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Abstract

Dystroglycan is a heterodimeric transmembrane glycoprotein protein of « and
8 subunits that links the extracellular matrix to the cytoskeleton. Recent data tend to
suggest that the role of dystroglycan in non-muscle cells is for cell adhesion, and
cytoskeleton rcorganisation signalling, To study the relationship between dystroglycan
signalling and ERK signalling in focal adhesions, an YFP-ERK construct was expressed
in REF52 cells, YFP-ERK was expressed with ERK activity and formed adhesion-like
structures in the REF52 cells, however, no ERK activity was detected in the adhesion-
like structurcs in the REF52 cells. To determine the function of dystroglycan for
adhesion or cytoskeleton organisation in non-muscle cells, a GFP-tagged full-length
dystroglycan (affDG-GFP) or its delelion mutants was expressed in REF52 cells.
Expression of ofSDG-GFP markedly altered cell phenotype on a laminin or fibronectin
substrate, resulting in the induction of actin-rich filopodia. The P-dystroglycan
cytoplasmic domain is determincd as the mediator for the dystroglycan-dependent
filopodia formation mediated partly by integrin signalling. The dystrogiycan deletion
mutants lacking a-dystroglycan failed to target to the plasma membrane. Expression of
an alkaline phosphate—tagged B-dystroglycan cytoplasmic domain construct (AP-cf}),
which targeted the P-dystroglycan cytoplasmic domain to the membrane without the -
dystroglycan, was sufficient to induce the filopodia phenotype, indicating that with the
proper membrane localisation, P-dystroglycan can regulate filopodia formation
independently of a-dystroglycan. However, «-dystroglycan might be necessary for f3-
dystroglycan to target to the plasma membrane. These distinct marphologies strongly
implicd that B-dystroglycan mediates Cdcd2 regulated cytoskeleton reorganisation. By
cotransfecting dominant negative Cdc42 (Cdc42N17) or constitutively activated Cdc42
(V12Cdc42) constructs with o DG-GFP or the mutants, Cde42 was determined to be a
mediator for dystroglycan-dependent filopodia formation. Therefore a signalling cycle
of dystrog]yca11—Cdc42~PA'K-czrin-dysh‘oglycan.is identified. With this signaliing cycle,
dystroglycan plays a role in inducing .actin filopodia formation and, at the same time,

might also inhibit focat adhesion and stress fibre formation.
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Chapter 1

Introduction




1.1 Background

Dystroglycan is a transmembrane heterodimer complex of « and 8 subunits that links
the extracellular matrix to the cytoskeleton and was originally isolated from skeletal
muscle us a component of the dystrophin-glycoprotein complex (DGC) (Ibraghimov-
Beskrovnaya, ef af., 1992). DGC has been determined to be disrupted or missing as a
cause of Duchenne muscular dystrophy (DMD) (Arahata ef al., 1988). The DGC in
skeletal muscie is expressed thronghout the sarcolemma, The membrane presented DGC
has been shown to interact with the extracellular matrix (ECM) and associate with
dystrophin, which directly associates with the actin cytoskeleton. In addition to
dystroglycan, the DGC compriscs sarcoglycans, sarcospan, synirophins, caveolin, and
dystrobrevin. Thus, by interacting with ECM proteins and dystrophin, the DGC forms a
physical linkage between ECM and cytoskeleton (Ervasti and Camypbell, 1991).

Dystroglycan is central to the DGC and has been shown to directly interact with ECM
proteins and dystrophin. In muscle cells, dystroglycan binds to the extracellular proteins
tamininl and laminin2 and anchors to dystrophin, which associates with actin in the
cytoskeleton, forming a physical link between the cytoskeleton and extracellular matrix
of the membranc (Fig 1.1, A) (Ervasti and Campbell, 1991; Ervasti and Camphell,
1993). The dramatic reduction of dystroglycan in patients affected by DMD and in
dystrophin deficient mdx mice (Sicinski et al., 1989) supports the hypothesis that the
dystrophin-dystroglycan complex may play a structural role in maintaining the stability
of the sarcolemumal membrane (Grvasu, ¢f al., 1990; Menke and Jockush, 1991; Ervasti
and Campbell, 1993).

Beyond muscle cells, dystroglycan has been shown to be expressed in many non-muscle
tissues and cell types, indicating that functions of dysitroglycan are not restricted to
muscle tissues (Figl.1 B). However, instead of full-length dystrophin, alternative
products {rom the dystrophin locus containing the dystroglycan interaction domain are
found to be expressed in non-muscle cells and associate with dystroglycan (James ez al.,

1996). These include products of the same gene by using alternative promoters and




related proteins encoded by different genes (reviewed in Sudoulate-Puccio und Kunkel,
1996). Utrophin is the most closely related to dystrophin, and associates with a complex
similar to that in DGC in most of the non-muscle cells {Tames, ef al., 1996), and also at
neuromuscular junctions (NMJ} in muscle (Mastumura ef af., 1992). Loss-of-function
studies have clearly shown that dystroglycan is required for branching epithelial
morphogencsis (Durbeej er al., 1995), ncuronal development (Tian et al, 1996;
Mastumura ¢f al., 1997), embryonic basement membrane (Reichert’s membrane)
formation (Williamson et «l., 1997} and neuromuscular junction formation {Gec ¢f al.,
1994). Interestingty, these cellular or developmental events are all adhesion-mediated.
This suggests that in non-muscle tissues, dystroglycan performs a function in receiving

adhesion-mediated signals, and regulating cell proliferation and survival signalling.

Dystroglycan has been shown to colocalise with focal adhesion structural proteins,
indicating dystroglycan might be involved in the asscmbly of focal adhcsions (Belkin
and Smalheiser, 1996). The transmembrane portion of dystroglycan has been shown to
associate with dystrophin homologues linking to the actin cytoskeleton, and has been
shown to associate with the SH3 domain of the Grb2 adaptor protein (Jung ef al., 1995).
This implies that both aclin cytoskeleton organisation and activation of Grb2-mediated
signalling might be in response to the expression of dystroglycan. Additionally, it has
been shown that a tyrosine residue in the PPPY motif in the C-terminal tail of -
dystroglycan is phosphorylated in an adhesion-dependenlt muanner. This tyrosine
phosphorylation in the PPPY motif can regulate the binding affinity of dystroglycan to
dystrophin/utrophin (James et «l, 2000} or the recruitment of some SH2 domain
containing protcins, including Sre, Fyn, Csk, Nck and SCH (Sotgia et al., 2001), which
are involved in integrin dependent focal adhesion signalling. Thus, dystroglycan seems
to be a transmembrane laminin receptor that plays a role in regulating focal adhesion
signalling and cytoskeleton reorganisation. ‘The adhesion role of «-dystroglycan binding
to the ligands in non-muscle cells has been described (reviewed in Durbeej ez af.,, 1995)
whereas the signalling role of (-dystroglycan has remained unclear. This study is to
investigate the function of dystroglycan, cspecially B-dystroglycan, in mediating

adhesion signalling and regulating actin ¢ytoskeleton organisation in non-muscle cells.




Figure 1.1 Schematic representation of the arrangement of dystrophin glycoprotein

complex (DGC) of muscle cells and dystroglycan of non-muscle cells

In skeletal muscle (A), the dystrophin-glycoprotein complex (DGC), in addition to

dystrophin, contains the dystroglycans o and B, the sarcoglycans, sarcospan, syntrophin
and dystrobrevin. Newronal NO synthase (NOs) is associated with syntrophin.
Dystrophin in the DGC associates with transmembrane dystroglycan and F-actin
cytoskeleton via its C-terminal and its N-terminal, respectively. Dystroglycan, which
interacts with extracellular matrix laminin and agrin (not shown), and associates with
dystrophin, is considered crucial in maintaining the stability of muscle cells.
Dystroglycan is expressed in non-muscle cells as well. In non-muscle cells (B),
dystroglycan interacts with laminin and associates with utrophin or other dystrophin

isoforms, compicling the linkage between extracellular matrix and actin cytoskeleton.
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1.2 Structure of dystroglycan

Dystroglycan contains o and B subunits. G-dystroglycan is a highly glycosylated
peripheral membrane protein and f-dystroglycan is membranc spanuing protcin. A
highly conserved gene encoding o—and 3- dystroglycan has been found in several
vertebrate species (Henry and Campbell, 1996). The dystroglycan gene, DAGI,
comprises two exons, which are transcribed into a single mRNA product for ¢— and
B— dystroglycan (Ibraghimov-Beskrovnaya ef «l., 1993). o~ and P- dystrogliycan
encoded by a single mRNA is translated into a single dystroglycan precursor. The
dystroglycan precursor undergoes proteolytic cleavage at amino acid residue 653 and,
posttranslational glycosylation to generate mature - and - dystroglycan subunits
(Ibraghimov-Beskrovnaya er al., 1992). Both O-linked and N-linked glycosylation are
found in dystroglycan. The mechanism of the proteolytic cleavage of dystroglycan is
still unclear. ITowever, it has been identificd that ncither the Q-linked nor the N-linked
glycosylation affects the proteolytic cleavage of dystroglycan (ITolt et ai., 2000). The
primary structure of o/f dystroglycan precursor, and mature o and 3 dystroglycan are
shown in figure 1.24 and B. The o- und f-dystroglycan presented on the plasma

membrane is shown in figure 1.3.

1.2.1 a-Dystroglycan

A 28 amino acid signal sequence (SS) is present at the N-terminal of the o/f
dystroglycan precursor, allowing the precursor to insert the ER membrane systcm. The
sequence of mature a-dystroglycan stacts from amino acid 29. o-dystroglycan contains
hoth N-linked and O-linked carbohydrates. The sialylated O-linked oligosaccharides of
o-dystroplycan are concentrated at the region between amino residucs 315 and 484
(Durbeei, et af., 1998). Studies of o-dystroglycan struclures using rotary shadowed
electron microscopy suggested a-dystroglvean has a dumbbell-like structure; two

globular domains connected by a rod-like mucin domain in the central region (Fig 1.2

C; left).




Figure 1.2 Processing of the dvstroglycan propeptide
{Adapted from Winder, 2001)

(A) The product of the DAGI1gene, o/p-dysiroglycan, is synthesized as a single 895
amino-acid propeptide with signal sequence (SS), mucin-like region, and a
transmemhbrane region (TM). Positions of WW domain interaction motifs PPPY are
shown. The propeptide is glycosylated with both N-linked ( * Jand O-linked (mucin-
like) oligo-carbohydrate chains, and is post-iranslationally cleaved by an unknown
protease at residue 653 (P) to generate mature - and f3-dystroglycan (B). (C) Electron
microscopy (EM) analysis reveuls & -dystroglycan has a dumbbell shape. Carbohydrate

side chains are shown schematically as circles for O-linked glycosylation, and branches
for N-linked glycosylation and glycosaminoglycan chains; /3 -dystroglycan is shown
inserted in a lipid bilayer with its C-terminus on the intracellular side. Over S0% of the

mass of mature ¢ -and £ -dystroglycan comprises carbohydrate moieties.




A o/p —dystroglycan propeptide
SS ¢ 4 Mucin-like ¢ ¢Pe e ™ PPPY
S B AT B 7 c
1 28 315 484 653 751 774 895
B a-dystroglycan B-dystroglycan
L] AR L]
72 KDa 26KDa
C

mature a-dystroglycan mature p-dystroglycan
100 - 200 kDa 43 kDa

(Adapted from Winder, 2001)




o -dystroglycan has been identified as a receptor for laminins (Ervasti and Campbell,
1991; Ervasti and Carmpbell, 1993). Laminin is an ECM protein which is abundant in
basal lamina. All laminins are heterotrimers composed of individual &, and ¥ subunits.
Laminins assemble into trimers by forming a long coiled-coil interaction in the COOH-
terminal half of the protein, designated as the long arm. There are currently [ive laminin
alpha chains, three beta chains, and three gamma chains that are found in at least 11
different heterotrimer combinations in vivo (Miner er al., 1998), The unique carboxy
lerminal laminin globular (LG) modules at the C-terminal of laminin bind several cell
surface integrins. &l and 62 LG modules, which are present in laminini (x1{31y1) and
laminin2 (2B 1¥1), have been shown to bind to ¢-dystroglycan with very high affinity
(Andac er al., 1999),

The mucin-like region of «o-dystroglycan has been identified as being critical for
dystroglycan binding to LG modules {Yamada et ¢f., 1996a). The binding mechanism
between «-dystroglycan mucin-like region and LG domain has recently been studied.
For example, the t-dystroglycan-laminin interaction is known to be calcium-dependent
and requires O-mannosyl-GleNac glycosylation (Chiba ez al,, 1997) or sialic acid
residues {Ervasti ef al., 1997) on d-dystroglycan. The Ca®' jons in each of the LG
module structures, and an extensive positively charged surface surrounded by Ca®" ions,
are proposed as the site of a-dystroglycan interaction. Furthermore, the binding of
heparin to the positively charged surface of the LG module can efficiently inhibit the
interaction with G-dystroglycan (Frvasti and Campbell, 1993). Thas, the mechanism of
o-dystroglycan binding to LG modules may involve the coordination of the missing
caleium ligand by negatively charged carbohydrate group of o-dystroglycan mucin-like

domain and positively charged surface of the LG modules (Tisi et al., 2000).
In addition to lamininl and 2, it has been shown that agrin (Hoch, 1999), perlecan

(Tozzo, 1998) and biglycan (Bowe ef ul., 2000) are also the ligands of &-dystroglycan.

