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Abstract

The exocyst is a hetero-octameric protein compléickv mediates tethering secretory
vesicles to specific sites of plasma membrane éarfzed exocytosis. The exocyst was long
known to contribute to processes such as yeastitgiddytokinesis, epithelia polarization
and neurite outgrowth. Recently, the role of theogst in regulation of actin cytoskeleton
and cell migration was discovered.

It was shown, that the exocyst is important fomfation of cell migration structures
such as lamellipodia and filopodia in motile cellsd invadopodia in invasive cancer cells.
These structures are all actin-based membraneuprotis and the exocyst can through its
Exo70 subunit interact with the Arp2/3 complex, #ativator of actin nucleation. By binding
and activating the Arp2/3 complex, the exocyst ratdi actin polymerization resulting in
formation of these membrane protrusions. Furtheemtite exocyst probably targets the
Arp2/3 complex to specific sites of plasma membrdyae are intended to become membrane
protrusions. In addition, the exocyst mediatesetemr of matrix metalloproteinases (MMPS)
in invadopodia. MMPs are important for degradatdrthe extracellular matrix, an essential
process in cancer cell invasion.

The exocyst seems to be part of the cascade daanstof cytokines TNle-and IL-1
leading to filopodia formation. TNEk-and IL-1 activate Cdc42 GTPase, which in turn
activates RalA GTPase. Activated RalA GTPase care#ty interacts with exocyst subunit
Sec5 and induces filopodia formation. For invadegpddrmation and function the interaction
between exocyst subunits Sec3/8 and IQGAP1 underctimtrol of Cdc42 and RhoA
GTPases is needed.

Key words: the exocyst, cell migration, tumor gellasiveness, lamellipodia, filopodia,
invadopodia, actin polymerization, the Arp2/3 coexpl



Abstrakt

Exocyst je hetero-oktamérny proteinovy komplex, nkteprostredkovava cielenie
sekretorickych vé&kov na Specifické miesta plazmatickej membrany prdarizovanu
exocytdézu. DIho bolo zname, Ze exocyst je dllexifgrocesoch ako ganie kvasiniek,
cytokinéza, polarizacia epitélii a vetvenie newitNedavno sa vSak ukazalo, Ze exocyst hra
rolu aj v regulacii aktinového cytoskeletu a v bowdj migracii.

Exocyst je dbélezity pre tvorbu Struktdr, ktoré bankvori, aby mohla migrova
Takymito Struktarami su lamelipodia a filopddia ehyblivych bunkach a invadopodia
v invazivnych rakovinovych bunkach. VSetky tietauktdry su vy¢nelky plazmatickej
membrany aich zakladom su aktinové vlakna. Podijgdnexocystu Exo70 interaguje
s Arp2/3 komplexom, ktory katalyzuje vetvenie aktifich filamentov. Vazbou
a aktivovanim Arp2/3 komplexu exocyst sprostredk@vpolymerizaciu aktinu, ktora ma za
nasledok tvorbu vysSie spominanych membranovyclezkd. Exocyst tiez sprostredkovava
Specifickll lokalizaciu Arp2/3 komplexu na miestapré sa maju stamembranovymi
vyénelkami.DalSou Glohou exocystu je sekrécia matrixovych nagedtedz (MMPs), ktoré
degraduju extracelularnu matrisq je proces nevyhnutny v invazivite nadorovych elni

Exocyst je stag’ou signalnej kaskady veducej od cytokinov T&R:IL-1 k tvorbe
filopodii. TNF-a a IL-1 aktivuja mald GTPazu Cdc42, ktord nasledkivuje mali GTPazu
RalA. Aktivovana RalA GTPaza potom interaguje se5podjednotkou exocystu a indukuje
formaciu filopddii. Pre tvorbu invadopddii je pdiré interakcia medzi Sec3/8
podjednotkami exocystu a proteinom IQGAP1. Taterakcia je kontrolovana GTPazami
Cdc42 a RhoA.

Kracove slovéa: exocyst, bunkova migrécia, invazivitder@vych buniek, lamelipddia,

filopodia, invadopddia, polymerizécia aktinu, ArpXomplex
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1. Introduction

Cell migration is important in many biological pesses in multicellular organisms
including developmental processes, wound healingi@mune responses. In addition to this,
cell migration could participate in pathologicabpesses during cancer progression. If a few
cells within primary tumor gain the increased apitio migrate through the extracellular
matrix, they can invade into other parts of orgamand establish here secondary tumors. The
importance of studying the process of metastagistisal, because metastatic cancer is often
connected to poor prognosis for cancer patients.

Recently, it was shown, that the exocyst complexratein complex essential for
polarized exocytosis by tethering secretory vesitbespecific sites of the plasma membrane,
is also implicated in cell migration. The aim ofstlivork is to summarize the contribution of
the exocyst to cell migration, specifically the eyst role in formation and function of cell
migration structures such as lamellipodia and bltip in motile cells and invadopodia in
invasive tumor cells. The understanding of mechmarbg which the exocyst is promoting cell
migration could provide a number of new targetsafioti-metastatic therapy.



2. The exocyst

The exocyst is also known as Sec6/8 complex. Itaisnulti-protein complex
evolutionary conserved from yeasts to humans andists of 8 subunits: Sec3, Sec5, Secb6,
Sec8, Secl0, Secl5, Exo70 and Exo84.

The exocyst was first discovered in budding y&astharomyces cerevisieae, where it
was shown to be essential for exocytosis (TerBuisih ,€1996). Mutations in exocyst subunits
resulted in inhibition of secretion and accumulatod secretory vesicles in the cell.

The main role of the exocyst is thought to be tangeof secretory vesicles from Golgi
apparatus to the specific sites of their fusiorp@sma membrane. The exocyst can therefore
mediate polarized exocytosis, which is requiredmiany cellular processes such as yeast
budding, cytokinesis, epithelia polarization andunte outgrowth. Its importance can be
demonstrated by the fact, that exocyst subunitkmats in multicellular organisms cause
their early embryonic lethality.

