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Abstract of Dissertation

The Role of mDial During the Initiation of Polarization and Migration

of Chick Embryo Cardiac Fibroblasts

During directional migration, cells exhibit a polarized morphology with leading
edge protrusion and retraction at the rear. Polarization requires coordinated
reorganization of actin and microtubules. mDial, a member of the formin family of
proteins, coordinates both actin and microtubule cytoskeletons through its FH1-FH2 unit.
We hypothesized that both constitutively active (CA) and dominant negative (DN)-
mDial will disrupt the polarization and thus the migration of chick embryo cardiac
fibroblasts (CECF) through their effects on actin and microtubules. We used adenoviral
mediated gene expression coupled with GFP and RFP expression for 24 h prior to plating
the explants or 48 h prior to plating dissociated cells. Our results indicate that 24.9%and
4.8% of cells expressing CAmdial or DNmDial, respectively, exhibited polarized
morphology (protrusion of a single lamellipodium) compared to 52% in uninfected and
control adenovirus-infected cells. Cell migration in culture was followed by time-lapse
microscopy. Polar and bipolar cells infected with CA-mDial adenovirus retained the

capacity to migrate, but they were slower (0.49 pm/min and 0.11 um/min, respectively)

than their control-infected counterparts (1.14 pm/min and 0.34 pm/min, respectively).
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Overexpression of CAmDial increased the size (41.8%, and 159.6% increase for polar
and bipolar CECFs, respectively), number (53.1% increase for polar CECFs), and total
area (112.7%, and 61.9% increase for polar and bipolar CECFs, respectively) of focal
adhesions in CECFs, and increased the formation of stabilized microtubules (Glu-
microtubules), but had no effect on G-actin/F-actin balance in these cells. Together, our
data demonstrate that mDial regulates cell adhesion and microtubule dynamics in
CECFs, both of which are critical for cell migration. More than 60% of CAmbDial-
infected dissociated CECFs had circumferential F-actin phenotype after 1 h of plating,
compared to 23% in control uninfected and GFP-infected dissociated CECFs. CAmDial-
expressing dissociated CECFs that were blocked at the circumferential stage had a higher
phosphoAC/cofilin ratio than the control uninfected cells. Furthermore, when CECFs
expressing CAmDial were co-infected with adenovirus expressing an active non-
phospho-regulated ADF/cofilin, cells progressed to the next stage of polarization, the F-
actin oriented phenotype. Thus, CAmDial overexpression in dissociated CECFs results
in the block of progression from the circumferential to the oriented stage by inactivating
ADF/cofilin.

Cells infected with DN-mDial failed to migrate out of the explants, and
DNmbDial-infected dissociated CECFs failed to adhere. Thus it was impossible to obtain
data on focal adhesions size and number. However, co-infection of DNmDial-expressing
CECFs with adenovirus expressing wild-type paxillin (a focal adhesion protein), rescued
the ability of the cells to migrate out of the explants, suggesting that the migration defects

of these cells results from faulty adhesion.
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The CAmDial-mediated enhanced microtubule stabilization minimized the ability
of microtubules to target focal adhesion leading to their disassembly, which in turn
caused loss of polarization and reduction in migration rate of CECFs. On the other hand,

the absence of mDial resulted in faulty adhesion and migration defects.

Lubna Tahtamouni
Department of Biology
Colorado State University
Fort Collins, CO 80523
Summer 2005
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Glossary

Adenomatous polyposis coli (APC): a tumor suppressor protein. Mutations in the
adenomatous polyposis coli (4PC) gene contribute to colorectal tumorigenesis and are
commonly associated with sporadic colon cancers. APC is required for the Wnt-regulated
degradation of [B-catenin, an important regulator of transcriptional activation and cell
adhesion; it plays a role in chromosome segregation during mitosis and is implicated in
regulating microtubule dynamics.

Arp2/3 complex: a complex of seven proteins, two of which (Arp2 and Arp3) share 50%
sequence homology with actin. Arp2/3 complex nucleates the assembly of a new actin
filament at an angle of 70° to the preexisting filament and thus creates a branched
network. It is activated by proteins of the WASp and Scar family.

CLASPs: microtubule plus-end tracking proteins. They are localized preferentially to
the plus ends and regulate microtubule dynamics.

CLIP-170: the first protein that was identified as a microtubule-plus end tracking
protein. It loads on the plus-end region of microtubule by recognizing a yet unknown
feature and falls off from a more minus-end location. It associates with [QGAP1 which
links microtubules to actin.

Crk-associated substrate (Cas): a scaffold protein at focal adhesions. It associates with
mDial and mediates phosphorylation of Src-dependent and localization of Crk and
DOCK-180 to focal adhesions.

Crk: an adapter protein that contains an SH2 domain and two SH3 domains, it binds Src
kinase and Cas in a phosphorylation-dependent manner. Phosphorylated Crk localizes
DOCK-180 to focal adhesion.

Diaphanous-interacting protein (DIP): an 80kDa protein that associates with mDial
and is required for mDial-mediated activities such as stress fiber and focal adhesion
formation and Rac activation.

Diaphanous- related formins (DRF): a subclass of formin family of proteins. The

members of this subclass share an N-terminal Rho-binding domain and a C-terminal
autoregulatory domain.

XVviii
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DOCK-180: a member of the CDM (Ced-5 of Caenorhabditis elegans, mammalian
DOCK-180, Mbc of Drosophila melanogaster) family of proteins. Following integrin
receptor activation, Cas, Crk and DOCK-180 form a complex that is targeted to focal
adhesions. DOCK-180 functions as a GEF or recruits a GEF to activate Rac. The
CrkII/DOCK-180/Rac cascade promotes the reorganization of the actin network,
membrane ruffling, and lamellipodial protrusions.

EB1: a microtubule plus-end tracking protein that forms a complex with APC and
mDial. This complex captures and stabilizes microtubules at the leading edge of
migrating cells.

Ena: a member of the Ena/VASP family of proteins that stimulates straight actin
filament assembly by competing with capping proteins.

GTPase-activating proteins (GAPs): proteins that induce inactivation of Rho through
GTP hydrolysis.

Guanine nucleotide dissociation inhibitors (GDIs): GDIs preferentially bind to GDP-
bound form of Rho and prevent both spontaneous and GEF-catalyzed release of
nucleotide, thus maintaining the Rho-GTPases in the inactive state.

Guanine nucleotide exchange factors (GEFS): proteins which catalyze the release of
GDP from Rho.GDP allowing GTP binding and reactivation.

Glycogen synthase kinase-3p (GSK-3f): a component of the Wnt signaling pathway.
Cytoplasmic P-catenin is degraded in a proteasome-dependent pathway through the
formation of a “destruction complex,” which contains GSK-3, axin, and APC proteins.
The phosphorylation of B-catenin by GSK3 is required for the formation of this
“destruction complex.” The activity of GSK3 is inhibited by protein kinase B (PKB)/Akt,
a downstream effector of PI3-K. GSK is implicated in the control of a wide variety of
cellular processes, such as growth, death, adhesion, and motility.

IRSp53: a scaffold protein that links the three most common Rho GTPases (RhoA,
Cdc42, and Racl). Down stream of IRSp53, Mena, WAVE2 and mDial, IRSp53
stimulates actin polymerization and lamellipodium protrusion.

LIMK: Serine/threonine kinase that phosphorylates ADF/cofilin family proteins at Ser3
thus inactivates them.

Mitotic centromere-associated kinesins (MCAKSs): are unusual kinesins (Kinl family).
They use ATP to bind the ends of microtubules rather than move along them. MCAKSs
remove tubulin subunits from the plus ends and thus stimulate depolymerization.
Overexpression of MCAKSs leads to complete loss of microtubules, perhaps by increasing
catastrophe frequency.
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Mena: a member of the Ena/VASP family of proteins. Mena is localized to the filopodial
tip and protects elongating actin filaments from tight capping.

PAK-1: a kinase downstream of Rac and Cdc42 that inhibits cofilin activity via
phosphorylation and stimulation of LIM kinase (LIMK). LIMK inactivates cofilin by
phosphorylating Ser3.

ROCK: a downstream effector of Rho. It phosphorylates LIMK which in turns
inactivates ADF/cofilin; it also phosphorylates myosin light chain and myosin light chain
phosphatase which enhance contractility.

Serum response factor (SRF): a transcription factor that controls growth factor-
inducible and muscle-specific genes (e.g. vinculin, smooth muscle a-actin, and B-actin).
SRF is activated in response to depletion of the cellular G-actin pool.

Thymosinf-4: G-actin sequestering protein.

Tropomyosins (TM): a large family of 100% a-helical fibrous proteins. TMs are found
in the thin filaments of vertebrate striated and cardiac muscles where they inhibit myosin
binding to actin in the absence of elevated calcium. TM does not bind to G-actin but
binds longitudinally along actin filaments with a molar ratio of approximately 1:7. In
non-muscle cells, TM is localized to stress fibers in bands of 1-2 pm, alternating with 0.5
um bands of a-actinin. Some isoforms of TM stabilize actin filaments by decreasing the
off-rate constant for actin at the pointed end.

Tropomodulin: a pointed-end capping protein of actin filaments which decreases the
dynamics of pointed ends.

VASP: a protein that regulates actin assembly and elongation by competing with capping
proteins.

WASp and WAVE family proteins: promote actin polymerization by stimulating
Arp2/3-complex-dependent filament nucleation.
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Chapter one

Introduction

Actin and microtubule dynamics during cell polarization and migration
Cell polarization and migration:

Cell polarization and movement are fundamental features of embryonic
development in multicellular organisms. They are required for establishing tissue patterns
and in other processes such as the response of macrophages to pathogens and for wound
healing. They are also important for abnormal processes such as the metastases of tumor
cells. Cells change their shape and migrate in response to guidance cues. In directional
migration, cells exhibit polarized morphology, protrusion at the leading edge, and
retraction at the rear (Nobes and Hall, 1999). The establishment of cell polarity and cell
migration requires the coordinated communication of G-proteins to both the actin and
microtubule cytoskeletons. It is generally accepted that cell movement is mostly
dependent on the dynamic reorganization of the actin cytoskeleton, which entails
polymerization of actin at the leading edge, and actin bundling and myosin-based
contractility at the rear (Machesky and Cooper, 1999; Nobes and Hall, 1999; Habas ef al.,
2001; Ishizaki et al.,, 2001). However the mechanisms by which microtubules contribute
to cell migration are still elusive and it seems likely that their contribution is cell type-

dependent.
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In some cell types, the microtubule array is needed for the maintenance of
polarization in that the application of microtubule-depolymerizing drugs leads to random
migration due to the formation of multiple protrusions (Eddy et al., 2002; Omelchenko et
al, 2002). During the migration of fibroblasts, microtubule plus ends penetrate the
lamellipodium and are stabilized transiently. This selective stabilization of the plus ends
of microtubules enables the microtubule-organizing center (MTOC) to reorient towards
the leading edge (Etienne-Manneville and Hall, 2001), which results in a polarized
microtubule array that maintains directional cell migration (Magdalena et al, 2003;
Kodama et al, 2004). However, migration of fish keratocytes is unaffected by
microtubule disassembly and neutrophil motility is even increased in the absence of
microtubules (Palazzo et al., 2001; reviewed in Etienne-Manneville, 2004).

This thesis will focus on defining a role of a protein that interacts with both the
microtubule and actin cytoskeletons. To be able to understand how this protein,
mammalian diaphanous (mDial), carries out its functions, it will be necessary to review
aspects of both the actin and microtubule cytoskeletons and the proteins that regulate
each of these.

Actin cytoskeleton
A. Actin structure:

Monomeric (G-) actin is a globular protein of a molecular mass of nearly 43 kDa.
The overall structure consists of four quasi-subdomains, each having a repeating motif
comprising a multi-strand B-sheet, a B-turn, and a right-handed Bap-unit (Aguda et al.,
2005). Almost 40% of the structure is a-helical. A tightly bound nucleotide lies in a deep

cleft in the center of G-actin, which is usually occupied by ATP or ADP-Pi rather than
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ADP (Figure 1.1a) (Otterbein et al., 2001; reviewed in dos Remedois et al., 2003). G-
actin assembles under physiological salt concentrations to form filamentous (F-) actin
(reviewed in Steinmetz et al., 1997; Gungabissoon and Bamburg, 2003). No atomic
structure has yet been determined for F-actin, but some possible models have been
proposed. These models include: (1) the Holmes fiber diffraction model (Holmes closed
model; Holmes et al., 1990), (2) the Egelman electron microscopy reconstruction model
(Belmont et al., 1999), which is a Holmes-like model that comprises open-cleft actin
protomers (Holmes-like open model), and (3) the unrelated ribbon-to helix model that is
based on actin:actin crystal contacts within profilin:actin crystals (Schutt er al, 1993). The
conventional view is a two-start, right-handed long-pitch helix. In this model, there are
12-14 monomers per half turn and a half pitch of 360-390 . Actin filaments have a
distinct structural polarity that was first noticed when the filaments were decorated with
the heavy meromyosin or S1 fragments of myosin, both of which appear as arrowheads
along the filament (Huxley, 1963; Nachmias and Huxley, 1970; Svitkina and Borisy,
1998), and thus the opposite ends of the filament were called “barbed” and “pointed”
ends (Figure 1.1b). Assembly studies on decorated actin filaments showed the barbed
end to be the faster growing end (Wegner, 1982; Fujiwara et al., 2002).

B. Actin dynamics:

Actin polymerization in vitro shows an initial delay (lag phase) due to the
instability of actin dimers and the slow formation of stable actin trimers (nucleation).
This phase is followed by an elongation phase during which actin monomers are
assembled into filaments that grow from both ends, but faster at the barbed end (plus

end). A lag phase in assembly does not occur in vivo because spontaneous nucleation is
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Figure 1.1

Monomeric G-actin structure and F-actin decoration.

A) Ribbon representation of monomeric actin molecule, in the ADP-
bound state. Adapted from Otterbein et al., Science 293, 2001.

B) Decoration of actin filaments with myosin S1, 1) S1-decorated
actin filament displays a helical rope-like appearance, the thicker part
of a turn is directed to the pointed end of a filament (direction of the
arrow head). Adapted from Svitkina and Borisy, Methods in
Enzymology 298, 1998. 2) Schematic representation of (1).
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suppressed by actin monomer sequestering proteins. G-actin is incorporated into a
growing filament in its ATP-bound form. ATP is then hydrolyzed to ADP-P;. A
conformational change accompanies the release of the phosphate, which is a much slower
step in vitro. At a monomer concentration between the critical concentration of the
plus/barbed end (0.1 pM) and the minus/pointed end (0.7 uM), the barbed ends grow
while the pointed ends shrink, resulting in a steady-state process called treadmilling
(Wegner, 1982; Fujiwara et al., 2002).

C. Actin binding proteins:

Actin polymerization and depolymerization must be regulated spatially and
temporally to produce motility. Polymerization requires free barbed ends, the production
of which is tightly regulated in vivo (DesMarais et al., 2005). New free barbed ends can
arise from uncapping (Hartwig et al., 1995) or severing of existing filaments (Chen et al.,
2000) and de novo nucleation (Pollard et al., 2000; Pruyne et al., 2002). Actin binding
proteins (ABPs) regulate the different aspects of these processes. Some of the ABPs are
discussed below.

1. Monomer-binding proteins:

a) Thymosin B4 (TP4) is a small protein (5 kDa) that belongs to a family of conserved
proteins originally isolated from the thymus gland but later found to be widely distributed
(Yu et al., 1993; Huff er al., 2004). TP4 is deficient in hydrophobic residues and almost
50% of its amino acids are charged (Domanski et al., 2004). T4 is abundant in neuronal
tissue as well as circulating cells (Yu ef al, 1993). Free TP4 is predominantly
unstructured but increases its a-helical content when it binds actin (Safer et al,, 1997,

Domanski et al., 2004). Tp4 sequesters actin monomers and inhibits nucleotide exchange
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(Huff et al, 2004). TP4 competes with profilin and gelsolin for binding to actin
(Ballweber et al., 1997; 1998), and TB4 and profilin compete with WASp for binding to
actin monomers and presumably have overlapping binding sites (reviewed in dos
Remedios et al, 2003). Also, DNase I can displace Tp4 from the actin monomer
(Ballweber et al., 1997).

b) DNase I is a calcium/magnesium dependent nuclease, mainly produced by digestive
tissues (Chhabra et al., 2002). A 22 amino acid signal peptide at the N-terminal of the
protein directs the nascent peptide to the secretory pathway organelles (Kraehenbuhl et
al, 1977). This enzyme is highly expressed by the acinar cells of pancreas and parotid
but it is also found in non-digestive tissues such as kidney, lymph node, heart, and
pituitary, as well as in serum (Shimada et al., 1998). DNase I has a well-known role in
digestion (DNA metabolism), and because of its wide distribution it has been proposed to
have other functions, particularly DNA degradation in apoptosis and DNA clearance
from extracellular fluid (Napirei et al.,, 2000). DNase I has been found in the nuclei of
apoptotic thymocytes (Peitsch et al.,, 1993) and of apoptotic prostate epithelial cells after
androgen deprivation (Rauch et al., 1997).

On the basis of DNase I activity and distribution in tissue, the mammalian
enzymes have been classified into three types (pancreatic, parotid and pancreatic—parotid)
(De Maria and Arruti, 2003). Enzymes of the pancreatic type are more sensitive to low
pH than those of the other types, and they are packaged with G-actin which has been
identified as a potent DNase I inhibitor; when a carboxy peptidase removes the C-

terminal amino acids from actin, DNase I is released in the gut (Mori et al., 2001).
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¢) Profilins are a family of small proteins with an approximate molecular weight of 19
kDa, which bind to ATP-actin in a 1:1 complex (reviewed in Schluter ef al., 1997; dos
Remedios e al., 2003). Profilin has several functions. First, it has the ability to promote
the exchange of nucleotide on actin monomers by opening the nucleotide-binding cleft
(Lu and Pollard, 2001). Usually cleft opening results in exchange of ATP for ADP but
the reverse exchange activity can also occur under conditions of stress when ADP pools
are high. Profilin enhances filament turnover in the presence of cofilin by converting the
ADP-actin to ATP-actin with which cofilin has much weaker interaction. Profilin can
promote polymerization by transporting G-actin to the filament plus ends (Blanchoin and
Pollard, 1998; Didry ef al. 1998) where it can bind to proteins containing proline-rich
regions, such as those in the Ena/VASP family (Reinhard et al., 1995; Ahern-Djamali ef
al., 1999) or WASp/Scar family (Suetsugu et al., 1998), as well as formins (Watanabe et
al, 1997). Profilin also binds to the Arp2 protein in the Arp2/3 complex (Lu and Pollard,
2001). Finally, binding of PIP; or PIP to profilin causes its dissociation from actin and its
localization to the plasma membrane (Goldschmidt-Clermont ef al., 1990). Profilin has
three isoforms: profilin I, profilin Ila, and profilin IIb (profilin I and II share ~ 62%
sequence similarity). Profilin I is expressed ubiquitously suggesting that it is the major
form in almost all tissues. Profilin Ila is expressed abundantly only in the brain, and the
expression of profilin I and Ila overlap in the adult brain. Profilin IIb is a minor form.
The three isoforms have similar affinities to a-actin, but both forms of profilin II have
reduced affinity to PIP, binding as compared to profilin I (Lambrechts ef al., 2000).

2. F-actin capping proteins:
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Capping proteins bind tightly to a particular end of an actin filament, which under

normal conditions prevents the addition or exchange of actin monomers at that end.
Additionally, barbed end capping proteins stabilize trimers of actin forming nuclei for
polymerization (reviewed in Schluter et al., 1997; dos Remedios ef al., 2003).
a) CapZ: Several proteins can bind to the plus-end of actin filament such as villin and
CapG, but the most abundant is CapZ. CapZ also called barbed-end capping protein is a
widely distributed, highly conserved, heterodimeric (o, and 3 subunits) protein that binds
to the filament barbed ends, but does not sever filaments. In skeletal muscle, it localizes
to the Z-line (Casella and Torres, 1994).

CapZ nucleates actin assembly and captures preexisting filament barbed ends,

preventing assembly (Maun et al, 1996). Uncapping can occur in response to
transmembrane signals that leads to the generation of PIP,, which inhibits the actin
binding of capping proteins (Schafer et al., 1996).
b) Tropomodulin (Tmod) caps the pointed ends of actin filaments (Kostyukova et al.,
2005). In vertebrates, there are four isoforms that are conserved across species. The
genes for all isoforms encode proteins of 40 kDa, with two major domains, an N-terminal
unstructured domain that binds tropomyosin and a C-terminal folded domain that consists
of five leucine-rich repeats. Tmodl and Tmod3 are expressed in many tissues and cell
types, while the expression of Tmod2 and Tmod4 is restricted to neuronal and skeletal
muscle tissues, respectively (reviewed in Fischer and Fowler, 2003).

Tmod capping of pointed-ends occurs in a high- or low-affinity states, and in both
cases, capping by Tmod is able to decrease the dynamics of pointed ends; capping by

Tmod decreases the polymerization of pointed ends by slowing monomer addition
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(Greenfield er al., 2005), which leads to an increase in nucleotide hydrolysis thus
increasing the critical concentration for addition at the pointed ends of actin filaments
(reviewed in Perry, 2001; dos Remedios et al., 2003).
3. Filament stabilizing proteins:

Tropomyosins (TM) make up a large family of 100% a-helical fibrous proteins.
There are four human TM genes, and each gene can produce multiple tissue-specific
mRNA transcripts via alternative splicing and different 3' processing (Marston and
Redwood, 2003). TMs are found in the thin filaments of vertebrate striated and cardiac
muscles (Corsi and Perry, 1958) where they inhibit myosin binding to actin in the
absence of elevated calcium (Ebashi and Kodama, 1966; Kress ef al., 1986; Bryce et al.,
2003). TM does not bind to G-actin but binds longitudinally along actin filaments with a
molar ratio of approximately 1:7. In non-muscle cells, TM is localized to stress fibers in
bands of 1-2 um alternating with 0.5 pm bands of a-actinin (reviewed in Gunning ef al.,
1998). TM is also located in the adhesion belts of epithelial cells. At least some
isoforms of TM stabilize actin filaments by decreasing the off-rate constant for actin at
the pointed end (assisted by Tmod) (Almenar-Queralt et al. 1999). TM is often absent
from regions where actin filaments are undergoing reorganization such as the leading
edge of migratory cells (reviewed in Perry, 2001; DesMarais et al., 2002), but some
isoforms of TM may be compatible with high turnover (Bryce et al., 2003).
4. Filament nucleators:

Actin filaments in vivo can be found in either branched or straight networks. In
the leading edge of many motile cells, actin filaments form a branched network, while

they form straight bundles in microvilli, contractile rings and stress fibers. The Arp2/3

10
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complex is responsible for the formation of branched actin network, while the formins
induce the polymerization of straight actin filaments.

a) Arp2/3 complex is a stable complex of seven subunits with two actin-related proteins
Arp2 and Arp3, and five novel proteins (Arc) that do not appear to be related to other
known proteins (Machesky er al,, 1994; 1997; Bailly et al, 1999). The complex is
abundant, essential and conserved among eukaryotes. Both Arp2 and Arp3 have
nucleotide-binding and cation-binding regions (Mullins et al., 1997), and Arp2 has a
profilin-binding domain (Lu and Pollard, 2001). Arp2/3 complex is associated with
dynamic cortical regions of cells, and colocalizes with actin filaments that form the
“comet tails” of Listeria and Shigella where actin polymerization propels these bacterial
pathogens through the cytoplasm (Brieher ef al., 2004).

Arp2/3 complex nucleates the assembly of a new actin filament at an angle of 70°
to the preexisting filament and thus creates a branched network (Svitkina and Borisy,
1999). The proteins of the WASp/Scar family stimulate the nucleating activity of Arp2/3
complex (Reviewed in Vartiainen and Machesky, 2004). WASp is the protein defective
in Wiskott-Aldrich syndrome, a human genetic disease in which actin cytoskeleton is
deficient in platelets and leukocytes (Derry et al, 1994). The members of the WASp
family share a central poly proline-region that binds profilin and SH3-containing
proteins, a C-terminal WH2 domain which binds actin monomers and prevents their
addition to filament minus but not plus ends. Also, WASp/Scar proteins share a C-
terminal “A” domain that interacts with one of the Arc proteins in the Arp2/3 complex.
WASp/Scar proteins differ in their N-termini (reviewed in Miki and Takenawa, 2003;

Stradal et al,, 2004). On the N-terminal side of the proline-rich region, these proteins
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have a GTPase-binding domain (GBD) and are activated by the Rho GTPases; WASp
and N-WASp are effecters of Cdc42, while Scar is a Rac effector (Symons et al., 1996;
Higgs and Pollard, 2000). WASp and Scar thus function as mediators between the Rho
GTPases and the Arp2/3 complex.

b) Formins are large multidomain proteins that share two regions of homology: formin
homology-1 (FH1), and FH2 (Castrillon and Wasserman, 1994). Formin was originally
isolated as the gene affected by the murine limb deformity (Id) mutation, which disrupts
the epithelial-mesenchymal interactions regulating patterning of the vertebrate limb
autopod (Mass et al.,, 1990). The FH proteins were defined on the basis of conservation
in sequence and protein organization (reviewed in Wasserman, 1998). They are widely
distributed in eukaryotes from unicellular organisms to higher plants and animal cells
(Watanabe ef al., 1997). The budding yeast formin Bnilp is involved in the orientation
of the mitotic spindle and formation of actin cables and the contractile ring. Budding
yeasts lacking the formin genes are nonviable (Sagot et al, 2002b). Mouse formins
regulate the anterior-posterior development and patterning of fore and hind limbs (Vogt
et al., 1993; Chan et al., 1995), and are essential for the development of both the inner ear
and eye (de la Pompa et al., 1995). Formins exert their effects by regulating both actin
and microtubule cytoskeletons.

Formins were identified as actin nucleators that mediate the formation of straight
filaments or actin cables in an Arp2/3 independent mechanism (Figurel.2) (Chang and
Peter, 2002; Pollard, 2002). GST-BnilpFH1FH2, BnilpFH1FH2, and GST-
BnilpFH1FH2COOH constructs had similar in vitro nucleating activity, which indicated

that neither the GST-tag nor the COOH-terminal extension contributed to the nucleation.
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Figure 1.2
Nucleation of straight actin filaments by formins. Adapted from
Pollard, Nature Cell Biol. 4, 2002.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Actin monomers . Barbed end Pointed
growth? and

Formin nucleation?  Formin binding to filament?

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Deletion of the FH2 domain abolished the nucleating activity, and deletion of the FH1
domain diminished the activity to ~ 10%. Expression of constructs containing both FH1
and FH2 in yeast was lethal due to the aberrant accumulation of actin cables, while
expression of constructs lacking either one of these domains had no effect. Thus, the
FH2 domain is an actin nucleator, and the FH1 domain, which binds profilin, is important
for FH2 activity in vitro and in vivo (Pruyne et al., 2002; Sagot et al., 2002a, b).

5. Filament depolymerizing/severing proteins:

a) ADF/Cofilin proteins have molecular masses between 13-19 kDa (reviewed in
Bamburg, 1999). Actin Depolymerizing Factor (ADF) was named because of its ability
to depolymerize F-actin and form a complex with G-actin in a 1:1 ratio, while cofilin was
named because it co-sediments with F-actin. However, both proteins are pH-dependent
in their interactions with F-actin; at pH< 7.0, both ADF and cofilin, when present in
excess over actin, slightly increase the G-actin pool while binding and co-sedimenting
with F-actin at a stoichemistry of 1:1 with the actin subunits. At pH above 7.3, both
proteins increased the unassembled actin pool to different degrees. The activities of ADF
and cofilin are regulated by multiple mechanisms including pH,
phosphorylation/dephosphorylation at Ser3, PIP, binding, competition with TM for actin
binding, compartmentalization, and mRNA stabilization (reviewed in Bamburg, 1999;
Bamburg and Wiggan, 2002)

b) Gelsolin belongs to a superfamily of proteins that share one or more 120-amino acid
structural repeat, which is an ADF-homology domain (reviewed in dos Remedios et al.,
2003). Gelsolin is an 80 kDa protein consisting of two homologous halves, each

containing three domains. The isolated N-terminal half can bind two G-actin subunits
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and sever F-actin in a Ca**-independent manner, while the C-terminal half binds one
actin monomer and is Ca**-dependent (Khaitlina ef al, 2004). After severing F-actin,
gelsolin remains bound to the plus-end as a cap, preventing annealing and polymerization
at the barbed end while depolymerization proceeds from the minus end until equilibrium
is established between capped filaments and free gelsolin. Gelsolin binding to F-actin is
inhibited by PIP, (Lin et al, 2000) and by some TM isoforms (Nyakern-Meazza et al.,
2002). In vivo gelsolin can mimic the ADF/cofilin increases in actin dynamics as
evidenced by the ability of gelsolin to maintain the short Listeria comet tail morphology
in the absence ADF/cofilin but in the presence of calcium (Larson et al., 2005)

D. Cell signaling regulating the generation of barbed ends of actin filaments in the
lamellipodium:

Cell migration, polarity, cytokinesis, and vesicle transport are some of the
processes that depend on the actin cytoskeleton. Proper temporal and spatial regulation
of actin assembly/disassembly is crucial for such activities (reviewed in Pollard et al,
2000; Gungabissoon and Bamburg, 2003; DesMarais et al, 2002). As mentioned
previously, polarized cells exhibit a characteristic morphology, protrusion at the leading
edge and centripetal contractility at the rear (Nobes and Hall, 1999). Elongation of the
barbed ends (pointing towards the membrane) of actin filaments drives membrane
protrusion. The assembly and disassembly of the actin filament/network at the leading
edge has been formulated into a “dendritic-nucleation model” (Mullins ef al., 1998). In
this model, actin assembles predominantly at the leading edge because the concentration
of uncapped barbed ends is high and is rate-limiting for polymerization (reviewed in

DesMarais et al., 2002). Barbed ends can be generated by de novo nucleation (Pollard et
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al., 2000; Sagot et al, 2002b), severing of existing filaments (Chen et al, 2000),
uncapping (Hartwig ef al., 1995), or a combination of the three. There are two proposed
mechanisms for the formation of dendritic brush: 1) WASp-activated Arp2/3 complex
binding laterally along pre-existing filaments on ATP- or ADP-Pi-actin subunits,
promoting growth of a new filament at a ~70° angle to the original filament (Svitkina and
Borisy, 1999), or 2) barbed end branching through the interaction between the Arp2/3
complex and the barbed end of a filament (Pantaloni et al., 2000).