Microbes such as arena viruses and M. leprae (Rambuldcana et al., 1998) have been




shown to recognise t-dystroglycan as an infection receptor (Fig 1.3). However, the

precise biological functions of these binding to o-dystroglycan remains uncleat.

The primary sequence of o-dystroglycan predicts a molecular mass of 72 KbDa;
however, a-dystroglycan is [56KDa in skeletal muscle (Ervasti and Campbell, 1993),
140KDa in cardiac muscle (James et al., 1997) and 120KDa in brain und peripheral
nerves (Yamada er al., 1994). Therefore, a-dystroglycan may undergo significant
posttranslational modifications in a tissue-specific manner and these specific
modifications possibly affect tfunctions of dystroglycan. On the cell surlace, -
dystroglycan is anchored to the extracellular domain of P-dystroglycan by a non-
covalent interaction, The association site of wG-dystroglycan trccognised by P-

dystroglycan has recently been mapped to the amino acid sequence 550-585 (Bozzi ef
al., 2001).

1.2.2 B-Dystroglycan

B-Dystroglycan is a 43KDa transmembrane glycoprotein with an  N-terminal
cxtracellular domain, a transimembrane region and a C-terminal cytoplasmic tail (Fig 1.2
C; right) (Ibraghimov-Beskrovnaya et al., [992). The amino acid sequences of P-
dystroglycan are strikingly similar between different species. In particular, there is a
100% conservation of the carboxy-terminal dystrophin binding sites and a 93%
conservation of the central Pro-Thr rich regions (Brancaccio et al., 1995). The N-
terminal extracellular domain of (-dystroglycan is the glycosylated portion of P-
dystroglycan. The association region for o-dystroglycan on [(-dystrogiycan has been

mapped to amino acid sequence 654-750 (Di Stasio et al., 1999).

B-dystroglycan associates with dystrophin or dystrophin homologues fulfilling the
connection role of linking the extracellular matrix to the F-actin cytoskeleton (Fig 1.3).
The binding sile of dystrophin or dystrophin homologues in B-dystroglycan has been
localized to a proline-rich region at the extreme C-terminus of the cytoplasmic tail. This

region contains the proline-rich motif (PPxY or PY meotif, where P denotes proline,




Figure 1.3 A representation of ¢- and B-dvstroglycan and binding partners

at the cell surface
(Adapted from Winder, 2001)

The extracellular o-dystroglycan (0.} and transmembrane (-dystroglycan (f3) are shown
in blue, Agrin, perlecan and laminin isoforms bind to the a-dystroglycan mucin-like
region via their laminin G domain (LG) modules. Arenaviruses require ¢-dystroglycan
to be glycosylated for binding to occur, Biglycan binds unglycosylated regions of the o-
dystroglycan N-terminus. Mycobacteritm leprae binds o-dystroglycan in a laminin-
dependent manner. Rapsyn associates with membrane-proximal residues in the f3-
dystroglycan cytoplasmic tail, and Grb2 binds via a SH3-dependent interaction to 8-
dystroglycan C-terminus tail. Dystrophin or utrophin (or isoforms) bind the C-terminal
12 amino acids of B-dystroglycan via the WW domain motif PPPY; the utrophin and

dystrophin N-termini binds to F-actin. Caveolin associates with §-dystroglycan also at

the PPPY motif.
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Y represents tyrosine, and x denotes any amino acid), which is a consensus site for
binding dystrophin in muscle cells or utrophin in most of the non-muscle cells (Chen et
al., 1995). Either dystrophin or utrophin interacts with the cytoplasmic domain of 3-
dystroglycan through a cluster of domains in the C-terminal cystine-rich region of
dystrophin or utroplhin. The cystine-rich region of utrophin/dystrophin comprises three
recognized modulcs, a WW domain, a pair of EF hands and a ZZ domain (Sudol, 1996).
The WW domain is a protein-protein interaction domain which resembles SH3 (Src
Homology) domain. The WW domain is necessary, but not sufficient for binding of
dystrophin/utrophin to B-dystroglycan (Jung ez @, 1995; Suzuki ef «l., 1994). The EF
hands and the ZZ domain play a role in increasing the binding strength of WW domain

to B-dystroglycan (Tames er al., 2000).

Two potential PY motifs are present in the cytoplasmic domain of B-dystroglycan.
However, excepl [or the C-terminal tail PPPY motif, which is the binding motif of
dystrophin/utrophin WW domain, no interactions with the other PY motif of P-
dystroglycan have been reported. It has been shown that tyrosine phosphorylation at
Y892 of the C-terminal tail PPPY motif causes significant reduction of the binding
affinity of 3-dystroglycan to WW domain ol dystrophin/utrophin (James e/ «f., 2000),
suggesting the interaction between dystroglycan and dystrophin/utrophin WW domain
is regulated by tyrosine phosphorylation of the PPPY molif.

An atomic structure of B-dystroglycan C-terminus PPPY motif and dystrophin/utrophin
N-terminal WW domain has recently heen solved (Huang, et al., 2000) (Fig 1.4). The
PPPY motif with its adjacent amino acids, KNMTPYRSPPPYVPP, corresponding to
880-895 of [-dystroglycan is involved in the binding the WW domain of
dystrophin/utrophin. First, the three proline residues at the PPPY motif, form a single
turn of a left-handed poly-proline II helix that is recognised by the WW comain.
Second, the first two proline residues (residue 889 and 890) in the motif insert into a
concavc hydrophobic surface formed by Tyr 3072 and Trp 3038 in the WW domain are
stacked against Tyr 3072 and Trp 3080 respectively. The tyrosine residue in PPRY
motif (Y892) is then located in the hydrophobic pocket formed by ile 3074, GIn3079
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Figure 1.4 Structure of the dystrophin—p-dystroglycan complex
(Huang er al., 2000)

(A) Ribbon diagram showing the overall organization of the dystroglycan binding
region of dystrophin. The WW domain is colored yellow, the first EF-hand domain
green, the sccond EF-hand domain blue, and additional helices gold. The (3-
dystroglycan peptide (white) extends across the first EF-hand and thc WW domain.
Elements of secondary structure, the N- and C-termini of the protein, and peptide are
labeled. (B} Molecular surface of the dystrophin P-dystroglycan binding region, colored
as in (A). Peptide residues Pro 889-Tyr 892 constitute the PPxY motif. Those in the
PPxY motif form a single turn of polyproline II helix. (C) Detailed view of dystrophin—
B-dystroglycan rccognition. The peptide makes six hydrogen bonds (thin red lines)
directly to the dystrophin-B dystroglycan binding region, and an additional six through

bridging water molecules (red spheres).
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and His 3076 of dystrophin {or utrophin) WW domain. The hydroxyl group hydrogen of
Y892 bonds with His 3076. Additionally, Arg 887 of 3-dystroglycan C-terminal tail
forms a hydrogen bond with I'rp 3083 in WW domain. Interestingly, beyond the WW
domain, Arg 887 alsa forms hydrogen bonds with first EF-hand of dystrophin/utrophin,
also Pro88S and Tyr886 of P—dystroglycan contact Thi3188 in the EF-hand. This
additional interaction not only stabilises the binding between [-dystroglycan and
dystrophin/utrophin, but also provides the {3-dystroglycan C-terminal tail with a high

specificity.

This study helps to cxplain why the EF hand is necessary for the interaction between
PPPY molf of B-dystroglycan and WW domain of dystrophin/utrophin. Indced, the
other proline rich molif of B-dystroglycan cytoplasmic domain, APLPPPEYPNQS,
corrcsponding to residues 824-835 does mot bind to the WW domain of
dystrophin/utrophin. The WW domain present in YAP (YES Kinase Associated protein)
which binds to PPXY motif cannot recognise the PPPY binding motif at the C-terminal
tail of P-dystroglycan cither (Chen and Sudol, 1995). Tyrosine phosphorylation at
Tyr892 in B-dystroglycan C-terminal tail PPPY motif disrupts the hydrogen bonded
formation between Y892 of PPPY and His 3076 of WW, and has been shown to result
in reduced binding affinity to dystrophin/utrophin WW domain (Ilsley et wl,, 2000;
James et al, 2000). These phenomena showed thal binding of B-dystroglycan C-
terminal tail PPPY motif with dystrophin/utrophin WW domain is a highly specific but
dynamic inleraction that is responsible for regulation of the connection between -

dystroglycan and the actin cytoskeleton.

1.3 Functions of dystroglycan in muscle and non-muscle cells

1.3.1 Fanction of dystroglycan in muscle cells

1.3.1.1 Role of dystroglycan in muscular dystrophies
In skeletal muscle, dystroglycan with sarcoglycans, syntrophins, sarcospan, caveolin,

and dystrobrevin are expressed throughout the sarcolemma, forming a large membrane
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protein complex associating with dystrophin called the dystrophin-glycoprotein
complex (DGC) (Ervasti and Campbell, 1991) (Figl.1A). The DGC links to actin
filaments, which connect to Z-lines of myofibrils, via dystrophin and forms a physical
linkage between the sarcolemma and myofibrils (reviewed in Spence et ¢f., 2002). In
this linkage, dystroglycan directly associates with dystrophin and acts as a membrane
receptor for laminin 1 and 2 and plays a central role in connecting the extracellular
matrix, actin cytoskeleton and myofibrils in skeletal muscle. The studies of
dystroglycan started {rom the investigation into Duchenne muscular dystrophy (DMD}
and the milder Becker muscular dystrophy (BMD). DMD is caused by mutations at
DPMD locus lewding to a total lack of dystrophin in muscle cells (Hoffman ez «l., 1988).
Interestingly, dystroglycan has been found to be greatly reduced in DMD patients as
well as in dystrophin deficient smdx mice, revealing that dystroglycan plays an important
rcole as well as dystrophin in completing the physical linkage between extracellular
matrix and cytoskeleton, thereby maintaining the stability of skeletal muscle (Sicinski et
al., 1989). The mutations of dystrophin appear to cause the secondary reduction of
dystroglycan. However, no primary mutations in dystroglycan have been identified in
any human disease. Additionally, disruption of DAG1 gene in mice results in
embryonic lethality. Thercfore, despite the important role of dystroglycan in linking
extracellular matrix to cytoskeieton in muscle cells, no direct evidence has been shown
that primary mutations of dystroglycan can lead to muscular dystraophies. Recently, a
series of studics suggested that a variety of muscular dystrophies are caused by
disruption of the interaction between «—dystroglycan and laminin (Table 1.1). In
Fukuyama congenitai muscutar dystrophy (FCMD), Muscle-eye-brain (MEB) disease,
and Walker-Warburg Syndrome (WWS) patients, dysfroglycan has been found
expressed as a less glycosylated form. Similar abnormal reduction of dystroglycan in
glycosylation has been found in myodystrophy {myd) micc as well. Defects in laminin
o2, which is the ligand of c-dystroglycan, has been found in patients with congenital
muscular dystrophy (CMD), These studies all support the idea that dystroglycan, or the

interaction between dystroglycan and its extracellular matrix ligands, plays a very
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Table 1.1 Dystroglyean and muscular dystraphies

Primary
Discase affected Dystroglycan Reference

Duchenne muscular dystrophin reduced Ervasti et al., 1990
dystrophy (DMD)
Becker muscular dystrophin reduced Iloffman ez af., 1988
Dystrophies (BMD)
Congenital muscular laminin 2 N.D. Helbling ct al.,1995
dystrophy (CMD)}
Limb Girdle muscular & sarcoglycan reduced Roberds et al., 1993
dystrophy_2D (LGMD-2D)
Limb Girdle muscular 3 sarcoglyecan reduced Nigro et al., 1996
dystrophy_2F (LGMD-2F)
Limb Girdle muscular homology to reduced Brockington, et al., 2001
dystrophy 21 (LGMD 21) fukutin
Muscle- eye-brain disease homology to missing Michele ct al., 2002
(MEB) fukutin Kano et al., 2002
Tukuyama congenital fukutin missing Michele et al., 2002
muscular discase (FCMD) Hayashi et al.,2001
Walker-Warburg syndrome  homology to missing Beltran -Valero De Bernabe

(WWS) o-mannosyitransferase

et al,, 2002

N.D. Not determined.
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important role in maintaining the stability of muscle cells. Expression levels of
dystroglycan have been shown to be reduced in several types of Limb girdle muscular
dystrophies (LGMDs), including LGMD2C, LGMD2D, LGMD2E, LGMD?2F, which
are defective in expression of sarcoglycans. As mentioned above, dysiroglycan
reduction is also a consequence of loss of function of dystrophin; thus, cxpression or
processing of dystroglycan seems to be affected by other members of the DGC. Despite
playing a central role in forming the ECM-cytoskeleton linkage, dystroglycan might be

necessary but not sufficient for maintaining the stability of muscle cells.