Recently, it was also shown that the exocyst islwved in formation and regulation of
actin-based membrane protrusions such as lameldipditbpodia or invadopodia and in

cellular migration.
2.1  The structure of the exocyst

It is known, that the exocyst is 734 kDa heteraaowdric protein complex, but its inner
structure and organization of its subunits is stiltler investigation.

So far, there are only 4 exocyst subunits bettaradterized - nearly full-length yeast
and mouse Exo70, the C-terminal domains of Droda@ecl5 and yeast Exo84 and Sec6.
Although sequence identity of exocyst proteinseissithan 10%, these subunits show very
similar structure — they are all rod-like proteiosnsisting of two or more packed helical
bundles composed of three to fiwenelices linked by loops (He and Guo, 2009). Crotetd
al. validated the presumption that also other esbeybunits show similar conformation
(Croteau et al., 2009). Differences occur in dstarhainly in the surface residues, but
conserved helical bundles composition suggeststhiese proteins evolved from a common
ancestor protein (He and Guo, 2009; Croteau €2@0D9).



According to studies of binding sites of these sutsy we can presume their
associations with other exocyst subunits. So tleea® assumption, that the exocyst assembly
includes its rod-shaped subunits to package idextsi-side fashion (He and Guo, 2009).

Further structure analysis is needed for betteetstdnding of exocyst organization and
assembly. This could be crucial for determinatidnnmlecular mechanisms of exocyst

function.

2.2 The localization of the exocyst and its assgmbl

Different exocyst subunits are localized in diffgrecell compartments. There is a
subcomplex associated with plasma membrane, whieates so-called targeting patch for
vesicles. Another group of subunits is linked tarstory vesicles, but also interacts with
exocyst subunits in targeting patch. The assemblth® whole complex therefore tethers
vesicles to the specific sites of their fusion. STktep precedes the fusion of vesicles with

plasma membrane, which is mediated by SNARE conaglex

Vesicle

Figure 1. The model of targeting secretory vesickesording to Boyd et al.
Subcomplex associated with vesicles contain Seeb6,SSec8, Secl10, Secl5, Exo70 and
Exo084 exocyst subunits. Sec3 and Exo70 are memiassteiated. In yeast, assembly of the
whole complex is mediated by small GTPase Sec4apfati from Boyd, C., Hughes, T.,
Pypaert, M. and Novick, P. (2004). The Journal efi Biology 167, 889-901. Vesicles carry
most exocyst subunits to exocytic sites markedhgy remaining two subunits, Sec3p and
Exo70p).



According to Boyd et al., a subcomplex associatéti wesicle contains Sec5, Sec6,
Sec8, Secl0, Secl5 and Exo84 exocyst subunits (Bogt, 2004; Fig. 1). Localization of
these proteins is dependent on actin cables, aldngh vesicle is trafficking. Rab GTPase
Sec4 is also localized on secretory vesicles armhus® Secl5 is shown to be its direct
effector, Sec4 is supposed to regulate the asseofildyocyst complex in yeast (Guo et al.,
1999). On the other hand, localization of Sec3 Brd70 subunits is not actin-dependent.
These proteins bind to phosphatidylinositol 4,%hsphate (P1(4,5)P situated in the inner
leaflet of the plasma membrane and this interaghiabably targets the exocyst to particular
membrane compartments (Exo70 likely utilizes bo#tysvof targeting and therefore it is also
partly associated with secretory vesicles). Loeaion of Sec3 is also controlled by Rho
GTPases Cdc42 and Rhol, Exo70 interacts with Riev@&(ved in (He and Guo, 2009)).

On the other hand, Moskalenko et al. claim, thatiole-associated are just Secl5,
Secl0 and Exo84 exocyst subunits, other subunés3(SSec5, Sec6, Sec8 and Exo70) are
said to be localized in the plasma membrane (Meskal et al., 2003; Fig. 2). Their studies
also proved that exocyst assembly is in mammalialls aegulated by Ral GTPases
interacting with both Sec5 and Exo084. This conmectbetween two different exocyst

subcomplexes results in assembly of the whole cexapl

Ral Regulated
TC10 Step
Regulated

tep

Plasma Membrane

Figure 2. The model of targeting secretory vesi@esording to Moskalenko et al.
Exocyst subunits Secl15, Secl0 and Ex084 are vemssleciated, exocyst subunits Sec3,
Secb, Sec6, Sec8 and Exo70 are membrane-assod¢mtedmmalian cells, assembly of the
exocyst is mediated by Ral GTPase interacting Wwith Exo84 and Sec5. (adapted from
Moskalenko, S., Tong, C., Rosse, C., Mirey, G.nksiecher, E., Daviet, L., Camonis, J. and
White, M. A. (2003). The Journal of Biological Chistny 278, 51743-51748. Ral GTPases
regulate exocyst assembly through dual subunitant®ns).



A few studies tried to identify interactions betweal exocyst subunits, nevertheless,
their observations are not consistent. Thereforeamestill far from understanding of exact
mechanism of exocyst assembly.

2.3 The regulation of exocyst function

Exocyst is known to directly interact with sevesaiall GTPases which may regulate its
function.

First identified GTPase interacting with the exdoyss Sec4 GTPase, member of the
Rab family. As mentioned before, Sec4 binds to Seedocyst subunit and controls the
assembly of exocyst complex in yeast (Guo et &99). In higher eukaryotes, another Rab
GTPase, Rabll, was found to bind Secl5 and thusategvesicle delivery to the plasma
membrane either from recycling endosomes or en@oegsicles during transcytosis. In
mammalian cells, GTPase Arf6 was found to interaith Secl0 in process of recycling
membranes to sites of intense membrane remodelattigted by exocyst complex (reviewed
in (He and Guo, 2009)).

Other exocyst regulators belong to Rho family G E3as$n yeast, Sec3 interacts with
Cdc42 and Rhol GTPases and these are responsiblBet3 localization, probably at
different stages of cell cycle. Exo70 is a dowrestieeffector of Rho3 GTPase (which is
implicated in exocytosis), but also Cdc42 or TCHO njammalian homolog of Cdc42).
Surprisingly, it was shown, that the interactiotmen Exo70 and TC10 is needed for fusion
of vesicles, rather than their delivery to the plasmembrane (reviewed in (He and Guo,
2009)).

