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Summary

Tumor metastasis requires cell motility driven by actin cytoskeleton dynamics, cell
adhesion turnover and actomyosin contractility. Regulation of the actin cytoskeleton
plays a pivotal role in protrusion formation, membrane internalization, force generation
and intracellular trafficking. Many proteins which affect actin dynamics are found to be
involved in tumorigenesis and metastasis. Among them, formin proteins as the largest
group of actin nucleators are emerging to be candidates of drug targets for cancer
therapy. However, the knowledge of formins in cancer cell invasion is limited. One
member of the formin family, FMNL2 (formin-like 2), is mutated or upregulated in

various cancer types.

In this work, FMNL?2 is shown to be phosphorylated by PKCa at the residue Ser 1072.
Phosphorylation of FMNL2 partially releases autoinhibition leading to higher activity.
FMNL2-driven cancer cell invasion into 3D matrix is further enhanced by
phosphorylation of the Ser 1072 residue. In addition, phosphorylation of FMNL2 by
PKCa results in the internalization of FMNL2 from the plasma membrane through
endocytic routes. Internalization of FMNL2 is reversible. Mutation of Ser 1072 into Ala
impedes the rate of internalization. Internalized FMNL?2 appears to colocalize with the a5
integrin positive vesicles, which is consistent with the fact that FMNL?2 interacts with the
cytoplasmic tail of a5 integrin. Furthermore, FMNL2 is required for Bl integrin
internalization. Together with the fact that actomyosin contractility is reduced when
FMNL2 is silenced, it is proposed here that FMNL2 drives cancer cell invasion through

the regulation of integrin trafficking and actomyosin contractility.



Summary
Zusammenfassung

Die Metastasierung maligner Tumore erfordert zellulire Motilitdt. Diese wiederum
beruht im Wesentlichen auf einem dynamischen Umbau des Aktin-Zytoskeletts, einer
gezielten Modulation adhidsiver Zelleigenschaften sowie der Kontraktilitit von Aktin-
Myosin-Filamenten. Eine kontrollierte Umgestaltung des Aktin-Zytoskeletts gilt hierbei
als Grundvoraussetzung fiir die Ausbildung zelluldrer Protrusionen, dient der
Generierung von Kraft, ermdglicht eine Internalisierung definierter Bereiche der
Plasmamembran und besitzt Bedeutung fiir eine Vielzahl zelluldrer Transportprozesse.
Entsprechend hdufig zeigt sich eine Beteiligung Aktin-regulierender Proteine am Prozess
der Kanzerogenese und Metastasierung. Die Proteinfamilie der Formine bildet die bislang
groBBte Gruppe Aktin-regulierender Faktoren und gilt als aussichtsreiche Zielstruktur
einer pharmakologisch orientierten Tumortherapie. Entsprechend bildet die funktionelle
Charakterisierung einzelner Formine im Invasionsgeschehen entarteter Zellen einen
interessanten Gegenstand derzeitiger Forschungsbemiihungen, wobei fiir das Formin
FMNL2 (formin-like 2) sowohl genetische Mutationen als auch eine gehiuft verstirkte

Expression in verschiedenen Tumorentititen nachgewiesen werden konnten.

Vor diesem Hintergrund gelang im Rahmen der vorliegenden Arbeit der Nachweis einer
FMNL2-abhédngigen Kontraktilidt und Invasivitit von Tumorzellen. Als neuartiger
Mechanismus einer regulierten FMNL2-Aktivitit wurde eine PKCoa-vermittelte Serin-
Phosphorylierung an Position 1072 charakterisiert. Phosphorylierung von FMNL2
unterstiitzt die aktive, nicht/autoinhibierte Konformation des Proteins. Die Expression
von FMNL?2 in Tumorzellen erhoht deren Invasivitét in einer dreidimensionalen Matrix.
Diese Fdhigkeit wird durch die Phosphorylierung von Serin 1072 weiter verstarkt.
Aktivierung von PKCa bedingt eine reversible endozytotische Internalisierung von
Plasmamembran-gebundenem  FMNL2. Interessanterweise  zeigt sich  derart
internalisiertes FMNL?2 in vesikuldren Strukturen, welche ebenfalls den Adéisionsrezeptor
aS-Integrin beinhalten. Entsprechend kohérent gestaltet sich der Nachweis einer
physikalischen Assoziation zwischen FMNL2 und dem zytoplasmatischen Proteinanteil

von aS5-Integrin. Dartiber hinaus verdeutlicht eine verminderte Internalisierung von B1-

II



Summary

Integrin in Abwesenheit von FMNL2 die Bedeutung dieses Formins im intrazelluldren

Transportprozess dieser Adhédsionsmolekiile.

Entsprechend gelang mit der Untersuchung von FMNL2 der erste Nachweis einer
regulatorischen Phosphorylierung eines Formins durch PKCa. Desweiteren offenbarte die
Charakterisierung von FMNL2 erstmals die Beteiligung eines Formins an einem
regulierten intrazelluldren Transport des a5B1-Integrin Heterodimers. Somit ergeben sich
entscheidende Faktoren einer globalen Beeinflussung invasiver Zelleigenschaften durch
FMNL2 in Form einer ebenso zeitlich wie auch rdumlich kontrollierten Beeinflussung
des Aktin-Zytoskeletts, einer Modulation zelluldrer Kontraktilitit, ebenso wie einer

intrazelluldren Redirektion von Integrinen.
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1 Introduction

Tumorigenesis requires the interplay of diverse functions in cells including cell survival
and proliferation, cell motility, cell-cell communication and cell adaptation to the
microenvironment. Therefore, it is crucial to understand the signal transduction and
molecular mechanisms of tumor cell motility which enables invasion into surrounding
tissue, intravasation, transit in the blood or lymph vessels, extravasation and formation of
colonies at new sites. The motility of eukaryotic cells is regulated by the dynamic actin
cytoskeleton turnover involved in force generation in membrane protrusion and
contraction, membrane internalization and intracellular trafficking (Olson and Sahai,

2008; Pollard and Cooper, 2009).

1.1 The actin cytoskeleton

In eukaryotic cells, monomeric actin or globular actin (G-actin) binds ATP/ADP (Figure
1). G-actin polymerizes into long filaments (F-actin) made of two chains that turn
gradually around each other to form a right-handed, two-chained long helix (Dominguez
and Holmes, 2011). ATP hydrolyzes soon after monomers are assembled into the
filaments but the phosphate dissociation is slow. G-actin always joins the filaments with a
conformation pointing to the same direction that gives actin filaments an active and
dynamic barbed end and a less active pointed end (Figure 1). The high amount of actin
molecules in the cytoplasm is modulated by more than 100 additional proteins to
maintain an equilibrium at steady state and to initiate reactions in response to signaling
events. These additional proteins include thymosin-f4 which sequesters actin monomers
by binding, profilin which inhibits actin nucleation but promotes barbed end elongation,
capping proteins which block barbed end elongation, crosslinking proteins which make
networks or bundles and severing proteins which destroy the network or generate free

barbed ends rapidly available for polymerization (Figure 1) (Pollard, 2007).

The actin network is responsible for the formation of membrane protrusions at the

leading edge by pushing the cell membrane. The protrusions, or the so-called pseudopods
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include the fan-like lamellipodia and finger-like filopodia. These structures of a motile
cell are important for the directional movement of cells growing on 2D substrates.
However, for cells cultured in 3D environment or cells growing in the tissue environment
of a multi-cell organism, the actin network is arranged to support and regulate more
complicated morphologies including invadopodia and membrane blebs (Niirnberg et al.,

2011).