At the rear of a leading edge, two likely mechanisms contribute to the rapid
depolymerization of F-actin that supplies the G-actin monomers needed for actin
polymerization at the front. The first is the removal of the Arp2/3 complex from pointed
ends, a debranching enhanced by ATP hydrolysis on the Arp2/3 complex (Le Clainche ef
al., 2003), facilitating ADF/cofilin-induced depolymerization (Bailly et al., 2001). The
other mechanism is actin filament severing by ADF/cofilin (Bamburg, 1999) and/or

gelsolin (Larson et al,, 2005) (Figure 1.3)

Microtubule cytoskeleton

A. Microtubule structure:

A microtubule is a non-covalent polymer of 13 protofilaments, each composed of tubulin
subunits, which are arranged in a 24 nm diameter cylindrical tube (reviewed in Desai and
Mitchison, 1997). The tubulin subunit is a heterodimer of a- and - tubulin, each about
52 kDa, which are approximately 50% identical at the amino acid level (Burns, 1991).
Each tubulin dimer binds two GTP molecules; one binds irreversibly to o-tubulin and

does not undergo hydrolysis (Spiegelman et al., 1977), while the other binds reversibly to
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Figure 1.3
Model for the turnover of the actin filament array at the leading edge of
lamellipodia. The cytoskeletal network at the leading edge of motile cells consists
of an extensively branched array of actin filaments with barbed ends facing
forward and pointed ends making Y-junctions (about 70° angles) with other
filaments. These Y-junctions are formed by the Arp2/3 complex. The treadmilling
of this branched array is regulated by a number of actin binding proteins as
described below. Numbers in parentheses refer to numbered steps in the diagram.
(1) The barbed ends of actin filaments are usually capped by capping protein
when the cell is in resting state. When cells are stimulated, free barbed ends are
generated in the leading edge (shaded area) to nucleate filament growth and
drive membrane protrusion and cell movement. Three potential mechanisms exist
for the generation of free barbed ends: dissociation of capping proteins by
elevated levels of PtdIns(4,5)P2, filament severing by ADF/cofilin, and
actin nucleation dependent on Arp2/3. The Arp2/3 complex is activated on
binding to WASP,one form of which is activated by Cdc42. (2) The active
Arp2/3 complex nucleates actin filament assembly and/or caps the free pointed
end of the ATP- or ADP-Pi-actin filaments. (3) The activated Arp2/3 complex
binds to the side of the filament and then nucleates filament growth or captures
pointed ends of a preexisting filament. An alternative hypothesis proposes that
the activated Arp2/3 complex binds to and branches the barbed end of actin
filaments. Growth of filaments is rapid and the lag in Pi disassociation leads to
filaments in the leading edge that are composed mostly of ATP and ADP-Pi actin
and do not bind ADF/cofilin. (4) At the rear of lamellipodium, two mechanisms
may contribute to rapid depolymerization: filament severing or uncapping of
pointed ends by removal of the Arp2/3 complex. Severing by AC likely occurs
at junctions between regions of filaments that are saturated with AC and naked
F-actin. The activated Arp2/3 complex disassociates from the pointed end of
ADP-actin because of its weaker affinity for ADP-actin than for ATP- or
ADP-Pi-actin. (5) Capping of barbed ends by capping proteins prevents their
further elongation. AC enhances depolymerization of ADP-actin from free
filament ends in the rear of the lamellipodia. (6) The complex of AC and ADP-
actin that disassociates from free filaments ends is in equilibrium with AC and
ADP-actin monomer. (7) The nucleotide exchange on actin monomer is a
slow process, further inhibited by AC. Profilin enhances nucleotide exchange.
SRV2/CAP1 is a protein that binds to the AC-actin complex and dissociates
AC while enhancing nucleotide exchange. (8) ATP-actin monomers are
sequestered by B-thymosin to prevent spontaneous nucleation, but provide a pool
of ATP-actin for assembly. Adapted from Gungabissoon and Bamburg, J.
Histochem. Cytochem. 51, 2003.
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a site on B-tubulin. The B-tubulin GTP molecule can be hydrolyzed to GDP following
polymerization (David-Pfeuty et al, 1977). Longitudinal connections between the
subunits form protofilaments and lateral connections form a curved sheet that closes into
a cylinder (Lodish et al, 2000). In general a singlet microtubule is formed from 13
protofilaments (Evans ef al, 1985) (Figure 1.4). Microtubules can also form doublets
and triplets, with one complete 13 protofilament-microtubule and the other(s) composed
of 10 protofilaments sharing three in a common wall (Lodish et al, 2000). Doublet
microtubules are found in axonemes of cilia and flagella, while triplet microtubules are
found in centrioles and basal bodies (Nielsen er al, 2001). Microtubules are polar
structures, formed by the head-to-tail connections of the heterodimers. One end is ringed
with a-tubulin and the other end with B-tubulin (Amos and Klug, 1974).

B. Microtubule dynamics:

As with actin filaments, the two ends of a microtubule have different
polymerization rates. The faster growing end has exposed p-tubulin and is referred to as
the plus-end, whereas the slower growing minus-end has exposed a-tubulin (Allen and
Borisy, 1974). The kinetics of microtubule polymerization has similarities to that of F-
actin:

1. At concentration of tubulin dimers below the critical concentration (Cc) for both ends,
depolymerization occurs at both ends but more rapidly at the plus end.

2. If the dimer concentration is above Cc+ and below that of Cc-, polymerization occurs
at the plus end and depolymerization occurs at the minus end, resulting in treadmilling

(Margolis and Wilson, 1978).
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Figure 1.4

Microtubule structure. The tubulin subunit is a heterodimer of a- and
- tubulin. Longitudinal connections between the subunits form proto-

filaments and lateral connections form a sheet or a cylinder. In general
a singlet microtubule is formed from 13 protofilaments. Adapted from

Desai and Mitchison, Annu. Rev. Cell Dev. Biol. 13, 1997.
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3. If the dimer concentration is above the Cc for both ends, growth occurs at both ends
but more rapidly at the plus end (reviewed in Desai and Mitchison, 1997).

Microtubule nucleation usually occurs at the microtubule organizing center
(MTOC), from which protofilaments assemble on ring-like structures composed in part of
y-tubulin (McKean et al., 2003). As microtubules elongate at the plus end, protofilaments
extend into sheets that close up into a tube as they elongate. At “steady state” there is a
constant polymer mass, and catastrophes (described below) of a small percentage of
microtubules provide tubulin for growth of the others (reviewed in Desai and Mitchison,
1997).

The major behavior of microtubules in vivo is dynamic instability (Mitchison and
Kirschner, 1984), in which individual microtubule plus ends alternate between prolonged
phases of polymerization (growth) and rapid depolymerization (shrinkage) (Figurel.5).
The transition from growth to shrinkage is termed catastrophe, while shrinkage to growth
transition is a rescue event. Under the same favorable conditions, some microtubules
lengthen while other shrink and individual microtubules oscillate between shortening and
growth (Horio and Hotani, 1986; Walker et al., 1988). This behavior is restricted to the
plus end because the minus end typically lies at the MTOC and is capped with y-tubulin
(reviewed in Dammermann et al., 2003). This instability allows spatial organization and
rapid remodeling of the microtubule arrays, and allows microtubule plus ends to search
for their target sites (binding partners) more efficiently (search-target model) (Mitchison
and Kirschner, 1984; Hayden et al, 1990; Holy and Leibler, 1994). Captured

microtubules, which are stable, are then subjected to further modifications that can both
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Figurel.5

Dynamic instability of microtubules in which individual microtubule
plus ends alternate between prolonged phases of polymerization and
rapid depolymerization Adapted from Desai and Mitchison, Annu. Rev.
Cell Dev. Biol. 13, 1997.
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increase their stability and alter their properties- such as detyrosination and acetylation
(Chang et al., 2002).

In many cells it has been found that microtubules exist in two pools: (1)
microtubules that undergo dynamic instability with half-lives of ~ 5-10 minutes
(reviewed in McNally, 1996), and (2) stabilized microtubules with half-lives of 30
minutes to 1 hour that are formed at the onset of polarization and are aligned along the
axis of polarity (Bulinski and Gundersen, 1991). Tubulin is post-translationally
modified in stable microtubules. The a-tubulin undergoes a reversible removal of the C-
terminal Tyr (detyrosination), exposing the penultimate Glu residue (Chang et al., 2002).
Antibodies specific for Tyr and Glu microtubules have been developed allowing the
visualization of the stabilized and dynamic microtubule populations in cells (Gundersen
et al., 1984; Brown et al., 1993; Kann et al., 2003). Detyrosinationof microtubules
permits the selective binding of certain microtubule motors, which result in polarizing the
distribution of vimentin intermediate filaments (Palazzo et al., 2001), among other cargo.
Acetylation of certain lysine residues of both o- and B-tubulin is also another post-
translational modification of stable microtubules (Bulinski and Gundersen, 1991).

C. Microtubule-binding proteins:
1. Microtubule-associated proteins:

There are several different categories of microtubule-associated proteins (MAPs)
including assembly-promoting MAPs, MAPs that can bind microtubules but do not affect
dynamic instability, and catastrophe-promoting MAPs (reviewed in Desai and Mitchison,
1997, Soltani et al., 2005). MAPs co-purify with microtubules in a defined stoichiometry

through assembly and disassembly cycles because they have microtubule binding
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activity. Assembly-promoting MAPs bind along microtubules in the cytoplasm and some
have the ability to cross-link microtubules (Lodish et al., 2000). The cross-linking MAPs
have two domains: a microtubule-binding domain, and an acidic projection domain that
can bind another microtubule, membranes, or intermediate filaments (Vallee and Borisy,
1977, Aizawa et al., 1989). The major neuronal MAP families are MAP1 and MAP2
(Soltani et al., 2005) (its members are assembly stabilizing MAPs) (reviewed in Baas and
Qiang, 2005). The major non-neuronal MAP is MAP4 (Matsushima et al, 2005).
MAPI1A and MAP1B are multimeric protein complexes containing one heavy and several
light chains. Both can bind to microtubules and F-actin, suggesting that they could
mediate the interaction between actin and microtubules essential for neuronal
morphogenesis and function (Noiges et al., 2002). Most identified MAPs are regulated
by phosphorylation (Haque ef al, 2004). A novel protein kinase (pl110MARK),
identified in brain extracts, can phosphorylate multiple MAPs in vitro (Drewes et al.,
1995; Illenberger et al, 1996). Phosphorylated MAPs are inhibited in their ability to
bind microtubules (Haque ef al., 2004).

2. Microtubule-destabilizing proteins:

A. Opl8/Stathmin/P19/metablastin is a 19 kDa protein that is organized into two
domains: an N-terminal regulatory domain that contains four phosphorylation sites, and a
C-terminal domain that interacts with other proteins (Beretta ef al., 1993; Curmi et al.,
1994). Stathmin can induce microtubule depolymerization in a way that is dependent on
its phosphorylation state (Marklund ef al., 1996). In its unphosphorylated state, a single
stathmin can bind and sequester two tubulin heterodimers to form a “tubulin sequestering

complex” (Curmi et al, 1997) thereby enhancing depolymerization and increasing the
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rate of catastrophe (Howell et al, 1999). Phosphorylation of stathmin on different
combinations of sites during the cell cycle or in response to stimuli reduces its ability to
interact with tubulin. The four phosphorylation sites are at serine 16, phosphorylated by
p-21 activated kinasel (PAK1) (le Gouvello ef al, 1998) or calcium calmodulin-
dependent protein kinase II (CaM kinase II) (Marklund er al, 1994), serine 25, a
substrate for MAPKs in response to stress and growth factors (Leighton ef al., 1993),
serine 38, a target for the cyclin-dependent kinases p34Cdcz (Beretta et al, 1993) or

3°%2 (Brattsand et al, 1994), and serine 63, the major site for the cyclic AMP-

p3
dependent protein kinase A (PKA) (Beretta et al., 1993). The stathmin-related proteins
SCGI10 (Okazaki et al, 1995), SCLIP (Ozon et al, 1998), and RB3 are specifically
expressed in the nervous system (Maucuer et al., 1993; Ozon et al., 1998). SCG10, which
has a 34 amino acid N-terminal extension with a palmitoylation site to target it to
membranes, is phosphorylated similarly to stathmin but RB3 is not (Gavet et al., 1998;
Wittmann et al., 2004).

B. Mitotic centromere-associated kinesins (MCAKSs) are unusual kinesins (Kinl family).
They use ATP to bind the ends of microtubules rather than move along them. MCAKs
remove tubulin subunits from the plus ends and thus stimulate depolymerization.
Overexpression of MCAKSs leads to complete loss of microtubules, perhaps by increasing
catastrophes (Howard and Hyman, 2003).

C. Microtubule-severing proteins are members of the AAA family (ATPase associated
proteins with a variety of cellular activities). The AAA family is a large and diverse set of

proteins that use the energy of ATP hydrolysis to catalyze the assembly or disassembly of

a variety of protein complexes (Frickey and Lupas, 2004). The best characterized
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microtubule-severing protein is katanin, named for the Japanese samurai sword (reviewed
in Baas and Qiang, 2005). Katanin is more highly expressed in neurons than it is in many
other cell types and is present throughout the neuron (Karabay et al, 2004).
Constitutively active katanin has been observed to break microtubules completely into
subunits (Ahmad er al., 1999). Katanin-based microtubule severing might be regulated
by MAPs that block access of katanin to the microtubule; phosphorylation of MAPs leads
to their dissociation from microtubules, thus permitting katanin access. MAP4 has been
shown to suppress microtubule severing by katanin in vitro studies (McNally et al.,
2002). In dividing cells, the levels of P60-katanin (the subunit with severing properties)
increase as the cell transitions from interphase to mitosis (Karabay et al., 2004). In
neurons, katanin levels are high during phases of rapid axonal growth and drop rapidly
when the axon reaches its target and stops growing (Karabay et al., 2004).

Another microtubule-severing protein is spastin. A mutation in spastin causes
human autosomal dominant hereditary spastic paraplegia (AD-HSP). Expression of wild-
type human spastin in transfected cell lines and cortical neurons caused disassembly of
the microtubule cytoskeleton, while a mutant spastin lacking catalytic activity co-
localized with tubulin (Sherwood et al., 2004; Svenson et al., 2005).

3. Microtubule polymerization-promoting proteins:

Tubulin polymerization-promoting protein (TPPP/p25) was identified as an
intrinsically unstructured, brain-specific, and tubulin-binding protein that at sub-
stoichiometric concentrations promotes the polymerization of tubulin into polymorphic
aggregates and bundles of paclitaxel-stabilized microtubules in vitro (Tirian et al., 2003;

Kovacs et al., 2004). TPPP/p25 is enriched in the Lewy bodies of Parkinson’s disease
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and diffuse Lewy body disease, as well as glial inclusions of multiple system atrophy
(Kovacs et al, 2004). Electron microscopy studies revealed clusters of TPPP/p25
immunoreactivity along filaments of the neurofibrillary tangles in Alzheimer’s disease
(Orosz et al., 2004). At low expression levels, EGFP-TPPP/p25 specifically co-localizes
with the microtubule network of HeLa cells, while at high levels of expression, it inhibits
cell division and promotes cell death through the formation of aberrant microtubule
arrays (Lehotzky et al., 2004; Orosz et al., 2004).

4. Microtubule plus-end tracking proteins:

Capture of microtubule plus-ends at special regions of the cell cortex is essential
for such processes as positioning of the mitotic spindle (Miller er al, 2000), cell
migration (Wen et al., 2004) and axon extension (Reviewed in Fukata et al., 2002).
Proteins of the CLIP-170 family (Perez et al., 1999), EB1 family (Su ef al., 1995) and
dynein/dynactin complex (Lansbergen et al., 2004) accumulate at the plus ends and play
a critical role in microtubule/cortex interaction, they have been collectively called “plus
end- tracking proteins” or +-TIPs (reviewed in Schuyler and Pellman, 2001; Fukata ef al.,
2002; Mimori-Kiyosue and Tsukita, 2003). +TIPs undergo treadmilling in which they
incorporate into microtubule plus-end either by associating with newly assembled tubulin
dimers or by recognition of a specific feature of these ends (the GTP-cap or the unfolded
polymer sheet) (Diamantopoulos et al, 1999), and subsequent release from an older,
more proximal part of the microtubule (Perez et al., 1999).

1. The CLIP-170 family includes CLIP-170 (cytoplasmic linker protein-170) (Perez er
al, 1999), CLIP-115 (Hoogenraad et al, 2000), and CLIP-associated proteins or

CLASPs (Akhmanova et al., 2001). CLIP-170, the first plus-end tracking protein to be
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identified, was found to link microtubules to endosomes in HeLa cells (Perez et al,
1999). CLIP-170 binds IQGAP1 (Gundersen, 2002), which was named for its homology
to GTPase activating proteins (GAPs) and its IQ (calmodulin binding) motifs. IQGAP1
binds two GTPases, Rac and Cdc42, but in contrast to regular GAPs which inhibit
GTPases by increasing their GTPase activity, IQGAP1 does not act as a GAP. Rather, it
appears to inhibit the GTPase activity of Cdc42, maintaining it in an active state (Bashour
et al., 1997; Fukata et al, 1997). Also, IQGAPI1 directly binds actin filaments and
crosslinks them (Mateer et al., 2004).

The CLIP-170/IQGAP complex then binds Racl or Cdc42 forming a tripartite
complex that functions to link microtubule plus ends and the cortical actin network aiding
in the maintenance of cell polarization. The tripartite complex may be involved in the
initial attachment of microtubules to the cortex because the period of complex
localization to the leading edge is short (5-10 min) (Howard and Hyman, 2003). Other
mechanisms like Rho-mDial signaling (see below) could subsequently and/or
alternatively maintain the stabilized microtubules (Wen et al,, 2004). CLASPs show a
polarized accumulation binding preferentially to the plus ends of microtubules oriented
toward the leading edge (Howard and Hyman, 2003).

2. EB1 family: EB1 (end binding-1) was identified as the protein that interacts with
adenomatous polyposis coli (APC) tumor suppressor protein (Su ef al.,, 1995; Lu ef al,,
2001). The EB1/APC complex resembles the CLIP-170/IQGAP1 complex (Howard and
Hyman, 2003). EB1 and EB3, another member of this family (Stepanova et al., 2003),
were found to accumulate preferentially at the plus ends of neuronal microtubules and

can be used as markers for microtubule growth when expressed at low concentrations
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with a fluorescent protein tag. At high concentrations EB1 and EB3 will bind along
microtubules (Stepanova ef al, 2003). Formin family members bind EBI1/APC
complexes and aid in their localization only to microtubule plus ends (Wen et al., 2004).
In budding yeast the formin Bnilp interacts with EB1 and APC homologues to cap
microtubules that pull the spindle to the bud (Miller et al., 2000). A complex of the
formin mDial with EB1/APC captures and stabilizes microtubules during migration of
cells from vertebrates (Wen et al,, 2004). In mammalian cells, the EBI/APC complex
mediates the capture of mitotic microtubules at the kinetochore to ensure the precise
distribution of chromosomes to dividing cells (Louie et al., 2004).

3. APC: Adenomatous polyposis coli (APC) is an important tumour suppressor in the
human colon, and is conserved in various organisms (Steigerwald et al., 2005). One of
its main functions is the destabilization of B-catenin, a key effector of the Wnt signaling
pathway. Phosphorylation of APC by glycogen synthase kinase-3f (GSK-3pB) inhibits
APC action (reviewed in Doucas et al., 2005). APC proteins are also associated with the
plasma membrane of epithelial cells where they maintain the integrity of adherens
junctions and orient mitotic spindles in the epithelial plane (reviewed in Bienz and
Hamada, 2004).

APC was shown to bind throughout its C-terminal basic region directly to
microtubules and to stabilize microtubules in vitro and in vivo (Barth et al., 2002). APC
binds preferentially to the plus ends of microtubules; EB1 colocalizes with APC only at
these ends (Honnappa et al, 2005). APC binds and activates Asef (a Racl GEF), and
may promote membrane extension by recruiting Racl to the cell cortex (Kawasaki et al.,

2000; 2003).
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D. How do microtubules control cell polarization?

There are three major hypotheses regarding the role of microtubules in cell
polarization: 1) During migration cells orient their MTOC toward the leading edge and
thus allow microtubules to provide tracks for the supply of building materials; 2)
microtubules stabilize the leading edge of a migrating cell and thus maintain a directed
movement; and 3) microtubules sequester Rho-GEF H1 which prevents local activation
of Rho (see below) leading to the disassembly of adhesions and detachment of the

leading edge (reviewed in Fukata et al., 2002; Stepanova et al., 2003).

Rho GTPases

Rho GTPases are molecular switches that cycle between two conformational
states: an active, GTP—bound state, and an inactive state in which GDP is bound. Rho
GTPases belong to the Ras superfamily whose members are classified into five groups:
Ras, Rho, Rab, Arf, and Ran and regulate many cellular processes (reviewed in Etienne-
Manneville and Hall, 2002). The switch between the active and the inactive states of Rho
GTPases is regulated by guanine nucleotide exchange factors (GEFs) which catalyze the
release of GDP allowing GTP binding and reactivation (Adams et al., 1992; reviewed in
Zheng, 2001), and GTPase-activating proteins (GAPs) which induce GTP hydrolysis (an
inherent but slow catalytic activity of the G-proteins) and thus inactivation (Hu et al.,
2005). There are also guanine nucleotide dissociation inhibitors (GDIs) that can
sequester Rho GTPases in the inactive state. GDIs preferentially bind to GDP-bound
form of Rho, and prevent both spontaneous and GEF-catalyzed release of nucleotide,

maintaining the Rho-GTPases in the inactive state (DerMardirossian and Bokoch, 2005)
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(Figure 1.6). The Rho-GTPase family has 16 members, the three best characterized of
which are RhoA, Racl, and Cdc42 (reviewed in Van Aelst and Symons, 2002). Rho-
GTPases regulate different cellular activities including cell polarity, gene transcription,
microtubule dynamics, vesicular transport, and actin cytoskeleton dynamics. Rho induces
acto-myosin contractility and the formation of stress fibers (Watanabe et al., 1999),
whereas Racl and Cdc42 stimulate the formation of lamellipodia and filopodia,

respectively (Ridley and Hall, 1992; Nobes and Hall, 1995).

PAR proteins in cell polarity

The establishment of cell polarity depends on the asymmetrical distribution of
organelles, and signaling proteins and the reorganization of the cytoskeleton (Nobes and
Hall, 1999). A group of proteins that are essential for the establishment of cell
polarization are the PAR (partition defective) proteins (Duncan ef al., 2005). These
proteins interact with key regulators of the actin and microtubule cytoskeletons.

PAR proteins show polarized localization in embryos and vertebrate cells; PAR-1
and PAR-2 localize to the posterior cortex in embryos and to the basolateral membrane of
epithelia, while PAR-3 and PAR-6 localize apically in epithelia, and to the anterior cortex
(animal pole) of embryos (Duncan et al., 2005). PAR-3 has three PDZ domains (the PDZ
domain is globular fold that mediates protein—protein interactions and supramolecular
complex assembly), and PAR-6 has one PDZ domain, as well as a CRIB-like domain that
facilitates binding to Cdc42 and Rac GTPases. PAR-3 and PAR-6 form a tripartite

complex with PKC-3 (atypical PKC) (Nishimura et al., 2005).
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Figure 1.6

The Rho GTPase cycle. Rho GTPases switch between an active form
bound to GTP and an inactive form bound to GDP. The switch
between the active and inactive state is regulated by guanine nucleotide
exchange factors (GEFs, activators), GTPase-activating proteins
(GAPs, inactivators) and guanine nucleotide exchange inhibitors
(GDIs). GDIs preferentially bind to Rho-GDP form and prevent
spontaneous and GEF-catalyzed release of nucleotide, maintaining the
Rho-GTPases in the inactive state. Adapted from Etienne-Manneville
and Hall, Nature 420,2002
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During cell migration, PAR-3 is targeted to the leading edge, and it restricts the
localization of PAR-6 and PKC-3 to that region. Cdc42 then binds to PAR-6 and PKC-3
activating the latter, which in turn phosphorylates GSK-3p, inactivating it. Inactivation
of GSK-3p leads to microtubule stabilization by APC and MTOC re-localization to face
the leading edge (Etienne-Manneville and Hall, 2003). This complex also regulates the
establishment of anterior-posterior polarity in C. elegans zygotes by controlling the

position of the mitotic spindle (Doe, 2001; Wodarz, 2002).

Crosstalk between actin and microtubule cytoskeletons during cell polarization

In general, the actin cytoskeleton has been considered the main cytoskeleton
responsible for cell motility. Recently, several studies highlighted the role of
microtubules in cell migration, a role that appears to be is cell-type dependent.
Cooperation and coordinated regulation of these two dynamic cytoskeletons are essential
for cell migration. During cell polarization, actin and microtubules influence the
dynamics of each other directly or through regulation of signaling molecules. Formation
of filopodia and lamellipodia is driven by actin polymerization (Pollard and Borisy,
2003). Penetration of microtubule plus-ends into the leading edge contributes to
membrane delivery and thus could promote membrane extension (Bretscher, 2003).
Microtubule polymerization affects the activity of the Rho GTPases Rac and Cdc42, both
of which promote actin polymerization (reviewed in Etienne-Manneville and Hall, 2002).
Rac-GTP binds to unpolymerized tubulin but not to microtubules (Best et al., 1996),
microtubule polymerization could thus release Rac-GTP. Rac may also be activated by

the Rac-GEF ASEF (Kawasaki et al, 2000; 2003). The GEF activity of ASEF is

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



regulated by its binding to adenomatous polyposis coli (APC), which accumulates in
clusters at the microtubule plus-ends in protruding regions (Barth ef al., 2002). IQGAP, a
Cdc42 and Rac effector, may also be transported to the leading edge via its binding to
CLIP-170, which associates with the plus-end of growing microtubules (Fukata et al.,
2002). In yeast, the association of EB1 and APC with the actin-associated motor Myo2p
is required for the transport of microtubules along actin filaments (Evangelista et al.,
1997; Sagot et al., 2002b). The microtubule plus ends are then captured at the bud tip
leading to the orientation and pulling of the spindle pole body (the yeast MTOC) to the
bud (Lee et al., 1999, Fujiwara ef al., 1999).

RhoA GTPase induces the formation of stress fibers and focal adhesions, leading
to increased contractility (Nobes and Hall, 1995).The crosstalk between stress fibers and
focal adhesion and microtubules is bidirectional, microtubule growth leads to the
dissolution of focal adhesions, whereas disruption of microtubules leads to an increase in
cell contractility and to the formation of stress fibers and focal adhesions (Krendel et al.,
2002; Zenke et al, 2004). Microtubule depolymerization induced by nocodazole
treatment activates Rho (Zenke et al, 2004). This effect is likely to be mediated by
microtubule-associated GEF-H1; binding of GEF-H1 to microtubules inhibits its ability
to activate Rho (Ren et al, 1998; Krendel et al, 2002). Microtubules are aligned along
stress fibers, and, upon contact with focal adhesions, microtubules are transiently
stabilized (Palazzo et al., 2004). Regulation of microtubule stability is controlled by Rho

and its effector mDial (Palazzo et al., 2001; Wen et al., 2004).
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Mammalian homologue of Drosophila Diaphanous 1 (mDial)

mDial is a member of the diaphanous-related formin homology proteins (DRFs),
which are large multidomain proteins with molecular masses in excess of 200 kDa
(Tominaga et al, 2000). DRFs constitute a subclass of formin homology proteins
(mentioned above) that bind activated Rho (Alberts, 2001). The diaphanous (dia) gene
plays a critical role during cytokinesis; various combinations of dia mutations result in
multinucleate spermatids and adult follicle cells, and pupal lethality in Drosophila
(Castrillon and Wasserman, 1994). Testes of dia flies are thinner (translucent) and shorter
than wild type (Castrillon et al., 1993), hence the diaphanous name. Metazoan formins
are grouped in seven distinct groups; this classification is based on phylogenetic analyses
of the formin homology-2 (FH2) domain. The seven groups are: (1) Dia (Diaphanous);
(2) FMN (ForMiN); (3) FHOD (Formin HOmology Domain-containing protein); (4)
delphilin; (5) INF (INverted Formin); (6) FRL (Formin-Related gene in Leukocytes); and
(7) DAAM (Dishevelled-Associated Activator of Morphogenesis). Mouse and human
formins segregate into the seven groups, while avian formins (two proteins) fall under
two groups (Table 1.1) (Higgs and Peterson, 2005).

The avian formin protein Ggl, a member of the FMN group (Higgs and Peterson,
2005), is localized to the nucleus of different embryonic cell types, and is expressed in
the developing chicken limb bud and in the epithelial compartment of the pronephros and
mesonephros. Ggl protein plays an essential role during the morphogenesis of limbs and
kidney (Trumpp et al, 1992). The other avian formin Gg2 belongs to the Dia group
(Higgs and Peterson, 2005), and is a cytosolic protein with a molecular weight of 140

kDa (1253 aa). No biochemical or cellular studies have been done to characterize this
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Table 1.1 Mouse and chicken formin proteins

Species Protein Identifying # group Common
name
Mus musculus Mm FRL1 AF215666 FRL FRL1
(Mouse) (np005883)
Mouse Mm FRL2 XM_128263 FRL FRL2
(np443137)
Mouse Mm FMN?2 NP_062318 FMN Formin2
(xp371352)
Mouse Mm mDia2 NP_062644 Dia mDia2
(Q9NSV4)
Mouse Mm FMNI1 NP_034360 FMN Forminl
(bac86815)
Mouse Mm mbDial NM_007858 Dia mDial
(060610)
Mouse Mm Delphelin | NP_579933 | delphilin delphilin
(xp294249)
Mouse Mm INF1 XP_130991 INF INF
(xp034262)
Mouse Mm FHOD1 bac27106 FHOD FHOD1
(aa038757)
Mouse Mm mDia3 bac40476 Dia mDia3
(060879)
Mouse Mm DAAMI1 aar05118 DAAM DAAMI1
(np055807)
Mouse Mm DAAM2 aar05119 DAAM DAAM2
(np056160)
Mouse Mm FHOD2 bac98303 FHOD FHOD2
(xp371114)
Mouse Mm FRL3 XP_288949 FRL FRL3
(np783863)
Mouse Mm INF2 NP_940803 INF INF2
(bc008756)
Gallus gallus Gg2 BAB20321 Dia
(Chicken)
Chicken Ggl A41724 FMN
40
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protein. mDial and Gg2 share 54.1% sequence identity that spans the FH3, FH1, FH2,
and DAD domains (Table 1.2), while mDial share 27.9% sequence identity with
Ggl.The best characterized formin proteins are the yeast formin Bnipl and the mouse
formin mDial.