1.3.1.2 Role of dystroglycan in neuromuscular junctions

The neuromuscular junction {NM1) is the contact region between motor neurones and
the sarcolemma that is responsible for transmitting the electrical stimulas for muscle
contraction. During the development of the NMIJ, acetylcholine receptor (AChR)
clustering at the motor end plate on the sarcolemuina has been shown to be triggered by
proteins released from the axonal terminal of the motor neuron. The protein agrin has
been found to be crucial for AChR clustering on the motor end plate (reviewed in
Burden, 1998). In 1994, agrin was found to be a binding ligand of o-dystroglycan,
implying that dystroglycan might be the agrin receptor involved in the formation of
NMI (Gee er al., 1994). However, subsequent studics revealed that dystroglycan binds
to inactive muscle agrin isoforms more tightly than to active neuronal agrin isoforms
(Sugiyama et al., 1994; Campanelli et al,, 1994). Additionally, the dystroglycan binding
domain of agrin is physically separable from the part that induces the AChRs clusters in
cultured myotubes (Campanelli ef @l., 1994), Moreover, utrophin knockout mdx mice,
which alsa have reduced levels of dystroglycan, still show normal AChR clustering
during NMJ formation (Deconick, ¢t al., 1997, Grady et al.,, 1997). The finding that
muscle-specitic kinase (MuSK) is a target for agrin-mediated signalling diminished the
role of dystroglycan in clustering AChRs (reviewed in Ruegg and Bixby, 1997). MuSK
is a receptor tyrosine kinase (RTK} that appears to trigger the agrin-mediated AChR
clustering {reviewed in Ruegg and Bixby, 1997). Tyrosine phosphorylation of MuSK
has been shown to be triggered by agrin, but agrin itsclf is not a ligand that directly

binds to MuSK (Glass et al., 1996), The interaction between agrin and MuSK is still

15




unknown, but it is now clear that binding of agrin to o-dystroglycan is not necessary for
the agrin-mediated aggregation of AChRs. Rapsyn has been identified as an
intracellular membrane peripheral protein that directly binds to MoSK and 1s necessary
for agrin-mediated AChRs clustering (Apel er al, 1997). Interestingly, studies in
Torpedo californica have shown that rapsyn binds directly to the P-dystrogiycan
juxtamembrane portion (Cartaud et al, 1998) (Fig 1.3). The physiological role of
dystroglycan in synapse formation is now still unclear, but it is considered that
dystroglycan may function more as a structural, rather than signalling component of

postsynaptic apparatus assembly (revicwed in Durbeegj ez al., 1998).

1.3.2 Functions of dystroglycan in nonmuscle celly

In addition to muscle cells, dystroglycan is also found expressed in many tissues and
cell types, suggesting that dystroglycan function is not restricted to muscle cells. -
dystroglycan iz non-muscle cells has been shown to interact with extracellular laminin
as it does in muscle cells (Ervasti and Campbell, 1993). However, instead of full-length
dystrophin, various dystrophin isoforms have been identified as the binding proteins
linking dystroglycan to the actin cytoskeleton. Utrophin, which is the dystrophin
homologue maost related to dystcophin, has been also becn shown to be expressed in

most non-muscle cells where it associates with dystroglycan (James et al., 19906).

1.3.2.1 Role of dystroglycan in the central nervous system

In the central nervous system {CNS), dystroglycan is expressed int the brain in many
different cell types (reviewed in Durbeej, et al., 1998). For example, in the cerebellum,
dystroglycan is expressed in Purkinje cells and binds to the faminin o2 chain at the
glial-vascular interface, suggesting a role for dystroglycan in maintaining the blood-
brain barrier (Tian et al., 1996). Histochemical staining showed that dystroglycan in the
CNS colocalises with utrophin or Dp71 (Schofield et al., 1995; Gorecki, 1995).
Dystroglycan is also present in the peripheral nervous system (PNS) in Schwann cells.
Tt has been shown that o-dystroglycan in PNS is a receptor for both laminin o2 chain

and agrin, which are expressed in the surrounding matrix of Schwann cells (Yamada er
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al., 1996b). In the ¢y mouse that shows a deficiency in laminin 2 chainr expression,
there are myelination defects, implicating dystroglycan in myelinogenesis (Mastumura
et al., 1997). Both utraphin and Dpl16 were found to associate with dystroglycan in
Schwann cells (Love, ef al.,, 1989; Yamada et al.,, 1994). Recently, a third member of
the dystrophin family, dystrophin-related protein 2 (DRP2) has been identified to
associate with dystroglycan and L-peraxin, which is a PID7. domain containing protein,
forming a protein complex specific to Schwann cells (Dixon et al., 1997; Sherman ef
al., 2001). In the absence ol peraxin, DRP2 is mislocalised. Disruption of DRP2-
dystroglycan complex led to hypermyclination and destabilisation of Schwann cells in
peraxin knockout mice (Sherman et al,, 2001). Thus, the dystroglycan-DRP2 complex,
which associates with extracellular laminin and intracellular peraxin might play a role in

the termination stage of Schwann cells myelinogenesis (Shernan e/ al., 2001).

1.3.2.2 Role of dysiroglycan in morphogenesis

It has been revealed that dystroglycan is abundant at the basal side of most cpithelial
cells facing the basement membrane in both embryonic and mature tissues (Durbee] et
al., 1995; reviewed in Durbeej er af., 1998b). In addition, there is dystroglycan
expression at sites of ccll-ccll contacts both in vitro and in vivo (Belkin ez al.,, 1996).
'The intraccllular binding partners of P-dystroglycan in epithelial cells may include
utrophin, Dp117 and Dp140 (Durbeej et al., 1997). Antibody perturbation experiments
have shown that dystroglycan might be required for kidney epithelial morphogenesis
(Durbeej et al., 1995). Likewise, antibody perturbation cxperiments suggest a role for
dystroglycan in salivary gland morphogenesis {Durbeej, ef al, 1998a). Additionally,
dystragtycan has been shown (o bind to E3 fragment, containing LG domain, of laminin
1 (Brancaccio ¢t al., 1995), which also has been implicated in branching cpithclial
morphogenesis and basement membrane formation of kidney as well as salivary gland
(Sorokin et al., 1992; Kadoya et al., 1995). Moreover, the role of dystroglycan in the
formation of NMJ in muscle development has been described (1.3.1.2). Thus,
dystroglycan appears to play an important role in the morphogenesis both in epithelial

cclls and muscle tissues,
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1.3.2.3 Early embryonic tissues

The disruption of the dystroglycan gene (DAGI) in mice led to embryonic lethality at
around day 6.5; the matant failed to progress beyond the early egg cylinder stage. This
lethality is duc to failure of the formation of Reichert’s membrane, which iy an early
basement membrane produce by extra-embryonic tissucs (Willimmson ef al., 1997).
Detailed analysis of the embryoid bodies isolated from dystroglycan--deficient animals
has shown that components of basement membrane, including laminin, perlecan, and
collagen type IV cannot bind to the surface of dystroglycan-deficient cells (Willumson
et al,, 1997; Henry and Campbell, 1998). These results strongly suggcsted that
dystroglycan is necessary for nucleating the assembly of a primary laminin matrix,
which then scrves as a scaffold for the assembly of the remaining components of the
extraccllular matrix. In accordance with this, muscular dystrophies might also be a
consequence of a failure to assemble the muscle basal lamina properly (Meier and
Ruegg, 2000).

1.3.2.4 Dystroglycan and adhesion

The evidence that dystroglycan is involved in morphogenesis, myelinogenesis and
cmbryogenesis all suggested a role for dystroglycan in adhesion in non-muscle tissues.
The role of dystroglycan in adhesion became clearer when dystroglycan was identified
as playing an important role in assembling the cxtracellular matrix during development.
The central role of dystroglycan as a linkage between the extracellular matrix and the
cytoskelcton clearly defines dystroglycan as an adhesion molecule. Furthermore, it was
also shown that ntrophin associates with dystroglycan at the cell membrane where it is
localized to cell-cell (Belkin and Burridge, 1995a; Belkin and Buwridge, 1993b) and
cell-matrix adhesion structures (focal adhesions) (Belkin and Smallheriscr, 1996; James
er al., 1996). Hence, despile the mechanism of adhesion mediated by dystroglycan
remaining unclear, dystroglycan now is widely considered an adhesion molecule in non-

muscle cells.
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1.4 Signalling role of dystroglycan

In studies of dystroglycan in non-muscle cells, a great deal of emphasis was placed on
o-dystroglycan and its role in development (reviewed in Durbeej, er al., 1998a). The
fact that dystroglycan interacts with laminin via its carbohydrate moicty has raised the
possibility that “dystroglycan-activated™ signalling could participate in the adhesion
signalling in non-muscle cells. A signalling role for the DGC has been described in
muscle cells. Firstly, neunronal nitric oxide synthase (nNOS) has been identificd to
associate with DGC via o-dystrobrevin. Dystrobrevin associates with dystrophin and
syntrophins. In DGC, this association affccted the recruitment of nNOS to the
sarcolemma via syntrophin (Grozdanovic et al., 1996), implying that DGC members
plays a role in regulating nNOS signalling pathways. Secondly, as mentioned above,
dystroglycan in skeletal muscle could be necessary for the AChR clustering signalling

in development of NMJ.

More direct cvidence of dystroglycan mediating signalling has been shown in the
studies of PB-dystroglycan. The 12kDa C-terminal cytoplasmic domain of #-
dystroglycan contains more than 20% proline residues, containing four potential SH3
binding motifs (PxxP) and two WW domain binding motifs (xPPxY), giving it the
potential to be the signal transduction region of dystroglycan. [3-dystroglycan has been
shown to directly interact with Grb2, an adapter protein involved in signal transduction
and cytoskeletal organization (Jung et al., 1995). Grb2 contains SH2 and SH3 domains
which can interact with proteins containing phosphotyrosine or proline-rich domains.
The same study also showed that Grb2 interacts with B-dystroglycan via its SH3 domain
(Fig 1.3). Fractionation of the extracts from bovine brain synaptosomes using a laminin-
affinity column revealed that in addition to o/ dystroglycan and Gtb2, focal adbesion
kinase (FAK) was also detected in the laminin binding complex. T'his study showed that
[FAK has no direct association with B-dystroglycan but was co-immunoprecipitated with
Grb2, suggesting that the adaptor protein Grb2 may mediate FAK-B-dystroglycan

interaction (Cavaldesi et al., 1999). This finding raiscd the exciling possibility that -
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dystroglycan might be able to regulate signalling molccules such as FAK through the
Grb2 adaptor. However, to date, no signalling pathway mediated by B-dystroglycan-
Grb2-FAK has been reported.