Last but not least, in mammalian cells the exorsyatso regulated by small GTPase Ral
(Moskalenko et al., 2002). Activation of Ral is ookthe results of Ras signaling pathway
(Ras GTPase is connected to oncogenic transformagiodocytosis and actin cytoskeleton
dynamics). Moskalenko et al. found out that Raldbinwo exocyst subunits — Sec5 and
Exo84 and through their connection mediates exomystplex assembly (Moskalenko et al.,
2003). It was discovered, that Ral is involved utls processes as targeting vesicles and
exocytosis, cytokinesis, neurite branching andndsiised membrane protrusions. These
processes may be therefore mediated by exocystegiuthted by Ral GTPases (He and Guo,
2009).
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3. Structures for cell migration

Recently, several studies found the exocyst to playucial role in cell migration and
tumor cell invasiveness. In these studies was shewoatyst importance in formation of
structures required for cell migration such as lipwia, filopodia and invadopodia. These
are all actin-based membrane protrusions and tbeyskwas revealed to be involved in actin
assembly. In addition, the exocyst is needed faret®n of matrix metalloproteinases
(MMPs), the process critical for tumor cell invasmess.

3.1 Lamellipodia

Lamellipodia are thin membrane protrusions formedhe leading edge of migrating
cells and regarded as major structures for celratiign. Their breadth vary from 1 to#n
and they are usually 0,1 — Oy2n thick (Small et al., 2002; Ladwein and RottnedP@).
Lamellipodia contain network of branched actinrfients, whose barbed ends are orientated
towards the plasma membrane (Ladwein and Rott3€8)2 Actin filaments polymerize at
the leading edge and depolymerize at the rear efctl and this process of lamellipodia
turnover is known as treadmilling (Le Clainche &atlier, 2008). The actin polymerization
at the leading edge promotes membrane protrusi@svein and Rottner, 2008; Small et al.,
2002) and orientated cell extension needed in gooécell migration.

In addition to actin filament network, lamellipodiantain also a variety of proteins that
regulate actin cytoskeleton. The main activatoactin filaments nucleation is the Arp2/3
complex. It branches preexisting actin filamentd areates free barbed ends to be elongated.
The Arp2/3 complex is under the control of WAVE f@ias (also known as Scar or WANP,;
belonging to the WASP family proteins), that difgcbind to the Arp2/3 complex and
activate it. Another important actin-regulatory f@ia is cortactin. Cortactin promotes the
Arp2/3-mediated actin nucleation (directly throughtivation of the Arp2/3 complex or
indirectly through activation of N-WASP) and statals new actin filament branches. Cofilin
has a contradictory role in lamellipodia. On onadacofilin is responsible for disassembly
and turnover of lamellipodia. On the other handflioowas shown to be important for
lamellipodia formation and stability by severingtiacfilaments and consequent actin
polymerization that leads to membrane protrusidhg. stability of actin network is provided

by actin-crosslinking proteins filamin;actinin and coronin. Capping protein and gelsali@
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important for protecting free filaments away frometcell edge from unproductive actin
polymerization. The role of myosins is probablyrgarg and targeting the cargo to the plus
ends of actin filaments (reviewed in (Yamaguchi &whdeelis, 2006); (Machesky, 2008);
(Ladwein and Rottner, 2008); (Small et al., 2062y, 3).

Chemoattractant Chemoattractant

. : © Arp2/3 complex m Actin filament
- Inactive cofilin @ WAVE

; i  Newly formed
=] Active cofilin B Coriactin

actin filament

Figure 3. Formation of lamellipodia. Lamellipodiee aactin-based structures, the main
proteins implicated in lamellipodia formation areetArp2/3 complex, WAVE proteins,
cortactin and cofilin. (Adapted from Yamaguchi, &hd Condeelis, J. (2006). Biochimica et
Biophysica Acta 1773, 642-652. Regulation of thiénacytoskeleton in cancer cell migration
and invasion).

Lamellipodia formation can be induced by both gitovdctor and integrin receptors
(Small et al., 2002). The well-known stimulator lafmellipodia is epidermal growth factor
(EGF). EGF stimulate the WAVE-Arp2/3 complex andMLIkinase/cofilin pathways
(Yamaguchi and Condeelis, 2006). Pathways downstifaEGF activate small GTPases of
Rho family Racl and Cdc42 (Small et al., 2002). Rstamulate WAVE indirectly, probably
through interaction with IRSp53 (insulin receptgrosine kinase substrate of 53 kDa) or
some of the members of the WAVE complex (Ladweid &ottner, 2008). The effect of
Cdc42 is probably mediated by indirect activatibiRacl (Ladwein and Rottner, 2008). EGF
also stimulates PLC-mediated activation of cofdimd LIM kinase-mediated inactivation of
cofilin. This leads to localized and transient mgiolymerization and this process is therefore
thought to contribute to chemotactic sensing duiimgasion (Yamaguchi and Condeelis,
2008).
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Lamellipodia are structures promoting cell migratid@hey form adhesions that connect
the extracellular matrix to actin cytoskeleton atich the cell to the substrate. By anchoring
the cell to the substrate at the leading edge @sabsembly of adhesions at the rear, the cell
can retract its trailing edge by acto-myosin cartility and the cell body is therefore pulled
forward (Yamaguchi and Condeelis, 2006; Le Clainemel Carlier, 2008). The role of
lamellipodia as promoters of migration is importal#o in invasive cancer cells. The WAVE
- Arp2/3 complex and the LIM kinase - cofilin pathys are upregulated in several types of
cancer and are connected to increased metastatimaasive potential both in vitro and in
vivo (Yamaguchi and Condeelis, 2006; Machesky, 2008

3.2 Filopodia

Filopodia are thin (0,1 - 0,8m), rod-like plasma membrane protrusions contaifong
parallel bundles of filamentous actin (F-actin).eyhoften protrude from lamellipodial actin
network (Matilla and Lappalainen, 2008). The fasivgng barbed ends of F-actin are
orientated towards the plasma membrane and theid rpolymerization leads to the
membrane protrusion and filopodia extension thainmtes cell migration (Matila and
Lappalainen, 2008; Faix et al., 2009).