DRFs share the three formin-homology domains (FH1, FH2, and FH3) and two
additional domains: an N-terminal Rho-binding domain (RBD) and a C-terminal
diaphanous-autoregulatory domain (DAD) (Watanabe ef al., 1997; Palazzo et al., 2001).
Three mammalian DRF genes have been identified in mice and human respectively:
DRFI=mDial/ DFNA1, DRF2=mDia3/DIA and DRF3=mDia2/Dia2. A mutation in the
DFNAI gene (the C-terminal 52 amino acids are substituted by 21 aberrant amino acids),
is responsible for non-syndromic deafness with defects in hair cells within the inner ear,
while a mutation in the DI4 gene results in premature ovarian failure (Watanabe ef al.,
1999; Alberts, 2001; and Palazzo et al, 2001).

A. Structure of mDial:

mDial (p140mDia) was identified as a downstream effector of activated Rho-
GTPase. It contains 1255 amino acids with a molecular weight of ~140 kDa (Figure 1.7)
(Watanabe et al., 1997).
Domains of mDial:
1. RBD: Rho-binding domain, (aa 63-260). Diaphanous proteins bind preferably to
activated Rho-GTPases (Li and Higgs, 2003). mDial binds Rho, while mDia2 binds Rho
and Cdc42 (Peng et al., 2003).

2. FH3: Formin-homology domain 3, (aa 157-456). This domain is less well

conserved among different formin proteins. FH3 overlaps with the RBD and is essential
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Table 1.2 Alignment of mDial and Gg2 amino acid sequence

10 20 30 40 50
mDial SGGGLGPGRGTR--DKKKGRSPDELPATGGDGGKHKKFL-——-—-— ERFTSMRIKK-EKEKP
Gg2 SGGGDEPPGPTKMNAKRSGRSSEEETRNKTKLNIQIKTLADDVRDRITSFRKSTVRKEKP
10 20 30 40 50 60
60 70 80 90 100
mDial NSAHR—NSSASYGDDPTAQSLQD ————— ISDEQVLVLFEQMLVDMNLNEEKQQPLREKDI
Gg2 LIQHHVDTQPPISEIPLAQALLDERCMNLSEKEVMDLFEKMMEDMNLNEERKAPLREKDL
70 80 90 100 110 120
110 120 130 140 150 160
mDial VIKREMVSQYLH TSKAG——MNQK ESSRSAMMYIQELRSGLRDMHLLSCLESLRVSLNN
Gg2 STKREMVVQYISATAKSGGLKNSKHECTLSSQEYIHELRSGIAEEKLLNCLESLRVSLTS
130 140 150 160 170 180
170 180 150 200 210 220
mDial NPVSWVQTFGAEGLASLLDILKRLHDEKEETSGNYDSRNQHEIIRCLKAFMNNKFGIKTM
Gg2 NPVSWVNNFGHEGLGLLLDALERLLDKKQQE—~NIDKKNQHKLIQCLKAFMNNKYGLQRI
190 200 210 220 230 240
FH3
230 240 250 260 270 280
mDial LETEEGILLLVRAMDPAVPNMMIDAAKLLSALCILPQPEDMNERVLEAMTERAEMDEVER
Gg2 LGDERSLLLLSRAIDPKQPHMMTETVKILSAICIVGE ERILDKVLGAITTAAERNNRER
250 260 270 280 290 300
290 300 310 320 330 340
mDial FQPLLDGLKSGTSIALKVGCLQLINALITPAEELDFRVHIRSELMRLGLHQVLQELREIE
Gg2 FSPVVEGLENHEFLQLQVACMQFINALVTSPEELDFRIHLRNEFLRCGLKKILPALKEKE
310 320 330 340 350 360
350 360 370 380 390 400
mDial NEDMKVQLCVFDEQGDEDFFDLKGRLDDIRMEMDDFGEVFQIILNTVKDSKAEPHFLSIL
Gg2 NEELDIQLKVFDESKEEDLIELSHRLNDIRVEMDDVNEVFQFLYNMLKDTSSENHFLSIL
370 380 390 400 410 420
410 420 430 440 450 460
mDial QHLLLVRNDYEARPQYYKLIEECVSQIVLHKNGTDPDFKCR HLQIDIERLVDQMIDKTK
Ggz2 QHFLLIRNDYYVRPQYYKIIEECVSQIVLHTSGMDPDFSCRGRMDVDFSHLIDASVDKTK
430 440 450 460 470 480
470 480 490 500 510 520
mbhial VEKSEAKATELEKKLDSELTARHELQVEMKKMEN———DFEQKLQDLQGEKDALDSEKQQI
Gg2 VEESEKKAAEFSKKFDEEFIARQEAQAALQKREEKIKELETEIKRLRSQVPPPASVNVLP
490 500 510 520 530 540
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FH1
530 540 550 560 570
mbDial TAQKQDLEA EVSKLTGEVAKLSKELEDAKNE-MASLSAVVVAPSVSSSAAVPPAPPLPG
Gg2 SSAASLLPGGTVPPSPPALSSGVVPLPPPPPPPLPGGAAIPPAPPLPGGAAIPPAPPLPG
550 560 570 580 5380 600
580 590 600 610 620 630
mDial DSGTVIPPPPPPPPLPGG--VVPPSPPLPPGTC-IPPPPPLPGGAC- IPPPPQLPGSAA—
Gg2 ——GTVVPPAPP——~LPGGAAVIPPPPPLPGGAAVIPPPPPLPGGAAVIPPPPPLPGGAAV
610 620 630 640 650 660
640 650 660 670 680 690
mDial IPPPPPLPG-VASIPPPPPLPGATAIPPPPPL-PGATAIPPPPPLPGGTG-IPPPPPPLP
Gg2 IPPPPPLPGGAAVIPPPPPLPGGAAVIPPPPLLPGGTVIPPPPPLPGGAAAVLPPPPPLP
670 680 690 700 710 720
700 710 720 730 740
mDial GSVGVPPPPPLPGGPGLPPPPPPFPGAPGIPPPPPGMGVPPPPPFG———FG -VPAAPVLP
Gg2 GGT IPPPPPLFGGA—~VPPPPPLPGGGAGPPPPPPGGPPMAPSLGSYPFAPVPVMPALP
730 740 750 760 770
750 760 770 780 790 800
mDial FGLTPKKVYKPEVQLRRPNWSKFVAEDLSQDCFWTKVKEDRFENNELFAKLTLAFSAQTK
Gg2 HGMKEKKKYNVEVSMKRINWSKIEPYKIAENSFWVKAEENKFESPELFARLAVTFGTQMK
780 790 800 810 820 830
FH2
810 820 830 840 850 860
mDial TSKAKKDQEGGEEKKSVQKKKVKELKVLDSKTAQNLSIFLGSFRMPYQEIKNVILEVNEA
Gg2 AKKAVEKQE——EKKTEQSKKKNKVLRVLDGKTSQNLSIFLGSQRMPYEEIKNIILEVNEE
840 850 860 870 880 890
870 880 890 900 910 920
mDial VLTESMIQNLIKQMPEPEQLKMLSELKEEYDDLAESEQFGVVMGTVPRLRPRLNAILFKL
Gg2 KLTETFVQAVIKNLPEQKEINALAALQDEYNDLAESEQFIIVMSSVKLLRSRLNAILFKL
900 910 920 930 940 950
930 940 950 960 970 980
mDial QFSEQVENIKPEIVSVTAACEELRKSENFSSLLELTLLVGNYMNAGSRNAGAFGFNISFL
Gg2 SFEDHINNIKPGIMAVTRACEDLRKSESFSKLLELVLFLGNYMNTGSRNEQSLGFNITFL
960 870 980 990 1000 1010
990 1000 1010 1020 1030 1040
mDial CKLRDTKSADQKMTLLHFLAELCENDHPEVLKFPDELAHVEKASRVSAENLQKSLDQMKK
Gg2 CKIIDTKSTDQKTTLLHFLAEVCEENYRDILKFTDDLQHVESASKVSDKTLKSNLDSMNK
1020 1030 1040 1050 1060 1070
1050 1060 1070 1080 1090 1100
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mDial QIADVERDVQNFPAATDEKDKFVEKMTSFVKDAQEQYNKLRMMHSNMETLYKELGDYFVF

Gg2 QIQRLESDIKNFPKTEDEHDKFVEKMSAFAENAREQYDKLSCMHNNMMKLYENLGEYFTF
1080 1090 1100 1110 1120 1130
1110 1120 1130 1140 1150 1160

mDial DPKKLSVEEFFMDLHNFRNMFLQAVKENQKRRETEEKMRRAKLAKEKAEKERLEKQQKRE

Gg2 DAQSISIEEFFGDLNNFRILFLEALKENNKRREMEEKMRRAKQAREKAEQDRLERQKKKQ
1140 1150 1160 1170 1180 1190
DAD
1170 1180 1190 1200

mDial QLIDMNAEGDETGVMDSLLEALQSGAAFR——RKRGPRQVNRK

Gg2 RLLDMNKEGDETGVMDSLLEALQSGAAFRDRRKRVPRD NRQ
1200 1210 1220 1230
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Figure 1.7
mDial domain structure. The numbers refer to amino acid position.
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for targeting the relevant fission yeast diaphanous protein to the polar tips of mating cells
and the spindle pole body (Krebs et al., 2001). In HeLa cells, it is responsible for the
association of mDial with mitotic spindles. Kato et al. (2001) identified a 173 amino
acid-long sequence containing the C-terminal part of FH3 as a critical region in
determining the spindle localization of mDial.

3. DID: Diaphanous inhibitory domain, (aa 129-369). This domain mediates the major
auto-inhibitory interaction with the mDial C terminus (see below) (Li and Higgs, 2005).
4. CCD: Coiled-coil domain: mDial has two of these domains: one at amino acids 457-
571 and the other at 1111-1192. These structures are common in cytoskeletal proteins
and could provide protein-protein interfaces facilitating dimerization or oligomerization
(Krebs et al., 2001).

4. FH1: Formin-homology domain 1, (aa 571-735). FH1 contains 14 repeats of a proline-
rich region that mediates binding to profilin (Krebs ef al., 2001). Targeting of profilin-
actin complexes to FH1 domains might recruit actin to specific sites and stimulate
polymerization (Watanabe et al., 1997; Sagot et al., 2002a; Kovar and Pollard, 2004).
This domain also links mDial to Src-tyrosine kinase signaling, and binds several SH3-
containg proteins involved in growth regulation (Copeland and Treisman, 2002). The
FH1 and FH2 domains in all family members are separated by ~100 aa, whereas the
lengths of the flanking regions vary considerably (Wasserman, 1998).

5. FH2: Formin-homology domain 2 was initially characterized as a short (aa 945-1010)
stretch of conserved sequence with a central GNXMN motif. This domain has been
found more recently to span a larger region ~ 400 aa (826-1163), and the original FH2

domain is now called the FH2 core (Xu ef al., 2004). The FH2 domain is an elongated
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crescent-shaped structure composed of a-helices. The structure of the FH2 domain can
be divided into three subdomains: the N-terminal subdomain, the three-helix-bundle
subdomain, and the FH2 motif (FH2 core) (Figure 1.8a, b). The FH2 domain is dimeric
in several formins. When viewed from the top, the FH2 dimer forms a closed ring with
the two hemidimers linked together by a linker segment to form a tethered dimer. This
linker provides stability between the two halves (Figure 1.8c) (Shimada et al., 2004; Xu
et al., 2004). The FH2 domain has been implicated in the coordination of actin and
microtubule networks and, as mentioned earlier, work by Pruyne et al. (2002) and Sagot
et al. (2002 a, b) showed that the FH2 domain of the yeast formin nucleates the assembly
of actin filaments into actin cables.
6. CIID: The C-terminal intramolecular interaction domain, (aa 1177-1255), contains the
DAD or Diaphanous-autoregulatory domain (aa 1177-1207) (Krebs et al., 2001). DAD is
composed of two sections: 1) a leucine-rich region that is similar to the WASP/Scar WH2
domain and likewise binds G-actin, and 2) a group of basic residues that are necessary for
its autoinhibition function (Alberts, 2001; Li and Higgs, 2003; Wallar and Alberts, 2003).
The mDial protein sequence contains a putative nuclear localization sequence just before
FH2 (Tominaga et al, 2002). Figure 1.9 summarizes most of the activities associated
with the different domains of mDial and the binding partners of these domains.
B. Activation of mDial:

Two intramolecular interactions between the N and C-terminus render mDial
inactive. The first is between the RBD and the CIID (Li and Higgs, 2003) and the second
is between DID and FH2 (Li and Higgs, 2005). The DAD domain mediates the first

interaction and supplies a high affinity interaction to enable the second. Binding of
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Figure 1.8

Structural analysis of the FH2 domain. a) Ribbon diagram of the FH2
domain. The NH2-terminal, three-helix-bundle, and FH2 motif sudomains
are colored red, blue, and green, respectively. The highly conserved
“GNXMN” motif is colored purple. b) The FH2 domain is an elongated
crescent-shaped molecule. Adopted from Shimada er al., Mol. Cell, 13,
2004. ¢) Top view (left panel) and bottom view (right panel) of the FH2
dimer, the horizontal line indicates the approximate division of the dimer

into hemidimers. Adapted from Xu et al., Cell, 116, 2004.
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Figure 1.9 A schematic representation of mDial domains, their
binding partners and some of the activities associated with the
FH1-FH2 unit.
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RhoA to the RBD does not relieve the autoinhibition completely which suggests a second
non-RhoA-dependent interaction between the N and C terminus (DID-FH2). Inactive
mbDial has a closed conformation masking the FH1-FH2 unit, which becomes exposed
upon activation (Figurel.10) (Watanabe et al, 1999; Alberts, 2001; Li and Higgs, 2005).
C. Localization of mDial:

mDial is a cytosolic protein, which upon activation becomes localized to ruffling
membranes and spreading lamellae. RhoA and profilin co-localize with mDial to these
lamellac (Watanabe et al, 1997; Krebs ef al, 2001). mbDial also accumulates in a
perinuclear region and at the cell periphery in HeLa cells, forming foot-like processes
that contain focal adhesions (Ishizaki, ef al., 2001). During mitosis, mDial is targeted to
the mitotic spindle and then to the cleavage furrow (Kato et al, 2001). mbDial and
mDia2 have been found to be associated with the cytoplasmic face of endosomes, but the
functional significance of this targeting is unclear (Gasman et al, 2003). Recently,
mbDial was found to be enriched at the base of early initiating processes and within the
growth cones of cerebellar granule cells (Arakawa ef al., 2003).
D. Functions of mDial:

There are several functions for mDial that have been elucidated in cultured cells.
1. Effects on actin cytoskeleton:
A. Effects on actin polymerization dynamics: the FH1-FH?2 unit of formins induces the
enhanced formation of actin filaments in both yeast and animal cells (Evangelista et al.,
1997, Watanabe et al, 1999). The FH1-FH2 unit initiates F-actin formation through
direct actin nucleation (Pruyne et al, 2002; Sagot et al., 2002a, b). The FH2 region is

sufficient for nucleating filaments from actin monomers in vitro, and the FH1-FH2
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Figurel.10

A model for activation of mDial by Rho-GTP. Inactive mDial has
a closed conformation masking the FH1-FH2 unit. Upon activation by
Rho-GTP binding, an open conformation is induced thereby exposing
the FH1-FH2 unit. Adapted from Watanabe et al., Nature Cell Biol. 1,
1999.
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fragment can utilize the profilin—actin complex as a substrate for nucleation while FH2
alone cannot (Sagot ef al., 2002a; Pring ef al., 2003). Profilin binds actin monomers, and
promotes nucleotide exchange of actin. Free actin monomers exist only at a
submicromolar concentration in cells, and thus profilin prevents spontaneous actin
nucleation while it allows fast actin elongation. This is perhaps one of the reasons why
FH1-FH2 is much more potent inducer of the actin filament formation than the FH2
alone (Kovar and Pollard, 2004; Watanabe and Higashida, 2004).

mDial binds to the barbed ends of actin filaments and induces actin monomer
addition. mDial remains attached to the barbed ends during growth and shrinkage but
this binding does not block elongation making mDial a leaky capper. This mechanism
has been known as “processive capping” (Kozlov and Bershadsky, 2004). Several
models have been proposed to explain the processive capping behavior of mDial, one of
which is the “stair stepping” model (Xu et al., 2004). This model recognizes the fact that
the FH2 domain is a flexible tethered domain (the hemidimers are mobile relative to each
other and are restrained by the linker) and each hemidimer is an actin binding head. The
stair stepping mechanism implies anticooperativity in the two hemidimers, i.e. high
affinity binding of one head and weak binding of the other head, and reversal of these
affinities when an additional actin subunit is added (Figure 1.11) (Moseley et al., 2004 ;
Shimada et al., 2004; Xu et al., 2004)
B. Effects on actin-dependent structures/functions: In all eukaryotic cells, formins are
required for cytokinesis because they are essential for the formation of the contractile
ring (Severson et al., 2002; Tolliday ef al, 2002). mDial cooperates with Rho kinase

(ROCK, pl160 Rho-coiled coil kinase)in the formation of stress fibers and focal
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Figure 1.11

Stair-stepping model. Schematic illustration showing how the FH2
domain of mDialmight stair-step on the barbed end of actin filaments.
Actin subunits are represented by colored ovals; the two halves of the
formin dimer are colored blue and tan. Alternating dissociation,
displacement, and re-binding of one half of the formin dimer could
allow elongation by addition of actin monomers to the barbed end

of the filament. Adapted from Xu et al,, Cell, 116, 2004.
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adhesions. Overexpression of a constitutively active form of ROCK stimulates the
formation of stellate stress fibers that are morphologically different from the Rho-induced
ones. Co-expression of a constitutively active (CA)-mDial corrects this defect
(Narumiya et al., 1997; Nakano et al., 1999; and Watanabe ef al.,, 1999, Riveline ef al.,
2001).

The FH1 domain of mDial binds the SH3 domain of Src tyrosine kinase
(Tominaga et al, 2000). Src is required for the mDial contribution to cooperative
induction of stress fibers with ROCK (Satoh and Tominaga, 2001). The sequential
activation of Rho, Src, and mDial is required for the formation of focal adhesions (Satoh
and Tominaga, 2001). mDia2C (a splice variant of mDia2), when activated by Rho,
induces a marked alignment of early endosomes along actin filaments and inhibits
endosome motility through a mechanism requiring Src activity, suggesting that
membrane-cytoskeleton interactions may be generally regulated by Rho-Dia-Src
signaling cascades (Gasman ef al, 2003). mbDial (in association with Src) along with
ROCK and LIMK cooperate to regulate serum response factor (SRF) transcriptional
activity. SRF is a transcription factor that controls growth factor-inducible andmuscle-
specific genes (e.g. vinculin, smooth muscle a-actin, and B-actin). SRF is activated in
response to depletion of the cellular G-actin pool (Tominaga et al., 2000; Copeland and
Treisman, 2002; Geneste et al., 2002).

mDial interacts physically with VASP and the association is mediated by
multiple domains of each protein. VASP is required for efficient operation of the mDial
pathway that controls F-actin assembly, and VASP-induced SRF activation is dependent

on RhoA and mDial (Figure 1.12) (Grosse et al., 2003).
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Figure 1.12

Proposed model for the role of mDia in SRF activation. SRF is
activated in response to depletion of the cellular G-actin pool. Two of
Rho effectors control F-actin polymerization.1) Rock which in turn
phosphorylates LimK activating it. Activated LimK inhibits the
depolymerizing activity of ADF/cofilin (AC), and 2) mDial which
enhances actin polymerization. The exact role of VASP in the mDial
pathway is still unclear. Adapted from Grosse et al., EMBO J. 22,
2003.
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mDial binds Diaphanous-interacting protein (DIP), which is an 80 kDa protein
that is expressed widely in different tissues (heart, brain, kidney, liver, and skeletal
muscles). The FH1 domain of mDial binds the SH3 domain of DIP, and the FH2 domain
of mDial binds the Leucine-rich domain (LRD) of DIP (Satoh and Tominaga, 2001).
mDial and DIP colocalize to the cell periphery and focal adhesions in HelLa cells.
mDial mediates the phosphorylation of DIP by Src; mDial mutants lacking the FHI
domain (the Src-binding domain) abolishes this phosphorylation. Upon EGF stimulation,
DIP is phosphorylated by Src; then the phosphorylated DIP inactivates Rho by mediating
the Src-induced phosphorylation of p190RhoGAP. In addition, phosphorylated DIP
activates Rac by mediating the Src-induced phosphorylation of Vav2. Thus, DIP acts as
a regulatory molecule causing Src kinase-dependent feedback modulation of Rho
GTPases downstream of Rho-mDia upon EGF stimulation, and plays an important role in
cell motility (Meng et al., 2004).

mDial promotes neurite extension and branching in cerebellar granule cells.
Arakawa ef al. showed that SDF-la (a chemokine expressed in the pia mater and a
chemoattractant for migration of cerebellar granule cells) activates a ROCK-independent,
C3-sensitive (C3-exoenzyme is a Rho inhibitor) pathway that leads to axon elongation
(Arakawa et al., 2003). When these cells were transfected with GFP-CAmDial, axons
were significantly longer compared with control cells. On the other hand, when
cerebellar granule cells were transfected with a dominant-negative mutant of mDial or
mDial siRNA, they had axons of significantly diminished length. Therefore, the

Rho/mDial pathway is a potent facilitator of axon elongation (Arakawa ef al., 2003).
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The FH1 domain of mDial binds the SH3 domain of the insulin receptor tyrosine
kinase substrate p53 (IRSp53) (Fujiwara et al., 2000). IRSp53 links Rac and WAVE2;
Rac does not bind directly to WAVE; it binds to the amino terminal Rac-binding domain
(RCB) of IRSp53, while WAVE binds to the SH3 domain of IRSp53. IRSp53 is
essential for Rac-mediated lamellipodia protrusion, which depends on recruiting WAVE.
WAVE stimulates Arp2/3-mediated actin polymerization (Miki et al., 2000). Also,
IRSp53 binds to Cdc42 and recruits the Ena/VASP family protein Mena to filopodia tips,
which in turn protects elongating actin filaments from capping proteins (Figure 1.13)
(Nakagawa et al., 2003).

2. Effects on microtubule organization:

Microtubules become oriented in a polar fashion and are locally stabilized during
many morphogenetic events, such as cell migration and neurite outgrowth (Etienne-
Manneville and Hall, 2001). Formins bind the EB1/APC complex directing the proper
localization of this complex to microtubule plus ends (Wen et al., 2004). The budding
yeast formin Bnilp interacts with EB1 and APC homologues to cap microtubules that
pull the spindle into the bud (Tirnauer and Bierer, 2000), and mDial/EB1/APC complex
captures and stabilizes microtubules that penetrate the leading edge during cell migration
(Wen et al., 2004).

Overexpression of CA-mDial in HeLa cells caused alignment of actin filaments
along the long axis of the cells and alignment of microtubules parallel to these actin
filaments. Both the actin filaments and microtubules terminate at foot-like processes

containing focal adhesions. This adhesion checkpoint ensures that Rho/mDial regulation
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Figure 1.13

A proposed model explaining the interaction between IRSp53, Mena,
WAVE2, and mDial. IRSp53 binds to the proline-rich region of
WAVE2 enhancing the activity of WAVE?2 to stimulate the Arp2/ 3
complex. IRSp53 also binds to the proline-rich region of Mena, and the
FH1 domain of mDial. IRSp53 may represent a link between the three
Rho GTPases, Rho, Cdc42 and Rac via forming a complex with their
effectors (mDial, Mena, and WAVE2, respectively). This complex
could be recruited to the tips of lamellipodia or filopodia and may

aid in membrane protrusion during cell motility.
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of microtubule stabilization is temporally and spatially controlled (Ishizaki ef al., 2001;
Palazzo et al., 2004).

In dividing cells, mDial localizes to the mitotic spindles, where it may regulate
microtubules and thus the positioning of the mitotic spindle. mDial is then localized to
the cortical region of mitotic cells in a microtubule-dependent manner (Kato et al., 2001).

Figure 1.14 summarizes some of the signal transduction pathways involving
mDial and its interacting proteins; all of these pathways culminate in the spatial and
temporal regulation of the actin and microtubule cytoskeleton.

E. Postulated role(s) of mDial during cell migration and polarization:

Cell migration occurs through a highly regulated cycle of leading edge protrusion
in the direction of migration, adhesion to the substrate, cell body translocation, and tail
retraction. mDia could have a role in each of these steps. In leading edge protrusion
mDial, through its interaction with IRSp53, could be translocated to the leading edge
(Fujiwara et al, 2000). mDia2 binds Cdc42. Together mDial/2 could then initiate
nucleation of new filaments or they could utilize pre-existing filaments by competing
with capping proteins in a VASP-dependent manner (Grosse et al., 2003). Alternatively
they might bind the barbed ends of filaments nucleated by Arp2/3. The newly formed
filaments could then be cross-linked into large, protruding actin bundles and thus aid in
the formation of lamellipodia (mDial) or filopodia (mDia2) (Svitkina ez al., 2003). In the
formation of stress fibers and focal adhesions, mDial and mDia2 cooperate with Rho
kinase (ROCK) to induce stress fibers (Watanabe ef al., 1999; Takaishi et al., 2000), and
mbDial binds Src, an interaction required for the formation of focal adhesions (Tominaga

et al,, 2000). The cell body is translocated in the direction of migration through
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Figure 1.14

Some of the signal transduction pathways involving mDial. mDial
is autoinhibited in vivo. Binding of activated Rho to the RBD of
mDial relieves this inhibition. mDial mediates DIP- phosphorylation
by Src. DIP acts as a regulatory molecule causing Src kinase-
dependent feedback modulation of Rho GTPases downstream of Rho-
mbDial. The phosphorylated DIP inactivates Rho by mediating the
Src-induced phosphorylation of pl90RhoGAP. Also, phosphorylated
DIP activates Rac by mediating the Src-induced phosphorylation of
Vav2. Activated mDial enhances actin polymerization, an activity
that might be counteracted by the ADF/cofilin pathway. Also, mDial
directs the proper localization of EB1/APC complex to the plus ends
of microtubules; this tripartite complex (mDial/EB1/APC) then
captures and stabilized microtubules that penetrate the leading edge
of migratory cells. On the other hand, GSK-3f phosphorylates APC
preventing it from stabilizing microtubules, GSK-3p also phosphory-
lates MAP-1B which enhances microtubule dynamics, GSK-3f is
inhibited in turn when it is phosphorylated by atypical PKC (aPKC).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ADF/ Cofilin
4 microtubules

Stabilize

Actin Dynamizing

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



generation of tension on the new adhesion sites, an activity that has been ascribed to
mDial in cooperation with ROCK. ROCK phosphorylates myosin and the regulatory
domain of myosin-light chain phosphatase to regulate myosin-dependent contractility
(Ishizaki et al., 2001; Riveline et al., 2001). mDia could also aid in the polarization of
the microtubule network in migrating cells where the plus ends of some microtubules
penetrate the leading edge and become stabilized. The mDial/EB1/APC complex
captures these plus ends (Wen et al.,, 2004). Both mDial and mDia2 are targeted on
endosomes with Src, but the function is unknown (Tominaga ef al, 2000). It has been
suggested that Rho and Src might promote the transition from microtubule-dependent
endosome movement to actin/myosin-dependent movement (Gasman et al, 2003).
Finally, tail retraction could involve ROCK/myosin-dependent contractility and/or de-
adhesion of the cell rear (Worthylake and Burridge, 2003). The mDial/Src/DIP signaling
pathway alters the phosphorylation of p190RhoGAP leading to the inactivation of Rho

and the dissolution of focal adhesions (Meng et al., 2004) (Figure 1.15).

Conclusions and questions of the thesis

Cell polarization involves the reorganization of both the actin and microtubule
cytoskeletons. mDial is the mammalian homolog of Diaphanous and Bnilp proteins,
both of which play an important role in the establishment of cell polarity in Drosophila
and budding yeast, respectively. Our hypothesis is that mDial, through its ability to
induce actin filament polymerization, to capture and stabilize microtubules, and its ability
to coordinate the microtubule and actin cytoskeletons, is required for cell polarization and

migration. Adenoviruses for expression of constitutively-active (CA), and dominant-
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Figure 1.15
A proposed model for the role(s) of mDia in cell migration. Cell
migration occurs through a highly regulated cycle of leading edge
protrusion in the direction of migration, adhesion to the substrate,
cell body translocation, and tail retraction. mDia could have a role in
each of these steps. A) leading edge protrusion: mDial through its
interaction with IRSp53 could be translocated to the leading edge,
while mDia2 binds Cdc42. mDial/2 then initiate nucleation of new
filaments or they could utilize pre-existing filaments by competing
with capping proteins in a VASP-dependent manner. Alternatively
they might bind filament barbed ends nucleated by Arp2/3. The
newly formed filaments are then cross-linked into large, protruding
actin bundles that form filopodia. B) Stress fiber and focal adhesion
formation: mDial and mDia2 cooperate with Rho kinase (ROCK)
to induce stress fiber formation. mDialbinds Src and this interaction
is required for the formation of focal adhesion. The cell body is
translocated in the direction of migration through generation of
tension on the new adhesion sites, an activity that has been ascribed
to mDial in cooperation with ROCK. ROCK phosphorylates myosin
and the regulatory domain of myosin-light chain phosphatase to
enhancemyosin-dependent contractility. C) The microtubule network
becomes polarized in migrating cells, and the plus ends of some
microtubules penetrate the leading edge where they become stabilized
when the mDial/EB1/APC complex captures these plus ends.
D) Both mDial and mDia2 are targeted to endosomes with Src, but
their function is unknown Rho and Src might promote the transition
from microtubule-dependent endosome movement to actin/myosin-
dependent movement.
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negative (DN) mutants of mDial were prepared. These viruses were used to test the
following aims:

Aiml. To test the hypothesis that mDial, through its in vivo interactions, is required for
establishment and maintenance of cell polarity.