Actin molecule

C Monomer binding

Profilin, cofilin

o) :_,‘.i thymosin-4 ‘o d,
-’ : ) 4 = e, |
a® — a &
L= 2 L [
D Reactions of filaments
Crosslinking

S protelns

o™ // \ézzr,v.n w«f é ‘Q
& j‘k\ A
IR 1 VA AN |

Capping Severlng Crosslinking

Figure 1. Actin structure and regulation of polymerization. A. Molecular structure model of
actin monomer bound to ATP. B. Spontaneous nucleation and elongation. Dimers and trimers are
unstable. Longer polymers grow rapidly at the barbed end (B) and slowly at the pointed end (P).
C. Proteins binding to actin monomers. Profilin promotes nucleotide exchange and inhibits
pointed end elongation. Cofilin inhibits nucleotide exchange and promotes nucleation. Thymosin-
B4 blocks polymerization. D. Reaction of filaments. Capping protein blocks barbed end. Cofilin
and gesolin sever filaments. Crosslinking proteins crosslink or bundle filaments to generate

network. Adapted from Pollard and Cooper, 2009.
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Actin polymerization also contributes to endocytosis (Kaksonen et al., 2006). This
function of actin is comprehensively studied in budding yeast. Internalization regulates
the lipid and protein composition of the plasma membrane, which enables cells to adapt
to changes of the environment. This process depends on the dynamic actin cytoskeleton.
In addition, the interaction of actin and myosin provides tracks for macromolecules or
cell organelles trafficking along the actin filaments over short distances (Valdembri et al.,
2009). The generation of contractile forces between actin filaments and myosin is the

source for cytokinesis in both yeast and mammalian cells.

1.2 Regulation of actin nucleation

However, nucleation of actin filaments from monomer actin is unfavorable due to the
extreme instability of small actin oligomers. To overcome this obstacle, cells use
nucleating factors for de novo actin filament assembly, including the Arp2/3 complex,
formins, Spire, Cordon-bleu and Leiomodin. The kinetic barrier of spontaneous actin
assembly and the existence of different nucleating factors provide a platform for spatial
and temporal control of actin dynamics. Regulation of the nucleators by Rho GTPase
signaling, second messengers such as phospholipids and posttranslational modifications

results in coordinated actin nucleation and elongation.

1.2.1 Arp2/3 complex and branching nucleation

The first nucleating factor discovered is the Arp2/3 complex (actin-related protein 2/3
complex) which is composed of seven subunits: Arp2, Arp3 and ARPCI-5. It is
conserved in almost all eukaryotes (Machesky et al., 1994; Rotty et al., 2013). The
Arp2/3 complex binds to the side of an existing “mother” actin filament and initiates the
nucleation and elongation of a new ‘“daughter” filament, resulting in a ~70° branch
(Figure 2). The binding of Arp2/3 complex to the mother filament involves a
conformational change that enables Arp2 and Arp3 as a dimer to function as the first two

subunits of the daughter filament.
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Arp2/3 complex by itself is not an efficient nucleator. Regulatory proteins called
nucleation promoting factors (NPFs), actin filaments and an actin monomer are required
for rapid branching nucleation by Arp2/3 complex (Pollard, 2007). It is also reported that
phosphorylation of Thr and Tyr residues on Arp2 promotes potent nucleation (LeClaire et
al., 2008). NPFs are activators of Arp2/3 complex that usually contain three short motifs:
WH2 (WASP homology 2), connector region and acidic motif. In total it is termed as
WCA domain. W and C motifs can bind actin monomer while C and A motifs can bind
Arp2/3. By binding to Arp2/3 complex through WCA domain, NPFs cause a
conformational change of Arp2/3. The further binding of the large complex to the mother
filament primes the Arp2/3 complex for nucleation (Figure 2). WCA domain recruits
actin monomers to Arp2/3 and nucleation continues, after which WCA domain
dissociates (Goley and Welch, 2006). NPFs include WASP and N-WASP, WAVE/SCAR,
WASH, WHAMM, JMY and cortactin. Branching nucleation by Arp2/3 complex plays
crucial roles in membrane protrusion and cell motility, bacteria pathogen movement
inside the host cell (the formation of the comet tail), and endocytosis (Campellone and

Welch, 2010; Rotty et al., 2013).

-8
Arp2/3 o -
NPFs complex &+ Daughter )
'y, filament

>

. \ 4~ !
&4 7T > )
Actin A "ﬁ \
monomer A

Figure 2. Branching nucleation by Arp2/3 complex. Nucleation promoting factors (NPFs) such
as WASP bind an actin monomer and Arp2/3 complex. Binding to the side of a filament
completes activation, and the barbed end of the daughter filament grows from Arp2/3 complex.

Taken from Pollard and Cooper, 2009.

1.2.2 Formins and the WH2 domain containing nucleators

Formins are homodimers that catalyze the assembly of linear/unbranched actin filaments.
FH2 (fomin homology 2) domains form donut-shaped head-to-tail dimers that stabilize

spontaneously formed actin dimers/trimers, thus nucleate actin polymerization (Otomo et
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al., 2005; Pring et al., 2003). FH2 dimers remain associated with the F-actin barbed end.
After nucleation, the FH2 dimers move processively along the growing barbed end

allowing for new actin monomer insertion (see details below).

The WH2 domain containing proteins, including Spire, Cordon-bleu (Cobl) and
Leiomodin (Lmod), are recently identified actin nucleators. They employ the WH2
domain to recruit actin monomers to form polymerization seeds (Chesarone and Goode,
2009). Spire was found in Drosophila as a factor required for egg and embryonic
development and was shown to have actin nucleation activity (Quinlan et al., 2005). It is
suggested later that the Drosophila Spire and the formin protein Cappuccino interact and
cooperate in actin assembly (Quinlan et al., 2007). The human homologues Spirel and

Spire2 also bind FMN1 and FMN2 (Figure 3).

Cobl nucleates actin into unbranched filaments similar to Spire but with a special
characteristic that the lengths of the linker between the WH2 domains are crucial (Ahuja
et al., 2007). Lmod is a muscle specific actin nucleator. It has three actin-binding motifs
which stabilize actin trimer into a conformation that allows elongation along the barbed
end (Chereau et al., 2008). Little is known about how Cobl and Lmod are regulated
(Figure 3).

Spire
G-actin
| Profilin o Cordon-bleu Leiomodin
> <o
(Gl " FMN2-mediated
FHI ?
EHD elongation? /\\
: :) e W
" I? (W TRRAS
F-actin— { Y A

1 Nucleation Nucleation
/) Nucleation

Figure 3. WH2 domain containing actin nucleators and models for polymerization. Spire
cooperates with FMN2 to assemble actin filaments. Cobl and Lmod utilize multi actin monomer
binding motifs to form actin nuclei. W: WH2; L: linker; LRR: Leu-rich repeat; T: tropomyosin
and actin binding motif; h-b-h: helix-basic-helix. Taken from Campellone and Welch, 2010.
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1.3 The formin family proteins as actin nucleators

Formins form the largest family of actin nucleators and elongators that assemble
unbranched actin filaments. They are present in virtually all eukaryotes (Higgs, 2005).
The first member identified in this family is mouse Formin-1. It was named on the
hypothesis that a transgene insertion in the limb deformity locus resulted in limb
formation defects in mice (Woychik et al., 1990). Although later it was found that the
adjacent gene Gremlin is responsible for limb defects, the name of “formin” remains
(Faix and Grosse, 2006). There are 15 formin proteins found in human, which are usually
large polypeptides of more than 1000 amino acids. Phylogenetic analysis of the
conserved FH2 (formin homology 2) domain reveals that metazoan formins are classified
into seven subfamilies: Dia (diaphanous), DAAM (dishevelled-associated activator of
morphogenesis), FMNL (formin-like protein) or FRL (formin-related gene in leukocytes),
FHOD (formin homology domain-containing protein), INF (inverted formin), FMN
(formin) and Delphilin (Table 1) (Higgs, 2005).