Filopodia are filled with tight bundles of F-actibut they contain also many other
proteins that can regulate their formation and fimnc Necessary inductors of filopodia are
formins (especially diaphanous protein (Dia)) timmuce the formation of unbranched actin
filaments by processive barbed ends nucleation eéladgation. Ena/VASP proteins (for
example Mena, Evl, VASP) protect actin filamentsnircapping proteins and promote their
elongation. Fascin is actin-bundling protein thaates parallel filament bundles in filopodia.
I-BAR proteins (such as MIM, IRSp53) are determimediirect membrane deformation and
tubulation. Myosin-X is also important in filopodi@rmation and function, however, its
function in filopodia was not described yet. Thhastregulators of actin cytoskeleton such as
a-actinin, fimbrin, espin, filamin are also presémfiilopodia. The role of N-WASP and the
Arp2/3 complex in filopodia formation is controviais as they are not essential for filopodia
formation and do not localize at filopodia, butithmhibition causes filopodia reduction
(reviewed in (Matilla and Lappalainen, 2008); (Masky, 2008); (Faix et al., 2000); Fig. 4).
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Tip:
Mucleation and
elongation of filaments: Formins
Filament elongation: VASP
Filament tethering: VASP,

Balanced nucleation
and elongation

Tip cross-linking: Myesin X ]| [
|
Shaft: “T
Filament bundling: Fascin, "l
Espin, . '.L‘
Fimbrin [ |
Base:

Filament disassembly: Cofilin

! F-actin ; jmsp g ?Fnrmin Q\PMyosinX ex Fascin -~ %e Cofilin

Figure 4. Formation of filopodia. Filopodia contaight bundles of actin, nucleated by
formins and elongated by VASP proteins. The matmdmundling protein is fascin. Cofilin is
implicated in filopodia turnover. (adapted from ¥ai., Breitsprecher, D., Stradal, T. E. B.
and Rottner, K. (2009). The International Jourrfdiochemistry and Cell Biology 41, 1656-
1664. Filopodia: Complex models for simple rods).

Filopodia formation is positively regulated by sm@TPases of Rho superfamily —
Cdc42, Rho in filopodia (RIF), Wrchl, RhoD, RhoTCIO (Faix et al., 2009; Matilla and
Lappalainen, 2008). There are two main models lopdidia formation. According to the
convergent elongation model, filopodial actin fikims are derived from lamellipodial actin
network. On the other hand, de novo filament numeamodel suggests nucleation of actin
filaments in filopodial tips. Contradictory obsetems in this area suggest that there exist
more ways of filopodia formation and they can difie different organisms or different cell
types (Matilla and Lappalainen, 2008; Faix et2009).

Filopodia are essential for cell migration. Theg\pde actin-based protrusion of plasma
membrane at the leading edge and therefore directdldextension. Afterwards, focal
adhesions linked to stress fibers are formed utiteedeading edge and so the consequent

acto-myosin contraction can push the cell bodyrandeus forward (Matilla and Lappalainen
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2008). Filopodia are also implicated in cancer stetsis and invasion. Filopodial proteins
Ena/VASP are overexpressed in cancer cells andnfasdransiently up-regulated during
invasive stages of cancer metastasis. Fascin sesemvasive potential of cancer cells,
probably by mediating enhanced filopodia activihatt leads to enhanced cell motility
(Machesky, 2008).

Because of presence of receptors for signaling eatds and extracellular matrix
molecules (especially integrins and cadherinsypptidia are regarded also as sites of signal
transduction, cell adhesion and sensing cell’sosadings. In addition to migration and
invasion, filopodia are important also in phagosyoof macrophages, fusion of sheets of
epithelial cells during embryonic development oruwd healing and adherens junctions
formation, neuronal growth cones function, develepmof dendritic spines and neurite

formation of cortical neurons (Matilla and Lappalem, 2008).

3.3 Invadopodia

Invadopodia are specialized structures formed byrating cancer cells. They are able
to degrade the extracellular matrix and thus mediahor cell invasion (Fig. 5; Fig. 6).

Invadopodia are membrane protrusions localizedhat ventral surface of cells and
extending into the extracellular matrix. Their sizgies from 0,jtm to 0,8um in diameter and
can reach 2m or more in length (Stylli et al., 2008). They da@ organized into clusters —
many smaller surface extensions protrude from gelanvagination (Buccione et al., 2004;
Stylli et al., 2008). Often, they are localized groximity to Golgi apparatus (Stylli et al.,
2008; Gimona and Buccione, 2006). Their lifetimeiesmfrom minutes to hours (Yamaguchi
et al., 2005).

Invadopodia are actin based structures. They aofitamentous actin (F-actin) and are
enriched in actin regulatory proteins (the Arp2&nplex, neural-Wiskott Aldrich Syndrome
protein (N-WASP), cortactin), adhesion moleculegggrins and focal adhesion molecules),
signaling molecules (especially Src kinase) and rimatlegradation enzymes (matrix
metalloproteinases) (reviewed in (Weaver, 2006)atrM metalloproteinases (MMPs) are
critical components of invadopodia, because theydiate the extracellular matrix
degradation. MMPs are a large family of Zn-bindieigdopeptidases (Stylli et al., 2008)
which can together degrade all the components efettiracellular matrix (Buccione et al.,

2004). The MMPs typical for invadopodia are membrassociated collagenase MT1-MMP
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(also known as MMP-14) and soluble gelatinases M\i&#d MMP-9 (Stylli et al., 2008).
The secretion of soluble MMPs is directed towaldsleading edge of cells and is dependent
on microtubules (Gimona and Buccione, 2006). Howeseluble MMPs are synthetized as
inactive proenzymes that require cleavage fordtsration. MT1-MMP activates MMP-2 in

this way at sites of invadopodia (Kelly et al., 829

{__

FITC-gelatin =% -\

MN-WASP
B Cortactin
) Phospho-Y

/ F-actin Degraded
Invadopodium
@® MT1-MMP gelatin

Figure 5. Invadopodia. Invadopodia are actin-basseimbrane protrusions. Their
formation is activated by N-WASP, the Arp2/3 compldynamin and cortactin. Invadopodia
are sites of matrix degradation mediated by semreti MMPs. (adapted from Stylli, S. S.,
Kaye, A. H. and Lock, P. (2008). Journal of Clinibeeuroscience 15, 725-737. Invadopodia:
At the cutting edge of tumor invasion).