Aim2. To determine whether the organization of microfilaments by mDial is upstream or
downstream of ADF/cofilin-dependent steps, and/or if the organization of microtubules

by mDial is upstream or downstream of ADF/cofilin-dependent steps.

Choice of an experimental system:

Directional cell migration is one of many biological processes which depends on
the development and maintenance of functional asymmetry (polarization) within the cell.
Polarized migration is usually accomplished through the formation of protrusions and the
differential distribution of organelles and signaling molecules, all aided by the
cytoskeleton. In the case of migrating cells, the asymmetry is developed between two
opposite ends of the cell, one of which becomes the cell's leading edge while the other
becomes the tail. Most animal cells display limited (if any) directional motility in the
absence of external cues, but can sense and move towards an external chemical signal
(chemotaxis). Chemotaxis is an important process for many biological responses, such as
the movement of leukocytes towards sites of infection or the migration of neural crest
cells.

However, chick embryo cardiac fibroblasts (CECFs) are one of few cell types that
display remarkable morphological polarization and rapid, persistent locomotion in the
absence of an external cue (spontaneous polarization), making them a valuable tool to

study cell migration and polarization in vitro. Another factor that makes these cells
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useful for the current research is the fact that chick cells have only two formin proteins;
one is a nuclear protein (Ggl) that functions as a transcription factor regulating limb and
kidney morphogenesis, and the other is Gg2. Gg2 is a cytosolic protein, but no
biochemical or cellular studies have been done to characterize this protein. Because there
is only one cytosolic formin, over expression of a constitutively active or a dominant
negative mutant of mDial should thus be very informative as to the role(s) of formin

proteins in cell migration and polarization.
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Chapter Two
Preparation and characterization of adenoviruses for expression of wild type and

mutant forms of mDial

Summary

Adenoviruses containing full-length mDial along with five mDial mutants
(constitutively active (CA), dominant negative (DN), Formin homology domain 1,
Formin homology domain 3, and Diaphanous Autoregulator Domain) were prepared. The
work included in this thesis focuses on the effects of two mutants, CA and DN, on cell
polarization and migration, and thus the activities of only these two mutants were tested
in different assays and compared to literature. Adenoviral mediated overexpression of
CAmDial in SAOS-2 cells induced cell elongation, and the formation of fine actin fibers,
and the alignment of actin and microtubules parallel to the long axis of the cell. In
wound-healing assays performed in both SAOS-2 and Swiss 3T3 cells, CAmDial
expression reduced cell migration rate and thus increased the time needed to close the
wound. CAmDial-Ad-infected SAOS-2 cells migrated at a rate of 0.041 pm/min and
closed the wound in 20-24 h as compared to 0.075 um/min and 12-14 h for uninfected
cells. Uninfected Swiss 3T3 cells migrated at a rate of 1.00 pm/min and needed 3-5 h to
achieve wound closure, while CAmDial-Ad-infected cells migrated at a rate of 0.43

um/min and closed the wound in 8-9 h. In the absence of ROCK activity, achieved by

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



treating the cells with 30 pM of the ROCK inhibitor Y-27632, CAmDial induced the
formation long processes in SAOS-2 cells.

DNmDial-Ad-infected SAOS-2 cells were round, as compared to the flat,
fibroblastic morphology of uninfected cells. Overexpression of DNmDial in SAOS-2
cells reduced stress fibers, but had no effect on microtubules. DNmDial overexpression
in SAOS-2 and Swiss 3T3 cells had no effect on cell migration rate or the time needed to
close the wound in wound-healing assay. When SAOS-2 cells were infected with
DNmDial-Ad and treated with 30 uM Y-27632 (ROCK inhibitor) to block both sides of
the known Rho signaling pathways, the cells acquired a butterfly-like shape. RhoN19
(DNRho)-infected SAOS-2 acquired the same shape when treated with Y-27632,
suggesting that both of the Rho pathways (via mDia and Rock) coordinate formation of
the structures that give rise to the butterfly morphology. Overexpression of RhoV14
(CARho) and DNRho in SAOS-2 resulted in an enhanced and reduced stress fiber
formation, respectively. CAmDial and DNmDial rescued the effects of DNRho and

CARho, respectively, on stress fibers to almost normal phenotype.

Introduction

Viral vectors represent a very effective tool for efficient gene transfer into cells,
both in vivo and in vitro (Gagnoux-Palacios et al., 2005; Jessup et al., 2005). For some
cell types these vectors have been about the only effective way to obtain gene transfer
(Dawe et al., 2003). These viral vectors include replication-defective retroviruses and
adenovirus, and recombinant adeno-associated viruses (Schmidt er al., 2000). Viral

vectors have been designed to be used for tissue repair, vaccination, and anticancer
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treatment (Schmidt ez al., 2000; Gagnoux-Palacios et al., 2005).The main advantages in
using adenoviral vectors in vitro (Berkner and Sharp, 1983) are the ability to produce
high titers of recombinant adenoviruses (reviewed in Yeh and Perricaudet, 1997) capable
of infecting a wide variety of cell types, both dividing and post mitotic (Minamide et al.,
2003). Furthermore, unlike most viruses (including retroviruses) no host genes will be
interrupted through chromosomal integration because the adenovirus DNA remains
episomal (Verma and Somia, 1997; Harui ef al., 1999).

Adenoviruses are non-enveloped viruses containing a linear double stranded DNA
genome. There are over 40 serotype strains of adenovirus, most of which cause benign
respiratory tract infections in humans. Subgroup C serotype5 is predominantly the one
used as a vector (reviewed in Russell, 2000). The life cycle does not normally involve
integration into the host genome, rather they replicate as episomal elements in the nucleus
of the host cell (Harui et al., 1996; Verma and Somia, 1997). The wild type adenovirus
genome is approximately 35 kb (Robinson et al., 1977; Stillman et al., 1977) of which up
to 30 kb can be replaced with foreign DNA (Smith, 1995; Morsy ef al., 1998; Morsy and
Caskey, 1999). There are four early transcriptional units (E1, E2, E3 and E4), which have
regulatory functions, and a late transcript, which codes for structural proteins. Progenitor
vectors have either the E1 or E3 or both genes deleted, The E3 gene is non-essential for
viral replication or infection (Berkner and Sharp, 1983; Haj-Ahmad and Graham, 1986).
Deleting E1 gene results in replication-defective viruses. The missing E1 gene is then
supplied in trans by human kidney cell line 293 (HEK 293) (Graham ef al., 1977), a cell
line that has the E1 gene integrated into the cell genome. Transgene expression from

adenoviruses tends to be transient (Verma and Somia, 1997).
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Introduction of foreign DNA into chick embryo cardiac fibroblasts (CECFs) using
conventional transfection protocols is inefficient due to very low transfection efficiency
and low cell viability after transfection (Dawe et al, 2003; Cai et al., 2005). Because
these were the cell type to be used for my future studies, multiple adenoviruses for the
expression of full-length mDial, along with five different mDial mutants were
constructed (Figure 2.1).

The effects of overexpression of the different mDial mutants on cell morphology
and the cytoskeleton have been characterized in mammalian cells. When full-length
mDial (1-1253 aa) was expressed at moderate levels, it had no effect on Hel.a cell
morphology or cytoskeleton, but at high level of expression it induced the formation of
fine actin fibers that replaced stress fibers (Watanabe et al., 1999). The overexpression of
CAmDial (553-1253 aa), a mutant that has the N-terminal RBD deleted which prevents
the N- and C-terminal autoregulation interaction, induced the formation of parallel fine
actin fibers in NIH 3T3 and HeLa cells (Nakano et al., 1999; Takaishi et al., 2000), cell
elongation (HeLa cells had a fusiform or bipolar morphology), and alignment of actin
bundles and microtubules parallel to the long axis of the cell (Watanabe ef al., 1999;
Ishizaki et al, 2001). Also, CAmDial induced the stabilization of microtubules and
formation of focal adhesions in the presence of an externally applied force (Riveline et
al, 2001). Finally, CAmDial activated the transcriptional activity of serum response
factor (SRF), a transcriptional factor that is activated by depleting the cells of the G-actin
pool (Copeland and Treisman, 2002). Three mDial mutants have been described as being

DN mutants. The best characterized is the mutant that spans the region from amino
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Figure 2.1

mDial constructs. Six different mDial constructs were made into
adenoviruses. A) Full-length mDial (3.8 Kb, 1253 aa, 140 kDa),
B) CAmbDial (2.2 Kb, 718 aa, 80 kDa), this mutant has the N-
terminal RBD deleted which prevents the intramolecular autoregula-
tion, C) DNmDial (1.5 Kb, 503 aa, 55 kDa), this mutant is
considered to be a dominant negative because the FH2 domain
might 1) bind to endogenous mDial-binding proteins

such as DIP and VASP, sequestering them or, 2) it could dimerize
with the endogenous mDial-FH2 domain forming an abnormal
heterodimer, and thus inhibits the formation of functional

dimers of mDial required for its activity, D) F1mDial

(0.91 Kb, 305aa, 33.5 kDa), E) F3mDial (0.91 Kb, 305aa,

33.5 kDa), and F) DADmDial (0.41 Kb, 137aa, 15 kDa).

The DADmDial mutant is considered a potent activator of
endogenous mDial; overexpressed DADmDial mutant binds

the RBD of endogenous mDial relieving the autoinhibition.
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acid 772 to amino acid 1253 (FH2-CIID), hereafter referred to as DNmDial. Although
DNmDial was reported to inhibit the formation of actin fibers in HeLa cells (Watanabe
et al, 1999), others have found that it does not induce a characteristic phenotype by
itself. However, when DNmDia is co-expressed with CAmDial, Hel.a cell elongation is
inhibited, actin bundling or alignment is reduced, and the parallel alignment of actin and
microtubules is decreased (Ishizaki et al., 2001). The second dominant negative mutant,
FlmDial (456-761 aa), induced loss of actin fiber formation, but also resulted in cell
lethality (Krebs ef al., 2001). The effects of expressing the F3mDial mutant (256-567 aa)
in mammalian cells have given conflicting results. The formation of stress fibers was
prevented in Madin-Darby canine kidney cells (Nakano et al., 1999), but in HeLa cells it
had no reported effects on actin or cell shape (Watanabe er al., 1999). When expressed in
HeLa cells, all of the mutants induced blebbing at the cell periphery (Watanabe ef al.,
1999).

The DADmDial mutant (1116-1253 aa) has been described as a potent activator
of endogenous mDial. Overexpressed DADmDial binds the Rho binding domain of
endogenous mDial relieving the autoinhibition (Peng et al., 2003). DADmDial enhanced
the formation of F-actin, increased the activity of SRF (Alberts, 2001), and induced the
formation of stabilized microtubules that stained positive with anti-Glu-tubulin antibody
in NIH 3T3 cells. The presence of Glu-tubules is indicative of their longer half-lives and
thus their stabilization. These stabilized microtubules were capped; they could not
incorporate Rhodamine-tubulin at their plus ends. DADmDial did not induce a change in

cell morphology, or alignment of actin with microtubules (Palazzo et al., 2001).
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This chapter discusses the construction of the different mDial adenoviruses and
characterizes the expression of two of these (CA and DNmbDial) in different assays to

compare the effects of these viruses to what has been published previously.

Material and Methods
Materials:

All of the restriction endonucleases were purchased from New England BioLabs.
Calf intestinal alkaline phosphatase (CIAP) and polynucleotide kinase (PNK) were from
Fisher Scientific. pBluescript and pCMV.Tagl plasmid vectors were from Stratagene.
pAdTrack.CMV, pShuttle. CMV and pAdEasy were generous gifts from the laboratory of
Bert Vogelstein but are now available from Stratagene.

Molecular biological methods:

Agarose gel electrophoresis, bacterial growth, plasmid amplification and
purification were performed following the protocols of Sambrook et al., 1989.
Construction of mDial.pBS vector

The plasmid pFL-mDial encoding flag-tagged mDial was a gift from Dr. Shuh
Narumiya (Department of Pharmacology, Kyoto University Faculty of Medicine, Kyoto,
Japan). The pFl-mDial vector (Figure 2.2) is 4 Kb in size with a 3.8 Kb insert (wt
mbDial), that can be released by digestion with Sal/l and Bglll. The vector and the insert
have approximately the same size (4.0 Kb and 3.8 Kb, respectively), so to distinguish
between them on an agarose gel, the vector was cut internally with Stul (non-cutter in
mbDial) (Figure 2.2). The digest reaction was run on a 0.8% gel, and the larger band

(slower mobility) was excised and purified using Gene Clean II (Q.BIOgene) mDial was
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Figure 2.2 pFl-mDial vector map. The pFl vector is 4 Kb in size with a
3.8 Kb insert (wt mDial), that can be released by digestion with Sall and
Bglll. To distinguish between the vector and the insert on an agarose gel,
the vector was cut internally with Stu/ (non-cutter in mDial). The numbers
next to the arrows are residue numbers at cut sites. Adapted from
Watanabe et al., Nature Cell Biology 1, 1999
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cloned in pBluescript (pBS) because the map we were provided of pFl-mDial was
incomplete and it was unclear if the flag tag was functional.
Construction of mDial mutants (CA, DN, F1, F3, DAD) in pCMV-Tagl

mbDial.pBS (Figure 2.3) was used as a template for PCR amplification for the
construction of the different mutants of mDial (see Figure 2.1 B-F). The sequences of the
primers (forward and reverse) used to construct each mDial mutant are shown in Table
2.1 (A and B). The conditions used in the PCR amplification reaction were: denaturation
at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 2.5 min, each
reaction was repeated 25 times. The PCR reaction mixture contained 1 unit VENT DNA
polymerase (New England BioLabs), 1X Reaction Buffer, 0.5 ul DNA template, 2.5 mM
MgSOy, 200 uM of each dNTP, and 0.4 pM of each primer in 50 pl total volume. All the
constructs were prepared so that they have BgllI restriction site at the 5° end, and Xhol
restriction site at the 3” end to insert them into pCMV-Tag1 plasmid vector.

Direct cloning of the PCR products into pCMV-Tagl vector (Figure 2.4) was not
successful (cutting with BglIl and Xhol followed by ligation). As an alternative, blunt end
ligation was used to put these into pBS. The pBS plasmid was cut with Smal and treated
with alkaline phosphatase (CIAP). The PCR products were treated with T4
polynucleotide kinase (PNK) and ligated into the Smal digested pBS. mDial mutants in
pBS could then be cut with BglII and Xhol and ligated into the pCMV-Tagl vector. The
inserts were cloned between the BglIl and Xhol sites, so that all the constructs should be
expressed with a FLAG tag at the N-terminus. pBS and pCMV-Tagl plasmid vectors

containing mDial mutants were sent for sequencing at the Macromolecular Resource
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Figure 2.3 mDial .pBS vector map
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Table 2.1 DNA sequence of the PCR primers for mDia constructs

A)

mDial
construct

Forward primer

CAmbDial

5’ CGCAGATCTCGATGGGAGAGGTTGCCAAGC 3’

DNmbDial

5’ CGCAGATCGATGCCCAAAAAAGTTTATA Y

FlmDial

5" CGCAGATCTCGATGGTTGATCAAATGATTG 3’

F3mbDial

5 CGCAGATCTCGATGGCCCTCTGTATCCTG 3’

DADmDial

5" CGCAGATCTCGATGGAATTCTTTATGGAT 3’

B)

mDial
construct

Reverse primer

CAmDial

5 CGCCTCGAGTTAGCTTGCACGGCCAAC 3’

DNmDial

5’ CGCCTCGAGTTAGCTTGCACGGCCAAC ¥’

FlmDial

5’ CGCCTCGAGTTACTGCACCTCTGGCTTATA 3°

F3mbDial

5’ CGCCTCTCGAGTTAGCTAGAAACAGAAGGTG 3’

DADmDial

5’ CGCCTCGAGTTAGCTTGCACGGCCAAC 3’
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Figure 2.4 pCMYV.Tagl vector map. The numbers are residue
number at cut sites.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pCMV-Tagl
A0 by }q ‘/

/G‘
A
b
e I
‘\M{fﬂfuw ™"
89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Facility (Colorado State University, Fort Collins, Co), and the results were compared to
mDial ¢cDNA using the Gene Runner software.
Construction of adenoviruses

Adenoviruses containing full-length mDial and mDial-mutants were constructed
following the protocol of Minamide et al., 2003.
A. Inserting mDial-mutants into a shuttle vector (pAdTrack, pShuttle, and
pRedTrack plasmid vectors)

pCMV-Tagl containing the mDial mutant cDNA was digested with Xhol
(followed by Klenow treatment) and Notl. The digest reaction was run on a 1.0% agarose
gel, and the fragment was excised and purified using Gene Clean II (Q.BIOgene). The
purified Flag-mDial DNA was then ligated into the NotI-EcoRV sites of pAdTrack-CMV
plasmid vector (this vector expresses GFP from a separate CMV promoter) (Figure 2.5).
The same strategy was followed to clone the mutants into pShuttle-CMV plasmid vector
(Figure 2.6) and CA- and DN-mDial mutants into pRedTrack-CMV vector. This vector
was a modified pAdTrack-CMV, made in our laboratory by Alisa Shaw, in which the
mRFP ¢cDNA replaced the GFP cDNA (Figure 2.7). To clone the full length mDial into
the pAdTrack-CMV and pShuttle-CMV vectors, the mDia cDNA was digested from the,
pFl-mDial with Bg/Il and Sall, purified from agarose gels, and ligated into the same sites
in digested pAdTtrack-CMV and pShuttle-CMV vectors (Figure 2.5 and Figure 2.6).
B. Homologous recombination in BJ183 E. coli

Four micrograms of shuttle vector DNA containing the different mDial mutants
were digested overnight at 37°C with 8 pl of the restriction endonuclease Pmel The

linearized DNA is phenol/chloroform/isoamyl alcohol extracted, ethanol precipitated
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Figure 2.5

Construction of mDial adenoviruses. Adenoviruses containing five
mDial-mutants (CA, DN, F1, F3, and DAD) were constructed
following the protocol of Minamide ef al., 2003. mDial mutants were
inserted into the pAdTrack-CMYV plasmid vector, which expresses GFP
(green circle) from a separate CMV promoter.
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Figure 2.6

Construction of mDial adenoviruses. Adenoviruses containing full-
length mDial and 5 mDial-mutants (CA, DN, F1, F3, and DAD) were
constructed following the protocol of Minamide ef al., 2003. mDial
mutants were inserted into the pShuttle-CMV.
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Figure 2.7

Construction of mDial adenoviruses. Adenoviruses containing CA-
and DN-mDial mutants were constructed following the protocol of
Minamide et al., 2003. CA- and DN-mDial mutants were inserted into
the pRedTrack-CMV vector, which expresses RFP (red circle) from

a separate CMV promoter.
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(Sambrook and Russell, 2001), and re-dissolved in sterile water at 0.1 pg/pl. 0.1-0.2 pl
linearized DNA 1is then added to 20-25 pl electrocompetent BJ5183 cells pre-transformed
with pAdEasy DNA and electroporated at 2.25 kV, 200Q, 25 pF. 10% of the bacterial
suspension was plated on a 10 cm kanamycin-containing agar plate, and the remaining
90% was plated on a second plate, to enhance the probability of obtaining isolated
colonies on one or both of the plates. The plates were incubated at 37°C for about 20 h.
Three sizes of colonies grew on the plates, large, medium, and small; bacteria containing
the recombined DNA take longer to develop and usually form smaller colonies. Small
colonies (3-5 per plate) were picked for each mutant and inoculated into a kanamycin-
containing LB broth, and shaken at 37°C for less than 20 h. The plasmid DNA was
isolated using standard mini-prep methods (Sambrook and Russell, 2001).

To test for the recombined AdEasy plasmid DNA (Figure 2.8), 1 pg of DNA was
digested with 4 p/ Pacl. The test digest was then run on a 0.6% agarose gel; DNA from
BJ5183 positive colonies should yield one large fragment of ~ 30 kb long with smaller
fragment of either 3.0 kb or 4.5 kb (Figure 2.9 A), depending on whether the homologous
recombination took place between the left flanking regions or at the origin of replication,
both of which often occur and either of which will yield identical viruses. Because
BJ5183 E. coli are recombination competent, the properly recombined DNA was not
maintained in these bacteria. Mini-prep DNA (QIAGEN) from the BJ5183 positive
clones was used to transform recA” bacteria (E. coli DH5a) by CaCl, transformation. A
second round of Pacl test digest was performed on mini-prep DNA from DHS5a clones to

confirm that no additional recombination events have occurred (Figure 2.9 B).
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Figure 2.8

Schematic diagram for the production of replication-deficient
adenoviral vectors using the AdEasy system. The black box
represents the gene of insert, and the open boxes represent the
homologous adenoviral sequences through which homologous
recombination will occur. Adapted from Minamide et al., 2003.
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Figure 2.9

Pacl test digests. A) DNA from BJ5183 cells. Lanes 1,2,3,4,5,6,7,
9,10,11,14, and 15 are from positive clones; the test digest yielded
one large fragment of ~ 30 kb along with smaller fragment of
either 3.0 kb (lane6) or 4.5 kb (lane10) Lanes 8 and 13 show extra
band at 8-9 kb, which could be due to contaminating shuttle
vector, undesired recombination events, or false rearrangements
of the AdEasy-1 vector. B) DNA from DH5a. Positives clones
are shown in lane 2,3,4,5,and 6. M = DNA molecular marker.
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C. Production of adenovirus in HEK 293 cells

pAdEasy-1 recombinant DNA (4 pg) was digested with 40 units of Pacl at 37°C
overnight. The digest was extracted with phenol/chloroform/isoamyl alcohol and DNA
precipitated with ethanol. The DNA was centrifuged at 10,000xg for 10 min at 4°C, the
ethanol was removed, and the pellet was air-dried to remove any traces of ethanol. The
DNA pellet was re-suspended in 20 pl sterile water. HEK293 cells (1 X 10%) were plated
in a T25 tissue culture flask 24 h prior to transfection with Pacl linearized pAdEasy-1
recombinant DNA using the lipofectamine (Invitrogen) reagent according to the
manufacutures direction.

Transfected HEK293 cells were incubated in a COy/air incubator at 37°C for 7-14
days. For cells transfected with vectors expressing a fluorescent protein, the fluorescence
was monitored on fluorescence microscope. Signs of viral infection included rounded up
cells and clear areas (plaques) surrounded by rounded cells or GFP/RFP expression were
present before the cells were harvested. When the cells were ready to harvest, they were
scraped off the flask, cells and medium were transferred to a 50 ml polypropylene tube,
and the cells pelleted by centrifugation at 1,000xg for 3 minutes. The supernatant was
discarded and the cell pellet was suspend in 2 ml sterile PBS and subjected to four cycles
of freeze and thaw in a dry ice/95% ethanol bath or liquid nitrogen to release virus
particles. The sample was then centrifuged at 1,500xg for 5 min to remove large cell
debris, and the supernatant containing the virus was aliquoted into 0.5 ml aliquots and
stored at —80°C.

To expand the transfection harvest, 0.5 ml of the primary viral harvest were added

to a T25 flask inoculated 24 h earlier with 1-1.5 X 10° HEK293 cells. Within 2-3 days,
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infected cells began to round up and lift off the flask. The cells from this first expansion
flask were harvested as described above and 0.1 ml of this first expansion viral harvest
was added to a T75 flask inoculated 24 h earlier with 3-4 X 10° HEK293 cells. Two to
three days later, the cells from the second amplification rounded up and were harvested
as described above, except the volume of the PBS used in the freeze-thaw cycles was 6
ml instead of 2 ml. Three rounds of virus amplification were usually sufficient to
generate adenovirus with a high enough titer to use for our experiments.
Titering of Adenoviruses

Titering of the viral preparations was performed by E2 immunostaining (modified
from Nevins et al., 1997), which utilizes a monoclonal antibody (B6-8, Reich et al.,
1983) to the adenovirus E2a antigen, a nuclear protein made in infected cells. HEK293
cells were plated in 12 well plate at 6 X 10’ cells per well. The next day, the cells covered
70-95% of the area of the wells. Three different dilutions (1:10%, 10°, and 10°) of the
virus to be titered were made in serum free high glucose DMEM (HGDMEM). The
medium was aspirated from the HEK293 cells and 0.5 ml virus was applied per well. The
plate was then incubated at 37°C in 5% C02/95% air incubator for 45 minutes with
occasional rocking to obtain the best viral dispersion over the cells. The virus solution
was removed and 2 ml HGDMEM/2% fetal bovine serum (FBS; Atlas) added to each
well. The plate was incubated for an additional 16 hours exactly, the medium removed by
aspiration and the cells were washed once with 2 ml PBS+ (regular PBS that has 0.5 mM
MgCl; and 0.9 mM CaCl, added). The cells were fixed in 3.7% EM grade formaldehyde
in PBS+ for 5 min at room temperature, and then washed twice with PBS+. The cells

were permeabilized in 90% methanol/10% PBS for 2 min at room temperature, and then
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washed twice in PBS+ and once in 1% bovine serum albumin (BSA) in PBS+. The cells
were incubated with mouse anti-E2a antibody (B6-8 hybridoma culture supernatant, 1:10
in 1% BSA in PBS+) for 45 min, and washed twice in PBS+ and once in 1% BSA in
PBS+. The cells were incubated in goat anti-mouse IgG-alkaline phosphatase conjugated
secondary antibody (1:1000 in 1% BSA in PBS+) for 45 min, and then washed 3X with
PBS+. Finally, the cells were washed once with 2 ml high pH wash buffer (50 mM Tris
pH 9.5, 100 mM NaCl, ImM MgCl,, and 0.5 ml NBT/BCIP (44 pl NBT and 33 pl BCIP
in 10 ml of the high pH wash buffer) were added to each well for 30-60 minutes. The
nuclei of infected cells stain dark blue. The numbers of cells with positive nuclei were
counted in 5 fields using a 20X objective and 10X eyepieces on Nikon 37623
microscope.

The titer or number of focus forming units (ffu)/ml is calculated as follows:
average number of positive cells/field X area conversion factor X 2 X dilution. The area
conversion factor is based on the area of the field viewed through the microscope versus
the area of a well in the 12-well plate. This number is 1361 for the Nikon 37623
microscope, but can be calculated for any microscope by using a stage micrometer for
obtaining the full field diameter of the 20X objective and dividing this into the calculated
area of a single well on a 12-well plate. Multiplying by 2 adjusts for using 0.5 ml of virus
per well. As an example, if you counted an average of 25 positive cells in the 10*
dilution, the titer would be: 25 X 1361 X 2 X 10* = 6.8 X 10° ffu/ml.

Testing adenoviruses for expression of transgenes in mammalian cells
To check for protein expression from each of the different mDial adenoviruses,

SAOS-2 cells (human osteosarcoma) were plated at a density of 2.5 X 10° cells/dish for
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24 h, and then infected with the different mDial adenoviruses at an MOI (multiplicity of
infection) of 100 for 48 h. Cells were washed 3-4X with cold PBS, and lysed by applying
100-200 pl of SDS extraction buffer (2% SDS, 10 mM Tris pH 7.5, 10 mM NaF, 5 mM
dithiothreitol, and 2 mM EGTA). The cell lysate was then boiled for 3-5 min, and
sonicated briefly to break up the DNA and lower the viscosity of the lysate. The
presence of the adenovirally expressed protein of interest was determined by
immunoblotting.

SDS-PAGE and Western blotting:

The proteins in the lysates were separated by SDS-PAGE. Equal volumes of
protein samples were mixed with 4X sample preparation buffer (12.5 ml 1 M Tris pH 6.8,
5 ml glycerol, 2.5 ml 20% SDS, 5 ml 2-mercaptoethanol, and bromphenol blue). The
samples were loaded on a 10-well SDS-polyacrylamide mini gel (Bio-Rad) (10%
resolving gel, 4% stacking gel) (Laemmli, 1970). After electrophoresis, the proteins were
electroblotted onto PVDF membrane (Pall Corporation). Briefly, the membrane was pre-
wet with methanol and then with transfer buffer [200 ml 10X Tris/Glycine (30.25 g Tris
and 144 g Glycine in 1 liter d.H,O), 400 ml methanol, and 1400 ml d.H,O].
Electroblotting was performed at 300 mA for 3-4 hours. The membrane was blocked in
5% nonfat dry milk in 10 mM Tris pH 7.5, 150 mM NaCl for 1 h at room temperature,
and washed 3-5X with wash buffer (10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween
20). The blot was then incubated with monoclonal mouse anti-flag antibody (Sigma-
Aldrich; 1:1000, diluted into wash buffer plus 1% BSA) for 1 h, followed by 3-5X
washes with the wash buffer. The blot was then incubated with HRP-conjugated goat

anti-mouse secondary antibodies (Santa Cruz Biotech.; 1:20,000, diluted into wash
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buffer) for 1 h. For some experiments, the blots were stripped, re-blocked, and incubated
with mouse anti-GAPDH (1:1000) (Chemicon), and then with HRP-conjugated goat anti-
mouse secondary antibody. GAPDH was used as a loading marker. The bands were
detected by chemiluminescence (SuperSignal West Pico, Pierce), exposing the blots to
Hyperfilm (Pierce). The intensity of bands were analyzed and compared to the intensity
of GAPDH bands of the same time point, using the TotalLab software.

Cells and cell culture

SAOS-2 cells were cultured in HGDMEM with 10% FBS (Atlas) medium and
grown on plastic at 37°C in a humidified 95% air/5%CQO; incubator. For most
experiments the cells were plated onto drilled out dishes at a density of 2.5 X 10°
cells/dish for 24 h prior to adenoviral infection. Swiss 3T3 cells were cultured identically
except that the culture medium contained low glucose-DMEM (LGDMEM) with 10%
FBS.

In some experiments the ROCK inhibitor Y-27632 [(+)-(R)-trans-4-(1-
aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihydrochloride] (30 uM in H,O)
(Calbiochem) was added to the cells. For these experiments control cultures were treated
with an identical volume of water.