Table 1. List of mammalian formins
Subfamily | Members

Dia mDial (DIAPH1)
mDia2 (DIAPH3)

mDia3 (DIAPH2)
DAAM DAAMI1

DAAM?2

FMNL FMNLI (FRL1)

FMNL2 (FRL3, FHOD2)
FMNL3 (FRL2)

FHOD FHOD1

FHOD2 (FMNL2)
FHOD3

INF INF1

INF2

FMN FMN1

FMN2

Delphilin | Delphilin

1.3.1 Actin assembly by formins

Formins utilize the FH2 dimers to nucleate and elongate the actin filaments. Exactly how

formins assemble actin nucleus is unknown. A co-crystal structure of yeast formin Bnil

6
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with tetramethylrhodamine-actin shows that each FH2 dimer binds two actin subunits
resembling the short-pitch actin dimer of a filament, suggesting that formins stabilize the
spontaneously assembled actin dimers and trimmers to overcome the kinetic barrier of
forming tetramers, thus stimulate the polymerization reaction (Figure 4) (Otomo et al.,
2005). Recent studies reveal that in some formins, the region C-terminal to the FH2
domain might recruit actin monomers to promote nucleation (Chhabra and Higgs, 2006;
Gould et al., 2011; Heimsath and Higgs, 2012; Moseley et al., 2004; Thompson et al.,
2013).

A Dimeric FH2 domain B FH2-actin complex
FH2 core Barbed end
A

FH2 core

Pointed end

C Formin-mediated actin polymerization
1 2 3

G-actin ,,""\ 4
\
% @?‘1 &?ﬁ

Profilin
Figure 4. FH2 dimer structure, FH2-actin complex structure and the elongation model. A.

FH2 dimer crystal structure of budding yeast formin Bnil. “Lasso” of one FH2 domain extends
and wraps around the “Post” of the other FH2 domain forming a head-to-tail dimer in a donut
shape. B. The co-crystal structure of Bnil FH2 and actin. Space filling model is the actin dimer,
with FH2 domains wrapped around. C. An elongation model where FH2 dimer adopts a closed (1,
4) and an open (2, 3) conformation. FH2 dimer associates with the barbed end and FH1 binds and
recruits profilin-actin to the close vicinity to elongate the filaments. Taken from Campellone and

Welch, 2010.
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The donut shaped FH2 dimers then act as processive caps on elongating filaments
preventing other capping proteins from terminating the elongation (Zigmond et al., 2003).
The FH2 dimer has two states on the barbed end: a closed conformation where both FH2
domains bind the two actin subunits on the end allowing for no insertion of new subunits;
an open conformation where actin insertion is enabled (Figure 4) (Otomo et al., 2005).
The rate of elongation is greatly enhanced by the interaction of the adjacent FH1 (formin
homology 1) domain and the profilin-actin (Kovar et al., 2006; Paul and Pollard, 2008;
Romero et al., 2004). FH1 domain is rich in proline residues which can bind several
profilin. The possible mechanism might be that by binding to multiple profilin-actin
complexes using the “proline-rich track”, FH1 domains increase the local concentration
of G-actin which can be transferred to the barbed end directly (Vavylonis et al., 2006).
Although diverse formins share a common mechanism, there exist substantial
quantitative differences by orders of magnitude in some of the reaction parameters

(Kovar, 2006; Pollard, 2007).

1.3.2 Regulation of formins on actin assembly

1.3.2.1 Autoinhibition

Mammalian formins, especially diaphanous-related formins (DRFs), share a conserved
domain architecture. A prototypical DRF contains an N terminal regulatory region and a
C terminal activity region. The N terminus interacts with the C terminus leading to an
autoinhibition status of the molecule (Figure 5). The N and C termini interaction is
mediated through DID (diaphanous inhibitory domain) in the N terminus and DAD
(diaphanous autoregulatory domain) in the C terminus. Two motifs in the DAD region
play important roles in the autoinhibition: an amphipathic helix (MDXLLXL, where X
stands for any amino acids) which is the hydrophobic region contacting a conserved
surface on DID (Alberts, 2001; Li and Higgs, 2003, 2005), followed by a 3-15 amino
acid sequence rich in Lys and Arg basic residues which also contributes to the DID-DAD
interaction (Schonichen et al., 2006; Wallar et al., 2006). The DID-DAD interaction

inhibits the ability of FH2 domain activity on actin assembly in vitro and in vivo (Seth et
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al., 2006). It is proposed that the autoinhibition interaction of DID and DAD sterically

prevents FH2 to contact actin although there is no structural evidence so far.

Autoinhibited Activated
Rho GTPase
@I!@?'I@J%q:cc(/
(65 (TRElEt
t —TFAs
Rho GTPase

Figure 5. Diaphanous-related formins are autoregulated by N and C termini interaction.
GBD: GTPase binding domain; DID: diaphanous inhibitory domain; DD: dimerization domain;
CC: coiled-coil; FHI1: formin homology 1; FH2: formin homology 2; FH3: formin homology 3;
DAD: diaphanous autoregulatory domain. Adapted from Campellone and Welch, 2010.

In addition to autoinhibition between the N and C termini, there is a possible inter-FH2
autoinhibition. Unlike in Bnil or FMNLS3, structural analysis of DAAM1 FH2 dimer
shows that the FH2 domains are packed together not allowing actin binding thus not
being able to nucleate actin in vitro (Lu et al., 2007; Yamashita et al., 2007). The novel -
strand in FH2 linker region leads to the autoinhibition within the FH2 dimer. In fact,
there are also several formins which are not autoregulated, for example mammalian
delphilin, FMNL3 and INFs (Chhabra et al., 2009; Miyagi et al., 2002; Vaillant et al.,
2008). How the activities of these formins are controlled is not clear. However it is
probable that there are binding partners modulating formin activity. One example is Dia-
interating protein DIP. DIP interacts with mDial and mDia2, and is required for the

formation of cortical actin (Eisenmann et al., 2007).
1.3.2.2 Activation and localization by Rho GTPases

An enormous amount of research has provided evidences that formin activity and
localization in cells are modulated by Rho GTPases. Rho GTPases have been
demonstrated to induce actin stress fiber formation (Rho), lamellipodia formation (Rac,

Cdc42) and filapodia formation (Cdc42) (Jaffe and Hall, 2005). The function of Rho
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GTPases on actin remodeling is partially through the largest Rho effector protein family,
the formins. Extracellular signals stimulate the activation of cell surface receptors and
signaling factors which recruit and locally activate Rho GTPases. Activated Rho proteins
bind the GBD domains of the formins thus disrupting the autoregulatory interaction of
DID and DAD (Rose et al., 2005). In yeast, Rhol and Cdc42 regulate Bnil activity.
Among mammalian formins, Dia, FMNL and DAAM subfamilies are known to interact
with and be activated by certain Rho GTPases (Young and Copeland, 2010). The active
Rho proteins also play important roles in plasma membrane localization of formins

(Block et al., 2012; Chesarone et al., 2010; Seth et al., 2006).

A consistent effect of Rho activation of mammalian formins is the stimulation of F-actin
assembly, whereas under different cellular context, the biological functions vary among
the different formins and Rho GTPases. RhoB localizes to the endosome membranes and
is associated with both early and late endosome motility. Either mDial or mDia2 acts
downstream of RhoB activation on endosomes. The activated mDial or mDia2 stimulates
actin assembly that impedes or enhances the endosome motility (Fernandez-Borja et al.,
2005; Wallar et al., 2007). FMNL1 is a Cdc42 effector required for phagocytic cup
formation in macrophages (Seth et al., 2006), while mDial acts downstream of RhoA or
RhoC to induce stress fiber formation (Watanabe et al., 1999). In addition, the FH2 of
mDial is found to be able to activate RhoA through binding to the Rho-GEF LARG,
which suggests a positive feedback loop between formins and Rho GTPases (Kitzing et

al., 2007; Shi et al., 2009).