Invadopodia formation can be induced by activatodnactin polymerization, which
results in membrane protrusions. According to Bueeiet al., the machinery essential for
invadopodia formation is the N-WASP-Arp2/3-cortaetiynamin complex (Buccione et al.,
2004). N-WASP stimulates actin polymerization byhating the Arp2/3 complex, which
catalyzes actin nucleation. N-WASP is directly eatied by Cdc42, Nckl and WIP (WASP-
interacting protein) and can be stimulated in respoto extracellular stimuli such as EGF
(Yamaguchi et al., 2005).

Invadopodia are essential for cancer cell invasiomadopodia formation is typical for
highly invasive cancer cells and invadopodia marlame enriched in many human tumors
(Weaver, 2006). Moreover, there was shown a cdioeldetween the ability of cells to form

invadopodia and their invasive potential both itrosiMatrigel invasion assays) and in vivo
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(metastasis in nude mouse models) (Stylli et 8082 Weaver, 2006). Furthermore, invasion
was shown to be dependent on matrix degradatiomateedoy MMPs as invasive potential of
cells is correlated with levels of MMPs and invaddial ability to digest the extracellular
matrix (Kelly et al., 1998; Stylli et al., 2008)h& ability to degrade the extracellular matrix
can be used for remodeling and migration throughektracellular matrix. Metastatic cells
are able to degrade the stromal tissue surroungiiimyary tumors and invade through the
tumor stroma towards vascular or lymphatic veseésnaguchi et al., 2005). Moreover, they
can also penetrate the basement membrane surrgupidiod and lymphatic vessel walls and
squeeze through the endothelial cell barrier inessels (Yamaguchi et al., 2005).
Subsequently, in bloodstream they can overcome diistgnces and after extravasation they

can establish a new tumor site.

A375MM

F-actin/dynamin ' Degraded matrix

Figure 6. Invadopodia function — degradation of teetracellular matrix. The
colocalization of F-actin and dynamin marks theesibf invadopodia (left panel). The
extracellular matrix degradation is situated toaidepodia (right panel). (adapted from
Buccione, R., Orth, J. D. and McNiven, M. A. (2008ature Reviews, Molecular Cell
Biology 5, 647-657. Foot and mouth: podosomes,dopadia and circular dorsal ruffles).
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4. The exocyst in filopodia formation

Sugihara et al. directly showed the exocyst to igpete in filopodia formation
(Sugihara et al., 2002). The exocyst was also fdoraeksociate with RalA GTPase, which is

known to induce filopodia formation (Ohta et aP99).
4.1  The interaction between the exocyst and RalA

The interaction between the exocyst and RalA wasndoby screen for RalA
downstream effectors. This interaction was confarag precipitation in vitro and in vivo and
was then better characterized. The exocyst wasdfeabind RalA GTPase directly through
Sec5 subunit. This association is GTP-dependeralA BTPase was bound only during its
activated (that means GTP-bound) state. For thisrantion N-terminal 60 amino acid
sequence of RalA and N-terminal 80 amino acid secgi®f Sec5 are important (Sugihara et
al., 2002).

4.2 The exocyst-mediated regulation of filopodiarfation

As previously mentioned, RalA induces filopodianfi@ation in Swiss 3T3 cells (Ohta et
al., 1999). However, use of anti-Sec5 antibodyt(specifically interacts with binding site for
association with RalA) in cells microinjected wislativated RalA caused reduced filopodia
formation. The similar phenotype was observed iis ¢eeated with Sec5 N-terminal RalA-
binding fragment (Sugihara et al., 2002). This ssgg that the interaction between Sec5 and
RalA is needed for filopodia formation. The facathn cells microinjected with activated
RalA Sec5 was localized along filopodia supportss thypothesis. This study also
demonstrated Sec5 colocalization with another estosybunit, Sec8. This indicates that the
exocyst is present in filopodia as a whole comgfuxgihara et al., 2002).

Other stimulators of filopodia formation include €2@ (Nobes and Hall, 1995), IL-1
(Puls et al., 1999) and TN&{TNF-o also induces lamellipodia formation; Puls et 5099).
Disruption of interaction between the exocyst araARwvas shown to be critical also in this
case of filopodia induction. Cdc42-mediated filopodere abolished by anti-Sec5 antibody.
Similarly, microinjection of GDP-bound RalA (RalA iits inactive conformation) and anti-

Sec5 antibody into TNk- or IL-1 treated cells caused block of filopodiarnfiation.
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Interestingly, Cdc42-induced formation of lamelliji® was not influenced (Sugihara et al.,
2002).
Previous studies revealed Cdc42 to be a downsteggaotor of TNFe and IL-1 (Puls

et al., 1999). Moreover, Ohta et al. showed that42dinduces filopodia through pathway
including RalA (Ohta et al., 1999). RalA was instlstudy implicated in actin cytoskeletal
dynamics, precisely by binding filamin (actin filamts cross-linking protein that also links
membrane and other intracellular proteins to achta et al., 1999). Considering results of
Sugihara et al., the exocyst also seems to be gdathis signaling cascade leading to
formation of filopodia (Sugihara et al., 2002). Tdaghors themselves pronounced hypothesis,
that TNFe and IL-1 may activate Cdc42, which in turns adegaRalA, and that the binding
of GTP-bound RalA to Sec5 may be necessary to mdlenation of filopodia (Sugihara et
al., 2002). On the other hand, RalA and its intéoacwith exocyst were not found to be
important in lamellipodia formation. It is consistavith experiments of Nobes and Hall, who

implicated Racl GTPase in lamellipodia formatiomifls and Hall, 1995).