In some experiments SAOS-2 cells were also infected with adenoviruses (at an
MOI of 10) for expressing either the CARho or the DNRho for 24-48 h. Some of these
cultures were also treated with 30 uM of Y-27632 or vehicle control for 30 min at which
time these treated SAOS-2 cells were fixed and stained for actin and microtubules.

In some experiments SAOS-2 cells were plated on glass cover slips at 5,000

cells/dish, and then were co-infected with CARho and DNmDial or DNRho and
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CAmbDial at an MOI of 10 for each virus. Forty eight hours post infection the cells were
fixed and stained for actin and microtubules.
Wound Healing Assay

SAOS-2 and Swiss 3T3 cells were grown on glass coverslips to about 80%
confluency and then infected with CA- or DN-mDial adenoviruses at an MOI of 25 for
SAOS-2 cells and 750 for Swiss 3T3 cells. Infected cells expressed GFP. Forty eight
hours after infection, confluent cultures were wounded by scraping the monolayer with a
heat polished glass pipette (~ 30-50-pm tip). Detailed observation on the behavior of live
cells was monitored by acquiring images every 2 min over a period of 1 h; the images
were viewed as movies. The effects of mDial mutants (CA and DN) on cell polarization
were assessed by measuring the time and the distance migrated by infected cells to close
the wound.
Cell fixation and immunostaining

Cells were fixed in 4% formaldehyde in cytoskeleton buffer (CB: 10mM MES pH
6.1, 138 mM KCI, 3 mM MgCl, and 2 mM EGTA pH 7.0) and 0.32M sucrose (CBS
buffer) for 25-30 min, and then permeabilized in 0.5% Triton 100-X in PBS for 15 min.
The cells were then blocked for 45 min with 2% goat serum in 1% BSA-TBS, and then
stained for F-actin using Fluorescein (FITC)-phalloidin (Molecular probes) (1:50, diluted
into 1% BSA-TBS), and for microtubules using anti-tubulin mouse primary antibody
(Sigma-Aldrich) at 1:100 (diluted into 1% BSA-TBS) for one hour and goat anti-mouse
Alexa-647-conjugated secondary antibody (1:400, diluted into 1% BSA-TBS) (Molecular

Probes) for 1 h.
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Time-lapse microscopy and digital image capture

Growth medium (HGDMEM or LGDMEM) was replaced with 1:1 mix of F12
and DMEM medium, and the medium was overlayered with dimethyl polysiloxane
(Sigma) to prevent or reduce evaporation while allowing gas exchange. Live cell
migration in wound-healing assay was followed using a 12-bit cooled CCD camera
(Photometrcis Coolsnap ES) on an inverted Nikon microscope using 20X, 1.0 NA air
objectives. The microscope was equipped with a homemade plexiglass incubation
chamber for incubation at ~35°C. Image capture from the camera was controlled by
Metamorph software (Universal imaging). Images were acquired using a 12-bit cooled
CCD camera (Photometrcis Coolsnap ES) and a 40X, 1.4 NA oil objective on an inverted

Nikon microscope controlied by Metamorph software (Universal imaging).

Results
Construction of adenoviruses

mDial.pBS plasmid vector (see Figure 2.2) was used as a template for PCR
amplification for the construction of mDial mutants. Each PCR reaction (10 pul) was run
on a 1% gel for verification of results (Figure 2.10).

After cloning the different mDial mutants into the pCMV.Tagl vector, pCMV-
mDial mutants were cut with Bgl/I and Xho! to confirm the cloning, and a 1% agarose
gel was then run with the digestion reactions (Figure 2.11). Direct sequencing verified
that the correct products were obtained.

The production of viruses using the three systems (pAdTrack-, pRedTrack-, and

pShuttle-CMV) for all mDial constructs was successful except for wt-mDial in
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Figure 2.10

PCR amplification products of mDial mutants. mDial.pBS
plasmid vector was used as a template for PCR amplification for
the construction of mDial mutants. A) DNA marker, B) DNmDial
(1.5 Kb) and F1mDial (1Kb), C) F3mDial (1Kb), D) CAmDial
(2Kb), and E) DADmDial (0.5Kb). The red arrow in B,C,D and

E references the position of the 1Kb size band.
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Figure 2.11

pCMYV..mDial constructs test digest. A) DNA molecular markers.
B) pCMV.CAmbDial (pCMV.Tagl is 4.3Kb in size, CAmDial is
2Kb in size). C) pCMV.DNmDial (DNmbDial is 1.5 kb).

D) pCMV FimDial (FlmDial is 1 kb). E) pCMV.F3mDial

(F3is 1 kb). F) pCMV.DADmDial (DADmDial is 0.5 kb).

The red arrow in B, C, D, E, and F references the 1Kb size band.
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pAdTrack-CMV. All of the proteins expressed from the recombinant adenoviruses had
the expected mass on SDS-PAGE when compared to standards (Figure 2.12 A, B, and C).
The expressed full-length mDia as well as the F1 and F3mDial fragments showed some
lower mass products arising either from degradation or premature termination (Figure
2.12 A).
Time course for expression of CA and DNmDial following adenoviral infection of
cells

The time course for the expression of CA- (Figure 2.13 A) and DN-mDial
(Figure 2.14 A) following infection of cells with the adenoviruses was determined by
western blotting. SAOS-2 cells infected with either mutant were lysed every 6 h for the
first 24 h and every 12 h thereafter. The intensity of CA- and DNmDial bands were
compared to the intensity of GAPDH bands at the same time points. With both
constructs, the first time point where proteins could be detected was at 12 h post
infection. CAmDial expressing cells started to detach 24-28 h after infection requiring
the collection of the cells by centrifugation of the medium in 15ml conical tubes. The loss
of some cells probably explains the apparent drop in protein expression 24 h after
infection (Figure 2.13 B). DNmDial-infected cells began to detach 36-40 h post infection
(Figure 2.14 B).

SAOS-2 cells were plated on 35mm drilled out dishes at two different densities,
5000 cells/dish and 20,000 cells/dish. The first sign of infection (GFP positive cells) for
both mutants was 12 h post infection, which is in agreement with the western blot results.
Confluent SAOS-2 cells that were infected with CAmDial adenovirus became elongated

by 18 h post infection as compared to control uninfected or GFP-infected cells that are
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Figure 2.12

Western blot of SAOS-2 lysates from cells infected with mDial
adenoviruses. All of the constructs were expressed at the

correct molecular weight: full-length mDial at 140kDa, CAmDial
at 79kDa, DNmbDial at 55kDa, F1- and F3mDial at 34kDa, and
DADmDial at 15Kda. The full-length, F1 and F3mDial
constructs showed degradation products (A).
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Figure 2.13

Time course of CAmDial expression in SAOS-2 cells.

A) Western blot of CAmDial-infected cell lysates 6-60 h

post infection stained for Flag (CAmDial) in upper panel and GAPDH,
a loading control, in lower panel. B) The intensity of CAmDial bands
were normalized to the intensity of GAPDH bands at the same time
points. The analysis was performed with the Total Lab software.
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Figure 2.14

Time course of the DNmDial expression in SAOS-2 cells.

A) Western blot of lysates from DNmDial -infected cells 6-60 h

post infection (upper panel) and GAPDH loading control (lower panel).
B) The intensity of DNmDial bands were normalized

to the intensity of GAPDH bands at the same time points. The

analysis was performed with the Total Lab software.
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flat fibroblastic-like cells (Figure 2.15 B). By 24 h post infection, more than 70% of the
cells were infected, and more than 75% of the infected cells had a fusiform morphology
(Figure 2.15 C). Thirty hours after infection, the cells started to form membrane blebs at
the cell periphery (Figure 2.15 D, arrows). Two days after infections, CAmDial-infected
SAOS-2 cells roundedand aggregated into clumps (Figure 2.15 E and F). For DNmDial-
infected confluent SASO-2 cells, cell morphology started to change from flat to round at
16-20 h post infection (Figure 2.16 B and C). DNmDial-infected SAOS-2 cells retained
the round shape until 30 h post-infection (Figure 2.16 D). By 36-48 h post infection
DNmbDial infected cells aggregated and were blebbing (Figure 2.16 E and F, arrows in
E). Both mutants caused detachment by 60 h after infection.

Infected SAOS-2 cells, plated at low density (5,000 cells/dish) were fixed and
stained for actin and microtubules. Eight cells showed signs of CAmDial infection 12 h
post infection, half of which had a fusiform morphology (Figure 2.17 D and E) as
compared to the flat, fibroblastic-like morphology of control cells (Figure 2.17 A-C).
Eighteen hours after infection, 70-80% of the cells were GFP- positive. Infected cells
were elongated and had a bipolar morphology. Actin filament bundles were thinner than
in controls (Figure 2.17 F-I). The same phenotype persisted over the first 24 h post-
infection (Figure 2.17 J-M). By 36 h, the cells were blebbing and beginning to die
(Figure 2.17 N).

The first sign of DNmDial infection was at 12 h post-infection (4-10 GFP-
expressing cells/dish), but the overexpression of DNmDial had no effect on cell
morphology and cytoskeletal organization during the first 24 h post-infection. DNmDial-

infected cells were indistinguishable from uninfected cells (Figure 2.18 D-G, compare the
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Figure 2.15

Morphology of CAmDial-infected confluent SAOS-2. Confluent
SAOS-2 cells that expressed CAmDial became elongated by 18h post
infection (B) as compared to control uninfected or GFP-infected cells

that are flat fibroblast-like cells (A). By 24h post infection, the infected
cells had a fusiform morphology (C). 30 hours after infection, the cells
showed signs of blebbing at cell periphery (D, arrows). 48 h post infections,
CAmbDial-infected SAOS-2 cells round and aggregate (E and F).
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Figure 2.16

Morphology of DNmDial-infected confluent SAOS-2. Confluent

SAOS-2 cells that express DNmDial started to round at 18-24h

(B and C) compared to uninfected or control infected cells (A). DNmDial-
infected SAOS-2 cells retained the round shape up till 30h after infection (D).
36-48h post infection, almost all cells become rounded and were blebbing

(E and F, arrows in E).
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Figure 2.17

Effect of CAmDial overexpression on SAOS-2 cell morphology
and cytoskeleton. By 12 hours post infection, half of CAmDial-
infected cells had a fusiform morphology (D and E) as compared to
flat, fibroblast-like morphology of control cells (A-C). By 18 h
after infection, infected cells were elongated and had a bipolar
morphology (F). Actin filaments were fine and parallel to the

long axis of the cells (G). Cell elongation persisted over the first 24
h post infection (J-M). By 36 h, cells were blebbing and

dying (N).
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Figure 2.18

Effect of DNmDial overexpression on SAOS-2 cell morphology
and cytoskeleton. (A-C) Uninfected control cells. DNmDial expression
had no effects on cell morphology and cytoskeleton during the first 24 h
post infection (D-G). By 36 hours post infection, stress fiber staining
became faint and there was an increase in cell ruffling (I, arrows).

The overexpression of DNmDial in SAOS-2 cells had no effect

on microtubules (F and J).
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top infected cell to the bottom uninfected one). By 36 h post-infection, stress fiber
staining became faint and there was an increase in cell ruffling (Figure 2.18 I, arrows).
The overexpression of DNmDial in SAOS-2 cells had no effect on microtubule
organization (Figure 2.18 F and J). Non-confluent DNmDial- infected cells were more
resistant to blebbing than confluent cells; cell blebbing was not observed before 42 to 48
h post-infection.
Overexpression of CAmDial but not DNmDial delays closure of wounds in
confluent SAOS-2 and Swiss 3T3 cell cultures

SAOS-2 and Swiss 3T3 cells were grown to confluency on glass coverslips and
infected with CA- or DN-mDial adenoviruses (MOI = 25 for SAOS-2 cells, and 750 for
Swiss 3T3 cells) 48 h before wounding. All of the cells were infected (Figure 2.19 A and
B). The effect of mDial mutants (CA and DN) on cell polarization was assessed by
measuring the time and distance migrated by cells to close the wound. Control uninfected
SAOS—2 cells achieved wound closure in 12-14 h on average (Figure 2.19 C-F), while it
took an average of 3-5 h for Swiss 3T3 cells to close the wound (Figure 2.20 A-D). In
both cell types, overexpression of CAmDial delayed cell migration and wound closure
time. CAmDial-infected SAOS-2 cells migrated at 0.041 pwm/min whereas uninfected
controls migrated at 0.075 pm/min (Figure 2.21 A), and wound closure took around 20-
24 h. Similar results were obtained with Swiss 3T3 cells; when infected with CAmDial
wound closure occurred in 8-9 h compared to 3-5 h in uninfected cells. CAmDial-
infected Swiss 3T3 cells migrated at 0.43 um/min, compared to 1.00 pm/min for controls

(Figure 2.21 B). Overexpression of DNmDial in both SAOS-2 and Swiss 3T3 cells had
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Figure 2.19

Wound healing assay in SAOS-2 cells. Almost 100% of the cells
were GFP-expressing (A). (B) The two edges of the wound (arrows).
Control uninfected SAOS-2 cells achieved wound closure in

12-14 hours on average. (C) 1 h, (D)5 h, (E) 8 h,and (F) 12 h

after wounding. None of the images from C-D are showing a fully
healed wound.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.20

Wound healing assay in Swiss 3T3 cells. Control uninfected Swiss
3T3 cells needed 3-5 hours to close the wound. (A) 1 h, (B) 2 h,
(C) 3 h, and (D) 4 h after wounding. None of the images are showing
a fully healed wound.
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Figure 2.21

Effect of CA- and DN mDial on wound healing assay in SAOS-2
and Swiss 3T3 cells. Overexpression of CAmDial in SAOS-2 (A)
and Swiss 3T3 (B) caused a delay in cell migration and thus wound
closure time. Overexpression of DNmDial in both SAOS-2 and
Swiss 3T3 cells had no effect on cell migration rate (A and B,
respectively).
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no effect on cell migration rate (Figure 2.21 A and B) or the time required to close the
wound.

Inhibition of ROCK activity coupled with overexpression of CAmDial induces the
formation of thin processes, whereas overexpression of DNmDial induces a
butterfly-like morphology

Uninfected SAOS-2 cells were treated with the ROCK inhibitor Y-27632 (30 uM)
for different periods of times and the effect of the ROCK inhibitor on cell morphology
and cytoskeleton was observed. After the first 30 min, SAOS-2 cells became thin and
spindle-like in shape (2.22 A). With longer incubation periods (2-15 h) the cells started
extending long processes (Figure 2.22 B-D, arrows). After 15 h of incubation, the cells
were fixed and stained for actin and microtubules. Actin stress fibers almost disappeared
from the treated cells (Figure 2.22 F), and the long processes stained positive for
microtubules (Figure 2.22 G).

SAOS-2 cells were infected with CA- and DNmDial for 24-48 h, and were
treated with 30 uM Y-27632 for 30 min. CAmDial-infected SAOS-2 cells extended long
processes (Figure 2.23 E and F, arrows) that were filled with microtubules (Figure 2.23
G). The same phenotype was obtained when the cells were infected with CARho and
treated with Y-27632 (Figure 2.23 J-N). In 78% of SAOS-2 cells, expressing DNmDial
mutant inhibited the long- process phenotype caused by CARho expression and Y-27632
treatment. When SAOS-2 cells were infected with DNmDial or DNRho and treated with
Y-27632, the cells spread-out and had a butterfly-like morphology (Figure 2.24 E-I and J-
N, respectively). Y-27632 treatment of SAOS-2 cells that were co-infected with

CAmDial and DNRho resulted in elongated cell morphology. All of the Y-27632 treated
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Figure 2.22

SAOS-2 cell morphology in the presence of 30 uM Y-27632.

30 min after treating SAOS-2 cells with Y-27632, they exhibited

a spindle-like morphology (A). With longer incubation periods 2h
(B), 7h (C), and 15h (D), the cells started extending long
processes (arrows). Actin stress fibers almost disappeared from the
treated cells (F), and the long processes stained positive for
microtubules (G). (H) is the image overlay of F and G.
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Figure 2.23

Overexpression of CAmDial in SAOS-2 cells in the absence of
ROCK activity. (A-D) Uninfected control SASO-2 cells.
CAmbDial-infected SAOS-2 cells extended long processes after 30 min
of treating them with Y-27632 (E and F, arrows). These processes
stained positive for microtubules (H), but actin filaments were absent
(G). CARho-infected SAOS-2 cells that were treated with Y-27632

for 30 min, exhibited the same phenotype (J-N).
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Figure 2.24

Overexpression of DNmDial in SAOS-2 cells in the absence of
ROCK activity. (A-D) Uninfected control cells. SAOS-2 cells that were
infected with DNmDial or DNRho and treated with Y-27632 for 30 min
exhibited a butterfly-like morphology (E-I and J-N, respectively).
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cells (regardless of other proteins expressed) had a common prominent feature, the
dissolution of actin stress fibers (Figure 2.23 G and L, and Figure 2.24 G and L).
Nearly normal actin phenotypes were rescued by expression of CAmDial in cells
expressing DN-Rho and by expression of DNmDial in cells expressing CA-Rho
CARho-infected SAOS-2 had a reduced size (Figure 2.25 D-G) compared to
uninfected cells (Figure 2.25 A-C). The average length of the long and short axes of
CARho-expressing cells was 28.8 = 1.9 uM and 25.2 + 2.1 uM, respectively, which is
significantly smaller than that of uninfected cells (43.1 £ 1.2 uM and 34.3 + 1.7 uM,
respectively). The overexpression of CARho increased the stress fibers and cortical actin
in SAOS-2 (Figure 2.25 E), but had no effect on microtubules (Figure 2.25 F). The co-
infection of SAOS-2 cells with CARho and DNmDial reduced the stress fiber staining
(Figure 2.25 J). On the other hand, DNRho reduced the stress fibers in SAOS-2 cells
(Figure 2.26 E), and as with the CARho overexpression, it had no effect on microtubules
(Figure 2.26 F). Expression of CAmDial reversed the effect of DNRho on stress fibers;
CAmbDial and DNRho co-infected SAOS-2 had nearly normal stress fiber staining

(Figure 2.26 J).

Discussion

Adenoviruses containing full-length mDial along with five other mutant forms of
mDia were prepared. All of the different mDia constructs were successfully incorporated
into three different shuttle vectors (pAdTrack-CMV, pRedTrack-CMV, and pShuttle-

CMV). All of these, except for the wt-mDial in pAdTrack-CMV, gave functionally
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Figure 2.25

DNmDial overexpression in SAOS-2 rescued the effect of CARho
on actin filaments to almost normal phenotype. CARho-infected
SAOS-2 had a smaller size (D-G) when compared to uninfected cells
(A-C). The overexpression of CARho increased the stress fibers and
cortical actin in SAOS-2 (E), but had no effect on microtubules (F).
Co-infecting SAOS-2 cells with CARho and DNmDial reduced the
stress fiber staining (J).
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Figure 2.26

CAmDial overexpression in SAOS-2 rescued the effect of DNRho
on actin filaments to almost normal phenotype. (A-C) Uninfected
control cells. DNRho-infected SAOS-2 showed faint stress fiber staining
(E), but had no effect on microtubules (F). The co-infection of SAOS-2
cells with DNRho and CAmDial enhanced the stress fiber staining (J).
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expressing adenoviruses (Figure 2.12 A, B, and C). The failure of the wt mDial in
pAdTrack-CMYV to recombine into a packagable adenovirus while the same construct put
into pShuttle generated packaged and infective adenovirus suggested that the size of the
full-length mDial insert (3.8 Kb) might exceed the accommodation capacity of the
pAdTrack-CMV plasmid (Minamide ef al., 2003).

Two of the mDial mutant viruses, the constitutively active (CA) and the
dominant negative (DN) ones, were selected for further characterization because these
were the ones used for the additional studies reported elsewhere in this thesis. Thus, the
activities of these mutants were tested in different assays and compared to what has been
published in literature.

The overexpression of CAmDial in SAOS-2 cells induced cell elongation,
(Figure 2.15 B and C) and (Figure 2.17 D-M), a phenotype that has been described
previously (Watanabe ef al., 1999; Ishizaki ef al., 2001). Also, CAmDial expression in
SAOS-2 cells induced parallel and thin bundles of actin filaments (Figure 2.17 E, G, and
K), which were aligned with microtubules parallel to the long axis of cells (Figure 2.17 1
’and M). Both of these are characteristics for CAmDial-expressing cells (Watanabe ef al.,
1999, Ishizaki et al., 2001; Palazzo et al., 2001; Copeland et al., 2004; Moseley et al.,
2004).

CAmbDial expression slowed down the migration by >2X of both SAOS-2 and
Swiss 3T3 cells in a wound healing assay (Figure 2.21 A and B). CAmDial-mediated
reduction of cell migration rate has been reported previously both in a wound healing
assay using NIH 3T3 cells (Magdalena et al., 2003) and in migrating human lymphocytes

(Vicente-Manzanares et al., 2003). CAmDial could inhibit directed motility through
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inducing aberrant accumulation of actin filaments (Sagot ef al., 2002a, b; Li and Higgs,
2003; Copeland et al., 2004; Moseley et al, 2004, Watanabe and Higashida, 2004),
which could enhance the level of F-actin at the expense of G-actin pool required for
protrusion (Vicente-Manzanares et al, 2003). Alternatively, or additionally, the
CAmDial mutant could delocalize the stabilization of microtubule plus ends, competing
with their localized capture at the leading edge (Palazzo et al.,, 2001; 2004; Wen et al.,
2004), and/or inhibit Golgi apparatus polarization (Magdalena et al., 2003). Polarized
localization of the Golgi could be important for defining the direction of vesicular traffic
(Chapin-Brion et al., 2001). The overexpression of CAmDial also could increase the
adhesiveness of the infected cells through the formation or enlargement of focal
adhesions (Watanabe et al., 1999; Tsuji et al., 2002).

DNmbDial-infected SAOS-2 cells exhibited a rounded shape (Figure 2.16 B, C,
and D), and had reduced stress fibers staining after 24 hours of infection (Figure 2.18 1), a
phenotype that has been reported previously (Watanabe e al., 1999). The overexpression
of DNmDial had no effect on microtubules. Cell blebbing that was caused by the
expression of CA- and DNmDial was reported only once in HeLa cells (Watanabe et al.,
1999). Overexpression of DNmbDial in both SAOS-2 and Swiss 3T3 cells had no effect
on cell migration rates or the time needed for wound closure (Figure 2.21 A and B).

The lack of effect of DNmDial on cell migration rates was previously observed in
lymphocytes, which migrated normally when compared with the untransfected control
cells (Vicente-Manzanares et al, 2003). However, when NIH 3T3 cells were
microinjected with DNmDial, and then scratched in a wound-healing assay, only 30 +

17% of the expressing cells migrated, while the rest of the DNmDial-expressing cells
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failed to migrate (Magdalena et al, 2003). Control microinjected cells migrated
normally. The discrepancies in these results are difficult to reconcile. Both human
(SAOS-2) and mouse (Swiss 3T3) cells express multiple members of the seven groups of
formin proteins (Higgs and Peterson, 2005), that could possibly compensate for the
inhibition of mDial, which explains why the overexpression of DNmDial did not affect
the migration rates of lymphocytes, SAOS-2 cells and Swiss 3T3 cells.

DNmDial could exhibit its negative effects on the cytoskeleton by: 1) binding to
endogenous mDial-binding proteins such as DIP (Satoh and Tominaga, 2001) and VASP
(Grosse et al., 2003), sequestering them or, 2) the FH2 domain of the DNmDial mutant
could dimerize with the endogenous mDial-FH2 domain forming an abnormal
heterodimer, and thus inhibit the formation of functional dimers of mDial required for its
activity (Shimada ef al., 2004; Xu et al., 2004).

Overexpression of CARho causes an increase in the number and thickness of
stress fibers, and in some instances it results in the enhancement of cortical actin (Ridley
and Hall, 1992; Raman and Atkinson, 1999). CARho-infected SAOS-2 cells exhibited
the same phenotype (Figure 2.25 E). These effects on stress fibers downstream of Rho are
mediated through both mDial and ROCK (Watanabe et al., 1999; Tsuji et al, 2002).
mbDial, through its FH1-FH2 unit, is able to induce de novo actin nucleation and
polymerization into straight actin filaments (Sagot ef al., 2002a, b; Pruyne et al, 2002;
Pollard, 2002). Actin filaments are then bundled into stress fibers, a process that is
mediated by myosin-based contractility downstream of ROCK (Chrzanowska-Wodnicka
and Burridge, 1996; Burridge and Chrzanowska-Wodnicka, 1996). ROCK can

phosphorylate the regulatory subunit of myosin light chain (MLC), leading to myosin
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activation, and MLC phosphatase, inhibiting its ability to down-regulate myosin,
resulting in the enhancement of actomyosin-based contractility (Noda et al, 1995;
Kimura et al., 1996; Kawano ef al., 1999; Takaishi ef al., 2000). Thus, ROCK and mDial
cooperate in the formation of stress fibers (Leung et al., 1996; Watanabe et al., 1999;
Riveline et al., 2001; Tsuji et al., 2002).

To distinguish between the two pathways (mDial and ROCK) downstream of
Rho culminating in actin reorganization, one can block either the Rho-ROCK pathway
with the application of the Y27632 drug, or the Rho-mDial pathway with DNmDial.
Alternatively, both of the Rho pathways can be blocked via expression of DNRho and
then the mDial pathway can be rescued by expression of CAmDial.

To investigate the effects of Rho-mDial pathway on cell morphology and
cytoskeletal organization in the absence of ROCK activity, we infected SAOS-2 cells
with CAmDial-expressing adenovirus, and applied the ROCK inhibitor Y-27632 to the
infected cells. Y-27632 is widely used as a specific inhibitor of the ROCK family of
protein kinases (Kosako et al., 2000; Khyrul ef al., 2004; Lepley et al., 2005). It inhibits
the ROCK family of kinases 100 times more potently than it affects other kinases,
including protein kinase C, cAMP-dependent kinase and myosin light chain kinase. Y-
27632 inhibits ROCK by competing with ATP for binding to the kinase (Ishizaki er al.,
2000). Prolonged exposure (7-15 hours) of SAOS-2 cells to 30 uM Y-27632 induced the
formation of long processes (Figure 2.22 C and D). Theses processes contained
microtubules (Figure 2.22 G), while actin filaments were almost absent (Figure 2.22 F).
This phenotype has been reported earlier, and the processes were called neurite-like

processes (Ishizaki et al., 1997; Tsuji et al., 2002; Arakawa et al., 2003). When SAOS-2
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cells were infected with CAmDial and then treated with Y-27632, long processes were
formed within 30 min of the drug application (Figure 2.23 E-D). This result was the basis
for investigating the role of mDial in axon elongation where it was found that CAmDial
overexpression in cerebellar granule neurons enhanced axon length (Arakawa er al,
2003). Because the same phenotype was achieved when the cells were infected with
CARho and treated with Y-27632 (Figure 2.23 J-N), it is assumed that it is dependent on
the activation of mDial downstream of Rho. Also, expressing DNmDial mutant
inhibited the long-process phenotype caused by CARho expression and Y-27632
treatment in 78% of the co-infected SAOS-2 cells with DNmDial and CARho. ROCK
and mDial antagonize during neuritogenesis; neurite outgrowth is enhanced by inhibition
of the Rho/ROCK pathway (Bito et al., 2000) or activation of the Rho/mDial pathway
(Arakawa et al., 2003). The long processes were formed in the absence of actin filaments
because the application of Y-27632 resulted in dissolution of actin filament. This finding
suggests that the formation of the long processes was a microtubule-mediated activity,
and mDial was shown to affect orientation of microtubules in HeLa cells (Ishizaki ef al.,
2001; Palazzo et al., 2001), and to induce microtubule stability (Palazzo et al, 2001;
Wen et al.,, 2004).

The phenotype induced by DNRho expression ranges from having no effect on F-
actin structures (Raman and Atkinson, 1999), to complete absence of stress fibers
(Massoumi et al., 2002). In SAOS-2, DNRho-expressing cells exhibited reduced stress
fiber staining (Figure 2.26 E), and in some cells, stress fibers were completely absent

(data not shown). CAmDial, through its ability to induce the formation of actin filaments
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(Sagot er al., 2002a, b; Pollard, 2002), enhanced the formation of actin filaments
inhibited by DNRho (Figure 2.26 J).

On the other hand, when the activities of both mDial and ROCK were inhibited
in SAOS-2 cells, by DNmDial overexpression and exposure to Y-27632, respectively,
the cells exhibited a butterfly-like morphology (Figure 2.24 E-I). It is not clear why the
cells develop such morphology, but cell shape changes involve many more proteins than
the ones we are studying here. Cross talk between the Rho and other signaling pathways
can have effects on other actin and microtubule dependent pathways that will take
additional study to fully understand.