Despite the functions of dystroglycan in non-muscle cells remaining unclear, adhesion-
dependent dystroglycan tyrosine phosphorylation has been demonstrated (James et al.,
2000, lisley et al.,, 2001). The phosphorylation site was determined as Y892 in the 8-
dystroglycan WW damain binding motif, PPPY, In Hela cells, thc tyrosine
phosphorylation at Y892 of B-dystroglycan triggered by adhesion led to the reduction in
binding affinity of B-dystroglycan to dystrophin/utrophin WW domain, suggesting that
the interaction between dystroglycan and utrophin/dystrophin WW domain could be
regulated by adhesion-dependent lyrosine phosphorylation of the P-dystroglycan PPPY
motif (James ¢/ al., 2000). Characterisation of 3-dystroglycan-Grb2 interaction in vitro
has determined that the 20 amino acid sequence, containing the PPPY muotif, at the C-
terminal tail of B-dystroglycan is responsible for its ability to bind to the N-terminal
SH3 domain of Grb2. Interestingly, the interaction between dystroglycan PPPY motif
and Grb2 N-terminal SH3 domain was significantly inhibited in the presence of
dystrophin, indicating that both dystrophin/utrophin WW domain and Grb2 SH3 domain
appeared to associate with (3-dystroglycan PPPY motif, This implics that a compelitive
regulation of utrophin/dystrophin WW domain or Grb2 SH3 domain binding to f3-
dystroglycan might take place (Russo et al., 2000).

In addition to WW domain of utrophin/dystrophin and the N-terminal SH3 domain of
Grb2, caveolin has also been identified to interact with B-dystroglycan. In skeletal
muscle, caveolin-3 is localized to the sarcolemma, coinciding with dystrophin (McNally
er al., 1998). Caveolins are believed to play a role in the formation of the caveolae.
Caveolins are small membrane invaginations on the surface of cells that participate in
membrane trafficking (including endocytosis and pinocytosis). ‘{'hey act as scaffolding
proteins organizing and concentrating caveolin-interacting proteins and lipids in
caveolae microdomains (reviewed in Schlegel and Lisanti, 2001}. The number and size

of caveolae are abnormal in DMD-patients (McNally e al,, 1998). In muscle cells,

20




caveolin-3 has been shown to directly interact with nNQOS, and binding results in the
loss of NOS activity (reviewed in Garcia~-Cardena et al., 1997). The association between
B-dystroglycan and caveolin was mapped in the WW-like domain on caveolin and the
PPPY motif on B-dystroglycan (Sotgia ¢ al., 2000). While tyrosine phosphorylation at
Y892 on P-dystroglycan inhibits the binding affinity of (he PPPY motif to
dystrophin/utrophin WW domain, it does not affect the interaction between the PPPY
and caveolin (Sotgia ef al, 2000). However, the binding of dystrophin to B-
dystroglycan appeared to be interrupted in the presence of caveolin, revealing that
caveolin also competes for the PPPY moltif binding sitc on fi-dystroglycan with WW
domain (Sotgia e al., 2000). In addition to being triggered by adhesion, the
phosphorylation of B-dystroglycan at Y892 has been shown to be elevated by a v-Src
transformed state (Sotgia et «l., 2001). Surprisingly, some SH2 containing proteins
including Fyn, Csk, Nck, SHC, and v-Sic itself appeared to be recruited to interact with
PPPY containing region on [3-dystroglycan in response to the tyrosine phosphorylation
at Y892 (Sotgia et al., 2001). The funcrion of this regulation and recruitment is unclear,
but these results strongly suggest that B-dystroglycan plays a role as an adhesion

signalling molecule.

Altogether, the role of dystroglycan in myelinogenesis, morphogenesis and
embryogenesis, even in maintaining muscle stability could be cxplained by its role as an
adhesion molecule. WW domnain, caveolin and Grb2 SH3 domain appeared to compete
for the PPPY binding motif in P-dystroglycan. The adhesion-dependent tyrosine
phasphorylation at Y892 in PPPY motif of -dysiroglycan seems to play an important
role in regulating the binding of B-dystroglycan to various signalling molecules.
Therefore, dystroglycan is doubtless a signalling molecule. O-dystroglycun is
responsible for recognition and assembly of an extracellular matrix network, while f3-
dystroglycan, which provides an anchor for o-dystroglycan, might act as an important
adhesion signalling mediator. Studies conducted in this thesis are to investigate the role

of dystroglycan in cell adhesion signalling.
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1.5 Focal adhesion signalling

1.5.1 Focal adhesions

Evidence has shown that B-dystroglycan might play a role in regulating cell-matrix
adhesion signalling. Adhesion between a cell and its surrounding extracellular matrix
(ECM) controls complex biological processes such as development, wound healing,
immune response, and tissue function. Adhesion triggers signals regulating ccll growth
and differentiation. Cell attachment to the ECM is primarily mediated by integrins, a
widely expressed family of cell surface adhesion receptors (Hynes, 1992). In addition to
anchoring cells, integrins transmit signals that direct cell migration, proliferation, and
differentiation (Ruosiahti and Recd, 1994). After binding to ECM proteins, integrins
cluster together to form focal adhesions - complexes of intracellular signalling and
structural proteins. These specialized sites of attachment provide not only a structural
link between the intemal actin cytoskeleton and the ECM but also function as a locus of

signal transduction activity that control cellular response (reviewed in Jockusch et al.,

1995).

Numerous proteins have been identified in focal adhesions, some of which play a
predominantly structural role (e.g. ¢t-actinin, talin, vinculin, paxillin} while others are
involved in signal transduction pathways (e.g. FAK, Src), Al the cytoplasmic face of
focal adhesion sites, bundles of actin filaments (stress fibres; see below) arc anchored to
the cytoplasmic domain of integrins through the multi-molecular complex of junctional
proteins. Focal adhesion complexes are highly dynamic structures, continuously
assembling and disassembling in the processes of cells. For example, during cell
migration, new focal adhesion complexes, containing newly recruited focal adhesion
structural and signalling proteins, assemble rapidly at the leading edge, and, at the sume
time, disassemble at the retracting tail of the cells (reviewed in Bumridge and
Chrzanowska-Wodnicka, 1996). The signalling events that occur with integrin-mediated

focal adhesion include the phosphorylation of FAK, Src-mediated tyrosine

phosphorylation of adhesion proteins and stimulation of the mitogen activated protein

kinasc (MAP kinase) cascade.




Integrins are the important cell-matrix receptors that regulatc thc asscmbly of focal
adhesion complex. Integrins are a family of heterodimeric transmembrane cell adhesion
receptors which are of crucial imporfance in interacting with extracellular matrix
proteins and promoting a variety of cellular functions such as cell growth, migration,
proliferation and cytoskeleton reorganization {(reviewed in Giancotti and Ruosiahti,
1999). Each integrin contains o and {3 subunits; each subunit has a large extracellular
domain, a single trans-membrane region and a short cytoplasmic domain {except for [i4
subunit). The differential association of more than 18 w-integrins and 8 P-integrins
subunits give rise to more than 20 different o/B-integrin heterodimers (Hyncs, 1992;
Ruoslahti, 1991), Integrin dimers are expressed in specific tissues or cell types and have
different specificity for extracellular ligands such as laminin or fibronectin. The binding
affinity of integrins with their ligands can be regulated either by the extracellular factors

or by intraceliular processes so called inside-ont signalling (FTughes ef al., 1997).

Integrins have been implicated in two major types of activities: adhesion of cells to their
substrate and transmission of signals from the external environment to the cell interior.
The of paivings speeify the ligand binding abilitics for integrin heterodimers. Large
ECM proteins such as collagen, laminin, vitronectin, and fibronectin can be recognised
by integrins. However, some short peptide sequences within the larger proteins, for
example, RGD (Arg-Gly-Asp) sequence found in fibronectin and vitronectin, were
found to be sufficient for recognition by integrins (Rouslahti, 1996). The cytoplasinic
tails of integrins are generally short and always devoid of enzymatic features. Hence,
integrins transduce signals by associating with adapter proteins that connect the integrin
to the cytoskeleton, such as cytoplasmic kinase, and transmeimnbrane growth factor
receptors. Integrin signalling and asscmbly of the cytoskeleton arc then intimately
linked. As integrins bind to the ECM, they become clustered in the plane of the cell
membrane and associate with a cytoskeletal and signalling compiex that promotes the
assembly of actin filaments. The rcorganization of actin filaments into larger stress
fibres in turn causes morc integrin clustering, thus cnhancing the matrix binding and
organization by integrins in a positive feedback system. As a rcsult, ECM proteins,

integrins, and cytoskeletal proteins assemble into aggregates on cach side of the
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membrane (reviewed in Giancotti and Ruoslahti, 1999). Thesc well-developed
aggregates can be detected by immunofluorescence microscopy and are known as focal
adhesions. In this manner, integrins, like dystroglycan, serve as integrators ol the ECM

and cytoskeleton.

1.5.2 Integrin mediated Tocal adhesion signalling pathways

In integrin-dependent focal adhesion complex activation, integring activatc various
protein tyrosine kinases, including focal adhesion kinase (FAK), Src family kinases,
Abi, and a serine-threonine kinase, integrin-linked kinase (ILK)} (Wary er al., 1996;
Lawis et al., 1996). Adhesion processes of cells also appear to activale the ERK1/2
cascade (section 3.1.1), which regulates the activation of transcription [actors and
promote the expression of molecules for cell proliferation and cell growth (Assoian,
1997; Renshaw et al., 1997, Schwartz, 1997). Integrin engagement to ECM along with
focal adhesion assembly is able to activate the ERK1/2 cascade that is involved in the
regulation of cell survival (reviewed in Howe er al., 1998). Two sets of signalling
pathways induced by integrin engagement have been shown to be involved in the
assembly of focal adhesion complexes in cells, the FAK pathway and the Fyn/She
pathway (Juliano, 2002).

1.5.2.1 The FAK pathway

The integrin-dependent pathways involving FAK and Src-family kinases have been
studied in some detail. The FAK pathway is activated by most integrins (Fig 1.5 A).
The activation of FAK is not well understood, but it is coupled 10 the assembly or
disassembly of focal adhesions. FAK may be recruited to nascent focal adhesions
because it interacts, either directly or through the cytoskeletal proteins talin and paxillin,
with the cytoplasmic tail of integtin B subunits (Miyanoto, er «l., 1995). Upon
activation, FAK autophosphorylates Tyr397 and is recruited to focal adhesions, thereby
creates a binding site for the Src homology 2 (SI12) domain of Src or Fyn (Schaller et
al., 1994; Schlaepfer, et al., 1994). The Src kinase then phosphorylates a number of

focal adhesion components. The major targets include paxillin, teusin, and Cas, a




Figure 1.5 Direct cell growth signaling by integrins-mediated focal adhesions
Two models are shown depicting how integrins may dircctly stimulate the ERK

cascade. {A) Integrin engagement causes reciuitment and activation of FAK and its
autophosphorylation. This creates a binding site for the Src tyrosine kinase, which then
further phosphorylates FAK. This allows the Grb2 SOS complex to bind, thus
triggering Ras activation and subsequent activation of Raf, MEK, and ERK. A second
pathway leads from p130 Cas and Crk to ¢c-Jun kinase activation. (B) Certain integrins
(but not all) associate with Fyn and Shc via caveolin. The phosphorylation of Shc by the

Fyn tyrosine kinase allows recruitment of Grb2-SOS and activation of the cascade.
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docking protein that recruvits the adapter protein Crk, which can stimulate the JNK
pathway (Vuori, et al., 1996; Schlaepfer, et al., 1997). Active Src¢ phosphorylates FAK
at Tyr925, creating # binding site for the complex of the adapter Grb2 and Rus
guanosinc-triphosphate cxchange factor Sos (Sou of sevenless) (Schlaepfer, et al.,
1994). Paxillin is a multi-domain adaptor protein that shown to associate with SH3
domain of Src (Turner, 2000). Activation of FAK leads to the recruitment and activation
of Src in focal adhesions (reviewed in Schaller, 2001) that subsequently interacts with
paxillin and activates Grb2-Sos. Henee, by the activation of FAK in response (0 inlegrin
engagement, paxillin, Src, Grb2-Sos are activated and recruited to focal adhesions.
Association of active Src with paxillin and FAK then activates Grb2-Sos followed by
exchange of Ras-GDP to Ras-GTP, which subsequently activates the downstream ERK
cascade (reviewed in Howe et al., 1998). Whereas FAK is phosphorylated on tyrosine
residues upon assembly of focal adhesions, it becomes phosphorylated on serine
residues and disassociates from Src and Cas during mitosis (via activation of JNK)
{Yamakita ef al., 1999). These events may looscn cell-substrate contacts and allow cells

to divide and move apart.

