1 and hDia2 in tumor invasion, A375-M2 cell line
was chosen. A375-M2 cell line was derived from parental human melanoma
A375-P cell line by in vivo selection (Fidler, 1973): A375-P cells were injected
intravenously to mice and pulmonary metastases were collected. These
metastases were dissected, grown in cell culture and injected again to mice.
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Pulmonary metastases gave rise to A375-M2 cell line (Clark et al., 2000). A375M2 cell line was considered to be a suitable model system for invasion in vitro
assays. This cell line was already subjected to invasion assays during studies
investigating the requirements for Rho/ROCK signaling in cells using different
modes of motility (Sahai and Marshall, 2003). Comparison of A375-M2 cells
with parental cell line revealed the differences in morphology of cells grown in
culture plates, A375-M2 cells exhibiting elongated shape, while A375-P cells
showing rather triangle shape. However, the cell morphology as well as cell
motility demands to be investigated in the environment which accurately
simulates in vivo conditions.

siRNA technology is the latest approach belonging to family of antisense
technologies and is widely used for gene knockdown because of its potency.
Nowadays, a growing number of studies are being performed in rodent models
to demonstrate the potential use of siRNA-based therapeutics in treatment of
various diseases, e.g. neurodegenerative diseases, viral infections or cancer
(Dallas and Vlassov, 2006). siRNA titrations, which were established to choose
siRNA amounts for efficient knockdown, demonstrated different sensitivity of
cells to increasing amounts of siRNA, however, high amounts were observed to
cause the enlarged cell death. As A375-M2 cell line is considered, siRNA
amounts for further experiments were identified. It was not only important to
choose the amount of siRNA which would be efficient for protein knockdown,
but it was also indispensable to find the amount not affecting cell viability.
Although higher siRNA amounts exhibited more efficient knockdown of hDia1
and hDia2, their use in further experiments would presumably decrease the
number of living cells involved in invasion assays, therefore leading to impaired
data evaluation. For A375-P cell line, efficient amount of siRNA for knockdown
was unfortunately not identified and these cells were therefore not included in
following experiments. However, it would be interesting to compare the original
and derived cell line in their invasive behavior. Presumably, A375-P would exert
smaller proportion of cells invading into Matrigel, because when reintroduced
into mice, A375-M2 cells were shown to cause the formation of significantly
more pulmonary metastases (Clark et al., 2000). Nevertheless, these are only
speculations which need to be confirmed by experiments with invading cells.
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Invasion assays with A375-M2 cells transfected with control-siRNA revealed
that cells migrating into Matrigel were showing rounded cell morphology. These
results correspond to findings gained in studies using the same, but not
transfected, cell line migrating from the top of Matrigel layer prepared in culture
dish, moreover, A375-M2 cells observed on the top of Matrigel in these
experiments also exhibited rounded cell morphology, in contrast to cells seeded
on the a rigid 2D substrate coated with a thin layer of Matrigel which were
observed to exhibit the elongated morphology (Sahai and Marshall, 2003).
Obviously, cell morphology is shown to be dependent on the environment as
discussed above. It would be also interesting to search for the cellular
localization of hDia1 and hDia2 during cell invasion into Matrigel. Furthermore,
we were interested in the percentage of invaded cells for A375-M2 cell line
transfected with control-siRNA. Interestingly, the percentage of cells invaded
into Matrigel was revealed not to be high. However, previous studies inform us
that the percentage of A375-M2 cells invaded into Matrigel, which were not
transfected with any siRNA, is rather lower. In contrast to A375-M2 cell line, e.g.
WM266.4 melanoma cell line was reported to show mixed morphology of cells
in Matrigel and quite a high proportion of cells invaded, more than 9 % (Sahai
and Marshall, 2003).
hDia1-siRNA application changed the A375-M2 tumor cell behavior as was
revealed during invasion assays with cells transfected with hDia1-siRNA. Cells
with hDia1 knockdown were showing decreased proportions of invasion
compared to cells transfected with control-siRNA. These findings suggest the
involvement of hDia1 protein in tumor cell motility, hDia1 presence enabling the
higher percentage of cells to be motile. On the other hand, completely opposite
effect was observed for A375-M2 cells transfected with hDia2-siRNA which
exhibited higher proportion of cells invaded into Matrigel. Therefore, we can
hypothesize that hDia1 and hDia2 take part in tumor cell invasion, however,
their effect is not comparable: while hDia1 could enhance tumor cell invasion,
hDia2 could prevent tumor cells from spreading. Additionally, invasive cells in
both hDia1-siRNA and hDia2-siRNA experiments exhibited similar morphology
as control cells, leading to question which mechanism is responsible for the
effect of hDia1 and hDia2.
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Importantly, data obtained previously in the laboratory during experiments with
hDia1-siRNA and hDia2-siRNA treated human MDA-MB-435 melanoma cell line
were thus confirmed with A375-M2 cells. Hence, we can expect that the
regulation of tumor cell motility via hDia1 and hDia2 is the same for both A375M2 and MDA-MB-435 cell lines and therefore more general. The essential role
of mDia1 during cell migration was previously demonstrated in wound-healing
assays (Goulimari et al., 2005; Yamana et al., 2006). However, another
literature shows quite opposite results: active mDia1 mutant caused the
inhibition of migration in T cells (Vicente-Manzanares et al., 2003) and most
strikingly, in similar experiments searching for the role of Mitf (Microphthalmiaassociated transcription factor), depletion of Dia1 by siRNA resulted in
increased invasive behavior compared to control cells (Carreira et al., 2006).
Such discrepancies are uneasy to understand and further research will possibly
reveal the basis for explanation.