However, in vitro pyrenyl-actin assays show that to disrupt the DID-DAD interaction
between the N and C termini of formin mDial or FMNLI1 requires much higher
concentration of RhoA or Cdc42 protein than the N or C terminus proteins (Brandt et al.,
2007; Seth et al., 2006). This indicates that additional factors other than active Rho
GTPases are involved in the activation process in the cells. One possibility is the
involvement of another interacting protein. Indeed, the DAD of DAAMI binds
Dishevelled (DVL) and this interaction either acts independently or together with Rho
protein to fully activate DAAMI in response to non canonical Wnt signaling (Liu et al.,

2008).
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1.3.2.3 Activation and localization by post-/co-translational modification and other

factors

Release of autoinhibition can also be accomplished by post-translational modifications.
During budding yeast mating, a pheromone-activated MAP kinase Fus3 phosphorylates
Bnil in vitro, and phosphorylation of Bnil in vivo during the pheromone response is
dependent on Fus3. Activated Fus3 is recruited to the cortex, where it activates Bnil to
assemble cortical actin cable and promote polarization and cell fusion (Matheos et al.,
2004). Prkl (p53-regulating kinase 1) also phosphorylates Bnil and releases the
autoinhibition thus mediating actin assembly involved in exocytosis and endocytosis of
budding yeast (Wang et al., 2009). Mammalian FHOD1 is phosphorylated by ROCK
(Rho associated coiled coil containing protein kinase) at three conserved residues in the
polybasic region after DAD domain which is sufficient to disrupt the autoinhibition of
FHODI1 to form stress fibers (Takeya et al., 2008). FHOD1 was also shown to physically
interact with ROCK and induce plasma membrane blebs depending on Src and ROCK
activity (Hannemann et al., 2008). Moreover, INF2 is farnesylated, which targets it to
endoplasmic reticulum membranes possibly independent of Rho and enables INF2 to
assemble actin locally needed for mitochondria fission (Chhabra et al., 2009; Korobova et

al., 2013).

The FMNL formin subfamily is found to be co-translationally N-terminally myristoylated
which regulates the localization of FMNL formins to the plasma membrane (Block et al.,
2012; Han et al., 2009; Moriya et al., 2012). FMNLI1y, an isoform of FMNL1, is located
at the cell membrane and cortex in diverse cell lines depending on myristoylation of Gly
at the second position of the polypeptide. This isoform induces non-apoptotic membrane
blebs independent of Src or ROCK activity (Han et al., 2009). Another study has reported
that FMNL1y regulates cellular F-actin levels required for maintaining structural integrity
of the Golgi complex and lysosomes (Colén-Franco et al., 2011). FMNL2 and FMNL3
localization to the plasma membrane is also abolished if the second Gly is mutated into
Ala. Block et al. have reported that FMNL2 localization depends on both N-
myristoylation and Rho GTPases (Block et al., 2012). A previous report has pointed out

11
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that FMNL2 drives rounded cell invasion in 3D downstream of RhoC (Kitzing et al.,
2010).

As mentioned above, proper formin localization is not always completely disturbed by
inhibition of Rho GTPases. The dimerization and coiled-coil domains of mDial can help
direct the localization (Copeland et al., 2007). IQGAP binds to the FH3 of mDial and is
required for mDial localization to the phagocytic cup (Brandt et al., 2007). The spatially
controlled localization and activation of formins guarantee that they regulate actin

assembly locally.

1.3.3 Cellular functions of formins

Formins mediate actin polymerization in the formation of a substantial variety of cell
structures. In fission yeast cytokinesis, Rho activity is accumulated around the equator of
the cell (Miller and Bement, 2009). Myosins capture actin filaments assembled by
formins around the equator and pull the actin filaments into a contractile ring (Vavylonis
et al., 2008). mDia2 is also found to induce F-actin forming a scaffold for the contractile
ring and maintain its position in the middle of a dividing cell (Watanabe et al., 2008).
Multiple DRFs also nucleate actin at filopodia or lammelipodia tips where they contribute
to cell motility (Harris et al., 2010; Pellegrin and Mellor, 2005; Peng et al., 2003; Yang et
al., 2007).

Actin polymerization triggered by the FH2 domains of formins is linked to the serum
response factor (SRF) controlled transcription. G-actin can bind the myocardin-related
SRF cofactor (MAL) in the N-terminal RPEL motifs, which inhibits MAL translocation
from the cytoplasm into the nucleus. Formins, such as Dia, DAAM, FMNL and INF,
employ large amount of G-actin to assemble F-actin so that MAL is released and able to
enter the nucleus (Copeland and Treisman, 2002; Copeland et al., 2007; Grosse et al.,
2003; Hill et al., 1995; Kitzing et al., 2010; Miralles et al., 2003; Sotiropoulos et al.,
1999). As the transcriptional coactivator, MAL together with SRF starts an array of gene
expression including 29 genes encoding cytoskeletal or contractile proteins (Baarlink et

al., 2010; Faix and Grosse, 2006; Young and Copeland, 2010). Therefore, formins
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contribute to the gene expression involved in cell migration, contractility and
morphogenesis through serum response factor (Figure 6). Apart from that, G-actin is
known to shuttle between the cytoplasm and the nucleus (Pederson and Aebi, 2002) while
a number of formins have been shown to have nuclear localization signals (Chan and
Leder, 1996; Copeland et al., 2007; Johnston et al., 2006). A very recent study has indeed
identified that serum stimulation induces nuclear actin assembly depending on activated
mDial and mDia2 in the nucleus. Formins polymerizing actin inside the nucleus drives
serum-dependent MAL/SRF activity, suggesting a role of formins in the formation of the

nucleoskeleton and a regulatory mechanism in transcription (Baarlink et al., 2013).

Figure 6. Representative scheme of MAL/SRF

‘ transcriptional activation by the formin mDial. A
pool of cytoplasmic G-actin binds to MAL which
prevents MAL translocation into nucleus. Upon
mbDial activation by RhoA, G-actin molecules are
utilized by the formin to polymerize F-actin. The
conformational change of G-actin during assembly
into F-actin releases MAL. MAL accumulates
rapidly into nucleus, which in turn drives MAL/SRF-
/ P » \ dependent gene transcription including genes
y & % involved in cytoskeletal dynamics, adhesion and cell
0 Mﬁ X\ shape. This is likely to form a feedback loop in

response to the actin turnover in the cytoplasm.

1.4 Cancer cell invasion

Cancer cells spreading from the original tumor and the subsequent growth in new sites of
the body is the most life-threatening disease which is called metastasis. This complicated
process requires cancer cells responding to signaling cascades to survive, proliferate,
move through the tissues surrounding the tumor, penetrate the basement membranes and

endothelial walls into vasculature and disseminate to finally colonize in distant organs
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(Figure 7) (Friedl and Alexander, 2011; Sahai, 2007). One of the crucial steps of
acquiring invasive ability is the deregulation of signaling pathways leading to changes of
gene expression and function that modulate the actin cytoskeleton dynamics. Alteration
of actin cytoskeleton affects cell-cell contacts, cell adhesion and membrane protrusion
which are all fundamental structures controlling cell motility. The pathways regulating

actin dynamics may also affect growth control and cell survival (Olson and Sahai, 2008).
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Figure 7. The metastatic process. Primary tumor cells invade in the tissue environment,
disseminate and intravasate into blood or lymph vessels. These cells transit in blood stream,

attach, extravasate and colonize in a new site. Taken from Sahai, 2007.
1.4.1 Modes of cancer cell invasion