1.5.2.2 The Fyn/Shc pathway

In addition to activating FAK, somc 31 and ¢, integrins also activate the tyrosine kinase
Fyn and, through it, the adapter protein Shc (Figl.5 B) (Wary et al, 1996). In this
pathway, caveolin-1 appears to function as a membrane adapter, which couples the
integrin 0. subunit to Fyn, This function of caveolin-1 is consistent with its ability to
bind cholesterol and glycosphingolipids and organize specialized plasma membrane
“rafts,” which are enriched in the Src-family kinases such as Fyn, Yes, and Lck
(reviewed in Harder and Simons, 1997). Upon integrin binding to ECM, Fyn becomes
activated, and its SH3 domain interacts with a prolinc-rich sitc in She. She is then
phosphorylated by Fyn at Tyr317 and combines with the Grb2-SOS complex (Wary et
al., 1996), thereby stimulating the ERK cascade. Although most integrins interact with
caveolin-1 and Fyn, only a subset of integrins can activate Fyn and thereby recruit She
(Wary ez al., 1998). Yes and Lck are known to he enriched in rafts and may mediate the

activation of She when Fyn is not expressed (Wei, et al., 1999).
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It is likely that both FAK and Shc contribute to the activation of the Ras—extracellular
signal-regulated kinase (ERK) MAPK cascade when She-linked integrins bind to ECM
(Giancotti and Ruoslahti, 1999). The relative contribution of each pathway may depend
on the cell type and perhaps also on how far the adhesion process has progressed. In
many cell types, Shc appears to be responsible for the tnitial high-level activation of
ERK upon cell adhesion. FAK, which is activated more slowly, may sustain the ERK
activation (Howce and Juliano, 1998; Pozzi, ct al., 1998). The intcgrins that do not
activate Shc are weak activators of ERK and cell proliferation (Howe and Juliano, 1998;
Mainiero et al., [997). The ability of integrins to activate ERK may be especially
important when the concentration of growth factors available to the cell is limited. In
this setting, proliferation is likely to require co-stimulation of ERK through integiins

and growth factor receptors.

1.5.3 Focal adhesions and cytoskeleton signalling

1.5.3,1 Activation of Rho GTPases and Rho Kinase

In addition to regunlating cell growth and survival signalling, focal adhesion signalling
has also been shown to be involved in the formation of actin stress fibres. It has been
indicated that integrin engagement can regulate the organisation of the cytoskeleton
through regulating the activation of Rho GTPases (Hall, 1998). The Rho GTPases,
which are a group of small GTPascs belonging to the Ras superfamily, have been
identified as important regulators for modulating actin organisation (reviewed in van
Aclst and Dsouza-Schorey, 1997), Like other members of the Ras superfamily of
proteins, the Rho GTPases acts as a molecular switches cycling between an active GTP-
bound and inactive GDP-bound form {reviewed in Nobes and Hall, 1994). Guanosine
nucleotide exchange factors (GEFs) facilitate the exchange of GDP for GTP, and
GTPasc-activaling proteins (GAPs) increase the rate of GTP hydrolysis of Rho GTPases
(Fig 1.6 A). In resting cclls, inactive GDP-bound Rho G'I'Pases are found in the
cytoplasm as a complex with Rho guanine nucleotide disassociation protein (RhoGDI)
which inhibits GDP/GTP exchange. GDP-bound Rho GTPases released from GDI are

translocated and activated during Rho GTPase dependent events (Takai, ¢7 al., 1995)



Figure 1.6 Activity cycle of Rho GTPases and cytoskeleton morphology induced by
active Rae, Rho or Cdc42

(A) At the plasma membrane, Rho GTPases cycle between active GTP bound form and
inactive GDP bond form. Guanosine exchange factors {GEFs) facilitate the exchange of
GDP for GTP, and GTP-activating proteins (GAPs) increase the hydrolysis rate of
RhoGTPases. In resting cells, inactive GDP bound Rho GTPases form a complex with
Rho guanosine disassociation inhibitor (RhoGDI) in the cytoplasm, thereby inhibiting the
GDP/GTP exchange rate of GDP bound Rho GTPases (grey panel). ERM (ezrin/radixin/
moesiny proteins interacting with RhoGDI leads to the disassociation of GDI from GDP
hound Rho GGTPases, thereby enabling the GDP bound Rho GTPases to translocate and
couple to the GDP/GTP exchange cycle in the plasma membrane. (B) The actin
cytoskeleton morphology trigged by activation of Rho GTPases. {a) Activation of Rho
induces an increase in the number of stress fibres. (b) Activation of Rac induces cells to
form peripheral lamellipodia. (¢) Activation of Cdc42 indoces the formation of numerous

actin-rich filopodia in the periphery extended from the cell body.
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(Fig 1.6 A, grey panel). The mechanism by which GDP-bound Rho GTPases are
released fromn RhoGDI is still unclear. However, it has been shown that ERM (ezrin /
radixin/ moesin) proteins might play a role in disassociating GDI from GDF-bound Rho
GTPases, thereby releasing GTP bound Rho GTPascs and increase the GDP/GTP
exchange rate of Rho GTPases and the organisation of cytoskeleton (Takahashi ez al.,
1997). Over 30 members of the Rho family are known in mammals (reviewed in
Bishop and Ifall, 2000). The members of Rho family GTPase, Rho, Rac and Cdc42, are
shown to be responsible for the formalion of specific actin cytoskeletal structures
(reviewed in Hall, 1998) (Fig 1.6 B). The activation of Rho leads to the assembly of
stress fibres (Fig 1.6 B, a) and formation of focal adhesion complexes (Ridley and Hall,
1992). Rac activation induces the formation of an actin meshwork at the cell periphery,
producing lamellipodia (Fig 1.6 B, b) (Ridlcy ef al., 1992). Activation of Cde42 in cells
has been shaown to lead to the formation of actin-rich membrane protrusions and

microspikes, such as microvilli and filopodia (Kozma et al., 1995) (Fig 1.6 B, ¢)

Rho activation results in the [ormation of focal adhesions and the contractile bundles of
actin and myosin promoting the formation of stress fibres (Fig 1.7) (Ridley and Hali,
1992). Induction of these structures is known to be mediated by Serine/threonine
kinases, which are downstream effectors of Rho-kinase (Mutsui er af, 1999),
ROKo (RhoA-binding kinase o) or its close relative p160ROCK (ROKf) (reviewed by
Van Aclst & D’Souza-Schorey 1997). Rho GTPase binds to these kinases and increases
their activity (Amano et al. 1997, Leung et al. 1995). Activated Rho-kinase inhibits the
inactivation of myosin light chain (MLC) through the inactivation of MLC phosphatase
(MLCP) by phosphorylating the myosin binding subunit (MBS) of MLCP (Kimura et
al. 1996, reviewed by Ridley, 2001). This, in turn, enhances the binding of myosin to
actin filaments and subsequently enhances the formation of stress fibres (Leung er «l.

1995, Chrzanowska-Wodnicka and Burridge 1996, Amano et al, 1997).

1,5.3.2 Adhesion dependent Rho activation
The regulation of RhoA activity by integrins is complicated. Integrins can either

stimulatc or inhibit RhoA activity depending on the cell type, engagement of specific
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Figunre 1.7 Mechanisms for Rho-induced _stress-fibre formation through the

activation of Rho kinase

Under the regulation of integrin dependent signalling in focal adhesion, activation of
Rho leads to the activation of the downstream effector Rho kinase (Rho-K). Activation
of Rho-K leads to phosphorylation of myosin light chain phosphatase resulting in the
inactivation of MLCP. As MLCP is inactive, myosin light chain (MLC) will no longer
be dephosphorylated as normal. Subsequently clevated levels of phosphorylated MLC
would then be maintained in the cell through the action of myosin light chain kinase
(MLCK). IPhosphorylaled myosin {(containing the MLC) leads to bundling of actin
filaments forming actin stress fibres. Activation of MLCK has been shown to regulated

by ERK activation.
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integrins, and the time course of engagement (Ren, ef al., 1999; O’Connor ef al., 2000;
Arthur, er al., 2000). This duality may reflect the role of integrin-mediated signals in
promoting membrane extensions, a condition in which low RhoA activity is desirable,
versus the role of integring in establishing strong attachments across which tension is
transmitted, for which higher Rho activity is needed. In fibroblasts, intcgrin chgagement
initially inhibits Rho activity but later activates it, correlating with the completion of
cell spreading (Ren ¢t al., 1999), during which time integrin-mediated activation of Rac
or Cdc42 is high (del Pozo, ef al., 2000; reviewed in Hall, 1998). Barry and colleagues
found that addition of RGD peptides to quiescent (ibroblasts stimulated focal adhesion
and stress fibre assembly (Bamry, er al, 1996). Arthur and colleagues identified a
pathway by which integrin engagement results initially in a decrease in RhoA activily
(Arthur, er al., 2000). It was found that incubation of fibroblasts with integrin ligands
caused a rapid drop in Rho activity, but that this did not occur in cells deficient in the
Src family tyrosine kinases (Sve, Fyn, and Yes). ¢-Src has been identified to be required
for this integrin-mediated drop in Rho activity (Arthur er al., 2000). v-Src expression in
fibroblasts has long been known to disrupt focal adhesions and stress fibres (Fincham ez
al., 1999). Downstream from ¢-Src, p190RhoGAP was identified as a target that is
phosphorylated and activated, in response to integrin engagement. Thus, the short-term
effect of integrin engagement leads to the inhibition of Rho activity via the activation of
c-Src and p1S0RhoGAP (Arthur ef af., 2000). The pathway by which intcgrin-mediated
adhesion results in long-term activation of RhoA has not been determined. It seems
likely that the initial activation of p]90RhoGAP must be switched off, but whether there
is an additional activation of a Rho-specific GEF remains to be elucidated. Numerous
GELFs for the Rho family of (GTPascs have been discovered (Bishop and Hall, 2000) but
little information exists concerning how these GIEIs become activated by integrin
signalling. One exception is Vavl, a hematopoietic GEF for Rho family G'I'Pases. Vavl
is tyrosine phosphorylated and activated in response to integrin engagement or
clustering (Gotoh, ¢z al., 1997. Miranti, ef al., 1998). The integrin-mediated inactivation

of Rho and focal adhesion assembly is shown in {igure 1.8,
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Figure 1.8 Multiple signaling pathways control focal adhesion assemblv by

coordinately regulating the activation of the small GTP-binding protein RhoA
Integrins transmit both positive and negative signals to RhoA. Tnitially, cngagement of

integrins with ECM inhibits RhoA. Integrins activale p190 RhoGAP through a c-Src-
dependent mechanism. Integrins also activate Racl or Cdc42 as the cell spreads, which
can antagonize RhoA activity. As stable adhesions form, integrins activate RhoA, most
likely throngh an integrin-dependent RhoGEF. Downstream of RhoA, actin—myosin
contractility stimulates actin stress fiber formation and clustering of integrins and
associated proteins to form focal adhesions. This pathway is triggered by a RhoA

effector, Rho kinase.
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1.6 Aims of the study

In addition to integrin-mediated focal adhesion signalling, growth factors receptors such
as receptor tyrosine kinases (RTK) have long been known to promote the activation of
the ERK cascade and mitogencsis (rcviewed in Clark and Brogge, 1995). This
convergence of integrin-mediated ERK signalling and RTK-mediated ERK signalling
raises the possibility that integrin-mediated ERK signalling might be responsible for
signalling beyond mitogenesis. Evidence supporting this aspect has been reported
(Tablel.2). First, integrin activation was found to be suppressed by activation of
Ras/Raf-initiated ERK pathway. The activation of ERK downstream substrate INK is
not involved in the ERK-dependent integrin inhibition, suggesting that integrin activity
is regulated by a transcriptional-independent ERK activation in cytoplasm (Hughes er
al., 1997). Additionally, the direct association of FRKs with integrin in some tumour
cells was found, implying that routes to modulate cytoskeleton organisation between
integrin and cytoplasmic ERKs exist in normal cells (Ahmed e al., 2002). Moreover,
calpain, a protease which cleaves actin binding proteins in adhesion disassembly, has
been reported to be inhibited by both integrin-mediated and EGF-dependent ERK
activation (Glading ez al., 2000). The evidencc implies that ERKs might play a role in

regulating adhesion protein assembly.