We tried to search for the effect underlying the importance of hDia1 and hDia2
for tumor cell motility. Importantly, A375-M2 tumor cells were caught to invade
only under the conditions when different serum concentrations were applied and
LPA was added to generate the gradient. Otherwise, no cells were observed to
invade into Matrigel, suggesting the role for LPA presence during A375-M2
tumor cell invasion. Consistently, LPA was already reported to play a role in
tumor development and in promoting tumor cell invasion and metastasis
process (Mills and Moolenaar, 2003). We suppose that such effect of LPA is
mediated via previously described pathway leading to activation of RhoA by
RhoGEF, GTP-bound RhoA causing the activation of its downstream effectors,
ROCK and Dia. The role of LPA stimulation considering this pathway was
further verified in experiments looking for the effect of LPA stimulation on MLC
phosphorylation, thus looking for the effect on “ROCK branch” downstream from
RhoA. Cells stimulated with LPA exhibited higher levels of phosphorylated MLC
in comparison to control cells which were not treated with LPA confirming the
effect of LPA on A375-M2 cell line. Moreover, application of ROCK inhibitor,Y27632 in cells previously stimulated with LPA decreased levels of P-MLC
compared to control cells. Similarly, invasion assays in presence of Y-27632 did
not reveal any cell migrating into Matrigel. ROCK was shown to function in
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actomyosin contraction and inhibition of actin filament dissasembly (Kimura et
al., 1996; Maekawa et al., 1999) and Rho-ROCK signaling is required for
rounded movement, but not for elongated movement (Sahai and Marshall,
2003). These data confirm that the role of ROCK is indispensable during tumor
cell invasion. Moreover, the inhibition of ROCK was observed to reduce the
invasive behavior of tumor cells in vivo (Itoh et al., 1999; Takamura et al.,
2001).

Recent data from the laboratory revealed that Dia1 acts also upstream of RhoA.
Dia1 was shown to bind to LARG which is a RGS-containing GEF isolated from
patient with acute myeloid leukemia (Kourlas et al., 2000). The binding is
mediated through FH2 domain and causes the stimulation of LARG activity
which was observed in GEF assays performed in vitro (Kitzing et al., data not
yet published). It was suggested that Dia1 could act as an effector mediating
positive feedback loop containing LARG, RhoA and Dia1. While activated LARG
further enhances RhoA activity, we performed experiment looking for the effect
of hDia1 knockdown on the signaling downstream from RhoA. We were
interested whether hDia1 downregulation changes the levels of phosphorylated
MLC. The results gained so far revealed the opposite effect of hDia1 and hDia2
on tumor cell invasion. Reasonably, we arranged the same experiment for
hDia2 knockdown even though no feedback loop was previously investigated
considering Dia2. As expected, hDia1 downregulation caused the decrease in
P-MLC levels in comparison to P-MLC levels in absence of siRNA against
hDia1. These results have verified the effect of hDia1 knockdown on MLC
phosphorylation observed in MDA-MB-435 cells (Kitzing et al., data not yet
published). Moreover, the opposite effect of hDia1 and hDia2 was confirmed
again when hDia2 downregulation emerged to increase P-MLC levels.
Therefore, MLC phosphorylation in A375-M2 cell line seems to be highly
dependent on both hDia1 and hDia2 function.