To understand how cancer cells move, an enormous amount of researches have been
performed using 2D or 3D in vitro models, consisting of random or directed cell
movement on 2D substrate and cell invasion towards chemo-attractants through a barrier
into 3D matrix, both in combination with time-lapse or conventional microscopy methods.
The development of two-photon or multi-photon intravital imaging has provided insights
into the tumor cell motility in living mouse models (Friedl and Wolf, 2003; Sahai, 2007).
The combination of in vivo and in vitro research models reveals that cancer cells use
different invasion patterns which can be roughly classified into mesenchymal motility,

amoeboid/rounded motility and collective motility (Figure 8).
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The mesenchymal mode of cell motility is so far the best understood mechanism of cell
migration in either 2D or 3D environment. Cancer cells undergo epithelial to
mesenchymal transition (EMT) due to the sustained change of oncogenic gene expression
(Thiery, 2002). Mesenchymal motility is characterized by an elongated cell morphology
with an established polarity and is dependent on focal adhesion turnover, actomyosin
contractility and proteolysis of the extracellular matrix (ECM). Cells using the
mesenchymal mode of motility move relatively slow (0.1-1 pm/min) (Friedl and Wolf,
2003). The signal transduction through cell surface receptors initiates the activation of
Rac and production of phosphatidylinositol-3, 4, 5-triphosphate (PIP3) which are known
to activate WAVE and subsequently the Arp2/3 complex. The Arp2/3 complex regulates
spatiotemporal actin assembly that drives the protrusion of pseudopods at the leading
edge of the cell. Cdc42 and PI3K (phosphatidylinositol-4, 5-bisphosphate 3-kinase) are
also activated to promote actin polymerization (Pollard and Borisy, 2003; Ridley et al.,
2003). As the new protrusion of cells gets into contact with the ECM, cell starts the
formation of small dynamic focal contacts through integrins and other receptors on the
membrane. The adhesion molecules lead to the accumulation of surface proteases, such
as membrane-type matrix metalloproteinases (MT-MMPs), which degrade the ECM
providing space for the cells to crawl (Wolf et al., 2007). Some focal contacts develop
into large focal adhesions that enable the actomyosin contractility regulated by Rho and
ROCK activity to be transmitted to the ECM, facilitating cell body to follow the leading
edge and retract the cell rear (Figure 8) (Sahai and Marshall, 2003). Mesechymal tumor

cells usually come from tumors of connective tissue (Friedl and Alexander, 2011).

Intravital imaging approaches have demonstrated that some cancer cells in the tumor
body can move like the single-cell amoeba Dictyostelium in an amorphous or round
shape and at a relatively high speed (0.1-20 pm/min). This kind of cell movement is
named as amoeboid or rounded motility (Friedl and Wolf, 2003). Amoeboid movement
may employ Rac-dependent filopodia and has small or loosely organized adhesion sites.
Cells have weak adhesion forces, no stress fibers, and lack proteolysis of the ECM
(Ldmmermann and Sixt, 2009). The second form of amoeboid movement uses Rho-

ROCK dependent cortical actomyosin contractile forces to remodel the cell shape (Olson
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and Sahai, 2008). Chemoattractant activates the membrane receptors triggering actin
polymerization leading to the formation of a pseudopod. Rho-ROCK dependent
contractile force in cortical actin generates hydrostatic pressure that reshapes the
membrane. Amoeboid tumor cells exhibit low levels of B1 and B3 integrins, forming low
levels of adhesion with collagen substrates (Friedl and Wolf, 2003; Hegerfeldt et al.,
2002). Under the guidance of the chemoattractant, cells squeeze forward through the
ECM with little or no focal contacts and cells move independently of extracellular
proteolysis (Figure 8) (Sabeh et al., 2009). Amoeboid tumor cells usually originate from
leukemia, lymphoma and small cell lung carcinoma (Friedl and Alexander, 2011). The
rounded movement is also detected in other tumor cell types such as melanoma cells

(Sanz-Moreno et al., 2008).

Mesenchymal Amoeboid

Collective

%

Direction of movement

Key: | Integrins |] Adherens junction
| Receptor MMP
ECM fibre _—— F-actin

Figure 8. Mechanisms of cancer cell motility. Mesenchymal motility is characterized by an
elongated morphology and ECM degradation. Amoeboid motility is defined by an amorphous
morphology and dependent on actomyosin contractile force to reshape the cells while squeezing
through the ECM. Collective motility retains cell-cell junctions and is characterized by the

movement of a collection of cells. Adapted from Sahai, 2005.

Collective motility requires intact cell-cell junction, proteolytic activity and multicellular
coordination during simultaneous migration. In most cases of collective invasion, cells

move simultaneously with a mechanism similar to a collective form of mesenchymal
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motility. Leading cells in the front respond to the chemoattractants, form protrusions, and
degrade the ECM generating a “path” for the following cells to move through (Figure 8)
(Gaggioli et al., 2007; Sahai, 2005). Collective motility resembles the cell movement of
morphogenesis during development. Collective migrating tumor cells are found in most
epithelial and mesenchymal tumor types (Friedl and Gilmour, 2009). However, collective

invasion is poorly studied due to the difficulties in setting up a model system in vitro.

1.4.2 Switching between the modes of invasion and the plasticity of tumor

invasion

Inhibition of the proteases required for mesenchymal motility fails to stop cancer cell
invasion but leads to the switch to amoeboid motility (Wolf et al., 2003). Blocking B1
integrin with antibody results in the switch from collective invasion into amoeboid
invasion that does not require adhesion to the ECM (Hegerfeldt et al., 2002). Constriction
of the cortical actomyosin enables cells not only to squeeze themselves through the ECM
but to remodel the ECM to create invading tracts (Sanz-Moreno et al., 2011; Wyckoff et
al., 2006). All the evidences imply that there exists a high degree of plasticity in cancer
cell invasion. In particular, it has been reported that Rac activation and inactivation
control the plasticity of melanoma cells to adopt mesenchymal or amoeboid motility
(Sanz-Moreno et al., 2008). In mesenchymal movement, activation of Rac through a
complex containing NEDD9 and the Rac-GEF DOCK3 leads to the actin assembly via
WAVE2-Arp2/3 pathway directing the elongated movement. Amoeboid motility is
decreased via decreasing actomyosin contractility. Whereas in amoeboid movement,
ROCK signaling inactivates Rac through activating the Rac-GAP ARHGAP22, thus
suppressing the elongated motility. This study reveals the molecular mechanism of how
cancer cells switch between modes of motility. Furthermore, tumor cells moving through
all the obstacles to invade require various actin cytoskeleton organizations. The versatile
nucleating, elongating, capping, severing, crosslinking factors that regulate the actin
assembly also provide a flexible platform of cytoskeleton reorganization favorable during
migration and invasion. In N-WASP and WAVE?2 depleted cells, mDial acts downstream

of RhoA to form jagged protrusions with lamellar properties and to increase filopodia
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formation, indicating a crosstalk and compensatory mechanism between the two groups
of actin nucleators in membrane protrusion formation required for cell motility
(Sarmiento et al., 2008). Therefore, the plasticity of switching the tumor invasion modes
and the diverse actin cytoskeleton regulation are challenges for researchers to develop

cancer therapies.

1.4.3 Formin proteins in invasive diseases

The expression and activation of Rho family proteins have been extensively studied in
cancer cell migration and invasion (Ellenbroek and Collard, 2007). As Rho effectors,

formins are gradually recognized as potential candidates for anti-invasive drug targets.

Among all the formin proteins, mDial has been implicated in a variety of processes
promoting cell adhesion and migration. The Rho-mDial pathway is implicated in Src-
mediated remodeling of focal adhesions and migration of glioma cells (DeWard et al.,
2010; Narumiya et al., 2009). In 3D invasion model studies, mDial is required for
invasive cancer cell migration as well as invadopodia formation (Kitzing et al., 2007,
Lizarraga et al., 2009). Another evidence for mDial in invadopodia formation and
invasion is that mDial targets v-Src to the cell periphery and facilitates v-Src induced
transformation. Depletion of mDial in v-Src transduced cells leads to the failure of these
cells invading or forming tumors in nude mice (Tanji et al., 2010). Like mDial, mDia2 is
also implicated in invadopodia formation and invasion (Lizarraga et al., 2009). Moreover,
depletion of mDia2 in prostate cancer cells enhanced plasma membrane blebbing upon
EGF stimulation and increased metastasis, suggesting an interesting suppressive role of
mDia2 in tumor progression (Hager et al., 2012; Vizio et al., 2009). Other formin
proteins also play a role in bleb-associated cancer cell invasion such as FHODI1 and
FMNLI (Han et al., 2009; Hannemann et al., 2008) although the precise underlying

mechanisms remain unclear.