4.3 The way of action of the exocyst-RalA complex

Unexpectedly, Sugihara et al. found out, that mscef filopodia formation by the
exocyst complex is not mediated by vesicle traffigk(Sugihara et al., 2002). Treatment of
cells with brefeldinA (brefeldinA inhibits vesicligafficking by disrupting Golgi apparatus)
did not have any effect on filopodia formation. 8arly, there was no effect during treatment
with SNAP-23 (SNAP-23 is known to inhibit fusion wésicles with the plasma membrane).
The authors presumed, that the exocyst could ba&vied in actin remodeling independently
of vesicle trafficking. However, they did not exdtithe possibility that vesicle transport
might contribute to filopodia formation. Vesiclesasiated RalA may be selectively activated
and targeted to the exocyst complex at the plaserabrane to promote filopodia formation
(Sugihara et al., 2002).

Later on, the hypothesis that the exocyst regukatéa cytoskeleton was proved by Zuo
et al. (Zuo et al., 2006). It was found out tha #xocyst interacts with the Arp2/3 complex,
which is involved in actin polymerization, and tefare regulates filopodia formation (see

below).
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5. The exocyst in invadopodia formation

Recently, two studies implied the exocyst in inyaoldia formation and activity.
Sakurai-Yageta et al. showed the exocyst to beledoin Cdc42- and RhoA-activated
signaling cascade leading to invadopodia formatloough direct interaction of Sec3 and
Sec8 with IQGAP1 (Sakurai-Yageta et al., 2008). éfial. confirmed that the exocyst plays a
crucial role in invadopodia formation and describé$ contribution to matrix

metalloproteases (MMPSs) secretion and actin dynauhici et al., 2009).
5.1 The interaction of the exocyst with IQGAP1

Recently, Sakurai-Yageta et al. described the aotemn between the exocyst and
IQGAP1 (IQGAP1 is Cdc42 and Rac effector, whichutates cell polarization during cell
migration (Noritake et al., 2005) and was implicat@so in tumorigenesis and invasion
(Jadeski et al., 2008)). Using sets of pulldowragsghey found out that IQGAP1 is able to
directly bind Sec3 and Sec8 exocyst subunits thratggconserved C-terminus. This region
displays coiled-coil conformation and so do the3Saod Sec8 N-terminal IQGAP1-binding
domains. Other exocyst subunits connected to IQGAIRL bound indirectly through
association with Sec3 and Sec8 (Sakurai-Yageth, &008).

In this study it was also shown that the expressid@dc42 or RhoA GTPases mediates
the interaction between IQGAP1 and Sec3/Sec8. AhodQGAPL directly interacts with
GTP-bound Cdc42 GTPase, this interaction is notired for mediation of IQGAP1 and
Sec3/Sec8 association. On the other hand, GTP-b@dwd2 and RhoA associate with
Sec3/Sec8 and this is the condition of IQGAP1 aecBf5ec8 interaction (Sakurai-Yageta et
al., 2008).

5.2  The role of the exocyst in invadopodia formaimd activity

The effect of the exocyst on invadopodia formatadrhuman breast carcinoma cells
(MDA-MB-231) was examined using fluorescent micimsg and matrix degradation assay. It
was discovered, that siRNA knockdown of either BExor Sec8 exocyst subunits resulted in
decreased number of invadopodia per cell. Theds pebduced fewer matrix degradation

sites and so the total matrix degradation area svaaller. However, this deficiency in
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invadopodia formation was rescued by rat Exo70¢ctvis more than 90% identical in amino
acids sequence. On the other hand, overexpres$i@xa¥O resulted in higher number of
invadopodia and greater matrix degradation area @t al., 2009). These observations
suggest that the exocyst is needed in processaflopodia formation and because of greater
capacity of matrix degradation also for tumor cailvasion. This is consistent with
independent observations of Sakurai-Yageta ehal.knockdown of Sec6, Sec8, Secl0 in the
same tumor cells caused inhibition of matrix degteh and also reduced invasiveness in
transwell chamber invasion (Sakurai-Yageta e2ai038).

Knockdown of IQGAP1 by siRNA also reduced matrixgaalation. On the other hand,
expression of IQGAP1l increased matrix degradatibnt less than expression of
constitutively active IQGAP. However, deletion oft€&minal Sec3/Sec8-binding region of
IQGAP1 completely abolished this stimulating eff¢Stakurai-Yageta et al., 2008). These
results show that the interaction between IQGAPA exocyst is required for invadopodial
activity. Knockdown of Cdc42 or RhoA decreased mategradation too, which supports the
idea that interaction between the exocyst and IQGA regulated by these GTPases
(Sakurai-Yageta et al., 2008).

5.3  The localization of the exocyst at invadopodia

The hypothesis that the exocyst can regulate irpadia formation and function is also
supported by localization of endogenous Exo70 @AP1. Endogenous Exo70 was found
to be enriched at the plasma membrane and in ipgatia. Similar was the distribution of
overexpressed Exo70 and endogenous Sec8. Thesgsegabunits colocalized with F-actin
sites (Liu et al., 2009). Likewise, Sakurai-Yageth al. observed colocalization of
overexpressed Sec8 with F-actin, but also with gadous IQGAPL, at sites of matrix
degradation. In these sites also MT1-MMP was piteg&akurai-Yageta et al., 2008).

It is noteworthy, that Exo70 was not detected hsis of matrix degradation. This
may be caused by very dynamic character of invadi@p@~-actin and regulatory proteins
also do not always localize at sites of matrix delgtion). Another explanation could be that
exocyst is localized in invadopodia just transigndluring its acting in invadopodia formation
(Liu et al., 2009).
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5.4  The mechanism of exocyst function in invadopodi

Because the role of the exocyst is tethering segretesicles to sites of their fusion, it
was not surprising that the role of the exocysinvadopodia function could be mediating
secretion of MMPs. The levels of secreted MMPs waralyzed by gelatin zymography. In
Exo70 and Sec8 knockdown cells, the secretion ofAvMand MMP-9 was dramatically
reduced compared to control cells. Again, expressiorat Exo70 in these cells was able to
restore the secretion of MMPs almost to their ahitevels (Liu et al., 2009). Similarly,
depletion of Sec8 or IQGAP1 caused reduction of NVINIP positive invadopodia (Sakurai-
Yageta et al., 2008).