Taken all the data together, a model is proposed suggesting hDia1 and hDia2
functions in cancer cells (Figure 6.1.). With respect to our findings, it is
conceivable that hDia1 as a downstream effector of RhoA participates in
increasing of MLC phosphorylation, most likely through a LARG-RhoA-ROCK
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positive feedback loop. MLC phosphorylation and therefore influence on cell
contractile forces could be basal step leading to tumor cell motility as the cells
inhibited for ROCK function did not exhibit any invasive behavior. On the other
hand, hDia2 appears to function in decreasing cellular P-MLC levels. However,
the mechanism leading to such effect is rather unclear and needs to be
investigated. Both hDia1 and hDia2 possibly play a role in maintenance of
rounded A375-M2 cell morphology during invasion, as in the absence of siRNA
the cells exhibit rounded type of motility as well as in presence of both
hDia1/hDia2-siRNA. Rounded type of motility for A375-M2 cells downregulated
for hDia1 is possibly due to the remaining ROCK activity which should not be
diminished during hDia1 knockdown, however, the proposed feedback loop is
missing. It can be also taken into consideration that some direct impact on
activity between hDia1 and hDia2 exists, causing the activity of both
Diaphanous-related proteins to be tightly regulated inside the cells. However,
there are no data supporting this hypothesis.

Figure 6.1. Hypothetical scheme of Dia1 and Dia2 action
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Finally, hDia1 and hDia2 were shown to be involved in tumor cell invasion,
presumably through their effect on MLC phosphorylation. Here, it was revealed
that downregulation of hDia1 and hDia2 leads to changes in invasive behavior.
However, further studies are needed to clarify the precise functions of hDia1
and hDia2 in cancer cells involving experiments to monitor the dynamics and
localizations of these proteins during invasion in 3D matrices.
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7. CONCLUSION
The role of hDia1 and hDia2 in tumor cell invasion of A375-M2 cell line was
partially elucidated during the experiments. It was revealed that decreased
levels of hDia1 decreased tumor cell invasion while downregulation of hDia2
exhibited completely opposite effect. Moreover, the invasion of A375-M2 cell
line was shown to be dependent on serum concentration and presence of LPA
as a chemoattractant. The presence of ROCK inhibitor completely blocked the
invasive behavior of A375-M2 cells meaning that the invasion is dependent on
Rho/ROCK function.

It was further demonstrated that the effect of hDia1 and hDia2 on tumor cell
invasion is probably mediated via phosphorylation of MLC. Dia1 was previously
shown to bind to Rho-GEF LARG to mediate feedback activation of RhoA and
increased phosphorylation of MLC via ROCK. hDia1 downregulation decreased
the cellular levels of P-MLC, a protein which plays a role in cell motility. hDia2
downregulation had opposite effect compared to hDia1. However, the
mechanism underlying hDia2 action still needs to be investigated.

These observations support data previously obtained with MDA-MB-435
melanoma cell lines and suggest a rather general and critical role for Dia1 in
cancer cell invasion.
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9. SUPPLEMENTS
9.1. hDia1-siRNA and hDia2-siRNA titration with α-tubulin as
loading control – A375-M2 cell line

A

B

Figure 9.1. hDia1-siRNA titration in A375-M2 cell line
Cells were transfected with increasing amount of A) hDia1-siRNA, B) hDia2-siRNA.
Control cells were not treated with siRNA. Cells were lysed 48 hours after transfection.
Western blotting was performed to search for the effect of different amount of siRNA.
α-tubulin was chosen as a loading control which was run on a separate gel.
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9.2. hDia1-siRNA and hDia2-siRNA titration – A375-P cell line