Sequence analysis of cancer genomes from glioblastoma or pancreatic cancer patients has
identified missense mutations in FMNL2 and FMNL3 (Jones et al., 2008; Parsons et al.,

2008), while the functions of these mutations are not yet defined. However, FMNL2 was
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found to be upregulated in colorectal cancer and in cell lines derived from colorectal
cancer metastasis (Zhu et al., 2008). Studies from the same group later found that
FMNL2 enhanced TGFp-induced EMT and promoted colorectal carcinoma cell invasion
and metastasis (Li et al., 2010; Zhu et al., 2011). They also identified that FMNL2 was
targeted by micro RNA inhibiting signaling of PI3K, PKB/Akt (protein kinase B) and
MAPK (mitogen-actiavted protein kinase) to reduce colorectal cancer invasion (Liang et
al., 2013). Additionally, in a systematic screen of effects of human formins on cancer cell
invasion, FMNL2 was identified as an important factor driving the amoeboid/rounded
mode of invasion downstream of RhoC (Kitzing et al., 2010). Whether RhoC and
FMNL2 or other factors play a role in invasion and metastasis in vivo would be

interesting to investigate.

1.5 Protein kinase C and its role in invasion and metastasis

Protein kinase C (PKC) was identified by Nishizuka and colleagues as kinases that are
activated by proteolysis (Takai et al., 1977). Diacylglycerol (DAG) was soon found to be
the natural activator of the intact enzyme (Takai et al., 1979). PKC caught the attention of
cancer researchers in the early 1980s after it had been identified as the target of the
phorbol esters which have tumor promoting activity (Castagna et al., 1982; Kikkawa et
al., 1983; Leach et al., 1983; Mochly-Rosen et al., 2012). This important discovery
attracted researchers over years to develop drugs targeting PKC in cancer and other
diseases. The identification of nine PKC genes encoding at least ten PKC isozymes
complicates this research field. These isozymes are highly homologous and can be
classified into three groups according to different activation mechanism: classical PKCs
(cPKCs: PKCa, PKCBI, PKCBII, PKCy), novel PKCs (nPKCs: PKCos, PKCe, PKCn,
PKCB0) and atypical PKCs (aPKCs: PKC(, PKCM). cPKCs are activated by calcium and
DAG. nPKCs are activated only by DAG, whereas aPKCs are not responsive to either
calcium or DAG (Griner and Kazanietz, 2007). PKCa, PKCS and PKCg are ubiquitously
expressed while other PKCs are more cell-type specific. PKC is able to phosphorylate
large number of substrates at their Ser/Thr residues. Therefore, PKC regulates a broad

range of cellular events.
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Figure 9. Domain structure of PKCs. Upper: all PKCs have a regulatory domain containing C1,
C2 regions and a pseudosubstrate (PS) region (in green). C1 binds phorbol esters or DAG. C2
binds calcium. C2 of nPKCs does not bind calcium. C1 of aPKCs does not bind DAG. Kinase
domains are more conserved among PKCs than regulatory domains. PKC isoform variable
regions are shown in gray. PB1 (Phox and Bem 1) of aPKCs interacts with other proteins. Lower:

structures of C1, C2 and kinase core. Adapted from Steinberg, 2008.

1.5.1 Structure and activation of protein kinase C

PKC contains a regulatory domain in the N terminus and a kinase domain in the C
terminus (Figure 9) (Steinberg, 2008). In the inactive state, the regulatory domain binds
to the kinase domain inhibiting the catalytic activity of the kinase. Upon stimulation of
the receptor tyrosine kinase or the G-protein coupled receptor, phospholipase C (PLC)
cleaves phosphatidylinositol-4, 5-biphosphate (PIP,) into soluble second messenger
inositol triphosphate (IP3) and the membrane lipid DAG. IP; releases calcium from the
endoplasmic reticulum. Calcium binds to the C2 region of the regulatory domain which
pre-targets the cPKCs to membranes. DAG binding to the C1 region of the regulatory
domain further promotes the membrane-binding affinity of PKC. Subsequently a massive
conformational change happens to release the pseudosubstrate domain from the substrate-
binding site allowing for substrate binding and phosphorylation of the downstream
effectors. In the activation process, receptor of activated C-kinase (RACK) acts as the

anchoring protein for PKCs (Figure 10). nPKCs lack calcium binding sites but have an
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increased affinity for DAG as a compensation (Griner and Kazanietz, 2007; Parekh et al.,
2000). In addition, to undergo trans- and auto-phosphorylation on themselves is a pre-
requisition for the maturation, activation and stability of PKCs. Of note, in response to
the stimulation of receptors or phorbol esters, PKCs can translocate from cytosol to the
plasma membrane, nuclear membrane, Golgi apparatus, mitochondria or other organelles,
implying a specific mechanism of local activation of downstream events (Garcia-Bermejo
et al., 2002; Wang et al., 1999). The redistribution to different organelles might relate to
PKC binding to specific lipids or proteins (Jaken and Parker, 2000).

1.5.2 Protein kinase C in invasion and metastasis

Much of the work on PKC function was performed with phorbol esters which are
irreversible. DAG stimulation in cells is only transient. It is also known that there exist
far more DAG effectors than only PKCs. Nevertheless, PKCs have been implicated to
play important roles in cell proliferation and cell death, gene transcription and translation,
cell motility, cell-cell contacts, regulation of receptors and channels, endocytosis and so
on. More efforts are required to identify the functions of each isozymes in disease

progression using isozyme specific pharmacological drugs or other approaches.

|
Figure 10. Activation of classical PKCs. Upon
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o stimulation, PLC cleaves PIP, into DAG and IPs.
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omain | )
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Inactive Rosen et al., 2012.
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Being involved in cell proliferation, cell death and cell motility, it is not surprising that

PKCs play crucial roles in invasion and metastasis. It is known that PKCe is upregulated
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in several cancer types, whereas PKCa and PKCo are downregulated (Griner and
Kazanietz, 2007). A single mutation was identified in PKCa (D294G) in the invasive
pituitary tumor as well as in the thyroid follicular adenomas and carcinomas (Alvaro et
al., 1993; Prévostel et al., 1997). This mutation affects the hinge region between the
regulatory and the kinase domains which impairs the translocation of PKCa. Furthermore,
overexpression of PKCa in MCF7 breast cancer cells increases the anchorage-
independent growth, tumorigenesis and metastasis in mouse (Ways et al., 1995), while
downregulation or inhibition of PKCa reduces cell migration in MDA-MB-231 breast
carcinoma cells (Lenne et al., 2010). Similarly, overexpression of PKCII in rat intestinal
epithelial cells increases invasiveness via Ras/MEK pathway (Zhang et al., 2004). PKCe
seems to play a role in invasive motility through the activation of RhoA and RhoC in
head and neck squamous carcinoma (Pan et al., 2006), while depletion of PKCe in MDA-
MB-231 cells significantly decreases tumor growth and metastasis (Pan et al., 2005). It
has also been realized that PKC might influence cancer cell motility through regulating
integrins or MMPs (Liu et al., 2002; Ng et al., 1999; Parsons et al., 2002; Urtreger et al.,
2005). Although evidences exist to show that the link between PKC and invasive motility
is strong, the underlying mechanisms of specific isozymes remain largely unknown.
Moreover, some PKC isozymes, such as PKCo and PKCeg, promote invasion and
metastasis while some (like PKCS) have a contradictory role. Therefore, phorbol ester

induced tumor promotion needs to be revisited and further characterized.

1.6 Integrin and its role in cell invasion

Integrins are the major extracellular cell matrix receptors in metazoa without any
homologues in prokaryotes, fungi, or plants (Hynes, 2002). Integrins are transmembrane
heterodimers composed of a and B subunits, which couple extracellular matrix to actin
cytoskeleton inside the cells enabling mechanosensing. Activated integrin dimers mediate
downstream signaling through Rho GTPases, Src, PKB/Akt, MAPK and so on, playing
key roles in development, immune responses, intracellular trafficking, cell proliferation
and migration (Caswell and Norman, 2008). In mammals, there are 18 a subunits and 8 3

subunits forming 24 different integrins (Figure 11) which appear to have distinct,
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nonredundant functions. The 24 integrins have ligand binding specificities (Figure 11)

and they show specific phenotypes in specific integrin knockout mice (Hynes, 2002).