In conclusion, both of CA- and DNmDial mutants, when tested in different
assays (effect on cell morphology and actin and microtubule cytoskeleton, in the presence
or absence of ROCK activity, and wound-healing assay), induced the same phenotypes
that have been published in literature. Consequently, they were used to investigate the

role of mDial in the polarization and migration of chick embryo cardiac fibroblasts.
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Chapter three

The role of mDial in directional migration and polarization of chick embryo cardiac
fibroblasts
Summary

During directional migration, cells exhibit a polarized morphology with leading
edge protrusion and retraction at the rear. Polarization involves spatial and temporal
reorganization of actin and microtubules. mDial, a member of the formin family of
proteins, coordinates both actin and microtubule cytoskeletons through its FH1-FH?2 unit.
We hypothesized that both constitutively active (CA) and dominant negative (DN)-
mDial will disrupt the polarization and thus the migration of chick embryo cardiac
fibroblasts (CECFs) through their effects on actin and microtubules. Twenty-four hours
prior to plating explants of chick cardiac fibroblasts (CECFs), explants in suspension
were treated with recombinant adenovirus to express the protein of interest along with
Green or Red fluorescent protein (GFP or RFP) from a separate promoter to identify
infected cells. Whereas about 52% of uninfected and control adenovirus-infected cells
exhibited polarized morphology (protrusion of a single lamellipodium), only 24.9% of
CAmDia-expressing and 4.8% of DNmDia-expressing cells were polarized. The
majority of the non-polarized, CAmDial-infected CECFs exhibited a bipolar morphology
(two distinct lamellipodia, one at each end of the cell). Almost 78% of CAmbDial-

infected non-polarized CECFs were bipolar for the first 48 hours, and this percentage
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dropped gradually for the following three days; 67%, 61% and 48%, respectively.
Migration of the cells in vitro was followed by time-lapse microscopy. Directional
migration in control uninfected CECFs was maintained for a minimum of 15 min and the
average rate of migration was 1.14 um/min. Polar and bipolar cells infected with CA-
mDial retained the capacity to migrate, but they were slower than their counterparts with
migration rates of 0.49 pm/min and 0.11 pm/min, respectively. On the other hand, most
of the cells infected with DN-mDial failed to migrate out of the explants. Overexpression
of CAmDial had no effect on G-actin/F-actin balance in CECFs, but it enhanced the
formation of focal adhesions in these cells. Also, the overexpression of CAmbDial in
CECFs caused a 71% increase in the number of microtubule plus ends/unit area
penetrating the lamellipodium, 65% of which were stabilized. Together, these data
demonstrate that mDial controls CECF adhesion and microtubule dynamics, both of
which are critical for their migration.
Introduction

Cell migration is a multi-step process that includes the extension of filopodia to
explore the external environment, formation of a lamellipodium in the direction of
migration, forward cell body translocation, and retraction of the rear end of the cell
(reviewed in Raftopoulou and Hall, 2004) (Figure 3.1). Formation of filopodia and
lamellipodia requires actin polymerization (Theriot and Mitchison, 1991; Ponti et al.,
2004; Meyer et al., 2005; Schirenbeck et al., 2005), whereas cell body translocation and
tail retraction involve actomyosin-based contraction (Ridley and Hall, 1992; Nobes and
Hall, 1995; 1999; reviewed in Mitchison and Cramer, 1996). These effects on the actin

cytoskeleton are mediated via different regulatory pathways, the Rho family of GTPases,

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.1

Steps of cell migration. A migrating cell needs to perform a
coordinated series of steps to move. Cdc42 regulates the direction
of migration, Rac induces membrane protrusion at the front of the
cell through stimulation of actin polymerization and integrin
adhesion complexes, and Rho promotes actin:myosin contraction

in the cell body and at the rear. Adapted from Raftopoulou and Hall,
Dev. Biol. 265, 2004.
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Rho, Rac and Cdc42, seems to play a dominant role in regulating the signal transduction
pathways most relevant to cell migration (reviewed in Fukata ef al., 2003; Raftopoulou
and Hall, 2004). Actin polymerization and branching at the leading edge are under the
control of Cdc42 and Rac; Cdc4?2 is responsible for the formation of filopodia (Kozma et
al., 1995; Nobes and Hall, 1995) and controlling the direction of migration (Allen et al.,
1998; Etienne-Manneville and Hall, 2003), while Rac induces the formation of a
protrusive lamellipodium (Ridley ef al., 1992; Nobes and Hall, 1995). On the other hand,
the activities of Rho have been linked to actin filament contractility and the formation of
focal adhesions (Ridley and Hall, 1992; Nobes and Hall, 1995; 1999; Watanabe et al.,
1999; Alblas et al., 2001).

The Ser/Thr kinase PAK is activated upon either Rac or Cdc42 activation and
phosphorylates and activates LIM kinase (LIMK), which in turn phosphorylates and
inactivates ADF/cofilin (AC) (Arber et al, 1998; Edwards et al, 1999). However,
enhanced activity of LIMK does not necessarily signal a decline in actin turnover or even
a shift in the pool of phophorylated AC since coordinated regulation of the AC
phosphatase slingshot might also occur under these conditions and the phosphocycling of
the AC proteins might be coupled to enhanced actin dynamics (Chen et al., 2000). AC
proteins enhance the turnover of actin filaments at the leading edge by inducing filament
depolymerization and severing (reviewed in Bamburg, 1999). Also, Cdc42 activates
WASp and N-WASp (Rohatgi et al., 2000) and Rac activates the Scar/WAVE family
(Eden et al,, 2002), each of these effector proteins in turn can stimulate the Arp2/3

complex, which can initiate actin polymerization (Weaver et al., 2002) (Figure 3.2).
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Figure 3.2

Rho-GTPase-regulated pathways affect actin filament
organization. Rho promotes contractile actomyosin filament
assembly through two effectors, mDia and p160ROCK. mDia
induces the formation of straight actin filaments, and p160ROCK
phosphorylates LIM kinase, leading to cofilin phosphorylation,
and it also phosphorylates myosin light chain (MLC) and MLC
phosphatase, leading to an increase in ML.C phosphorylation.
Rac and Cdc42 both regulate actin polymerization through the
WASp/Scar/WAVE family of proteins acting on the Arp2/3
complex, and through p65PAKkinase acting on LIM kinase.
Adapted from Raftopoulou and Hall, Dev. Biol. 265, 2004.
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ROCK and mDial, two downstream effectors of Rho, are mainly responsible for
cell body and tail behavior during migration (Watanabe ef al., 1997; 1999; Ishizaki et al.,
2001). One important step during cell migration is the adhesion of the cell to the
extracellular matrix; upon cell adhesion to the substratum, integrins are activated to bind
to their ligand (Yamada et al.,, 1997; Critchley, 2000). Once integrin binds its ligand, it
forms a multi-protein complex with different cytoskeletal proteins and this focal complex
is linked to actin filaments (Calderwood et al, 2000). These focal complexes then
aggregate to form focal adhesions and actin filaments are bundled into stress fibers
(reviewed in Narumiya et al., 1997). The latter process is mediated by myosin-based
contractility (Chrzanowska-Wodnicka and Burridge, 1996; Burridge and Chrzanowska-
Wodnicka, 1996). Beside the ability of ROCK to phosphorylate and activate LimK
(Maeckawa et al., 1999; Sumi et al., 2001), it can also enhance actomyosin contractility by
phosphorylating and activating the regulatory subunit of myosin light chain (MLC), while
at the same time inhibiting the activity of myosin light chain phosphatase (Noda et al.,
1995; Kimura et al., 1996, Kawano et al., 1999; Takaishi et al., 2000). mDial, through
its FH1-FH2 unit is able to induce de novo actin nucleation and polymerization into
straight actin filaments (Sagot et al., 2002a; Pollard, 2002). Thus, ROCK and mDial
cooperate in the formation of stress fibers and focal adhesions (Figure 3.3) (Leung ef al.,
1996; Watanabe ef al., 1999; Riveline ef al., 2001; Tsuji et al., 2002). The organization of
actin filaments within bundles in motile cells can be classified into four different
structural groups based on actin filament orientation that is determined from myosin S1
or heavy meromyosin decoration (Huxley, 1963). These groups are: uniform, alternating,

graded, or mixed actin filaments (Reviewed in Cramer, 1999). In uniform actin filaments,
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Figure 3.3

The Rho-mediated signal transduction pathway leading to focal
adhesion and stress fibers formation. ROCK activated by Rho-
GTP acts on integrins to cause their binding to the extracellular
matrix and initiate cell spreading. mDial is then targeted to the cell
periphery through its Rho binding and induces actin filament
polymerization. Ligand-bound integrin forms a complex with other
cytoskeletal proteins. This protein complex then binds the actin
filaments. ROCK-activated actomyosin contractility causes integrin
complexes to aggregate into focal adhesions that are linked by
stress fibers. Adapted from Narumiya et al.,, FEBS letters 410,
1997.
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the barbed ends face away from the nucleus; these types of bundles occur in microvilli,
stereocilia, filopodia, and within actin bundles (ribs) within lamellipodia (Cramer et al.,
1997, Svitkina et al., 1997) (Figure 3.4 A). In migrating fish keratocytes, the majority of
actin filaments are uniform (Svitkina er al, 1997). Filament polarity in alternating-
polarity actin bundles alternates over short lengths, almost every 1 uM (Figure 3.4 B).
This organization occurs in stress fibers and cortical actin bundles in CECF cells (Cramer
et al., 1997). Graded-polarity actin bundles are the major form of actin bundles in
migrating CECFs. In this type of organization, filament polarity changes gradually over
the length of the bundle, and the filament polarity at any given point is dependent on the
position of that point in the cell; the closer to the lamellipodium, the more filament
barbed ends face forward (Figure 3.4 C) (Cramer ef al, 1997). Finally, in mixed polarity
actin bundles that occur at the lamella, roughly 50% of the barbed ends and 50% of the
pointed ends face the same direction (Figure 3.4 D) (reviewed in Cramer, 1999). The
work presented in this thesis did not include any ultrastructural analysis of filament
bundles, and so the actin filaments in CECFs will just be referred to as actin bundles or
cables.

It is generally accepted that the driving force for cell movement is provided by the
dynamic reorganization of the actin cytoskeleton and myosin contraction. However,
persistent migration in some cell types requires an intact microtubule (MT) network
(Eddy et al., 2002; Omelchenko et al.,, 2002). All three major Rho GTPases may play a
role in stabilizing the MT network (Wittmann and Waterman-Storer, 2001). Rac may
enhance microtubule elongation via the PAK/stathmin pathway; PAK1 phosphorylates

stathmin specifically at serine 16 and inactivates its microtubule destabilizing activity
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Figure 3.4

Structural organization of actin filaments within bundles in
motile cells. A) Uniform actin bundle, B) alternating-polarity actin
bundle, C) graded-polarity actin bundle, and D) mixed polarity actin
bundle. Adapted from Cramer, Biochem. Soc. Symp. 65, 1999.
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(Banerjee et al, 2002; Wittmann et al, 2004). Downstream of Rho, mDial binds
EB1/APC plus-end tracking proteins and this tripartite complex then captures and
stabilizes microtubule plus-ends penetrating the leading edge of migrating cells (Wen et
al., 2004). GSK-3p phosphorylates APC, inhibiting its activity (Rubinfeld et al, 1996).
Cdc42 binds PAR-6, which forms a complex with PAR-3 and PKC-3. Together this
complex induces Cdc42-mediated PKC-3 activation (reviewed in Doe, 2001; Wodarz,
2002). Activated PKC-3 in turn phosphorylates GSK-3B, which inhibits its
phosphorylation of APC, allowing APC to remain active and participate in MT plus-end
stabilizing complexes (Zumbrunn et al., 2001) (Figure 3.5).

Chick embryo cardiac fibroblasts (CECF) provide a well-established cell system
in which to study cell polarization and migration. They display spontaneous polarization
responding to an unknown endogenous signal. Also, chick cells have only one mDial
homologue (Gg2) (Higgs and Peterson, 2005), and so by manipulating the expression of
mDial in CECFs, it is easier to elucidate the role of formins during cell polarization. This
chapter investigates the role of mDial or its homologue (Gg2) during the polarization and
migration of CECF.

Material and methods
Preparation of CECF explants

CECF explants were prepared and plated according to the diagram shown in
Figure 3.6 and as described below. Briefly, a day 7 to 8 (E7-E8) chick embryos were
removed from the egg, opened, and the heart removed and de-membranated (Figure 3.6
A-C). The heart wall was then cut into small pieces (explants) (Figure 3.6 D), which were

suspended in cloning rings (Bellco) filled with CECF medium (low glucose DMEM
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Figure 3.5

Rho GTPases regulate microtubules. Rho activation leads to
microtubule stabilization through mDia/EB1/APC complex. Rac
activates PAK to phosphorylate and inactivate stathmin, a
microtubule-destabilizing protein. Cdc42 regulates microtubule and
centrosome polarity through activation of the Par6/PKC complex,
which in turn leads to the inhibition of GSK-3f and the association
of APC with the plus end of microtubules. Adapted from
Raftopoulou and Hall, Dev. Biol. 265, 2004.
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Figure 3.6

Preparation of chick embryo cardiac explants. Day 7 to 8 (E7-E8)
chick embryos were removed from the egg and the heart removed and
de-membranated (A-C). The heart wall was then cut into small pieces
(explants, D), which were infected with adenovirus expressing

the gene of interest in cloning rings for 24 h (E). The CECF explants
were then plated on matrigel-coated cover slips for another 24 h (F).
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(Gibco) + 10% fetal bovine serum (FBS; Atlas, Fort Collins, CO) + 10% chick serum
(Invitrogen), and placed on a Petri dish (not tissue culture coated) (Figure 3.6 E). An
appropriate volume of adenovirus (determined empirically, but approximately 1.5-2X10°
viral focus-forming units (ffu) per heart explant for single infection experiments and
approximately half of that amount for each of the two viruses used for double infection
experiments) was added to the cloning ring medium and the explants were incubated in
suspension for 24 h at 37°C in a 5% COy/air incubator (Figure 3.6 F). One heart yielded
enough tissue explants for 3-4 cloning rings. The CECF explants were then plated on
matrigel (Becton Dickinson)-coated cover slips (glass bottom dishes) for another 24 h
(Figure 3.7 A and B, arrow). Coating of the cover slips on the bottom of 35 mm drilled
out dishes with matrigel was performed by first UV sterilizing the dish. Each dish was
washed once with 70% ethanol, dried in the tissue culture hood, and 50-100 pl sterile 1X
matrigel in PBS was added over the coverslips. After incubating at 37°C for 30-60 min,
the coated cover slips were then washed 3X with PBS and once with CECF medium.
Explants were then plated and allowed to attach. Fibroblasts beyond the boundary of the
explant and not in contact with other cells (Figure 3.7 C, arrows) were analyzed for cell
morphology (polarity, bipolarity, etc), and/or the appearance of the F-actin cytoskeleton
following fixation and staining with fluorescent phalloidin (see below), or they were
studied by time-lapse microscopy.
Time-lapse microscopy

CECF medium was replaced with 1:1 mix of F12 and DMEM media, and
overlayered with dimethyl polysiloxane (Sigma) to prevent or reduce evaporation while

allowing gas exchange. Live cell migration in culture was followed using a 12-bit cooled
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Figure 3.7

Chick embryo cardiac explants. Phase contrast image of explant 24 h
after plating on matrigel-coated slide (A). Fluorescence image of same
explant stained with FITC-phalloidin (B). Images of cells that have
migrated out of explant with arrows showing individual CECFs that

are used to score polarity (C).
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CCD camera (Photometrcis Coolsnap ES) on an inverted Nikon microscope using 20X,
1.0 NA air or 60X, 1.4 NA oil objectives. The microscope was equipped with a plexiglass
incubation chamber for maintaining the cells at ~35°C. Image capture from the camera
was controlled by Metamorph software (Universal imaging). Actin dynamics in live cells
were also viewed on a Nikon (TE 2000-U) inverted microscope equipped with an
UltraView spinning disk confocal microscope (PerkinElmer) and an Orca II-ER cooled
CCD camera (Hamamatsu) controlled by Metamorph (Universal Imaging). Temperature
was maintained by a Heatwave-30 temperature-controlled chamber (World Precision
Instruments) and an Intracell objective heater (Bioptechs). Imaging was performed with a
60X, 1.4 NA plan-apo Nikon objective.
Immunocytochemistry

CECFs were fixed in 4% formaldehyde in cytoskeleton buffer (CB: 10mM MES
pH 6.1, 138 mM KCIl, 3 mM MgCl and 2 mM EGTA pH 7.0) plus 0.32 M sucrose (CBS)
for 20-30 min. After fixation, the cells were permeabilized with 0.5% TritonX-100 in
PBS for 5-10 min, and blocked with 2% goat serum in TBS for 45 min-1 h. CECFs were
then incubated with primary antibodies for 1 h at room temperature or overnight at 4°C.
The primary antibodies used were mouse anti-f-tubulin at 1:100 (Sigma-Aldrich), mouse
anti-paxillin at (1:250) (Becton Dickinson), mouse anti-G-actin (N350) at 1:200
(Amersham), and rabbit anti-Glu-tubulin antibody at 1:200 (Chemicon) (all diluted into
1% BSA + TBS). After 3-5 washes with TBS, the cells were incubated with fluorescence-
conjugated goat anti-mouse/rabbit secondary antibodies (1:400 into 1% BSA + TBS)
(Molecular Probes). For actin staining, Alexa-350-, Texas Red (TR)-, or Alexa-647-

conjugated phalloidin was used (1:50 into 1% BSA + TBS) (Molecular Probes). Images
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were acquired with a 12-bit cooled CCD camera (Photometrcis Coolsnap ES) and a 60X,
1.4 NA oil objective on an inverted Nikon microscope controlled by Metamorph software

(Universal imaging).

Results
Efficiency of infection of CECF

CECF explants in cloning rings were infected for 24 h with adenoviruses
encoding the protein of interest. In double infection experiments, one of the viruses
expressed GFP, either as a fusion protein or from a separate CMV promoter, while the
other virus expressed RFP. The explants were then plated for 24 h, fixed, and scored for
percentage of infection. Table 3.1 summarizes the results, which demonstrate that the
second virus infects cells approximately to the percentage expected if the process is cell
autonomous (i.e. infection with the first virus neither enhances nor inhibits infection with
the second virus).
Overexpression of CA- and DN-mDial induces loss of polarization of CECF

CECF explants were infected with either DN- or CAmDial adenoviruses for 24 h
and plated for another 24 h on matrigel-coated cover slips before fixing. Migrating cells
were stained with a fluorescent phalloidin and scored for percentage of polarized cells.
More than half of the control uninfected cells (53.6%) had a polarized morphology with a
single lamellipodium at the front of the cell identified as the heavily phalloidin-stained
region (Figure 3.8 A and B, arrow). Actin cables were oriented along the long axis of the
cell. Polarized cells were either kite (Figure 3.8 A) or crescent-shaped (Figure 3.8 B). The
remaining cells were “non-polarized,” either bipolar with two opposing leading edges

(Figure 3.8 C) or two leading edges and a tail (Figure 3.8 D), or they had multiple
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Table 3.1

Efficiency of adenoviral-mediated gene expression in CECFs
following single and double infections.
(n 2100 cells in each experiment, 3 separate experiments, the
numbers are percentages of expressing cells + S.E.M.)

Construct Single Double
infection infection
RFP 83.6% £ 3.4% 70.1% + 4.5%
GFP 98.3% + 4.8% 87.5% + 3.6
XAC-E3.GFP 74.5% + 5.1% 63.6% £ 3.1
RFP + GFP 62.1% + 5.8%
RFP + XAC-E3.GFP 61.5% = 4.7%
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Figure 3.8

Morphologies and actin filament organization in CECFs.

Cells that have migrated out of explants were fixed and stained with
FITC- phalloidin. Polarized CECFs are either kite-shaped (A)

or crescent (B). Non-polarized cells are either bipolar (C) and (D), or
multipolar (E).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lamellipodia (Figure 3.8 E) protruding randomly from the cell surface. The percent of
polarized cells in cultures infected with adenoviruses expressing only GFP or RFP were
51.3% and 53.2%, respectively (Figure 3.9), demonstrating that viral infection alone had
no significant eftect on cell polarity.

Most DNmDial -expressing fibroblasts did not migrate out of the explants, and the
few that did were almost all non-polarized; only 4.8% of the migrating cells exhibited
polarized morphology (Figure 3.9). On the other hand, CAmDial-expressing CECFs
migrated out of the explants, and 24.9% of them were polarized compared to about 52%
in various uninfected and control infected cells (Figure 3.9).

The majority of the non-polarized CAmDial-expressing CECFs exhibited bipolar
cell morphology (two lamellipodia) rather than multipolar morphology (more than two
lamellipodia). Almost 78% of CAmbDial-expressing non-polarized CECFs were bipolar
for the first 48 hours, this percentage dropped gradually for the following three days;
67%, 61% and 48%, respectively (Figure 3.10). More than half (57%) of the control non-
polarized CECFs were bipolar 24 h after plating the explants, the percentage increased to
64% in the next day, then it dropped significantly in the following three days (33%, 16%,
and 11%, respectively). By the end of the fifth day, the majority (89%) of the non-
polarized control CECFs were multipolar (Figure 3.10).

Morphology and cytoskeleton of CAmDial-infected CECF's

Kite-like migrating CECFs had four cell regions: a leading edge (lamellipodial
projection in the direction of migration of the cell) or lamellipodium at the front of the
cell identified by heavy fluorescent phalloidin staining, a lamella posterior to the

lamellipodium which stained faintly with fluorescent phalloidin,a nuclear and
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Figure 3.9

Overexpression of CA- and DNmDial induces loss of polarity

in CECFs. Quantification of the percentages of polarized cells

migrating out of explants that were uninfected, infected with adenoviruses
expressing GFP or mRFP alone, or infected with adenoviruses

expressing CA- or DN mDia. Error bars are standard error of the mean
(S.EM.).
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Figure 3.10

The majority of the non-polarized CAmDial-expressing CECFs
exhibited bipolar cell morphology. Chick cardiac explants were
infected with CAmDial adenovirus for 24 h and then allowed

to migrate for 1, 2, 3, 4, and 5 days. The cells were fixed after

each time point, stained for actin filaments, and scored for the
percentage of CECFs with bipolar and multipolar morphology.
Error bars are S.E.M.
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perinuclear region that occupied more than half the cell size through which actin
filaments ran parallel to the long axis of the cell, and a tail at the rear of the cell (Figure
3.11) (Cramer et al, 1997; 1999). Crescent CECFs had the same first three regions
(lamellipodium, lamella, nuclear region) but lacked a tail (Figure 3.12 A-F). In
uninfected CECFs, few of the microtubules plus ends penetrated into the lamellipodium
(Figure 3.12 F and I, open arrows), while other microtubules were seen in the lamella
running parallel to the lamellipodium (Figure 3.12 E, F, H, and I, arrows).
Overexpression of CAmDial in CECFs induced cell elongation and the formation
of thin actin cables (compare Figure 3.13 B, F to Figure 3.12 A) along the long axis of
the cell. The cell regions were not easily identified in CAmDial- expressing CECFs,
even in the polarized infected cells (Figure 3.13 A-D). The lamellipodium of polar
CAmbDial-expressing CECFs was not well defined. It occupied 1-1.5 um of cell size as
compared to 3-5 pm in control cells (compare Figure 3.13 B to Figure 3.12 A); however,
more microtubule plus ends were seen to reach the cell periphery in CAmDial-
expressing CECFs (compare Figure 3.13 D to Figure 3.12 F). Actin cables and
microtubules seemed to run parallel in bipolar CECFs expressing CAmbDial (Figure 3.13
F-H). Overexpression of CAmDial in Hela cells was reported to induce alignment of
actin and microtubules (Ishizaki ef al.,, 2001). To assess if the same phenotype occurs in
CECFs, high magnification images (100X) were captured for bipolar uninfected and
CAmbDial-expressing CECFs. The alignment of actin and microtubule in CAmDial-
expressing cells was not conclusive; the microtubules in some cells ran parallel to actin
cables (Figure 3.14 H-J, white boxes), while in other CmDial-expressing cells, the

microtubules were folded (Figure 3.14 M and N, arrows). Both of these organizations
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Figure 3.11
The cell regions of a kite-like CECF. A kite shaped CECF migrating out
of an explant was fixed and stained for F-actin with Texas Red phalloidin.
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Figure 3.12

Morphology and cytoskeleton of control uninfected CECFs. Cells
migrating out of an explant were fixed and immunostained for
microtubules or stained with fluorescent phalloidin for F-actin.

A-C) Crescent-like CECF, D-F) high magnification of a crescent-
like CECF, G-I) bipolar CECF. Dashed arrows in panel F and I
show microtubules penetrating the lamellipodium, and arrows in
panel E, F, H, and I show microtubules running parallel to the

lamellipodium.
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Figure 3.13

Morphology and cytoskeleton of CAmDial-expressing CECFs.
Infected cells express GFP. Fixed cells were stained for F-actin
with fluorescent phalloidin and immunostained for microtubules.
A-D) Polar CECF, E-H) Bipolar CECF, I-L) CECF with a second
and a third lamellipodia (arrows) generated to the sides of the
original lamellipodium (dashed arrow).
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Figure 3.14

Actin filaments and microtubules alignment in CAmDial-
infected CECFs. A-F) control uninfected CECFs,

G-N) CAmDial-expressing CECFs. Cells were stained

with TR-phalloidin (A, D, H, and L), and mouse anti-
tubulin 1° Ab, and Alexa-647 goat anti-mouse 2° Ab (B, E, I,
and M). The white boxes in H-J show parallel actin and
microtubules, and the arrows in M and N show folded
microtubules.
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could be seen in control uninfected CECFs (Figure 3.14 A-F). In some cases, a second or
a third lamellipodium could be seen to the sides of the original lamellipodium (dashed
arrow) in CAmDial-expressing CECFs (Figure 3.13 L, arrows).
Overexpression of CAmDial in CECF reduces the migration rate

To investigate the effect of CAmDial expression on chick fibroblast behavior and
movement, the migration of control and infected cells was analyzed by time-lapse
microscopy and using the kymograph option on Metamorph (Figure 3.15). Both polarized
and bipolar CAmDial-expressing cells retained the capacity to migrate, albeit more
slowly than control uninfected polarized or bipolar CECFs (Figure 3.16). Polarized
CAmDial-expressing cells exhibited persistent directed cell movement defined as the
ability of cells to migrate in one direction for 15 min (Figure 3.17), but the average
migration rate (0.49 + 0.03 pm/min) was reduced to almost half the average migration
rate of polarized control cells (1.14 £ 0.06 pm/min) (migration rate + S.E.M). Bipolar
cells have two lamellipodia, usually facing opposite directions (see figure 3.13 E-H). As a
result of this morphology, the two lamellipodia sometimes extend in opposite directions.
At other times, one leading edge becomes dominant, and the other lamellipodium begins
to retract (Figure 3.18). Bipolar cells, whether infected or not, were able to migrate, but
they kept moving back and forth; bipolar uninfected CECFs changed direction more than
8 times over the 15 min, while CAmDial-expressing bipolar CECFs changed direction
more than 12 times over the 15 min (Figure 3.19). The migration rate of bipolar
uninfected CECFs was slow (0.34 + 0.05), due to the behavior mentioned earlier of

bipolar cells (See Figure 3.18), and because of the high frequency of change in direction
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Figure 3.15

Measuring the migration rates of migrating CECFs using the
kymograph program. Individual CECFs were imaged with phase contrast
objectives (low light intensity to avoid photodamage) for at least

15 min, imaging at 20 s intervals. The migration rate was measured
from the center position of the cell body over 15 min using the
kymograph option in Metamorph. The kymograph creates a
cross-sectional view of the intensity values of a user-defined line
through the planes of an image stack. This can be used to create a
view of object movement in a time-based series of images. Four
different regions of each cell were selected (A) and a kymograph
created for each region, only one of which is shown here (B).

The kymograph was then analyzed with a journal prepared by

Dr. Joseph Fass and Chi Pak (Bamburg lab) which tracks the

front and rear membrane positions along the line at each time point
and creates an average cell center position (centroid) which is then
plotted versus time (frame number), from which a slope was
calculated (C). The migration rate which equals [slope (pixel/frame)
X (1uM/# pixels) X (# frames/#min)], was averaged from 10 cells
in each case, 4 measurements (slopes) per cell.
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Figure 3.16

Migration rates of control uninfected and CAmDial- expressing
CECFs. The migration rate of polarized CAmDial-expressing cells
was reduced to almost half the average migration rate of polarized
control cells (0.49 + 0.03 um/min and 1.14 + 0.06 pm/min,
respectively) (migration rate + S.E.M). The migration rate of bipolar
uninfected CECFs was slow (0.34 + 0.05), and CAmDial -expressing
bipolar CECFs were extremely slow (0.11 + 0.03 pm/min)
(migration rate = S.E.M).
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Figure 3.17

Polarized control uninfected and CAmDial-expressing CECFs
undergo directional migration. Directional migration is defined as
the ability of chick cardiac fibroblast to migrate in one direction
(dashed arrow) for 15 min at least. Still images of mRFP.actin-
expressing polarized control CECF migrating in culture are shown.
The red cell is the preceding position of the cell in each image,
while the green cell is the new position, note the protrusion

of the lamellipodium (arrow) over time in each image. Time shown
is in (min : sec). This figure is representative of at least 10 CECFs
in each of the two categories.
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Figure 3.18

Bipolar uninfected or CAmDial-expressing CECFs were able to
migrate, but the movement frequently switches directions. Bipolar
cells have two lamellipodia. One outcome of this morphology, which
is depicted in the still images of a CAmDial/GFP and mRFP.actin
co-expressing CECF, is that the two lamellipodia (L1, and L.2)
continue to extend in opposite directions (dashed arrows),

as if the cell was under the control of two pulling forces in opposite
directions. However the net movement is not zero because at certain
times one leading edge becomes the dominant lamellipodium, whereas
the second lamellipodium starts retracting. The red cell is the preceding
position of the cell in each image, while the green cell is the new
position. Time is in (min : sec). This movie represents at least 10
CECFs of the two categories.
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Figure 3.19

Frequency in change of direction for bipolar CECFs over 15 min.
Bipolar cells, whether infected or not, were able to migrate, but they
kept moving back and forth; bipolar uninfected CECFs changed
direction more than 8 times over the 15 min, while CAmDial-expressing

bipolar CECFs changed direction more than 12 times over the 15 min.
Error bars are S.E.M., p <0.01.
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(8X/15 min). On the other hand, CAmDial-expressing bipolar CECFs were extremely
slow (0.11 + 0.03 pm/min) (migration rate + S.E.M) (Figure 3.16).

The lamellipodium history (protrusion, pausing, and retraction) of the migrating
CECFs was also analyzed using the kymograph images and a journal prepared by Dr.
Joseph Fass and Chi Pak. The leading edges of polar uninfected and CAmbDial-
expressing cells were analyzed (Figure 3.20 A), while the two lamellipodia of bipolar
uninfected and CAmDial-expressing cells were analyzed (Figure 3.21 A), and graphed
on Excel (Figure 3.20 B and 3.21 B). Polar uninfected CECFs spent most of the 15 min
(76%) protruding, and spent the rest of the time pausing (10.5%) or retracting (13.5%)
(Figure 3.22), and on average the lamellipodium fluctuated between protrusion and
retraction 3 times per 15 min, while it paused one time over the same period (Figure
3.23). On the other hand, polar CAmDial-expressing CECFs protruded 58%, paused
21% and retracted 21% of the 15 min (Figure 3.22), and on average the lamellipodium
fluctuated between protrusion and retraction 5.7 times per 15 min, while it paused 2.7
times over the same period (Figure 3.23).