A

B

Figure 9.2. Titration of hDia1-siRNA in A375-P cell line
Cells were transfected with increasing amount of siRNA towards A) hDia1 and B)
hDia2. In control cells, no siRNA was applied. Cell lysates were immunoblotted for
hDia1 and hDia2, after development they were re-blotted for loading control.
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9.3. Invasion assays without gradient (graphic representation)
– A375-M2 cell line
7

% of invaded cells

6
5

control-siRNA
(0,5%FBS)

control-siRNA
(10%FBS+LPA)

hDia1-siRNA
(0,5%FBS)

hDia1-siRNA
(10%FBS+LPA)

4
3
2
1
0
>15
invasion distance (µm)

A
7

control-siRNA
(0,5%FBS)

control-siRNA hDia2-siRNA
(10%FBS+LPA) (0,5%FBS)

hDia2-siRNA
(10%FBS+LPA)

% of invaded cells

6
5
4
3
2
1
0
>15
invasion distance (µm)

B
Figure 9.3. Invasion without gradient in A375-M2 cells
A) hDia1-siRNA invasion assays, B) hDia2-siRNA invasion assays without and with
gradient. For assays without gradient, both chambers of Transwell insert were filled
with 0,5 % serum medium. After 48 hours, cells were fixed, permeabilized and stained.
Samples were analyzed on confocal microscope, cells were manually counted. For
invasion assays with gradient, results are shown as mean ± SEM of total number of
experiments.
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10. APPENDIX
Tato diplomová práce je součástí projektu zabývajícího se funkcí proteinů hDia1
a hDia2 v buňkách a jejich podílu na invasním chování nádorových buněk. Pří
práci byly použity lidské nádorové linie A375-M2 a A375-P. A375-M2 linie je
buněčná linie odvozená z melanomové A375-P linie in vivo selekcí, kdy po
intravenózní aplikaci původních buněk a vyříznutí metastáz z plic vznikla
dceřiná linie pojmenovaná A375-M2 (Clark a kol., 2000). A375-M2 linie byla
považována za vhodný modelový systém pro experimenty, jelikož byla už dříve
použita při pokusech zabývajících se různými druhy buněčné motility (Sahai a
Marshall, 2003). Diplomová práce prokázala rozdíl v morfologii A375-M2 a
A375-P buněk kultivovaných na kultivačních miskách, A375-P buňky mají
trojúhelníkový tvar, zatímco A375-M2 buňky vykazují protáhlý tvar.
hDia1 a hDia2 patří mezi efektory proteinu RhoA. Již dříve bylo zjištěno, že Rho
hraje roli při vývoji nádorů (Sahai a Marshall, 2002) a v průběhu tzv. woundhealing esejí byla prokázána kolokalizace aktivního Rho a Dia1 v přední části
buňky, zároveň se ukázalo, že protein Dia1 je potřebný pro stabilizaci
mikrotubulů a usměrněný pohyb buněk pří hojení rány (Goulimari a kol., 2005).
Kromě