An interesting finding is that active ERK2 has been shown to directly interact with and
activate myosin light chain kinase (MLCK), which phosphorylates myosin light chain
(MLC) subscquently enhances stress fibre and focal adhesion formation (Klemke er af.,
1997). Thus ERK, in addition to a role as a mitogenetic activator, could co-operate with
Rho kinase, which inhibits MLCP to regulale myosin and modulate cell motility (Fig
1.7). Fincham and colleagues (Fincham et al., 2000) have demonstrated that active
ERKs targets to newly forming focal adhesion sites in rul embryo fibroblast (REF52)
cells. The activation and targeting of ERKs is induced by the activation of v-Sre protein,
in response to integrin engagement. Thus, a signalling pathway has emerged which is
triggered by integrin engagement followed by activation and targeting of ERK (o

adhesions, and subsequent activation of MLCK to regulate cytoskeletal reorganisation.




Table 1.2 Evidence of ERK-mediated non-mitogenetic regulation

Description Cell type Reference
Activity of MAP kinasc regulales Stoker and Gherardi, 1991
Cell motility Klerake ¢t af., 1994

Leavesley et al., 1993
Yenush et af., 1994

Activation of integrin is inhibited CHO Hughes ¢t al., 1997

by the activation of ERK cascade.

MI.CK is activated by active ERKs COS-7 Klermke et af., 1997
ERKs inhibit protease Calpain NR-6 Glading et «f., 2000

{mousc fibroblast) Gilading et af,, 2001
Blocking of integrin-mediated ERK COS-7 Klemke et al.,, 1997
activation inhibits the migration of
cells.
BRK directly associates with WiDr, HT29, Ahmed ef al,, 2002
integrin SW480

(lhuman colon cancer cell line)

Active BERK localise at newly REF32 Fincham et af., 2000

formed adhesion in leading

edge of the cell.
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Previous work has shown that o-dystroglycan co-localised at focal adhesion sites with
active ERK (Spence, et al., 2003a). As mentioned above, dystroglycan has been
considered to be a signalling molecule playing a role in regulating cell adhesion and
cytoskeleton rcorganisation in non-muscle cells. Dystroglycan is an ECM laminin
receptor and has been shown to associate with Grb2-Sos and FAK, and could be able (o
trigger Ras-mediated ERK activation. If engagement of dystroglycan activates Grb2-
Sos and activates the ERK cascade, it is possible that dystroglycan plays a role in ERK-
dependent adhesion and mediates actin stress fibres reorganisation through the
activation of ERK and MLCK. To date, however, the study of relationship between
cytoplasmic ERK and dystroglycan has not been veported. Therefore, this study aimed

to investigate the role of dystroglycan in cell adhesion-mediated signalling with

particular emphasis on the role of the ERX cascade.




Chapter 2

Methods and materials

36




2.1 Materials

2.1.1 Chemicals, reagents and Kiis
Appendix I

2.1.2 Media and general buffers
Appendix 11

2.1.3 Plasniid and clones
Appendix IIT

2.1.4 Cell lines
Appendix IV

2.1.5 Antisera
Appendix V

2.1.6 Oligos
Appendix V1

2.2Molecular biology methods

2.2.1 Bactertal strain

F. coli strain DHSo was used for all cloning, amplification and propagation of plasmid
DNA in this study. Genotype of DH3a is: F, #80dlacZAM15, A (lacZYA -argFYUJ169,
deoR, recAl, endAl, hsdR170%, mk"), phoA, supEA4, X", thi-1, gyrA96, relAl.
DHS5¢ culture in the stationary phase was suspended in 50% sterilised glycerol solution

at the ratio of 3:2 and stored at —80°C until needed.
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2.2.2 Growth of bacteria

DHS5¢ was grown at 37°C in sterilised 2x YT liguid medium or on sterilised 2X YT
solid medium. 'I'c maintain selection for plasmid DNA, transformed DHS0 was grown
in 2x YT liquid medium or 2X YT solid mediumn containing ampicillin (25ug/ml) or

kanamycin (30pg/ml).

2.2.3 Transformation of DH5¢

2.2.3.1 preparation of calcium competent cells

DHS5o was transferred from a frozen stock, streaked and incubated at 37°C on 2X YT
solid medinm for overnight. A single colony from this culture was transferred to Sml 2x
YT liquid medium and incubated at 37°C for overnight. 100ul of this culture was
transferred to 100 ml 2x YT liquid medium and incubated at 37°C until the ODggp value
reached to 0.6. This culture was then centrifuged at 4°C for 20 minutes at 2500xg and

the supernatant discarded. The cell pellet was resuspended in 10 mi of 100mM calcium
chloride solution and on ice for at least 45 minutes. These competent cells were used

fresh or aliquoted into Eppendorf tubes (100ul aliquots) and stored at —80°C.

2.2.3.2 Transformation of calcium competent cells

90ul of calcium competent cells were thawed on ice, and mixed with the 10 pl DNA to
be transformed. The mixture was then incubated on ice for 30 minutes, heat shocked at
42°C for 2 minutes and transferred into 0.9m! 2x YT liquid medium. The cclls were
allowed to recover for 30 minutes at 37°C before being spread onto 2x YT solid
medium supplemented with ampiciilin or kanamycin. To isolate single colonies, these

cells were incubated at 37°C for 16 hours overnight,
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2.2.4 Prepuration of plasmid DNA

2.2.4.1 Small-scale preparation of plusmid DNA by spin columan

Plasmid DNA was prepared using QIAprep Miniprep kit, following the manufacturers’
guidelines. DNA was extracted from 3ml E. cofi colfure, resuspended in 50ul of

distilled water and stored at —20°C .

2.2.4.2 Large-scale preparation of plasmid DNA for transfection
Large scale DNA for transfection was prepared using QIAprep Midiprep kit, following
the manufacturers’ guideline. DNA was extracled [romn 50wl E. coli cullure,

resuspended in 300ul of distilled water and stored at —207C.

2.2.5 Spectrophotometric quantification of DNA

The concentration of DNA was determined by measuring the absorption of 100 times
diluted DNA solution at 260nm for DNA or 280nm for RNA using HeAiosy
spectrophotometer (Unicam) and Ultra-micro cuvette (Sigma-Aldrich). For double-
stranded DNA, an OD260 value of 0.1 represents a DNA concentration of
approximately 50ug/ml. For determination of the quality of plasmid DNA, both OD260
and OD280 value were detected. A vailue of OD260/ OD280 >1.5 meant that the quality
of the batch of DNA purification was sufficient for mammalian cell transfection

(section 2.3.2).

2.2.6 Restriction digestion of DNA

Restriction enzymes were purchased from Boehringer Maunheim, or New England
[.abs. For Sall and Smal double digestion, the required quantity of DNA was mixed
with 5 wmnits of Sall in Y4/TANGQ (Fermantas) buffer at 2X concentration, and was
incubated at 37°C for 2 hours. The enzyme activity of Sall was then terminated by
heating to 65°C for 20 minutes. After cooling down (o roomn temperature, distilled water
was added to the mixture until Y+/TANGO buffer reached to 1X concentration. 5 units

of Smal was then added into the mixture and incubated at 25°C for 3-5 houss until it

was used for ligation, For other digestions, requisite quantity of DNA was digested in
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[0-20u] volumes containing appropriate buffers at 1X concentration and restriction
enzyme at 1-5 units. These mixtures were incubated at the recommended temperature
following the guideline and the digestions were examined by using agarose gel

electrophoresis (section 2.2.7).

2.2.7 Agarose gel electrophoresis

Agarose gel electrophoresis of DNA fragments was performed with 0.8% (W/V)
agarose gel by using EM-100 Mini Gel Unit (Cambridge). Gels were prepared by
melting appropriate amount of agarose in 0.5x TBE buffer and adding ethidium bromide
to a final concentration of 0.5 pl/mi. Samples to be analysed were mixed with agarose
gel Toading buffer and directly loaded into the gel. The gels were placed in 0.5X TBE
buller in the gel running chamber and typically run at 100V for 20-30 minutes.

HyperLadder I (Bioline), size range from 200-10000bp, was uscd as the size marker.

2.3 Cell culture

2.3.1 Growth of cell lines

REF52 and COS7 cells were maintained in DMEM media supplemented with 109% FBS
in 5% CO, atmosphere at 37°C in 75T flasks, Confluent cells were passaged using
0.25% trypsin solution and reseeded at a dilution of 1:4 for REF52 cells or 1:10 for
COS7 cells. Primary cultuwre of utrophin null and the utrophin wild type of mouse
embryo fibroblast were cultured in DMIEM media supplemented with 10% I'BS in 5%
CO; atmosphere at 37°C in 75T flask. For utrophin knockout primary cultures of rat
embryonic fibroblasts, cells were kept in the same condition as above and used for

transfection within 10 days.

2.3.2 Transfection and cotransfection

Expression of plasmid DINA in mammalian cells were carried out by using
Lipofect'amincTM reagent, following the manufacturers’ guidelines. Cells were seeded in
tissuc cultwre dishes or tlasks and allowed to spread and grow at 37°C in DMEM

supplement with 10% FBS and 5% CO, overnight (less than 24 hour} until 80-95%




confluent, For transfection, the appropriate amount of DNA was mixed with
lipofectamine reagent in OPTIMEM serum free medium and incubated at room
temperature for 20 minutes. At this time, the cells were washed 2-3 times with
OPTIMEM,; and the DNA-lipofectamine mixtures were added immediately to the cells.
The cells were then incubated at 37°C for S hours o overnight undl required. The same
protocol bul with reduced concentration of DNA were used for colransfection. The
conditions for transfection or cotransfcction of cach construct to cach cell line are in

appendix VIII,

2,3.3 Harvesting cells in RIPA buffer

Cells were washed gently 2-3 times in cold PBS before being harvesied in ice-cold
RIPA buffer including { mM sodium orthovanadate, 100nM Calyculin A, ImM PMSF,
10pM TPCK, 10pM Lecupeptin, 1mM Pepstﬁin, 10ug/ml Aprotinin, and 10png/ml
Benzamidine. These cells were lysed on ice (or at 4°C) for 30 minutes. The lysate was
then collected by cell scraper, centrifuged for 15 minutes at 18000xg. ‘The supernatant

was used fresh or stored at —80°C until needed.

2.3.4 EGF treatment

For the assay of activation of ERK, the cells on the dishes were washed 3 times with
DMEM and then incubated at 37°C in DMEM supplemented with 20ng/ml EGF at 5%
COz for 1 hour.

2.3.5 00126 treatment
For the assay of inhibition of ERK, 10uM UQ126, the ERK inhibitor, were added to the
EGF treated or untreated cells and incubated at 37°C in DMEM at 5% CO; for further

30} minutes.

2.4 Protein Biochemistry methods




2.4.1 Quantification of protein concentration

The protein concentration in cell extracts was quantified using MicroBCA protein
guantification kit (Pierce), following the manufacturers’ guidelines. A series of BSA
solutions were prepared by diluting 2mg/ml BSA stock in distilled water to give a
dilution series ranging from 20-200ug/ml. 2ml working reageni was added to each
1000t of standard solution and incubaled at 65°C for 1 hour. The ODsg; of each sample
was measured and the values were used to plot a graph of BSA cancentration versus
ODsg2. Protein samples were treated in the same manner and the concentration was

interpolated from the standard plot.

2.4.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-polyacrylamide gels were run using the Mini-proteanIl protein electrophoresis
systen  (BioRad). The 10% separating gel solution was prepared and poured between
two sct of glass plates and allowed to polymerise at room temperature for 20-30 minutes
followed by addition of the 5% stacking gel solution {1.66 ml 30% polyacrylamide
solution, 2.5 ml stacking gel buffer, 5.76ml distiiled water, 401l TEMED, 120l 10%
APS) and a comb was inscrted into the top of the gel. After the polymerisation was
complete, the comb was gently taken out and the wells were washed with distilled
water. The gel assembled was pluced in the electrophoresis apparatus and the chamber
and the tank were filled with X SDS-PAGE running buffer. Protein samples were
mixed with an equal volume of 2X SDS loading buffer, boiled for 2 minutes and loaded
onto the gels. Pre-stained broad range protein macker (NEB; size range 0.5-175 KDa)
was used as the size marker. The gel was run for 20-30 minutes at SOV until the sample
dye reached the interface of stacking gel and separating gel; then, the running voltage
was increased to 100V for further 1.5-2 hour until the sample dye completely left the

gel.