Previously was shown, that Exo70 interacts withgpihatidylinositol-4,5-bisphosphate
through its C-terminus and that this associatioreguired for its localization at the plasma
membrane (Liu et al., 2007). Liu et al. demonsttateat overexpression of mutant Exo70,
which had deleted C-terminus and therefore could lbimd phosphatidylinositol-4,5-
bisphosphate, resulted in striking decrease of Miviixd MMP-9 secretion levels (Liu et al.,
2009). On the contrary, overexpression of full-Engxo70 increased MMP-2 and MMP-9
secretion (Liu et al., 2009).

These results suggest that the exocyst is essémtsgcretion of MMPs at invadopodia.
Furthermore, few studies claimed, that MMPs semmneis regulated by endocytosis and
membrane recycling, a process, in which the exowyas$ lately shown to be involved
(Sakurai-Yageta et al., 2008).

Exocyst role is probably targeting secretory vesiakith MMPs to sites of their fusion
with the plasma membrane for secretion (Liu et2009). However, except for function of
MMPs as major tools of cell to degrade the exttatal matrix, Sakurai-Yageta et al.
assumed that MMPs could also play important rolewadopodia formation as a “building
foundation” of these structures (Sakurai-Yagetal.¢2008), as knockdown of MMPs inhibits
invadopodia formation (Clark et al., 2007).

Exocyst function seems to be regulated by Cdc42RivaA GTPases which control the
interaction of Sec3/Sec8 with IQGAPL, because ittteraction probably targets the exocyst
to IQGAP1-enriched invadopodia. The exocyst assgmasults in tethering vesicles and their
polarized exocytosis leading to accumulation of MV invadopodia. Therefore the exocyst
is one of the major effectors of Cdc42 and RhoAulaigd signaling cascade leading to

invadopodia formation and function (Sakurai-Yagsttal., 2008).
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IQGAPL1 is a scaffold protein that mediates multiplieractions. Besides its interaction
with the exocyst, the mechanism of its involvemieninvadopodia formation could also be
the activation of N-WASP — Arp2/3 pathway resultingactin polymerization (Le Clainche et
al., 2007). In addition to this, the exocyst wasoatlirectly implicated in regulation of actin

filaments assembly. This aspect of exocyst funasorery recent and is discussed below.
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6. The exocyst and actin polymerization

Polymerization of actin is necessary for formatmihmembrane protrusions such as
lamellipodia, filopodia and invadopodia. For thagason is actin polymerization also

important in cell motility.
6.1  The interaction of the exocyst and the Arp2/plex

Actin polymerization is catalyzed by the Arp2/3 qaex, which generates branched
filamentous actin network. Lately, Zuo et al. idéatl Exo70 exocyst subunit as one of the
binding partners of the Arp2/3 complex (Zuo et 2006).

In this study, Exo70 was found to interact with &tpsubunit of the Arp2/3 complex
(also known as Arc40 or p40). GST-fusion rat Expr@tein interacted with two isoforms of
mammalian Arpcl — ArpclA and ArpclB in vitro. In/@i, imunoprecipitation was performed
using anti-Arp3 antibodies. Exo70 and Sec8 co-prated with the Arp2/3 complex. Neither
of these two subunits co-imunoprecipitated with ZB8in Exo70 knockdown cells, although
Exo70 co-imunoprecipitated with Arp2/3 in Sec8 Krabawn cells. It is therefore obvious,
that the Arp2/3 complex interacts with the exodizsbugh Exo70 subunit. These results were
confirmed by pull-down of Arp2/3 by GST-CA fusiorrgtein (CA-domain of WASP is
known to bind Arp2/3) in which Exo70 and Sec8 cajpitated with Arp2/3.

The binding domain of Exo70 was determined by esging different fragments of
Exo070. Cell lysates were used for GST-CA pull-davwArp2/3. It was discovered, that full-
length Exo70 (amino acids 1 - 653) and C-terminfuSx@70 (amino acids 404 - 653) are able
to bind the Arp2/3 complex. On the contrary, N-temas of Exo70 (amino acids 1 - 408)
binds Sec8, which was verified by co-imunoprectmta(Zuo et al., 2006).

6.2  The function of Exo70 in complex with Arp2/3

Liu et al. examined the influence of Exo70 on agidymerization in vitro using pyrene
actin assay (Liu et al, 2009). It was discoverduht tlysates from both Exo70 and Sec8
knockdown cells showed inhibited actin polymeriaatcomparing to control cells, though
Sec8 knockdown had much smaller effect than Exoi0ckdown. On the other hand,

overexpression of Exo70 in cells stimulated actiolymerization. As expected,
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overexpression of mutant Exo70 lacking C-terminaindin inhibited actin polymerization.
Exo70 thus seems to be a positive regulator ofAtp2/3 — mediated actin polymerization
(Liu et al., 2009).

It is very interesting, that the interaction betwé&eo70 and Arp2/3 is much stronger in
cells with high invasive potential. The strength association of Exo70 and Arp2/3 was
examined by GST-CA pulldown of Arp2/3. Three cejpes with different levels of
invasiveness were used and it was demonstratet intemsity of interaction depends on
invasive potential of cells (Liu et al., 2009). kikise, by GST-CA pulldown of Arp2/3 was
found out, that the interaction between Exo70 anok/ complex was greatly stimulated in
presence of epidermal growth factor (EGF; knownulatgr of cell migration that induce
membrane protrusions) (Zuo et al., 2006). Thereitoseems that the strength of interaction

between Exo70 and Arp2/3 is important for regulatid actin polymerization.