toho

byly

publikovány

výsledky

pokusů

s mDia1,

při

kterých

downregulace tohoto proteinu vedla k poškození buněčné polarizace a obratu
adhezních plaků z důvodu chybné lokalizace určitých proteinů (Yamana a kol.,
2006). Skupina proteinů, do které řadíme i hDia1 a hDia2, se podílí na
ovlivňování dynamiky buněčné cytoskeletální soustavy aktinových vláken a na
jiných procesech, které hrají roli při pohybu buněk. Bylo tudíž hodně
pravděpodobné, že se hDia1 a hDia2 účastní při invazi nádorových buněk.
Při výzkumu funkce hDia1 a hDia2 byla použita siRNA technologie, která vede
ke snížené expresi proteinů v buňkách. Výsledky diplomové práce ukazují, že
buňky jsou různě citlivé k aplikaci rostoucího množství siRNA, přičemž příliš
velké množství siRNA vede ke zvýšenému umírání kultivovaných buněk. Bylo
důležité najít takové množství siRNA vůči hDia1 a hDia2, které by vedlo
k downregulaci proteinu, ale zároveň by neovlivňovalo životaschopnost buněk.
Zatímco pro A375-M2 buněčnou linii byla množství použitelná pro efektivní
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downregulaci těchto proteinů zjištěna pro obě siRNA, u A375-P buněčné linie
se tato množství nepodařilo stanovit. V dalších experimentech tedy mohla být
zahrnuta pouze A375-M2 linie a nepodařilo se tedy porovnat invazní chování
A375-M2 a A375-P linie. Dá se ale předpokládat, že procento invaze by bylo u
A375-P buněk nižší, protože A375-M2 buněčná linie vedla ke vzniku
signifikantně většího množství plicních metastáz (Clark a kol., 2000).
Kontrolní A375-M2 buňky, tj. buňky po aplikaci kontrolní siRNA, měly při invazi
do Matrigelu kulatý tvar. Tento výsledek poukazuje na závislost buněčné
morfologie na okolním prostředí. Kromě toho se potvrdilo, že procento
invazních buněk je poměrně nízké, což je ale u této buněčné linie obvyklé, jak
již ukázaly předchozí studie (Sahai a Marshall, 2003). Downregulace hDia1
vedla ke změně v invazním chování A375-M2 buněk, došlo ke snížení procenta
invazních buněk v Matrigelu. Na druhou stranu ale použití siRNA vůči hDia2
vedlo ke zvýšení invazního chování A375-M2 buněk. V obou případech byla ale
pozorována stejná morfologie u buněk nacházejících se v Matrigelu. Oba
proteiny se tedy podílejí na invazním chování buněk – hDia1 pravděpodobně
vede ke zvýšení invaze A375-M2 buněk, kdežto hDia2 jí zabraňuje.
V laboratoři byly již dříve provedeny experimenty s lidskou melanomovou MDAMB-435 buněčnou linií, u které byla aplikována siRNA vůči hDia1 i hDia2.
Invaze u těchto buněk odpovídá výsledkům získaným s A375-M2 linií a dá se
tedy předpokládat, že regulace buněčné motility cestou hDia1 a hDia2 je
shodná u obou buněčných linií. Role mDia1 v buněčné migraci byla stanovena
již dříve při experimentech s buňkami rostoucích v buněčné kultuře (Goulimari a
kol., 2005; Yamana a kol., 2006). Naproti tomu jiné zdroje uvádějí diametrálně
odlišné výsledky: aktivní mutant mDia1 proteinu způsobil inhibici migrace Tbuněk (Vicente-Manzanares a kol., 2003) a navíc v podobných experimentech
zabývajících se rolí Mitf (Microphthalmia-associated transcription factor) vedla
deplece Dia1 k zvýšenému invaznímu chování v porovnání s kontrolními
buňkami (Carreira a kol., 2006). Takto rozdílné výsledky není snadné vysvětlit a
až další výzkum snad povede k vysvětlení těchto rozporů.
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Další experimenty měly za úkol zjistit, jakým způsobem se hDia1 a hDia2
podílejí na ovlivnění motility nádorových buněk. Ukázalo se, že A375-M2 buňky
jsou invazní pouze při aplikaci rozdílných koncentrací séra a přítomnosti LPA,
tedy při ustavení gradientu. Bez přítomnosti gradientu nebyla pozorována
žádná invaze. Je známo, že LPA hraje roli při vývoji nádorů a podpoře invaze
nádorových buněk a metastatického procesu (Mills a Moolenaar, 2003). Efekt
LPA je pravděpodobně zprostředkován signální cestou vedoucí k aktivaci
RhoA, aktivní RhoA s navázaným GTP vede dále k aktivaci efektorových
proteinů, ROCK a Dia. Stimulace této signální cesty byla prokázána
v experimentu zabývajícím se efektem LPA na fosforylaci MLC, tedy efektem na
stimulaci „ROCK větve“ signální cesty. Buňky, které byly stimulovány LPA měly
vyšší hladinu fosforylovaného MLC v porovnání s kontrolními buňkami, které
nebyly stimulovány LPA. Kromě toho aplikace Y-27632, inhibitoru ROCK, u
buněk stimulovaných LPA vedla ke snížení hladiny fosforylovaného MLC
v buňkách a invazní chování A375-M2 buněk po aplikaci Y-27632 nebylo vůbec
pozorováno. Je známo, že se ROCK podílí na aktino-myosinové kontrakci a na
inhibici rozrušování vláken tvořených aktinem (Kimura a kol., 1996; Maekawa a
kol., 1999). Dále víme, že Rho-ROCK signalizace je nezbytná pro motilitu
buněk kulaté, nikoliv však protáhlé morfologie (Sahai a Marshall, 2003).
Výsledky této diplomové práce potvrzují roli ROCK pro invazní chování
nádorových buněk. Navíc bylo už dříve zjištěno, že inhibice ROCK vede
k redukci invaze nádorových buněk in vivo (Itoh a kol., 1999; Takamura a kol.,
2001).
Data získaná již dříve v laboratoři ukazují, že Dia1 je nejen efektorovým
proteinem RhoA, ale může působit i výše v signální kaskádě vedoucí k aktivaci
RhoA. Bylo prokázána vazba mezi Dia1 a LARG, což je RhoGEF izolovaný u
akutní