Figure 11. Mammalian integrins and

their ligands. RGD (Arg-Gly-Asp) peptide

Collagen-binding integrins

containing ligands include fibronectin,
vitronectin, thrombospondin, osteopontin,

etc. Leukocyte integrin ligands include E-

RGD- ¥
binding
integrins

Leukocyte cadherin, figrinogen, factor X, von

integrins . . .
Willebrand Factor, intracellular adhesion

molecule, vascular cell adhesion molecule,
and so on. Taken from Margadant et al.,

2011.

1.6.1 Integrin activation and endocytic trafficking

The heterodimeric transmembrane protein complex has a remarkable ability to transmit
signals “bidirectionally”, from outside into the inside of the cell (“outside-in”) or on the
contrary (“inside-out”). Integrins adopt low affinity, intermediate affinity or high affinity
conformations on the plasma membrane (Figure 12). Activated integrins (high affinity)
are recognized by the separation of the cytoplasmic tails of the a and B subunits and an
extended open conformation of the extracelluar heads which can bind the ligands.
Extracellular stimuli activate G-protein coupled receptors or receptor tyrosine kinases
which in turn transduce signals leading to an allosteric conformational change of the
heterodimer. Adaptor proteins talin and kindlin binding to the cytoplasmic tail of 3
subunit fully activates the integrins (inside-out). Active integrins subsequently bind their
extracellular ligands, reinforce the o and B interaction and initiate “outside-in” signaling
by recruiting adaptor proteins forming the links with actin filaments and other protein
structures (Hynes, 2002; Margadant et al., 2011; Moser et al., 2009; Wickstréom and
Féssler, 2011).

23



1. Introduction

Agonists Integrin ligand
‘ — Integrin
Legend
Opoooooooo talin
% ® kindlin
Bent (low Extended Extended § Clustered 5

vinculin

affinity) (intermediate  (high affinity) :"" AN d
w N "‘ A 4 u \ ; l ”—i":““ln
\_/l

) F-actin
“Inside-out” activation

“Outside-in" signals

Figure 12. Activation of integrins. Extracellular stimuli transmit signals through receptors to
change the integrin conformation from inactive to active through binding of talin and kindlin
(inside-out). Active integrins bind extracellular ligands, and initiate outside-in signaling by
further recruiting adaptor proteins such as talin and kindlin to connect to actin cytoskeleton,

integrin clustering and a plethora of signaling cascades. Taken from Margadant et al., 2011.

It is well established that integrins undergo endocytic transport contributing to the
regulation of integrin surface levels upon signaling events (Bretscher, 1992; Caswell and
Norman, 2006). The dynamic vesicular trafficking internalizes and recycles integrins of
the cell thus exerting a pivotal role in focal adhesion assembly, matrix turnover and the
dynamic redistribution of integrins to new adhesion sites in a moving cell (Caswell et al.,
2009). Integrins can follow either clathrin-dependent or clathrin-independent endocytic

pathway to be internalized. Some integrins utilize more than one route.

The cytoplasmic tail of B subunit contains a conserved NXXY motif (in which X
represents any amino acid), which is found to recruit proteins to clathrin coated pits
usually via interaction with endocytic adaptor proteins. Some clathrin adaptor proteins
which contain phosphotyrosine binding domains, such as Numb, can interact with the
NXXY motif. Numb localizes to the clathrin coated pits at the leading edge and interacts
with B1 or B3 tails. Numb acting downstream of aPKC and PAR3 (proteinase-activated
receptor 3) signaling regulates aSB1 and avfB3 integrin internalization and directional cell
migration (Nishimura and Kaibuchi, 2007). Another study has shown that albeit a531
integrin internalization normally depends on the NXXY motif and clathrin, it can also be
clathrin-independent by overexpressing the small GTPase Rab21 (Pellinen et al., 2008). It

is possible that Rab21 induces a5B1 integrin endocytosis through caveolin-dependent
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route. It has also been reported that a2B1 integrin internalizing through caveola is
dependent on PKCa (Upla et al., 2004). Moreover, a direct association is found between

B1 integrin cytoplasmic tail and PKCa (Ng et al., 1999).

The internalized integrins may be returned to the plasma membrane or transported to the
lysosomes for degradation. A portion of fibronectin bound a581 integrin is ubiquitinated
on the a5 tail and transported to the lysosomes, which is required for proper fibroblast
migration (Lobert et al., 2010). Most of the integrins are recycled either via Rab4-
dependent short route or Rabl1/ADF-ribosylation factor 6 (Arf6)-dependent long
recycling route. Recycling of integrins through either path depends on protein kinases
such as PKB/Akt, PKC and PKD (Di Blasio et al., 2010; Ivaska et al., 2002, 2005; Li et
al., 2005). Different routes of recycling affect integrin signaling on Rho GTPases and
thus directional migration (Pankov et al., 2005; Vial et al., 2003; White et al., 2007).

1.6.2 Integrin in tumor cell migration and invasion

Most integrins activate focal adhesions and are required for proliferation and migration of
cells in response to extracellular stimuli such as growth factors and cytokines. In spite of
the fact that cancer cells have undergone transformation so that they require much less
extracellular matrix cues and adhesions for their growth and proliferation, they still
utilize integrin signals, especially in tumor initiation and progression (Guo and Giancotti,
2004). Enhanced integrin signaling can promote EMT and extracellular matrix

degradation, which in turn drives the migration of the cancer cell.

Evidences implicate that loss of E-cadherin which plays a key role in cell-cell adhesion is
required for EMT (Friedl and Alexander, 2011; Perl et al., 1998; Vleminckx et al., 1991;
Yang et al., 2004). Overexpression of Bl integrin in normal epithelial cells disrupts
adherens junctions (Gimond et al., 1999). In v-Src transformed cells, integrin signaling is
enhanced to promote E-cadherin internalization and surpress E-cadherin expression
(Avizienyte et al., 2002; Tan et al., 2001). Furthermore, integrins avB6 and avp8 might
promote EMT through activating TGFB (Mu et al., 2002; Munger et al., 1999; Wipft et

al., 2007). It is also reported that avB3 integrin is upregulated in glioblastoma and

25



1. Introduction

melanoma (Albelda et al., 1990; Gladson and Cheresh, 1991), where it possibly recruits
and activates MMP2 to degrade extracellular matrix in the tumor microenvironment

facilitating tumor invasion and metastasis (Brooks et al., 1996, 1998).

By activating focal adhesion kinase (FAK) and thereby Src, integrins initiate a signaling
cascade which can promote cell migration and invasion (Geiger et al., 2009; Hynes,
2002). This signaling activates c-Jun N-terminal kinase (JNK) which may phosphorylate
paxillin, a component of the focal adhesions. The phosphorylation of paxillin might
regulate migration by promoting focal adhesion turnover (Huang et al., 2003; Miranti and
Brugge, 2002). Downstream signaling also activates Rac and Rho which are key players
in cell protrusion and contraction through regulating the actin cytoskeleton (Caswell et al.,
2009; Ridley et al., 2003). Furthermore, through integrins B1, B2, avp3 and a4p7, tumor
cells develop cell-cell interactions with endothelial cells and platelets to mediate
intravascular migration and adhesion arrest, thus facilitating extravasation. (Friedl and

Alexander, 2011; Stoletov et al., 2010).