Bipolar uninfected CECFs spent almost equal time protruding and retracting, 38%
and 37% of the 15 min, respectively, and for the rest of the time (25%), the lamellipodia
were pausing (Figure 3.22). This lack of persistence was not significantly different in the
bipolar CAmDial-expressing cells (Figure 3.22). The lamellipodia of bipolar CAmDial-
expressing CECFs fluctuated between protrusion and retraction more frequently than
those of bipolar control CECFs, 8.8 and 6.2 times over 15 min, respectively (Figure

3.23).
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Figure 3.20

The lamellipodium history of polar migrating CECF. The
lamellipodium history (protrusion, pausing, and retraction) was
analyzed using the kymograph images (A) and the journal prepared
by Dr. Joseph Fass and Chi Pak, and graphed on Excel (B). The
kymograph image was created from a line that crosses the cell
centroid, and the reference point from which the lamellipodium

is measured, is the position of the lamellipodium at time point zero.
This particular cell (GFP.actin-expressing) paused but did not retract.
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Figure 3.21

The lamellipodium history of bipolar migrating CECFs. The
lamellipodium history was analyzed using the kymograph images
(A) and the journal prepared by Dr. Joseph Fass and Chi Pak, and
graphed on Excel (B). The pink line represents the lamellipodium
on the left and the blue line the lamellipodium on the right. This
cell was infected with GFP.actin-expressing adenovirus.
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Figure 3.22

Lamellipodium history of protrusion, pausing, and
retraction of migrating CECFs. Summary of quantitative
data from several cells in each category.
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Figure 3.23
Lamellipodium history of frequency of changes between protrusion,

pausing and retraction in migrating CECFs.
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CAmbDial could exert its effects on migration rate and the behavior of the lamellipodium
via different mechanisms: 1) inducing the polymerization of F-actin (Pruyne et al., 2002;
Sagot et al., 2002), and thus resulting in the aberrant accumulation of actin cables (Sagot
et al., 2002b; Evangelista et al, 2002), and/or depleting the cells of the G-actin pool
required for protrusion (Tominaga ef al, 2000; Geneste ef al., 2002; Copeland and
Treisman; 2002; Vicente-Manzanares ef al., 2003); 2) enhancing the formation of focal
adhesion (Takaishi et al., 2000; Riveline ef al., 2001; Tsuji et al., 2002), making the cells
more adhesive to the substrate; and 3) mDial could induce abnormal microtubule
stabilization (Palazzo et al., 2001; 2004; Wen et al., 2004), resulting in the sequestering
of GEF-HI1 and inactivation of Rho (Ren ef al.,, 1998; Krendel ef al., 2002), preventing
contraction and forward cell body translocation. The role of mDial in each of these
mechanisms is explored below.
Overexpression of CAmDial does not enhance F-actin formation in CECFs
Overexpression of CAmDial mutant has been shown to induce the formation of
actin filaments in HeLa cells (Watanabe et al., 1997; 1999), NIH 3T3 cells (Tominaga et
al., 2000; Satoh and Tominaga, 2001; Copeland and Treisman, 2002), Swiss 3T3 (Tsuji
et al., 2002); and Madin-Darby Canine Kidney cells (MDCK cells) (Takaishi er al.,
2000). To investigate if the overexpression CAmDial in CECFs resulted in the same
effect leading to loss of polarization and impaired migration of the cells, the ratio of G-
actin/F-actin in the lamellipodium and cell body of both uninfected and CAmDial-
expressing CECFs was measured. CECFs were fixed and stained with N350 primary
antibody that recognizes G-actin, while F-actin was stained with a fluorochrome-

conjugated phalloidin. The average intensity of G-actin and F-actin staining was
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measured in Metamorph for both the lamellipodium and the cell body, and then the
relative ratio of G-actin/F-actin was calculated which equals [the ratio of G-actin/F-actin
(lamellipodium)] / [the ratio of G-actin/F-actin (cell body)]. The slight reduction
observed in the relative ratio of G-actin/F-actin in the lamellipodia of CAmbDial-
expressing CECFs when compared to uninfected CECFs was not significant (Figure 3.24)
(n=25 cells in each category, + S.E.M.). CECFs were co-infected with adenoviruses
expressing CAmDial and N17 Rac (dominant negative mutant), and CAmDial and
XAC-S3A (non-phospho-regulated ADF/cofilin), both DNRac and XAC-S3A mutants
should enhance actin filament turn over. Neither N17 Rac nor XAC-S3 A mutants rescued
the loss of polarization caused by CAmbDial (Figure 3.25).
Overexpression of CAmDial in CECF cells increases the total area occupied by
focal adhesions

Overexpression of CAmDial enhanced the formation of focal adhesions in many
cell types including MDCK cells (Nakano et al., 1999; Takaishi ef al., 2000), HeLa cells
(Watanabe et al., 1999; Ishizaki ef al., 2001), NIH 3T3 fibroblasts (Riveline et al., 2001),
and Swiss 3T3 fibroblasts (Tsuji et al., 2002). Overexpression of CAmDial could exert
the same effect on chick cardiac fibroblasts making them more adhesive to the substrate
which would explain the reduction of migration rate in CAmbDial-expressing cells.
CECFs were fixed and stained for focal adhesions with anti-paxilin primary antibody
(Figure 3.26).Both polar and bipolar CAmDial-expressing CECFs showed increased
(42% and 160%, respectively) size of focal adhesions when compared to uninfected
CECFs (Figure 3.27 A) (n=25 cells in each category, = S.E.M, p < 0.001). On the other

hand, polar CAmDial-expressing CECFs exhibited an increase in the number of focal
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Figure 3.24

Overexpression of CAmDial does not enhance F-actin formation
in CECFs. CECFs were fixed and stained with a primary antibody
that recognizes G-actin, while F-actin was stained with

fluorescent phalloidin. The average intensity of G-actin and

F-actin staining was quantified with Metamorph for both the
lamellipodium and the cell body, and then the relative ratio of
G-actin/F-actin was calculated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

o
o

(cell bgdy=1)

o
=

relative ratio of G-actin/F-actin

Control/ CAmDia1/ Control/ CAmDiat/
polar polar bipolar  bipolar

Leading edge Cell body Leading edge Cell body

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.25

Co-expression of DN Rac or XAC-A3 with CAmDial in CECFs
did not rescue loss of polarity. Chick cardiac explants were
co-infected with CAmDial and DN Rac or XAC-S3A adenoviruses
for 24 h, and then were allowed to migrate for another 24 h. The
cells were then fixed and stained with Alexa-350-conjugated
phalloidin and scored for polarity.
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Figure 3.26
Focal adhesion staining. CECFs were fixed and stained for
focal adhesion (anti-paxillin primary antibody; A), and actin

(Alexa-350-conjugated phalloidin; B).C) image overlay.
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Figure 3.27

Overexpression of CAmDial in CECF cells increases the size

and number of focal adhesions. CECFs were infected with
CAmDial adenovirus for 24 h and allowed to migrate for another

24 h and then fixed and stained for focal adhesions with mouse
anti-paxillin primary antibody. The size and number of focal adhesions
per unit area (125 um?) was measured in Metamorph.
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adhesions when compared to uninfected polar CECFs (Figure 3.27 B), whereas bipolar
uninfected CECFs had more focal adhesions/unit area than bipolar CAmDial-expressing
CECFs (Figure 3.27 B) (n=25 cells in each category, + S.E.M, p < 0.001). When data
from Figure 3.27 A and B were grouped and expressed as the total area occupied by focal
adhesion/unit area, the total area occupied by focal adhesions in CAmDial-expressing
CECFs was larger than that of uninfected CECFs (Figure 3.28). The majority of
DNmbDial-expressing CECFs did not migrate out of the explants, and when these cells
were dissociated and plated (dissociated CECFs are used to study initiation of
polarization and will be explained in chapter four), they did not adhere to the substratum,
suggesting a faulty adhesion. Therefore, we co-infected chick cardiac explants with
DNmDial and wild-type (WT) paxillin-GFP adenoviruses (Figure 3.29). The co-
infection increased the number of DNmDial-expressing CECFs that migrated out of the
explants from 5-10 cells to 50-70 cells, in the DNmDial adenovirus single infection and
the DNmDial/wt-Paxillin adenovirus double infection preparation, respectively. Almost
none of the co-infected cells were polarized.
Overexpression of CAmDial in CECFs increases the number of microtubule plus
ends penetrating the lamellipodium, and induces their stabilization

Polar uninfected and CAmDial-expressing CECFs were stained for total and
stabilized microtubules (Figure 3.30). Few microtubule plus ends were seen to penetrate
the lamellipodium of uninfected cells (Figure 3.30 B, dashed arrows), very few of these
plus ends were stabilized (Figure 3.30 C, arrow). The majority of the Glu-positive
microtubules were seen perinuclear, where the MTOC is localized (Figure 3.29 C and D).

On the other hand, more plus ends were seen to reach the cell periphery in CAmDial-
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Figure 3.28

Overexpression of CAmDial in CECF cells increases the total

area occupied by focal adhesions. Quantification of the focal adhesion
area from paxillin stained polar and bipolar control and CAmDial-
expressing CECFs. n=25 cells in each category, p<0.001.
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Figure 3.29
CECFs co-expressing DNmDial and wt-paxillin-GFP. A) DNmDial/RFP,
B) wt-paxillin.GFP. The arrows indicate focal adhesions.
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Figure 3.30

Total and Glu-positive microtubules in CECFs. Control and CAmDial-
expressing CECFs were stained with - and Glu-tubulin primary antibodies.
To count the number of plus ends penetrating the leading edge, a band

was drawn (A, region 1), that is ~ 55-60 pm across, and 5 um in width

(A, region 2). The number of microtubule plus ends/unit area (20 um?)

(A, region 3) were then counted. B-D) control uninfected

CECF, E-H) CAmbDial-expressing CECF. n = 15 cells in each category,

5 areas per cell.
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expressing CECFs (Figure 3.30 F), the majority of these microtubule plus ends were
stabilized (Figure 3.30 G and H). Overexpression of CAmDial caused a 71% increase in
the number of total microtubule plus ends penetrating the lamellipodium; the number of
microtubule plus ends/unit area in control uninfected and CAmbDial-expressing CECFs
was 3.1 and 5.3, respectively (Figure 3.31). About 65% of the microtubules that
penetrated the lamellipodium in CAmDial-expressing cells were stabilized (Figure 3.31),
as judged from the number of microtubules that stained positive for Glu-tubulin antibody
(See Figure 3.30 G), whereas only 31% of the microtubule plus ends penetrating the

lamellipodium in control cells stained positive for Glu-tubulin (Figure 3.31).

Discussion

Observation of chick embryo cardiac fibroblasts migrating out of an explant
allowed us to study the role of mDial during cell migration and polarization. CECFs
from day E7 or E8 chick cardiac muscle migrating out of explants, are one of few cell
types that display remarkable morphological polarization and rapid, persistent locomotion
in the absence of an external cue (spontaneous polarization), making them a valuable tool
to study cell migration and polarization in vitro.

Avian cells have two formin proteins, Ggl and Gg2 (Higgs and Peterson, 2005).
The formin protein Ggl is localized to the nucleus of different embryonic cell types, and
is expressed in the developing chicken limb bud and in the epithelial compartment of the
pronephros and mesonephros.  Ggl protein plays an essential role during the
morphogenesis of limbs and kidneys (Trumpp et al., 1992). The other avian formin, Gg2

is an mDial homologue and belongs to the Dia group (Higgs and Peterson, 2005). Gg2 is
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Figure 3.31

Overexpression of CAmDial in CECFs increases the number and
stabilization of microtubule plus ends penetrating the lamellipodium.
Quantification of Glu and total microtubule ends in CECFs.

n =15 cells in each category, P <0.001.
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a cytosolic protein with a molecular weight of 140 kDa (1253 aa), and yet no biochemical
or cellular studies have been done to characterize this protein. Overexpression of mDial
mutants in CECFs, either the constitutively active (CA) or the dominant negative (DN)
should therefore give some direct insight on what roles formin proteins might play during
cell polarization and migration.

Infecting CECFs with a variety of adenoviruses yielded high infection rates.
Although exact multiplicity of infections can’t be calculated because the number of cells
in each explant is not constant or known, relatively low MOIs (approximately 10-50
based upon the cell numbers from dissociated explants) were needed to obtain almost
complete (100%) infection (Table 3.1). Because the measure of infectivity is the
detection of expression of a fluorescent protein, this is also subject to some variability
since scoring a cell as an expressing cell will depend on the threshold set for exposure
time. Nevertheless, we are confident that a very high percentage of the cells were infected
in these experiments since our camera is quite sensitive and exposure times were kept
relatively short (less than 2-3 sec) comparable to what we commonly use for
immunofluorescence imaging. Infecting the cells with two different adenoviruses
simultaneously reduced slightly the percentage of cells infected with each virus (98.3% to
87.5% for GFP adenovirus), but the percentage of CECFs that were doubly-infected was
high enough to perform the experiments (> 60%). Furthermore the infection of cells with
the second virus seemed to be independent of whether or not the cell was infected with
the first virus. Chick embryo fibroblasts (CEF) prepared from the whole (headless) chick

embryo, required very high MOIs (up to 2000) and the maximum percentage of infected
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CEFs was less than 10%. Thus the cardiac fibroblasts (CECFs) proved to be an ideal
chick cell in which to exploit the advantages of adenoviral-mediated gene expression.
The chick cardiac explants were infected with a range of MOIs with the
DNmDial adenovirus, and even with the lowest MOI (estimated to be ~ 10) almost none
of the cells migrated out of the explants. This is the first report of this mutant completely
blocking cell migration. Overexpression of this mutant reduced the migration of a
confluent culture of NIH 3T3 fibroblasts wounded in vitro by scraping with a tip of a
pipette. About 70% of DNmDial-expressing NIH 3T3 cells were left behind the wound
edge, while the remaining 30% migrated with the wound edge (Magdalena et al., 2003).
On the other hand, DNmDial-expressing lymphocytes exhibited normal migration
behavior (rate and directionality) (Vicente-Manzanares et al., 2003). These experiments
were done in mouse and human cells, respectively, both of which express several
different types of formin proteins, while chick cells express only the one cytosolic formin
protein (Gg2). This lack of multiple formins and Dia-proteins perhaps explains why
overexpression of the DNmDial mutant in CECFs resulted in such a pronounced effect.
CAmDial-expressing CECFs migrated out of the explants and about 25% of them
were polarized compared to about 50% of uninfected or control adenovirus infected cells
(Figure 3.9). As previously reported, CAmDial induced cell elongation accompanied by
the formation of fine longitudinal actin cables (Figure 3.13 B; Watanabe ef al., 1999;
Ishizaki et al, 2001). Ishizaki and colleagues (2001) reported that the treatment of
CAmbDial-expressing cells with nocodazole (microtubule depolymerizing drug), but not
cytochalasin D (actin depolymerizing drug), induced cell shortening, suggesting that the

microtubules and not actin are responsible for cell elongation. This could be explained by
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the fact that microtubule depolymerization causes the release of GEF-H1, a Rho GEF,
which leads to the activation of Rho/ROCK pathway resulting in contraction and cell
shortening (Ren et al., 1998; Krendel et al., 2002; Zenke et al., 2004).

The migration of CECFs was analyzed by time-lapse microscopy for at least 15
min. CAmDial-expressing cells, either polarized or bipolar, retained the capacity to
migrate, albeit in a slower fashion than uninfected polarized or uninfected bipolar
CECFs, respectively (0.49 pm/min compared to 1.14 pm/min, and 0.11 pum/min
compared to 0.34 pm/min (Figure 3.13). This effect of CAmDial on cell migration has
been reported previously. In NIH 3T3 fibroblasts CAmDial overexpression slowed
wound closure in a wound healing assay (Magdalena et al.,, 2003), and in lymphocytes
CAmDial expression slowed motility (Vicente-Manzanares ef al, 2003). Several
possibilities could explain the CAmDial-mediated reduction in cell migration rates.

The first possibility is that mbDial, through its known induction of actin
polymerization (Kovar and Pollard, 2004; Moseley et al., 2004; Shimada et al., 2004,
Watanabe and Higashida, 2004), could deplete the cell’s free G-actin pool required for
protrusion; this explanation correlates with the role of mDial in the activation of the
transcriptional activity of SRF, a transcriptional factor that is activated by depleting the
cells of G-actin (Tominaga et al., 2000; Copeland and Treisman, 2002; Genesto et al.,
2002). Overexpression of CAmDial in T lymphocytes depleted the cells of monomeric
actin, which resulted in an inhibition of both spontaneous and chemokine-induced
lymphocyte motility (Vicente-Manzanares et al, 2003). On the other hand,
overexpression of a constitutively active mutant of a yeast formin (Bnilp) increased the

formation of actin cables, which resulted in a defective polarized growth in yeast (Sagot
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et al., 2002b). Both of these mechanisms were tested in CECFs but neither proved to be
the CAmDial-mediated mechanism that caused the loss of polarization induced by
overexpression in CECFs. The ratio of G-actin/F-actin was measured in uninfected and
CAmbDial-infected CECFs, but the difference was insignificant (Figure 3.24). Also,
CECFs were co-infected with adenovirus for expressing CAmDial and two mutants that
should increase actin filament turn over: N17 Rac or XAC-S3A. Neither mutant could
rescue the loss of polarization caused by CAmDial overexpression (Figure 3.25). This
finding suggests that the CAmDial-mediated loss of polarization in CECFs is not due to

aberrant accumulation of actin cables.

Secondly, CAmDial could enhance the formation of focal adhesions, making the
CECFs more adhesive to the substrate (Nakano ef al., 1999; Watanabe ef al, 1999,
Takaishi ef al., 2000; Ishizaki et al., 2001; Riveline et al., 2001; Tsuji et al., 2002) and
thus inhibiting movement. In cultured cells, integrin-based complexes form several types
of adhesion structures. Small dot like (0.5— 1pum) structures known as focal complexes
(Bershadsky et al. 1985; Tawil ef al., 1993) are localized at the edge of a lamellipodium
(Nobes and Hall, 1995). Elongated (3—10pum in length) streak-like structures that are
associated with stress fibers and are known as focal adhesions (Heath and Dunn, 1978;
Rottner et al., 1999; Zamir et al., 2000). There are also tensin-enriched fibrillar adhesions
(Zamir et al. 1999; 2000; Katz et al, 2000). It has been shown that focal complexes
appear first after cell-matrix interaction, and focal adhesions evolve from them in a Rho-
dependent manner (Clark ef al., 1998; Rottner et al., 1999). Two downstream effectors of
Rho, ROCK and mDial mediate Rho effects on cell adhesion (Watanabe et al., 1999).

The Rho-ROCK pathway increases cell contractility (Kimura et al., 1996; Kureishi ef al.,
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1997), which is necessary for the formation of focal adhesions (Chrzanowska-Wodnicka
and Burridge, 1996; Helfman ef al, 1999). The mDial-dependent pathway is necessary
for focal adhesion elongation and assembly (Riveline ef al., 2001). Also, mDial plays
the role of a scaffold protein that mediates the formation of a multiprotein complex at
focal adhesions; Src kinase associates with mDial, and this association results in the
phosphorylation of Cas (Tsuji ef al., 2002). Cas is the Crk-associated substrate, a major
tyrosine phosphorylated protein in cells transformed by v-crk and v-src oncogenes
(Brabek et al, 2005). Src kinase is responsible for integrin-dependent Cas
phosphorylation (Klinghoffer e al., 1999). Phosphorylated Cas provides binding sites for
Crk and DOCK180 (O’Neill et al., 2000), and DOCK180 (Rac-specific GEF) in turn
activates Rac (Kiyokawa et al,, 1998). This pathway is antagonized by ROCK, which
phosphorylates paxillin (Tsuji et al, 2002), and phosphorylated paxillin inhibits
membrane ruffling and cell migration mediated by Cas-Rac pathway (Yano et al., 2000;
Tsuji et al., 2002), a pathway important for invasion and metastasis of src-transformed
cells (Brabek et al, 2005) (Figure 3.32). In migrating CECFs, we found that the
overexpression of CAmbDial resulted in an increase in focal adhesion size, number
(Figure 3.27 A and B), and total area occupied by the focal adhesions/unit area (Figure

3.28).

Finally, mDial could induce abnormal microtubule stabilization. Microtubule
dynamics are required for maintaining a pool of active ADF/cofilin at the leading edge of
migrating CECFs (Cramer et al., submitted). The stabilization of microtubule plus ends
by mDial overexpression in CECFs (Figure 3.31) could reduce the level of active

ADF/cofilin through regulating the dynamics of microtubule plus ends. Alternatively,
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Figure 3.32
mDial functions as a scaffold protein at focal adhesion.
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microtubule stabilization could restrict the ability of microtubules to target focal adhesion
leading to their disassembly. Microtubule-induced focal adhesion disassembly could be
mediated through kinesin (Krylyshkina et al, 2002), or dynamin and focal adhesion
kinase (Ezratty et al, 2005). Also, microtubule stabilization could result in the
sequestering of GEF-H1 (a Rho guanine exchange factor that is inhibited when bound to
microtubules) in the cell body (Ren e al., 1999; Krendel et al., 2002; Zenke et al., 2004).
GEF-H1 sequestration could in turn lead to inactivation of Rho, preventing contraction

and forward cell body translocation (Ren ef al., 1999; Krendel et al., 2002).

It is tempting to speculate that during migration of CECFs, mDial activates Rac
via Src to enhance membrane ruffling and migration, and it cooperates with ROCK to
control the formation of longitudinal actin filaments that aid in the cell body
translocation. When CECFs reach their target or become ready to stop migration, mDial
is upregulated, resulting in an increase in focal adhesion formation, making the cells

more adhesive and reducing motility.
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Chapter four
The role of mDial in the initiation of polarization of chick embryo cardiac

fibroblasts

Summary

mDial is a member of the formin family of proteins that plays important roles in
establishing cell polarity. We tested the hypothesis that mDial is required for initiation of
polarization in chick embryo cardiac fibroblasts (CECFs). We found that more than 60%
of dissociated CECFs that were expressing constitutively active (CA)mDial had the
circumferential F-actin phenotype, the same phenotype observed for dissociated CECFs
expressing CA-LIM kinase or the inactive Xenopus ADF/cofilin (XAC)-S3E, or for cells
trecated with the F-actin stabilizing compound jasplakinolide. CAmDial-expressing
dissociated CECFs that were blocked at the circumferential stage had a higher
phosphoAC/cofilin ratio than the control uninfected cells. Furthermore, when CECFs
expressing CAmDial were co-infected with adenovirus expressing the constitutively
active XAC-S3A, cells progressed to the next stage of polarization, the F-actin oriented
phenotype. Thus, CAmbDial-expressing dissociated CECF results in the block of
progression from the circumferential to the oriented stage by inactivating ADF/cofilin.
These results are discussed in terms of the probable mechanism(s) by which mDial

modulates ADF/cofilin activity.
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Introduction

The establishment of cell polarity involves the asymmetrical distribution of
organelles, and signaling proteins and the reorganization of the cytoskeleton (Nobes and
Hall, 1999). Formin family of proteins is defined by the conserved FHI-FH2 unit
(Castrillon and Wasserman, 1994; reviewed in Wedlich-Soldner and Li, 2004). Formins
were identified in the early 1990s as proteins that are essential for cytokinesis (Castrillon
and Wasserman, 1994; Chang, 1999; Feierbach and Chang, 2001; Tolliday et al., 2002),
limb development (Kleinebrecht et al,, 1982; Jackson-Grusby ef al,, 1992; Vogt et al,
1993), and cell polarity in yeast (Amatruda et al., 1990). The main function of formin
proteins during cell polarization in yeast is the nucleation and assembly of actin cables
(Sagot et al., 2002a; reviewed in Evangelista et al, 2003). Actin cables are parallel
bundles of actin filaments, stabilized by tropomyosins, which serve as tracks for myosin-
driven transport of secretory vesicles, vacuoles, proteins, and mRNA to the bud neck
(Bretscher, 2003). Also, actin cables deliver a microtubule plus-end complex comprising
Bimlp and Kar9p (the yeast EB1 and APC homologues, respectively) to the bud
(Evangelista et al., 1997; Sagot et al., 2002b). The spindle pole body (the yeast MTOC)
is then pulled to the bud via a myosin-based motility along the actin cables (Lee et al.,
1999, Fujiwara et al., 1999) (Figure 4.1).

The role of formin in enhancing actin assembly was discovered when CAmDial
was overexpressed in cells; this overexpression induced the formation of stress fibers
(Watanabe et al., 1997; 1999; Satoh and Tominaga, 2001). Further biochemical studies

indicated that the FH1-FH?2 unit of formins is able to nucleate unbranched actin filaments
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Figure 4.1

Formins control cell polarity in budding yeast through the
assembly of actin cables. Bnilp (budding yeast formin) is activated
by Rho GTPases (1). Activated Bnilp nucleates and assembles actin
cables (2). Tropomyosin stabilizes the growing cables (3). Bnilp
binds to the barbed ends of cables, thereby establishing their
polarity. In turn, the polarized cables can then serve as tracks for
myosin V, Myo2p, which migrates towards the barbed end of the
actin cable to deliver secretory vesicles (4) and to orient the mitotic
spindle (5). Adapted from Evangelista ef al., JCB 116, 2003.
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in vitro (Evangelista et al., 2002; Sagot et al., 2002a and b; Li and Higgs, 2003; Moseley
et al., 2004; Zigmond, 2003).

Proteins of the ADF/Cofilin (AC) family enhance the turnover of actin filaments
by inducing filament depolymerization and severing (reviewed in Bamburg, 1999;
Bamburg and Wiggan, 2002). The activities of ADF and cofilin are regulated by multiple
mechanisms including pH (Yonezawa et al., 1985; Hawkins ef al., 1993; Hayden et al.,
1993), PIP; binding (Yonezawa ef al., 1990), competition with TM for actin binding
(Bernstein and Bamburg, 1982; 1991; Ono and Ono, 2002), compartmentalization
(Nishida er al., 1987; Abe et al., 1993; Ono et al., 1993), mRNA stabilization (Minamide
et al., 1997), capping of the pointed end by spectrin (Schafer and Cooper, 1995), and
phosphorylation/dephosphorylation at Ser3 (Morgan et al., 1993; Agnew ef al., 1995).

LIM kinase (LIMK) is the kinase that phosphorylates AC at Ser3 (Arber et al.,
1998). Two isoforms of LIMK have been identified: LIMK1, and LIMK?2. The Ser/Thr
kinase PAK is activated upon binding either activated Rac or Cdc42, and phosphorylates
and activates LIMK1 and LIMK?2 (Edwards et al., 1999). On the other hand, ROCK can

phosphorylate and activate LIMK?2 (Maekawa et al., 1999; Sumi et al., 2001).

Five different phosphatases have been identified to date that dephosphorylate AC
proteins and thus activate them, although not all of these have been shown to be able to
do so directly in vitro. The five phosphatases are the calcium-dependent protein
phosphatase 2B (PP2B or calcineurin) (Baorto ef al., 1992; Okada ef al., 1996; Meberg et
al., 1998), protein phosphatase 1 and 2A (PP1 and PP2A), slingshot (SSH) (Niwa ef al.,
2002), and chronophin (CIN), a member of the haloacid dehalogenase (HAD)

superfamily (Gohla et al., 2005). Three human and mouse isoforms of slingshot, SSH-1,
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2, and 3, have been identified, each with long and short variants (Niwa et al., 2002; Ohta
et al., 2003). hSSH-1L requires binding to F-actin for activity (Nagata-Ohashi et al.,
2004; Soosairajah et al, 2005), and it can dephosphorylate active LIMK1 on Thr 508,
and thus inhibit LIMK1, as well as activate AC proteins (Soosairajah ef al., 2005). Also,
PAK4 can phosphorylate hSSH-1L inhibiting its phosphatase activity (Soosairajah et al.,
2005). Figure 4.2 summarizes the signal transduction pathways regulating the

phosphorylation/ dephosphorylation of AC proteins.

mDial upregulates Rac via two different pathways, both of which are mediated
by Src kinase (Tsuji et al., 2002; Meng et al., 2004). mDial and ROCK antagonize in
Rho-dependent Rac activation (Tsuji ef al., 2002). There is a dichotomy of the signaling
from Rho to Rac; one is mediated by mDial resulting in the phosphorylation of Cas
through Src (Tsuji ef al, 2002). Cas is the Crk-associated substrate, a major tyrosine
phosphorylated protein in cells transformed by v-crk and v-src oncogenes. Src kinase is
responsible for integrin-dependent Cas phosphorylation (Klinghoffer et al., 1999).
Phosphorylated Cas provides binding sites for Crk and DOCK180 (O’Neill ef al., 2000),
and DOCKI180 in turn activates Rac (Kiyokawa et al, 1998). This pathway is
antagonized by ROCK, which phosphorylates paxillin (Tsuji es al, 2002), and
phosphorylated paxillin inhibits membrane ruffling and cell migration mediated by Cas-
Rac pathway (Yano et al., 2000; Tsuji et al., 2002), a pathway important for invasion and
metastasis of src- transformed cells (Brabek et al., 2005) (Figure 4.3). The other signaling
pathway leading to Rac activation downstream of Rho-mDial-Src is mediated by DIP

(Diaphanous interacting protein). Phosphorylated DIP activates Rac by mediating the
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Figure 4.2

Signal transduction pathway regulating the phosphorylation/
dephosphorylation of ADF/Cofilin (AC) family of proteins. AC
enhance the turnover of actin filaments by inducing filament
depolymerization and severing. Limk phosphorylates AC at Ser3
inhibiting their activity, while slingshot (SSH) dephosphorylates AC
proteins activating them. D= G-actin.ADP, DPi= G-actin. ADP.Pi,
and T= G-actin.ATP. Adapted from Bamburg, Annu. Rev. Cell
Dev. Biol. 15, 1999.
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Figure 4.3
mDial and ROCK antagonize in Rho-dependent Rac activation.
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Src-induced phosphorylation of Vav2 (Figure 4.3) (Meng et al., 2004). Vav2 is a Rac

GEF; in its phosphorylated state it activates Rac (Crespo e al., 1997).