myelogenní

leukémie

(Kourlas

a

kol.,

2000).

Tato

vazba

je

zprostředkována přes FH2 doménu a vede ke stimulaci aktivity LARG proteinu
(Kitzing a kol., dosud nepublikováno). Protein Dia1 by mohl působit jako
součást pozitivní zpětné vazby zahrnující Dia1-LARG-RhoA signální cestu, kde
by aktivovaný LARG dále usnadňoval aktivaci RhoA. Následující experiment
měl za úkol sledovat vliv downregulace hDia1 na signální kaskádu směrem od
RhoA aktivace. Zajímalo nás, zda downregulace hDia1 povede ke změnám ve
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fosforylaci MLC. Stejný experiment byl ustanoven i pro hDia2 protein, a to
navzdory tomu, že není zatím nic známo o zahrnutí Dia2 ve výše zmíněné
zpětné vazbě. Podle očekávání vedla hDia1 downregulace ke snížení hladin
fosforylovaného

MLC v buňkách. Tento výsledek potvrdil efekt hDia1

downregulace, který byl dříve pozorován u MDA-MB-435 nádorových buněk
(Kitzing a kol., dosud nepublikováno). Naopak downregulace hDia2 u A375-M2
linie vedla ke zvýšeným hladinám fosforylovaného MLC, čímž byl opět
zaznamenán opačný efekt hDia1 a hDia2.
S ohledem na výše uvedená data vznikl model navrhující funkci hDia1 a hDia2
v invazi nádorových buněk (Obrázek 6.1.). Je pravděpodobné, že se hDia1
jakožto efektorový protein RhoA účastní cestou Dia1-LARG-RhoA-ROCK při
podpoře fosforylace MLC a tím na ovlivnění buněčné kontraktility. To by mohl
být základní mechanismus vedoucí k motilitě nádorových buněk, jelikož buňky
s inhibicí ROCK nevykazují invazní chování. hDia2 naopak snižuje hladiny
fosforylovaného MLC, ale mechanismus tohoto působení zatím není jasný.
hDia1 a hDia2 mají pravděpodobně funkci v udržování buněčné morfologie
v průběhu invaze. Kulatý tvar buněk po downregulaci hDia1 může být
důsledkem ne zcela vymizelé aktivity ROCK. Je možné, že existuje i přímá
regulace mezi hDia1 a Dia2, ale pro toto tvrzení nejsou k dispozici žádné údaje.
Závěrem lze říci, že hDia1 a hDia2 se podílejí na invazním chování A375-M2
nádorových buněk, a to skrze efekt na fosforylaci MLC. Downregulace obou
proteinů vede ke změnám v invazním chování buněk. Je ale potřeba uskutečnit
další studie, které by vedly k objasnění přesné funkce hDia1 a hDia2 u
nádorových buněk, včetně experimentů zabývajících se dynamikou a lokalizací
obou proteinů v průběhu invaze do trojdimenzního prostředí.
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