During all the migration and invasion steps, integrin trafficking plays a pivotal role since
it regulates the quantity and activity of integrin heterodimers on the plasma membrane as
well as different membrane compartments so that integrins are able to exert their
functions through signaling cascades. It was shown that mutant p53 significantly
enhanced random cell motility and cell invasiveness into 3D matrix through promoting
aSB1l recycling (Muller et al., 2009). Moreover, Rabl1 trafficking of a6p4 integrin
regulates hypoxia stimulated carcinoma invasion (Yoon et al., 2005). Rab25, a member
of the Rab11 family, is reported to be strongly related to the aggressiveness of epithelial
cancer (Cheng et al., 2004; Wang et al., 2004). Rab25 specifically regulates a5p1 integrin
recycling by interacting directly with the B1 integrin cytoplasmic tail. Rab25 driving
ovarian cancer cell invasion into 3D matrix depends on the interaction with B1 tail and
the fibronectin ligand binding of a5B1 integrin. Rab25 promotes the delivery of a5B1
integrin to the pseudopodial tips of the invading cell and keeps a pool of a5B1 integrin at
the cell front. Therefore, directing integrin recycling and the vesicle localization

facilitates the tumor cell invasion into 3D matrix (Caswell et al., 2007).
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Because of the multi-faceted roles in tumor cell migration and invasion, integrins have
become targets for cancer therapy, especially avp3 and a5f1 integrins (Cox et al., 2010).
However, blocking one type of integrin might affect the trafficking of other integrins or
growth factor receptors that are necessary for other functions (Caswell et al., 2009),

which should be considered during the research and development of anti-integrin drugs.
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2 Aims of the project

FMNL2 was identified to have a role important for driving rounded mode of invasion
downstream of RhoC (Kitzing et al., 2010). Genetic analysis discovered mutations of
FMNL2 in cancer patients (Jones et al., 2008; Parsons et al., 2008). It was also reported
that FMNL?2 was upregulated in colorectal cancer and related to metastasis (Zhu et al.,
2008). RhoC, one of the regulatory factors of FMNL2 activity, was described in
promoting invasion and metastasis in various cancer types (Clark et al., 2000; Hakem et
al., 2005; liizumi et al., 2008; Pillé et al., 2005). It is worth further investigating the
underlying mechanism of FMNL2 regulation and its role in cancer cell migration.
Although the autoinhibition could be regulated by RhoC, there are evidences that indicate
additional factors in the regulation of FMNL2 (Kitzing et al., 2010). Besides, the actin
polymerization activity of FMNL2 remains elusive. Little is known about its subcellular
localization. Hence it would be intriguing to broaden the views on the properties and
functions of FMNL2. The major aim of my thesis was to investigate the molecular
mechanism of the regulation of FMNL2 and its biological functions. Biochemical studies
are to be performed in order to understand FMNL2 activity on actin assembly, and to
identify new regulatory factors in FMNL?2 autoinhibition. Investigation on the subcellular
localization of FMNL2 in cells is important to understand the relationship of FMNL2
with intracellular structures and the possible cellular functions. Functional analysis of
FMNL?2 and its new regulatory factors that direct FMNL2 localization and activity is
aimed to uncover novel signaling regulation and to better understand the role of FMNL2
in cancer cell invasion. This will provide insights for the formin research field and might

be useful for the development of formins as anti-invasive cancer drug targets.
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3 Materials and Methods

3.1 Materials

Table 2. Reagents used in this work.

Reagent
A23187

Acetic acid

Ampicillin

Acrylamide (30%) — bisacrylamide (0.8%)
mixture

Agar

ATP

BES

Bisindolylmaleimide I

Bovine serum albumin
Bromophenol blue

Coomassie Brilliant Blue G250
DAPI

DNA 1 kb plus marker

DPBS (Ca”>" and Mg”" free)

DMEM

Doxycycline hyclate

Dry milk, fat free

DTT (1,4-dithiothreitol)

EDTA (ethylendiamine tetraacetic acid)
EGTA, molecular biology grade
(ethylene glycol-bis-(B-aminoethyl ether)-

Manufacturer

Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe
AppliChem, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Calbiochem/Merck, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Fermentas/Thermo Scientific, St.
Leon-Rot

PAA/GE Healthcare, Colbe
PAA/GE Healthcare, Colbe
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
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Reagent
N,N,N’,N’-tetraacetic acid)
Ethanol, absolute
Ethidium bromide

Enzymes for cloning

FBS (fetal bovine serum)

Flag (M2) -conjugated agarose
Formaldehyde

Fugene HD

G418 sulfate

Glutaraldehyde

Glycerol anhydrous
B-glycerolphosphate

Glycine

Glutathione, reduced
Glutathione Sepharose 4B
G66976

H,0,

HEPES (N-(2-Hydroxyethyl)piperazine-N"-2-
ethane-sulfonic acid)

HiperFect

Hydrochloric acid

Imidazole

IPTG (Isopropyl B-D-1-thiogalactopyranoside)
Kanamycin

Luminol

Magnesium chloride hexahydrate
2-mercaptoethanol

Methanol

myc-conjugated agarose

Manufacturer

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Fermentas/Thermo Scientific, St.
Leon-Rot

Invitrogen, Karlsruhe
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Promega, Mannheim

PAA/GE Healthcare, Colbe
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe
Calbiochem/Merck, Darmstadt
Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
GE Healthcare, Miinchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Qiagen, Hilden

Roth, Karlsruhe

Merck, Darmstadt
AppliChem, Darmstadt
Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
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Reagent

Ni-NTA agarose

NP-40

dNTP set

(2°-deoxynucleosides 5’-triphosphates)
Optiprep

3Py-ATP

p-Coumaric acid

Penicillin/Streptomycin

Phalloidin, Rhodamine- /AlexaFluor 488-
conjugated

Phusion Hot Start I DNA Polymerase

Polybrene

Poly-L-Lysine

Protease inhibitor cocktail tablets, complete,
EDTA-free

Protein A/G beads

Protein molecular weight standard, pre-stained

SDS (sodium dodecylsulfate)

Sodium azide

Sodium chloride

Sodium hydroxide

Sodium orthovanadate

Sodium pyrophosphate

Sodium pyruvate

Streptavidin Sepharose High Performance
Sucrose

T4 DNA Ligase

Manufacturer

Qiagen, Hilden

Merck, Darmstadt
Fermentas/Thermo Scientific, St.
Leon-Rot

Invitrogen, Karlsruhe

Hartmann Analytic,
Braunschweig

Sigma-Aldrich, Taufkirchen
PAA/GE Healthcare, Colbe
Invitrogen (Molecular Probes),
Karlsruhe

Fermentas/Thermo Scientific, St.
Leon-Rot

Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen

Roche, Mannheim

Santa Cruz, Heidelberg
Fermentas/Thermo Scientific, St.
Leon-Rot

Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe
AppliChem, Darmstadt
Roth, Karlsruhe

PAA/GE Healthcare, Colbe
GE Healthcare, Munich
Roth, Karlsruhe

Fermentas/Thermo Scientific, St.
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Reagent

TEMED
(N,N,N',N'-tetramethyl-ethane-1,2-diamine)
TPA (12-O-tetradecanoylphorbol-13-acetate)

Transferrin, AlexaFluor 488-conjugated

Tris (tris-(hydroxymethyl)-aminomethane)
Triton X-100

Trypsin-EDTA 0.05%

Tryptone

Tween-20

Yeast extract

Manufacturer

Leon-Rot
Roth, Karlsruhe

Calbiochem/Merck, Darmstadt

Invitrogen (Molecular Probes),
Karlsruhe

Roth, Karlsruhe

Merck, Darmstadt

PAA/GE Healthcare, Colbe
Roth, Karlsruhe

AppliChem, Darmstadt

Roth, Karlsruhe

PCR primers were ordered from Sigma-Aldrich, Taufkirchen.

Ultra pure water was produced by water purification and deionization system OPTIPURE

Analytic (membraPure GmbH, Bodenheim, Germany).
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Table 3. Antibodies used in this work.

3. Materials and methods

Antibody

anti-CD29
anti-CD49¢
anti-CD49¢

anti-Integrin a5p1

anti-EEA1

anti-Flag, horseradish peroxidase-conjugated
anti-FMNL?2
anti-GM130

anti-GFP

anti-HA, horseradish peroxidase-conjugated
anti-MLC

anti-myc, horseradish peroxidase-conjugated
anti-phospho MLC

anti-phospho-(Ser) PKC substrate
anti-PKCa

anti-PKCp

anti-PKCd

anti-PKCe

anti-PKCC

anti-RhoC

anti-TfR

Goat anti-rabbit IgG

horseradish peroxidase-conjugated

Sheep anti-mouse IgG

horseradish peroxidase-conjugated

Manufacturer

Beckman Coulter, Krefeld
AbD Serotec, Dusseldorf

BD Transduction Laboratories,
Pharmingen, Heidelberg
Merck/Millipore, Darmstadt
BD Transduction Laboratories