Here we show that more than 60% of dissociated CECFs that were expressing
CAmDial had the circumferential F-actin phenotype after one hour of plating, compared
to 23% in control cells. The same phenotype observed for dissociated CECFs infected
with adenovirus expressing either CA-LIMK or XAC-E3 or for cells treated with
jasplakinolide. When CECFs expressing CAmDial were co-infected with adenovirus
expressing XAC-A3, cells progressed to the next stage of polarization, the F-actin
oriented phenotype. CAmDial-infected CECFs had a higher phosphoAC/cofilin ratio
than the control uninfected cells. Thus, CAmDial-expressing CECFs blocks progression
from the circumferential to the oriented stage by inactivating ADF/cofilin. The most

probable mechanisms by which this occurs are discussed.

Material and methods
Preparation of dissociated CECF's

Explants from E7 or E8 chick hearts were prepared as described in chapter three.
The explants were transferred into cloning rings and incubated at 37°C overnight in a 5%
CO»/air incubator. Approximately one million cells are needed for each preparation so
each heart was enough for one cloning ring. The explants were infected for 48 h,
followed by treatment with collagenase (2.5 mg/ml) for 30 min or until the explants are
completely dissociated. The dissociated cells were then washed 3X with PBS + 10% FBS

and once with CECF medium to remove the viruses and the collagenase, each washing
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step was followed by centrifugation at 785x g for 3-5 min. Finally, dissociated CECFs
were suspended in CECF medium and plated on matrigel-coated coverslips incubated at
37°C for 1 hour. The cells were then fixed and stained for F-actin.
Co-infection of dissociated CECFs

The cells from explants that were infected with two adenoviruses simultaneously
failed to survive collagenase dissociation, although cells infected well with both viruses
as determined from explant cultures. To obtain an unpolarized population of doubly
infected cells, we co-infected explants in the cloning rings for 24h, plated them for
another 24h and then treated the cells with 5 puM LatrunculinA (LatA) (actin
depolymerizing drug) for one hour. CECF's treated with 5uM LatA for 1 h, round up, but
when the LatA is removed the cells undergo the same actin organizational stages
(described below) observed when explants are dissociated before plating, and the same
percentage of cells re-polarize (50-75%). After the LatA washout with 3-5X PBS and 1X
with CECFs medium, the cells were incubated at 37°C for an hour and then fixed and
stained for F-actin.
Time-lapse microscopy

To follow the effect of mDial on actin dynamics during the initiation of
polarization, chick cardiac explants were co-infected with adenoviruses expressing
CAmbDial and fluorescent-actin (GFP- and mRFP-actin adenoviruses; made by Alisa
Shaw) for 24h, and then plated on matrigel-coated coverslips for another 24h. The cells
were treated with 5 uM LatA for one hour, and the LatA then washed out. CECF medium
was replaced with 1:1 mix of F12 and DMEM medium overlayered with dimethyl

polysiloxane (Sigma) to reduce evaporation while allowing gas exchange. Imaging of live
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cells started 5-10 min after the LatA washout. Actin dynamics in live cells were observed
on a Nikon (TE 2000-U) inverted microscope equipped with an UltraView spinning disk
confocal microscope (Perkin Elmer) and an Orca II-ER cooled CCD camera
(Hamamatsu) controlled by Metamorph (Universal Imaging). Temperature was
maintained by a Heatwave-30 temperature-controlled chamber (World Precision
Instruments) and an Intracell objective heater (Bioptechs). Imaging was performed with a
60X, 1.4 NA plan-apo Nikon objective.
Immunocytochemistry

CECFs were fixed in 4% formaldehyde in cytoskeleton buffer (CB: 10 mM MES
pH 6.1, 138 mM KCI, 3 mM MgCl, and 2 mM EGTA pH 7.0) plus 0.32 M sucrose
(CBS) for 20-30 min. After fixation, the cells were permeabilized with 0.5% TritonX-100
in PBS for 5-10 min, and then blocked with 2% goat serum in TBS for 45min-1h.
CECFs were incubated with primary antibodies for 1 h at room temperature or overnight
at 4°C. The primary antibodies used were mouse anti-cofilin (Mab 22; Abe et al., 1989)
at 1:200 and rabbit anti-total-pAC (4321; Meberg et al., 1998) (1:1000) (diluted into 1%
BSA + TBS). After 3-5 washes with TBS, the cells were incubated with FITC-conjugated
goat anti-mouse and Alexa-647-conjugated goat anti- rabbit secondary antibodies (both at
1:400 into 1% BSA + TBS) (Molecular Probes). For actin staining, Alexa-350-, or FITC-,
or TR~ conjugated phalloidin was used (1:50 into 1% BSA + TBS) (Molecular Probes).
Images were acquired using a 12-bit cooled CCD camera (Photometrcis Coolsnap ES)
and a 60X, 1.4 NA oil objective on an inverted Nikon microscope controlled by

Metamorph software (Universal imaging).
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Results
Morphology and actin organization during the initiation of polarization of
dissociated CECFs

After dissociation and plating, most CECFs polarize during the first 1-2 h and
then migrate at the same rate as polarized cells moving out of an explant. By 12 hours
fewer than 20% of the cells remain polarized and migrating (Dawe, Ph.D. thesis);
therefore to study initiation of polarization, cells were fixed 1 h after plating, or followed
by time-lapse microscopy from 10 min-1 h after plating.

Time-lapse imaging and immunocytochemistry showed that dissociated CECFs
polarize in distinct stages as defined by morphology and the organization of their actin
cytoskeleton (Dawe, Ph.D. thesis). Cells adhere to the coverslip within 5 min of plating.
The fibroblasts are initially symmetrical and discoid in shape (fried egg morphology;
Figure 4.4 A, B, and C). The first sign of a break in the symmetry is an inwards
movement or “bite-like” loss of part the plasma membrane (Figure 4.4 E, arrow). This
“bite” enlarges over the course of approximately 10 min until a distinct crescent-shaped
portion is taken out of one side of the cell (Figure 4.4 F, G). This site for the break in
symmetry ultimately becomes the cell tail. Upon completion of the formation of the
polarized shape, the cell begins to migrate (Figure 4.4 H, I). However, the cells are not
synchronized and therefore, at any given time point, there is a mixed population of cell
morphologies at different stages of polarization. Due to this fact, the percentage of fully
polarized migrating cells was never more than 30-35 % at any one time.

CECFs were infected with adenovirus encoding a fluorescent protein-labeled

actin so that actin organization could be followed in live cells by time-lapse microscopy.
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Figure 4.4

Actin reorganization during the morphological polarization of
dissociated CECFs. 5 min post plating, the cells were mostly
flattened on the cover slip (Fried egg morphology; A, B). Within the
cell body, actin was distributed in a radial arrangement outwards

from the centre (B), and/or oriented in a circumferential array (C).
From the radial or the circumferential stages, the cells became

slightly ovoid with the actin filaments arranged in an oriented

fashion across the longest length (D). The bite site always

occurred at a position perpendicular to the actin orientation (E, arrow).
The bite site enlarged through inward movement of membrane

(F and G). During the stabilization of the tail, the first actin bundles
oriented perpendicular to the leading edge appeared (H, arrow).

These increased in number, accompanied by a decrease in the number
of actin bundles oriented perpendicular to the break in symmetry, until by
the time that the cell was fully polarized, the majority of the actin was
oriented perpendicular to the leading edge (D).
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A number of actin rearrangements occurred while the cell shape was still discoid.
After 5 min, the cells were mostly flattened on the cover slip (Figure 4.4 A, B). Within
the cell body, actin was distributed in a radial arrangement outwards from the centre
(Figure 4.4 B), and/or oriented in a circumferential array (Figure 4.4 C). From the radial
or the circumferential stages, the cells became slightly ovoid with the actin filaments
arranged in an oriented fashion across the longest length (Figure 4.4 D). The cells always
went through this oriented stage in order for the break symmetry to occur. The bite site
always occurred at a position perpendicular to the actin orientation (Figure 4.4 E). The
bite site enlarged through inward movement of membrane (Figure 4.4 F and G). During
the stabilization of the tail, the first actin bundles oriented perpendicular to the leading
edge appeared (Figure 4.4 H, arrow). These increased in number, accompanied by a
decrease in the number of actin bundles oriented perpendicular to the break in symmetry,
until by the time that the cell was fully polarized, the majority of the actin was oriented

perpendicular to the leading edge (Figure 4.4 I).

Overexpression of CAmDial inhibits the progression from circumferential to
oriented stages in dissociated CECF's

CECF explants were infected with CAmDial adenovirus for 48 h (efficient
expression of gene of interest in CECFs requires 48 hours of incubation with
adenoviruses), dissociated and plated on matrigel-coated cover slips. After 1 h of
incubation at 37°C, the cells were fixed and stained for actin. By 1 h after plating only
8.2% of CAmDial-infected cells were polarized, as compared to 33% and 30.5% in

uninfected and GFP-infected CECFs, respectively (Table 4.1, n>200 from 3
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Table 4.1 role of mDial in the initiation of polarization 1.

The numbers are percentages of total expressing cells in each category
+ SEM. n = at least 200 over 3 experiments. Scoring of cells in each
category was done 1 h post plating.

Control GFB- CAmbDiai-

Uninfected | expressing | expressing
Adherent 4.4%+0.7 3.8% +0.8 10.1% +2.0
Radial 4.8%+0.6 6.0%+2.0 4.0%£2.0
Circumferential 18.7% + 3.0 17.1% £+ 2.0 384%+4.0
Oriented 26.6% £ 8.0 27.0% £ 2.0 10.9% £ 1.0
Break of 1.1%+ 0.2 1.9% £ 0.8 58%+1.0
symmetry
Lateral loss of 6.1%=0.2 4.8%+1.0 8.6% = 1.0
lamellipodium
Complete 31.0% =+ 2.0 30.5%+ 1.0 R 2
polarization
Non-polarized 3.7%=+0.6 57%+ 0.4 12.4% +5.0
Disorganized 3.6%=+0.6 3.2%+0.3 1.6% + 0.8
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experiments). When the cell numbers were expressed as the percentages of cells before
the break of symmetry (radial-oriented), and not the percentages of the whole cell
population, CAmDial-infected cells showed almost a 3- fold increase in circumferential
morphology, and 2.5 fold reduction in the oriented morphology compared to uninfected
or GFP-infected cells (Table 4.2). Interestingly, CAmDial-infected CECFs that were
stuck in the circumferential stage, a phenotype known as the “C.D.” morphology [actin
bundles fill the cytoplasm almost completely, as compared to the doughnut-like shape of
control CECFs in the circumferential stage (See figure 4.4 C)] (L. Cramer, personal
communication) (Figure 4.5), showed the same phenotype as cells overexpressing CA-
LIMK- and XAC-S3E, as well as cells treated with the F-actin stabilizing compound,
jasplakinolide. The same phenotype was also observed in cells infected with CAmDial
adenovirus constructed in the pShuttle system (no fluorescent protein being expressed)
(data not shown), and when actin dynamics of CAmDial-expressing cells was observed
by time-lapse microscopy.

Chick cardiac explants were co-infected with adenoviruses expressing CAmDial
and GFP or mRFP-actin. Actin dynamics in these doubly infected cells was observed by
time-lapse microscopy. Five min after the LatA wash out, the cells started to spread out
(Figure 4.6 A), and acquire the fried egg morphology (Figure 4.6 B and C). The first sign
of the circumferential F-actin phenotype appeared around 20 min after LatA wash out
(Figure 4.6 D). Cells of this phenotype continued to accumulate 20 min later (Figure 4.6
E and F). Two adhesion points at opposite sides then appeared (Figure 4.6 G, arrows). A

“bite” started from one side of the cell (Figure 4.6 G, open arrow), but it did not enlarge
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Table 4.2 role of mDial in the initiation of polarization II.

The numbers are expressed as the percentages of cells before the
break of symmetry (radial-oriented), and not the percentages of the
whole population of cells.

Control GFP- CAmDial-

Uninfected | expressing | expressing

Disorganized 4.7% 0.6 3.6% 1.0 3.5% +20

Radial 19.0% +£4.0 | 14.0% 2.0 7.0% 5.0

Circumferential | 22.7% +3.0 | 22.4% £2.0 | 66 79 £ 2.0

Oriented 53.4% +4.0 | 60.0% £3.0 | 22.8% 3.0
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Figure 4.5

CAmDial-expressing dissociated CECFs were blocked at the
circumferential stage, and exhibited the “C.D.” morphology.
A-C) CAmDial-infected CECFs that were stained with

TR-phalloidin, showing the “C.D.” morphology.
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Figure 4.6

Actin dynamics in CAmDial-expressing dissociated CECFs.
Still images of CECFs that were co-infected with GFP.actin and
CAmDial/RFP expressing adenoviruses .Time is in h: min: sec.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0:05:00 0:10:20 0:14:40

0:21:40 - §0:28:00

0:43:40

265

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to result in a polarized morphology, and instead the cell developed two lamellipodia at
opposite ends (Figure 4.6 H and I, arrows).

Because cells trapped in the CD morphology due to the overexpression of active
LIMKI1 could be rescued through the expression of the non-phospho-regulated form of
Xenopus ADF/cofilin (XAC-S3A) (Dawe, Ph.D. Thesis), we tested to see if the
coexpression of XAC-S3A could rescue the CAmDial phenotype. CECF explants were
co-infected for 24 h with both CAmDial and XAC-A3 adenovirus, plated for another 24h
and then treated with LatA for an hour. LatA was washed out, and the cells were
incubated for an extra hour at 37°C. The cells were then fixed and stained for actin. Cells
that co-expressed XAC-S3A progressed to the oriented stage. However, the expression of
XACS3A was not able to rescue complete polarization of these cells as it did for cells
expressing active LIMKI1 (Tables 4.3 and 4.4).
CAmDial-expressing CECFs have a higher phosphoAC/cofilin ratio than the
control cells

Dissociated CECFs that were infected with CAmDial, CALIMK, or XAC-S3E,
or treated with jasplakinolide were blocked at the same stage, i.e. the circumferential
stage, and they develop the same phenotype (C.D. morphology). All of these cells
progressed to the oriented phenotype or beyond through the expression of XAC-S3A.
We hypothesized that the overexpression of CAmDial could have enhanced
phosphorylation of AC proteins in CECFs. To test this hypothesis, chick cardiac explants
were infected with CAmDial adenovirus that was constructed using the pShuttle vector
system so that there was no fluorescent protein expression. Forty-eight hours post

infection, the explants were dissociated and cells plated on matrigel-coated coverslips for
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Table 4.3 Co-infection of CAmDial with XAC-A3 rescued the increase

in circumferential actin bundle formation caused by CAmDial expression
in CECF, but failed to rescue the loss of polarization. Scoring of cells in each
category was done 1 h post plating.

Control CAmDial- CAmbDial+
Uninfected expressing XAC-A%
expressing
Adherent 4.4% £ 0.7 10.1% = 2.0 2.9%
Radial 4.8% +0.6 4.0%+2.0 5.1%
Circumferential 18.7% + 3.0 L i E
Oriented 26.6% £ 8.0 10.9% £ 1.0 28.5%
Break of 1.1%+0.2 5.8%+1.0 5.1%
symmetry
Lateral loss of 6.1%+0.2 8.6% = 1.0 4.4%
lamellipodium
Complete 31.0% = 2.0 SRR H.0%n
polarization
Non-polarized 3.7% £ 0.6 12.3% + 5.0 37.9%
Disorganized 3.6% +0.6 1.6% = 0.8 2.2%
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Table 4.4 Co-infection of CAmDial with XAC-A3 rescued the increase
in circumferential actin bundle formation caused by CAmbDial

expression in CECF

Control CAmDial- CAmbDial+
Uninfected expressing XAC-A3
expressing
Disorganized 4.7%+0.6 3.5%+2.0 5.1%
Radial 19.0% £ 4.0 7.0%+5.0 11.9%
Circumferential 22.7% +3.0 A 16.4%
Oriented 53.0%+4.0 22.5% = 3.0 AR
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1 h at 37°C, and then fixed and stained for actin, cofilin, and total phosphorylated
ADF/cofilin. The same protocol was followed with control uninfected CECFs. We could
not use control infected cells, i.e. GFP-expressing only, because we had to use three
fluorescent colors in immunostaining, FITC- and Alexa-647- conjugated secondary
antibodies for cofilin and pAC staining, respectively, and Alexa-350 phalloidin for actin
to identify the circumferential stage (Figure 4.7). The average intensity of total pAC and
cofilin staining was measured. CAmDial-infected dissociated CECFs that were blocked
at the circumferential stage had a 40% increase in phosphoAC/total cofilin ratio (0.82, n
= 47 cells, two separate experiment) than the control uninfected cells (0.58, n = 42 cells,

two separate experiments) (Figure 4.8).

Discussion

To assess the role(s) played by mDial in the initiation of cell polarity, dissociated
fibroblasts were used. These cells must reestablish polarity after plating and thus can be
used for studying the earliest steps in initiation of polarization, which cannot be observed
for fibroblasts migrating out of an explant. Furthermore, polarized CECFs round up when
treated with SuM LatA for 1h, but when LatA is removed the cells undergo the same
stages of actin organization observed in plated dissociated explants and the same
percentages of cells re-polarize (50-75%). Thus, by either dissociating chick cardiac
explants before plating or treating plated explants with LatA after cells have migrated
out, one can follow the steps of cell polarization from the fried egg morphology to the
onset of migration and all cells that polarize appear to undergo the same stages of actin

organization in sequence (Figure 4.4).
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Figure 4.7

pAC/cofilin staining in dissociated CECFs at the circumferential
stage. Dissociated control uninfected (A-C) and CAmDial-infecetd
(D-F) were fixed and stained for pAC (A and D), cofilin (B and E),
and actin ( C and F). Actin filament staining was performed to
identify the circumferential stage.
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Figure 4.8

CAmbDial-infected dissociated CECFs blocked at the
circumferential stage had a higher phosphoAC/cofilin ratio
than the control uninfected cells. The average intensity of
total pAC and cofilin staining was measured using
Metamorph software, and the ratio of total pAC/cofilin
intensities was calculated. CAmDial-expressing dissociated
CECFs that were blocked at the circumferential

stage had a higher phosphoAC/cofilin ratio (0.82, n =47 cells,
two separate experiment) than the control uninfected cells (0.58,
n = 42 cells, two separate experiments) (P < 0.001).
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In order for CECFs to attain a polarized morphology, those with circumferential
actin, CD phenotype, must go through the oriented stage in order for the break symmetry
to occur. It was shown that both the severing and depolymerizing activities of AC were
required for the dissociated CECFs to progress from the circumferential to the oriented
stage (Dawe, Ph.D. thesis). CAmbDial-expressing cells co-infected with adenovirus
expressing XAC-S3A progressed from the circumferential phenotype to the oriented
stage (Table 4.3 and 4.4). CAmDial-infected dissociated CECFs that were blocked at the
circumferential stage had a 40% increase in phosphoAC/total cofilin ratio when
compared to the control uninfected cells (Figure 4.8).

There are several possible ways in which mDia overexpression could affect
ADF/cofilin phosphorylation. mDial upregulates Rac via two Src-mediated pathways.
The first pathway is through Cas/Crk/DOCK180 (Tsuji ef al., 2002), and the second is
via DIP/Vav2 (Meng et al., 2004) (See Figure 4.3). We propose that overexpression of
mDial activates Rac, which in turn activates PAK. Phosphorylation and inactivation of
ADF/cofilin could be mediated by activation of LIMK (Edwards er al, 1999) or
inhibition of SSH-1L (Soosairajah ef al., 2005). Inhibition of AC proteins in CAmDial-
infected dissociated CECFs resulted in the block of progression from the circumferential
to the oriented stage (Figure 4.9).

Alternatively, microtubule dynamics apparently are required for maintaining a
pool of active ADF/cofilin at the leading edge of migrating CECFs (Cramer et al.,
submitted). The stabilization of microtubules plus ends by mDia overexpression could

decrease the dynamics needed for maintaining active ADF/cofilin. Whether dynamic

274

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.9

A proposed model for the relation between mDial and AC
during the initiation of polarization of CECFs. mDial
upregulates Rac via two Src-mediated pathways; the first is
through Cas/Crk/DOCK180, and the second is via DIP/Vav2.
We propose that overexpression of mDial activated Rac,
which in turn activated PAK; this activation resulted in
phosphorylation of AC proteins and thus inhibiting them.
Phosphorylation of AC could have been mediated by activation
of LIMK or inhibition of SSH. Inhibition of AC proteins in
CAmDial-infected dissociated CECFs resulted in the block

of progression from the circumferential to the oriented stage.
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microtubule plus ends are involved in activating an ADF/cofilin phosphatase or inhibiting

a kinase is unknown at this time.
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Chapter five

General discussion

Summary

The first main objective of the work presented here was to assess the role of
mDial in the cytoskeleton reorganization during the migration of spontaneously
polarized cells, i.e. chick embryo cardiac fibroblasts (CECFs). mDial involvement in
actin and microtubule dynamics has been studied in adherent cells such as HelLa and
COS-7 cells (Watanabe et al., 1997; 1999; Ishizaki et al., 2001), and in cells that have
been induced to polarize either by wounding a confluent monolayer of NIH 3T3 cells
(wound healing assay; Magdalena et al., 2003), or chemokine-induced migration in
lymphocytes (Vicente-Manzanares et al., 2003). We found that overexpression of a
constitutively active mutant (CA) of mDial induced the loss of polarization in CECFs
and slowed down the motility of chick fibroblasts, while DNmDial-expressing CECFs
failed to migrate out of an explant.

CAmDial-infected CECFs showed an increase in focal adhesion area (both in
number and size). This would result in making the CAmDial-expressing cells more
adhesive to the matrigel substrate and could slow down migration rates. We also found
that CAmDial expression in CECFs caused a 73% increase in microtubule plus ends

penetrating the lamellipodium, more than 60% of which were classified as stabilized due
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to the appearance of Glu-tubulin at their plus ends. This enhanced microtubule
stabilization could in turn reduce the pool of active ADF/cofilin needed for protrusion
and migration of CECFs (Dawe et al., 2003; Cramer et al., submitted), and will also
restrict the ability of microtubules to target focal adhesions, which has been implicated in
focal adhesion disassembly (Kaverina er al, 1999; Small er al., 2002; Ezratty et al.,
2005).

The second objective was to investigate the role of mDial during the initiation of
cell polarization. We used the dissociated CECF system, which allowed us to study the
carliest steps of polarization. We found a three fold increase in the numbers of
CAmDial-expressing cells that accumulated in the circumferential actin stage compared
to the controls and these cells had a higher pAC/cofilin ratio (less active AC) than control
uninfected cells. Co-expressing the non-phosphoregulated mutant of Xenopus AC (XAC-
S3A) allowed the CAmDial-expressing cells to proceed to the next step of polarization,
the oriented actin stage. This finding suggests that overexpression of CAmDial in
dissociated CECFs resulted in the inactivation of AC proteins, which prevented their

progression from the circumferential to the oriented stage.

Future directions
Investigating the role of mbDial during CECF migration and initiation of
polarization in the absence of ROCK activity

When CECFs were treated with 10 uM Y-27632 (ROCK inhibitor), they
polarized normally but they had aberrant tail formation (an abnormally large tail region),

and the tail failed to retract (Dawe, Ph.D. thesis). It would be interesting to study cell
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polarization in CAmbDial-expressing cells in the absence of ROCK activity, because
ROCK and mDia activation are the only two known direct downstream effector targets of
active Rho (Watanabe et al., 1999). The ROCK pathway activates myosin II, so in the
presence of the ROCK inhibitor the CAmDia effects should be less complicated to
interpret. Thus we would like to investigate if the reduced ROCK activity could prevent
the accumulation of circumferential actin cables caused by CAmDial overexpression,
since the C.D. morphology may result in part through myosin II contractile mechanisms.
Also, polarized CECFs do not form tails in the presence of blebbistatin, a myosin II
inhibitor (Dawe Ph.D., Thesis). Thus, it would be of great interest to see what effect
CAmDial would have on tail morphology in the absence of ROCK activity, where some
myosin II might be activated via ROCK independent mechanisms (e.g. calcium activation
of myosin light chain kinase). Treating NIH 3T3 fibroblasts overexpressing CAmbDial
with Y-27632 increased their migration rate in a wound healing assay (Magdalena et al.,
2003), suggesting the presence of other mechanisms for myosin II activation. However,
the simplicity of the formin family proteins expressed in the CECFs will make it easier to
follow and interpret mDia-dependent events, especially in the analysis of lamellipodial
protrusion.
Studies on mDia function in the absence of endogenous mDia

Studies in which we express different mDia domains would be enhanced further if
we could develop an siRNA for the single cytoplasmic CECF mDia homolog, Gg2. Such
an siRNA construct could be expressed as a hairpin RNA using adenovirus, as has been
done by Kevin Flynn in our lab for downregulating cofilin. The cardiac explant system is

ideal for these studies because explant cells can be infected with 100% efficiency in
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suspension and held in suspension for up to 5 days before plating with no loss in the
number of cells initially establishing polarity (Louise Cramer, personal communication).
Even for relatively stable proteins (turnover half live of 24 h), this time period should
allow for significant down regulation in Gg2 levels (<5% of starting level). Thus, in these
cells we could fully analyze the role in cell polarization and migration of the different
mDia isoforms found in mammalian cells in the absence of endogenous interfering
proteins.
Testing the hypothesis that dynamic microtubule tips are associated with
ADF/cofilin phosphatase

In chapter three, we found that 65% of the microtubule plus ends penetrating the
lamellipodium in CAmDial-expressing CECFs were stabilized. Cramer er al,
(submitted) provide evidence that that dynamic microtubules deliver to the leading edge
signaling molecules, either an ADF/cofilin phosphatase (e.g. slingshot) or molecules that
work upstream to activate the phosphatase. Three lines of evidence were presented. First,
dynamic microtubules are found penetrating into polarized, but not non-polarized,
Jamellipodia where they are associated with regions of activated (dephosphorylated) AC.
Second, taxol stabilized microtubules do not have the region of active AC around their
tips. Third, polarized cells lose their directional migration when nocodazole, is added and
microtubules disappear. However, polarized migration is rescued in nocodazole by
overexpression of active AC, strongly suggesting that the function of microtubules in
leading edge protrusion is to provide this pool of active AC.

Therefore, stabilization of microtubule tips should minimize the localized

activation of AC required for lamellipodium protrusion. We can test this hypothesis in
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two ways. First, we can infect CECFs with CAmDial adenovirus, and then localize the
active pool of AC through image ratioing after immunostaining for phosphoAC and total
cofilin. By staining for Glu-microtubules along with phosphoAC we can identify
location of stable and dynamic microtubule tips and see if the amount of phosphoAC
differs in the vicinity of each. Alternatively, we can treat CECFs with low levels of taxol
to stabilize only a small percentage of microtubule tips. If we do these studies in cells
expressing a fluorescently labeled EB1 (e.g. EB1-GFP; Figure 5.1) we can differentiate
dynamic microtubules (have EB1 associated) versus stable microtubules (no EB1 label).
Cells can be fixed and immunostained for ratio imaging to directly observe the
pAC/cofilin ratios found around the ends of dynamic microtubules. If our hypothesis is
correct, then CAmbDial-expressing and taxol-treated CECFs should have a higher
pAC/cofilin ratio around stable microtubule tips than around the dynamic tips.

Dissecting the pathway from mDial to ADF/cofilin

The results from chapter four indicate that overexpression of CAmDial results in an
increase in pAC/cofilin ratio when compared to uninfected CECFs. We proposed a model
in which we predict that the overexpression of CAmbDial activates Rac (Tsuji et al.,
2002; Meng et al., 2004), which in turn activates PAK (Edwards et al., 1999); this
activation results in phosphorylation of AC proteins thus inhibiting them.
Phosphorylation of AC could be mediated via activation of LIMK (Arber et al., 1998;
Yang et al., 1998), or inhibition of slingshot (Soosairajah et al, 2005). We can test
several steps of this pathway. First we can directly measure Rac activity in cell by a Rac

FRET assay (Nishiya ef al., 2005). Alternatively, we can express DN-PAK or DN-LIMK
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Figure 5.1
EB1.GFP-expressing CECF. Still images (A-C) of CECF expressing
EB1.GFP, D) image overlay of A,B, and C. Time is min: sec.
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to see if we can block the cell accumulation at the circumferential stage caused by
CAmbDial overexpression.
Studying the role of stathmin during the migration of CECFs

Overexpression of a non-phosphorylatable stathmin (a microtubule
depolymerizing protein) in CECFs could have an effect on microtubules similar to
nocodazole and thus cause formation of multiple lamellipodia through reducing the pool
of active AC required for leading edge protrusion (Cramer ef al., submitted). Stathmin is
regulated by phosphorylation on multiple sites by at least three different kinases (Beretta
et al., 1993; Leighton et al, 1993; Brattsand et al., 1994; Marklund et al., 1994; le
Gouvello et al., 1998), each of which decreases its ability to destabilize microtubules. To
see if stathmin and mDia work in opposite ways to regulate cell polarity through
microtubule dynamics and AC activity regulation, we can determine the effects of
overexpressing the non-phosphorylatable stathmin (CA-stathmin) on establishing cell
polarity in CECFs and see if co-expression of CAmDia antagonizes the effect.
Further studies on rescued DNmDial-expressing CECFs

In chapter three, we found that co-expressing DNmDial with wt-paxillin rescued
the ability of DNmDial-expressing CECFs to migrate out of the explants, but almost all
of the cells were non-polarized. In order to study actin dynamics (using fluorescent-actin
adenoviruses), or microtubule-plus end dynamics (EB1.GFP), we need to test the
efficiency of infecting CECFs with three viruses simultaneously, because the only
migrating cells are the ones that co-express DNmbDial and paxillin. If we can get
reasonable infectivity with three viruses, then we can investigate microtubule-plus ends

dynamics, if the tips are more dynamic than in control cells, this could suggest the
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frequency of focal adhesion targeting by microtubules in DNmDial -expressing CECF's is
higher than control cells which could explain the faulty adhesion phenotype. Also, we
can stain for stabilized microtubules in the rescued cells and if the percentage of stable
microtubules is lower in these cells, then this would confirm that the absence of mDial in
DNmDial-expressing cells caused the reduction in microtubule stabilization which in

turn led to the increase in the frequency of focal adhesion targeting by microtubules.
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