2.4.3 Immunoprecipitation

Cell extracts harvested in RIPA buffer (section 2.3.3) were quantified using MicroBCA
assay {section 2.4.1). At this time, protein A Sepharose beads (50% slurry in RIPA
buffer) was added to the sample at a final dilution of ;10 and incubated at 4°C for 1
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hour on a roller to reduce non-specific binding. The protein A Sepharose beads were
removed by centrifugation at 18000xg for 30 seconds, and the supematants were
incubated with appropriate primary antibodies at 4C for 2 hours on a roller. S0pl of

Protein A Sepharose (50% slury in RIPA buffer) was then added into each of cell

extract and incubated at 4°C for a further 1 hour on a roller. Following the primaty
antibodics and protcin A Scpharose interaction, the cell extracts were centrifuged at 4°C

for 30 scconds at 18000xg, and the supernatant was removed. The protein A Sepharose
beads were resuspended in ice-cold appropriate buffer and centrifuged as above; the
wash was repeated for 3 times. After washing, the beads were used for SDS gel

electrophoresis by adding SDS loading buffer, or used for other biochemical assay.

2.4.4 Western blotting
Proteins were electrophoretically transferred [rom the SDS-polyacrylamide gel to PVDF
membrane using ‘Irans-Blot cell transfer system (BioRad). The transfer was performed

in CAPS/methanol transfer buffer and blotted at 4 °C for lhour at 400mA.

2.4.5 Antibody binding and detection (Alkaline phosphatase development)

After protein transfer was complete, PVDF membrane was blocked in 5% skim milk
powder in TBST buffer (V/W) for 30 minutes and then incubated overnight at 4°C with
appropriately diluted primary antibodies in skimmed milk/TBST (see above) buffer on a
roller. For the washing, the membrane was rinsed 3 times and washed 3 times (5
minutes for each wash) in TBST buffer. The appropriately diluted AP-conjugated
secondary antibody (see Appendix V) was then added to the membranc in TBST buffer
and incubatcd for 1 hour al room temperature. After the interaction, the membrane was
washed 3 times (5 minutes for each wash) in TBST buffer; the membrane was then
developed in AP buffer containing 0.4mM NBT and 0.4mM BCIP.

2.4.6 Development of the expression of AP-dystroglycan construct
AP-dystroglycan transfected cells were rinsed twice in PBS and fixed for S minutes at
room temperature in PBS containing 3.7% formaldehyde. The cells were washed 3

times in PBS and treated with PBS containing 0.1% Triton X100 for 1 minute. The
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buffer was then removed, and the cells were washed 3-5 times in PBS. After washing,
the overexpressed proteins in the cells were detected using AP buffer containing 0.4mM
NBT and 0.4mM BCIP, gently shaking at room temperature until the purple colour on

the dishes was recognisable.

2.5 Protein immunofluorescence assay

2.5.1 Immunolluerescent staining of transfected cells

The transfccted cells on coverslips were fixed at room temperature for 3 minotes in PBS
containing 3.7% formaldehyde, washed 3 times in PBS and treated for 1 minute with
PBS containing 0.1% of Triton-X100. After washing 3 times with PBS, the coverslips
with cells were blocked at room temperature for 30 minutes in [FA blocking buffer and
incubated at room temperature for 3 hours in IFA blocking buffer containing
appropriately diluted primary antibodies (see Appendix V). The coverslips were washed
3 times before interacting with IFA blocking buffer containing appropriately diluted
fluorescence-conjugated secondary antibodies and incubated at room temperature for 1-
1.5 bours. After the interaction, the coverslips with cells were washed 3-5 times in PBS

and sealed with mounting medium (Vector) ou gluss microscope slides.

2.5.2 Actin morphology

To detect the morphology of actin filaments, the transfected or untransfected cells on
coverslips were incubated at room temperature for 45 minutes in blocking bufler
containing 1:1000 diluted Rhodamine-phalloidin (TRITC, Sigma). The coverslips were

washed 3 times in PBS before being sealed as ahove.

2.5.3 Fluorescent microscopy

The glass microslides with cell on the coverslips were viewed on Olympus BX60
fluorescent microscope equipped for epifluorescence and with IPLab (Scanalytics)
image capturing software, Immersion oil (Olympus) was used on the coverslips for oil

lens.
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2.6 Construction of dystroglycan mutants

2.6.1 PCR mutagenesis
Sequences of dystroglycan or dystroglycan delction mutants for cloning were generated
by using a PCR mutagenesis technique. The PCR reaction mixture for 5 reactions were

prepared as [ollow:

For 5 reaction ul
Distilled water 79.5
10x PCR buffer 10
12.5mM dNTPs 2

Fotrward primer (100 pmolul) 2
Reverse primer (100 pmol/pl) 2

Template plasmid (5ong/u) 0.5

Tag polymerase 1
50mM MgCl, 3
100

wDG-1 plasmid encoding full-length mouse dystroglycan was used as the template for
generating full-length dystroglycan-GFP (¢DG-GFP) construct. The construct aDG-
GFP was then used as the template for constructing of dystroglycan deletion mutants.
The reaction mixture was aliquoted into PCR reaction tubes and the reactions were
carried out in a Biometra Personal Cycler (Whatman) with appropriate runming
conditions (appendix V). The sequences of extracellular B-dystroglycan (fDGAef3)
or « dystroglycan deletion (o3DGAG) mutants were generated by using overlap
extension site directed mutagenesis. Two double-stranded DNA fragments containing
sequence overlapping to each other were generated respectively by two pairs of primers
{P1 and P2} in the first round of PCR reaction. The two products containing overlapping

sequence generated from first round of PCR were then purified from agarose gel

(section 2.2.7) and used as templates for second round PCR.




2.6.2 Purification of PCR products

The PCR products were excised from agarose gels as above (section 2.2.7). QIlAquick
gel exitruct spin kit was used to extract the DNA fragment from the agarose gels
following the manufacturers’ guidelines. The eluted DNA fragments wete resuspended
in 30ul distilled water and digested with the appropriate restriction enzyme (section
2.2.6). After the digestion, these DNA [ragments were purificd again in the same

manner before being nsed for ligation.

2.6.3 Ligation of DNA

Vector and insert DNA fragments digested with appropriate restriction enzymes were
mixed at a molar ratio 1:3 in 8l of distilled water. The ligation of DNA fragments was
carricd oul using Rapid Ligation Kit (Roche), following the manufacturers’ guidelines,

20l of ligation was used directly for (ransformation of calcium competent cells (section
2.2.3).

2.6.4 Colony screening by PCR
Single colonies containing recombinant DNA were screened by colony PCR. The PCR

reaction mixture was prepared as follows;

For 3 reaction ul
Distilled watcr 80
10x PCR buffer 10
12.5mM dNTPs 2
Forward primer (100 pmol/ul} 2
Reverse primer (100 pmol/pl) 2
‘Taq polymerase 1
S0mM MeCl, 3 .

100

20l of the mixture was aliquoted into each PCR reaction tube, and several tubcs of

2xYT liquid medivm (3ml/tube) containing appropriate antibiotics were also prepared.




Single colonies were picked from the 2x YT solid medium plates by sterilised
toothpicks; the cells were resuspended both in tubes with PCR rcaction mixture and in
tubes with 2XYT medium. The PCR reactions, 94°C lminute, 65°C 1 minute, 72°C 1
minute were run for 30 cycles; the PCR products were analysed by agarose gel
electrophoresis to identified the containing plasmids, After the recombinant plasmids
were selected, colonies carrying recombinant plasmid in the 2X YT liquid medium tubes

were incubated at 37°C for overnight to amplify the plasmid.

2.7 Cell Adhesion assay

2.7.1 Coating of coverslips

Extracellular matrix proteins fibronectin, laminin or poly-L-lysine, were diluted in
distilled water at the appropriate concentration and 100l added to each sterilised 13mm
glass coverslip. These coverslips were oven dried at 50°C for 1 hour until all the liquid
was evaporated, and then were transferred to 24 well culture dishes. After washing 5
times in distilled water, these coverslips were airdricd at roon temperature for 1-2 hours

until required. If not used fresh, the coated coverslips were stored at 4°C overnight.

2.7.2 Adhesion time course of transfected REF52

Lipofectamine™ transfected REFS2 cells (section 2.3.2) were trypsinized from tissue
culture flasks or dishes and resuspended in DMEM medium in absent of serum. The
suspended cells were washed once and diluted to the appropriate concentration in
DMEM. These cells were then seeded onto matrix-coated coverslips in 24 well culture
dishes and were incubated in 37°C incubator at 5% CO,. For the adhesion time course, 4
coverslips with cells were collected and fixed for microscopy (section 2.5.1 and 2.5.3)

at each time point.
2.7.3 Subsirate dependent assay of dystroglycan (ranslected REF52

13 mm coverslips coated with 1pug/ml of fibronectlin, poly-I. lysine or laminin were

placed in 24 well culture dishes as above (section 2.7.1). Dystroglycan or dystroglycan
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mutant transfected cells were trypsinized and resuspended in DMEM in absent of serum.
Resuspended cells were seeded onto coverslips in each well (approximately 1x10% and

incubated at 37°C for 3 hours. The coverslips were collected and fixed for microscopy

{scction 2.5.1 and 2.5.3).

2.8 ERK Kkinase activity assay

2.8.1 I’'reparation of ERK kinase assay sample

YFP-ERK construct was transfected into REF52 cells on 100mm? tissue culture dishes
(approximately 5x10 © cells per dish} following the procedure in section 2.3.2. The
transfected cells were incubated at 37°C, 5% CO» overnight in DMEM supplemented
with 10% FBS, and were washed 3 times with DMEM to remove the serum. The cells
were then incubated in at 37°C in DMEM in the presence of EGF or UO126 (see section
2.3.4 and 2.3.5). After the treatment, the cells were gently washed 3 times with PBS and
lysed on ice for 30 minutes in 400ul/dish MAPK lysis buffer, supplecmented with
200mM f-glycerophosphate, 0.5 mM DTT and 1mM orthovanadate. The cell lysates

were collected by cell scraper and stored at —80°C until required.

2.8.2 Myelin Basic Protein (MBP) LRK kinase activity assay

In order to identified the expressed YFP-ERK from the endogeneous ERK, the cell
lysates were immunoprecipitated with anti-GFP antibodies as above (section 2.4.3);
MATK washing buffer was used for the first and second of the Protein A Sepharose
bead washes. Atter the washing was complete, the beads were washed twice in MAPK
kinase buffer containing 10mM f-glycerophosphate, 2mM DTT and 0.5mM
orthovanadate. At this time, the kinase mix containing 170ul kinase huffer, 10pd myelin
basic protein and 10l cold ATP was prepared. 10uCi [32P]-ATP was added to the
kinasc mix in radiation hot room. 25u) of this kinase mix was added to each protein A
beads sample and the mixtures were incubated at 30°C for 20 minutes. After the
incubation, the samples were centrifuged for 1 minute at 18000xg and 10 ml of

supernatant from each sample was spotted on each 3Xx3 cm?® of P8I paper. The P81
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paper squares with samples were immediately dropped into .5% phospharic acid and
washed three times for 5 minutes. After washing, the P81 paper squares were brictly
rinsed with acetone and airdried for 20-30 minutes. The value of P32 was dctceted by

using L.36500 Multi-purpesc Scintillation Counter (Beckman).
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Chapter 3
Expression of YFP ~-ERK construct in REF52 cells




3.1 Introduction

3.1.1 ERK cascade

The transmission of extracellular signals into intracellular responses is a complex
process that often involves the activities of mitogen-activated protein (MAP) kinases.
Extracellular signal-regulated kinase (IIRK) cascade, which is activated by the
interaction of membrane receplors with the ECM, is one of the most important MAP
kinase signalling cascades responsible for transmission of extracellular signals into
intracellular responses (Nashida and Gotoh, 1993). ERK1 and ERK2 are proieins of 44
and 42 KDa that are 85% identical overall (reviewed in Boulton ef af.,, 1991) which are
believed to have overlapping signalling capability and are also referred to as ERK1/2 or
pdda®L p42PRE2 (Moring er al, 1995). ERKs are proline-directed serine-threonine
kinases, which contain a T-E-Y (Thr-Gly-Tyr) sequence. The activation of ERKs refers
(o the dual phosphorylation of threonine and tyrosine (Tp-E-Yp) residues of its T-E-Y
motif in response to diverse extracellular stimuli (reviewed in Cobb and Goldsmith,
2000). The activation of ERK1/2 involves a three kinase cascade consisting of Raf
(MEKK or MAPKKK) which activates a MEK (MAPKK), which than stimulates a
phosphorylation-dependent increase in the activation of ERK. Upon activation, ERK1/2,
which is activated in the cytoplasm, translocates immediately to the nucleus and
phospharylates a varicty of intraccllular targets including transcription factors and
transcriptional adaptor proteins, which regulate the expression of genes essential for celj
proliferation, survival and growth (reviewed in Cyert, 2001). In mitogenesis, the
translocation of ERKs to the nucleus is required for cell cycle progression and cell

differentiation (Brunet et al., 1999; Robinson er al., 1998).