6.3  The localization of the exocyst and the Arp&igplex

Because the interaction between the exocyst andnp®'3 complex was demonstrated
both in vitro and in vivo, it is not surprising,athExo70 and Arp2 colocalize in migrating
cells. Imunofluorescence showed that Exo70 is rexiuto the plasma membrane at the
leading edge of migrating NRK cells (normal ratreg cells). In these cells, Arp2 was also
localized at the leading edge and co-localized \Eito70. Nevertheless, Exo70 knockdown
caused changed localization of Arp2, which was moensituated at the leading edge (Zuo et
al., 2006). This observation suggests that loctdineof the Arp2/3 complex is dependent on
localization of Exo70, which could in fact targetp®/3 to specific sites of plasma membrane
that are intended to become membrane protrusions.

Consistent with this hypothesis is observationt tidermal growth factor (EGF;
known regulator of cell migration that induce memart® protrusions) stimulation of cells
mediated recruitment of Exo70 and Arp2/3 from ioglular structures to the plasma
membrane. It is noteworthy, that although Exo70ckdown cells were stimulated by EGF,

Arp2/3 was not localized at plasma membrane inetlvedls (Zuo et al., 2006).

25



6.4  Actin polymerization and formation of lamellgha

Exo70 was demonstrated to be essential in cellatar as Exo70 knockdown cells
inhibited cell migration in transwell migration ags In migration at single-cell level, Exo70
knockdown caused migration velocity decrease atld eere much less able to keep their
direction of movement (Zuo et al., 2006).

In Exo70 knockdown cells, formation of lamellipodiaas influenced. Migrating cells
formed one or two broad lamellipodia extending inekatively fixed direction, but Exo70
knockdown cells were either without any lamellipodir formed multiple lamellipodia in
random directions. Also, the length of lamellipodias diminished. These observations could
explain the decreased migration rate and lowectimeal persistence (Zuo et al., 2006).

Although there is no direct evidence, it seems tihatexocyst plays a regulatory role in
lamellipodia formation through Arp2/3. Reduced lngf lamellipodia indicate defect in
actin polymerization and random organization poitatsfailure of specific localization of
Arp2/3. Together with the previously mentioned $at¢hat in Exo70 knockdown cells Arp2/3
complex do not localize at plasma membrane sitesi@hbrane protrusions and it in fact
cannot be stimulated by Exo70, this indicates, tthatnteraction between the exocyst and the
Arp2/3 complex is needed for lamellipodia formateand cell motility.

6.5  Actin polymerization and formation of filopodaad invadopodia

Actin polymerization is important also for formatief filopodia and invadopodia. It
was previously shown, that overexpression of Exo@@uces actin-based membrane
protrusions resembling filopodia (Wang et al., 200dowever, cells expressing mutant
fragment of Exo70 lacking C-terminal Arp2/3 bindidgmain did not form any protrusions.
By GST-CA pulldown it was verified that this Exoft@gment was not able to bind Arp2/3,
but its capacity of binding other exocyst subum@mained unchanged. As essential amino
acids for membrane protrusion formation residues-%72 and 628-630 of rat Exo70 were
identified (Zuo et al., 2006).

Similarly, overexpression of Exo70 was shown touirel invadopodia formation and
enhance matrix degradation under the cell. Howenadls expressing mutant Exo70 defective
in interacting with Arp2/3 (deletion of amino aci@28-630) were neither able to form
invadopodia nor degrade matrix (Liu et al., 2009).
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Membrane protrusions can be induced also by caotigsgty active form of Cdc42.
However, in Exo70 knockdown cells this effect wapmessed. Moreover, injection of anti-
Exo70 antibody (that specifically binds to Exo70te@minus and therefore blocks Arp2/3
binding domain) into cells with constitutively aai Cdc42 also inhibited formation of
filopodia (Zuo et al., 2006).

These observations directly show the associatioBxa70 and Arp2/3 to be essential
for formation of both filopodia and invadopodia. lasthe case of lamellipodia formation, this
interaction may be necessary for specific Arp2/Balization and its activation. Arp2/3—
mediated actin-polymerization subsequently mediaesn-based protrusions formation,

which is required for cell migration.
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7. Conclusion

The aim of this work was to show the importancethed exocyst in formation and
function of cell migration structures such as ldpetlia, filopodia and invadopodia. From
view of translational research, invadopodia are riwst interesting, because they mediate

cancer cell invasion during tumor metastasis.
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Figure 7. The role of the exocyst in cancer cellasion. The exocyst was shown to
mediate MMPs secretion and also to activate the2Brgomplex for actin polymerization,
both processes essential for invadopodia formadiahfunction. (adjusted and from Sakurai-
Yageta, M., Recchi, C., Le Dez, G., Sibarita, J.[Rviet, L., Camonis, J., D"Souza-Schorey,
C. and Chauvrier, P. (2008). The Journal of Celll@jy 181, 985-998. The interaction of
IQGAPL1 with the exocyst complex is required for tungell invasion downstream of Cdc42
and RhoA).

The exocyst is an effector of Cdc42 and RhoA-mediapathway leading to
invadopodia formation. Cdc42 and RhoA GTPases nedize interaction between Sec3
exocyst subunit and IQGAP1 protein and this intioacis probably important for specific
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localization of the exocyst at sites of future idepodia. In these sites, Exo70 exocyst subunit
interacts with the Arp2/3 complex, the activatoractin filament nucleation, and activates it.
Therefore the exocyst mediates actin polymerizatwhich is needed for invadopodia
formation. Nevertheless, the exocyst major rol¢ghmught to be mediating the secretion of
MMPs that are essential for the degradation ofetkteacellular matrix, the process critical in
tumor cell invasion (Fig. 7).

As mentioned before, invadopodia are structuresndiss, but also specific for invasive
tumor cells and therefore they are good targets dioti-metastatic therapy. The anti-
invadopodia drugs could be good complementationmietastatic cancer treatment to
chemotherapy and radiation therapy. So far, theeeaafew candidates for inhibition in
metastatic cancer treatment, including FAK, comaahd Src kinase. The exocyst and other
proteins implicated in Cdc42 and RhoA-mediated wathof invadopodia formation could
potentially be also such targets for metastatiacceamherapy. However, we are still at the
beginning of understanding this pathway and mandiss are needed to better characterize
both upstream regulators and downstream effectdafseaxocyst and also the exocyst itself.
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