In addilion to being activated through integrin-mediated focal adhesion signalling
(section 1.5.2), the growth factor-induced ERK cascade is the major ERK signalling
pathway that modulates cell proliferation and survival. The ERK cascade can be
activated by soluble growth factors that interact with receptor tyrosine kinases (RTKs)

including neuronal growth factor (NGF), epithelial growth factor (EGF) and platejet




derived growtih factor (PDGF) (reviewed in Clark and Brugge, 1995). The signalling
pathway from RTK to ERK1/2 is well studied (Fig 3.1) (reviewed in Pawson and Scott,
1997; Pearson et al., 2001; Hunter, 1995). Ligand binding to RTKSs stimulates the
dimerisation of RTK subunits and increases ils Lyrosine kinase activity. Activation of
RTKs leads to the autophosphorylation of its cytoplasmic domain, creating a motif that
can be recognised by SH2 domain of Grb2 adaptor protein. The guanine nucleotide
exchange factor (GEF) Son of Sevenless (SOS) protein, which inleract with the SH3
domain of Grb2 then becomes engaged with the complex and induces Ras to exchange
the GDP for G1P. GTP-liganded Ras is targeted Lo many effectors, including Raf. Ras
binding to Raf results in a conformation change in Raf that localiscs it to the plasma

membrane and increases its kinase activity to activate MEK-ERK cascade.

3.1.2 Aim ol the experiment

To determine whether dystroglycan plays a role in focal adhesion signalling and MLCK-
induced actin stress fibre formation, mediated by activation of ERK, the first approach
was to visualise the expression and localisation of ERK and dystroglycan during focal
adhesion formation. Two fluorescent protein tagged constructs werc made for this
propose: YFP-ERK, a N-terminal yellow fluorescent protein-tagged pdd™ <! /p42Fr%?
and «fDG-GFP, a C-terminal GFP-tagged full-length dystroglycan. The constiucts
were expressed in REF52 cells. REFS2 cells are an anchorage-dependent rat embryonic
fibroblast celi, which spread rapidly and give rise to flat cells with prominent focal
adhesions. They are widely used as a model for studying focal adhesion formation
(Belkin and Smalhetser, 1996), We used the YFP-ERK construct to observe the
tocalisation of ERK in focal adhesions and for further studies on the relationship

beiween dystroglycan and ERK-dependent cytoskeleton reorganisation in the cytoplasm.

The expression and localisation of YTP-ERK in REFS52 cells was determined by
fluorescence microscopy. UO126 (C,gH6NgS;), which is a chemically synthesiscd
organic compound that inhibits MEK1/2, was used to examine the biological activity of

overexpressed YFP-ERK in the cells. Since MEK1/2 is the only direct activator




Figure 3.1 RTK induced ERK cascade in nammalian cells

Receptor tyrosine kinase (RTK) induced ERK cascade in mammalian cells, Binding of
the growth factors leads to the dimerisation of RTK and autophosphorylation of the
cytoplasmic domain of RTK. Phosphorylation of RTK creates a motif that can be
recognised by SH2 domain of Grb2 followed by activation of SOS, which associates
with Grb2 via the SH3 domain. Activated SOS acts as a Ras GEF that induces the
exchange of Ras-GDP to Ras-GTP, the active form of Ras. The membrane associated
Ras-GTP is than able to bind to the N-terminal of Ral, leading to thc membrane
localisation and a conformation change in Raf. The conformation change of Raf-1 also
leads to the increase of its kinase activity (o MEKIL/2 that phosphorylates the
serine/threonine residue of MEK1/2. Active MEK1/2 subscquently phosphorylates the
T-E-Y motif of ERK1/2, The active ERK!/2 can translocate to the nucleus [ollowed
by activation of its substrates including transcription factors and other transcription-
related kinases to promote relevant gene transcription and regulate the survival events
of the cell. Activation of ERK in cytoplasm has also been shown to induce the

activation of MLCK and play a role in enhancing the formation of actin stress fibres.

53



Growth factors

TR
embrane

Adaptor protein with SH2 and
SH3 domains (Grb2)

SOS (GET activity)

|

/’-\"A
Ras-GDP Ras-GTP
o gy
GAPs
\j
S.tress t“nbres Raf (sex/thr kinase)
formation
T \
MEK1/2 (dual-specificity kinase)
MLCK

Y
%@i’ ERK1/2 (ser/thr Kinase)

Nuclear transcription factors




identified for ERK1/2, U126 is sufficient to inhibit the activation of ERK1/2 in the
cascade (Davies et al., 2000). The effect of treating the cells with UQ126 on the
translocation of YFP-ERK was observed in REF52 cells; the activity of YFP-ERK was
then determined by using western blotting and MBP-ERK activity assay. Finally, the
activation of YFP-ERK at focal adhesion sites in REF52 cells was determined by
immunofluorescence staining of the YFP-ERK expressing cells using an anti-talin
antibody. The expression and localisation of afDG-GFP in REF52 cells are examined

and discussed in chapter 4.




3.2 Results

3.2.1 Expression of YFP-ERK in REF52

A YFP-ERK construct was made by subcloning the p44ERK1 cDNA into pRESYIP
mammalian cell expression vector. To cxanine the expression of the construct and the
localisation of the YFP-ERK fusion protein in focal adhesions, the YFP-ERK construct
was transfected into REF52 cells, By counting the YI'P positive cclls by microscopy, the
transfection efficiency of YFP-ERK construct or pPRESYFP empty vector in REF52 cells
was determined to be 25-30% or 40% on average, respectively. In the transfection of
YFP-ERK, but not pRESYFP, large numbers of cell were found rounded, lysed and
floating in the culture medium after the standard transfection procedure, revealing that

the transfcction and expression of Y HP-ERK might be fethal to the REF52 cells.

The expression of YFP-ERK in REF52 is shown in figure 3.2. A relatively high amount
of YFP-ERK protein is concentrated at the nuclear region rather than distributed in the
cytoplasm (Fig 3.2 A), In confrast, the expression of YFP was distributed all around the
cell body while higher concentration at nuclear region was still recognisable (Fig 3.2 B).
The activation of ERK has been shown to occur in the cytoplasm followed by ERK
translocating to nucleus for mitogenetic signalling (reviewed in Pouyssegur et al., 2002).
The highly concentrated nuclear localisation of YFP-ERX. which is consistent with what
has been shown in the immunostaining ol endogeneous active ERK indicates that the

biological activity of the overexpressed YFP-tugged ERK might not be altered.

3.2.2 Westeru blolting assay of YFP-ERK aciivity

The expression and activity of YFP-ERK in REF52 cells was [urther determined by
using western blotting, As shown in figure 3.3, the expression of YFP-ERK was detected
by either anti-lotal ERK antibodies or anti-GFP antibody, and UO126 treatment has no
effect on the expression of YFP-ERK in REF52 cells (Fig 3.3 A and B, upper panels).
The expression of endogeneous ERKI1 and ERK2 were unaffected by expression of
either YFP-ERK or pRESYFP whether UO126 is present or not (Tig 3.3 A, lower
pancl). The activity of YFP-ERK was determined by an anti-phospho ERK antibody,
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Figure 3.2 Overexpresion of YFP-ERK construct in REIF52 cells
YFP-ERK (Zug/uly or pRESYFP empty vector (2ug/til) were transfected into REFS52

cells plated on glass coverslips using the standard transfection procedure. The
transfected cells were incubated overnight and fixed with 3.7% formaldehyde. YFP-
ERK expressed in REF52 cells was clearly concentrated in nucleus (A). The YFP
expressed in REF52 cells was distributed all around the cell body, including the nucleus
(B). Scale bar= 25um.
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Figure 3.3 Expression and inhibition YFP-ERK in REFS2 cells
YFP-ERK (Rug/ul) or pRESYFP (2ug/ul) transfected REF52 cells with or without
U0126 treatment were washed 3 times with PBS buffer lysed in SDS loading buffer.

The cxpression and activity of YFP-ERK were detected by western blot with anti-ERK
(A), anti-GFP (B) or anti-phospho ERK (C) antibodies, the dilution of primary
antibodies in all cascs are 1:1000. The expression of YFP-ERK was detected by anti-
ERK or anti-GFP and showed no difference on UQ126 treatment (upper panel, A and
B). Expression of endogenous ERKI1 and ERK2 werc constant in the absence or
presence of UO126 (lower panel, A). The activation of YFP-ERK and endogenous
ERK1 and ERK2 were detected by anti-phospho-ERK, all active froms of ERKs were
completely inhibited by UO126 treatment (upper panel C). For empty vector expression
control, YFP expression was detected by anti-GFP antibodies (lower panel, B).
Expression of ERK1 and ERK2 were constant (lower panel A) and the activity of ERK
was inhibited by UQ126 (lower panel C),
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which only recognises the active form of ERK (Fig 3.3 C). Compared with the total
expression of YFP-ERK detected by anti total ERK (Fig 3.3 A, upper panel), in the same
amount of protein loading, only a small amount of YFDP-ERK fusion protein was
detected as activated. This activity of YFP-ERK (Fig 3.3 C upper pancl), as well as
endogenous ERK! and ERK?2 (Fig 3.3 C lower panel), is completely inhibited in the
presence of UO126. These results suggested that firstly, the expression and activation of
endogenous ERK1 and ERK2 is not affected by the expression of YFP-ERK. Secondly,
part of the expressed YFP-ERK was activated and this activity was inhibited by UO126.
Finally, UO126 treatment does not inhibit the expression but does inhibit the activation

of YIFP-ERK.

3.2.3 Effects of UO126 on YFP-ERK in REF52 cells

To further examine the biological activity of the overexptressed YFP-ERK, localisation
of inactivated YFP-ERK was observed in the preseoce of UO126. As shown in figure
3.4, UQ126 treatment had no effect on the cells expressing YFP. YI'P wus distributed
around the cell body and in the nucleus in the presence or absence of UO126 (Fig 3.4 A
and C). In contrast, U126 treatment led to a loss of nuclear localisation of YFP-ERE.
By comparison with the UC126 untreated YFP-ERK transfected cells, where most
overexpressed protein was concentrated in the nuclear region (Fig 3.4 E}, no or very
little YFP-ERK was found localised in the nuc¢lear region in the transfected cells treated
with UO126 (Fig 3.4 G, solid arrow). More YFP-ERK was distributed in the cytoplasm
rather than concentrated in the nuclear region in the present of UO126. These results
suggested that the inhibition of the ERK activity of YFP-ERK prevents YFP-ERK from
its nuclear translocation. Thus, YFP-ERK was expressed with biological activity in the
REF52 cells. U0O126 treatment has no significant effect on YFP, suggesting that the
translocation of YFP-ERK was caused by the inhibition of ERK activation rather than an
effect on the YFP.

3.2.4 MIBP Kkinase activity assay of YFP-ERK
To further determine whether the biological activity of YFP-ERK was aliered, the
upstream pathway that activates YFP-ERK was exainined. The serum-starved YFP-ERK




Figure 3.4 0126 treatment of YFP-MAPK overexpressed REF52 cells
REF52 cells plated on glass coverslips were transfected with pRESYFP empty vector

(2ug/ul) or YFP-ERK (2ug/pl) following the standard transfection procedure. The
transfected cells were incubated in DMEM containing S0uM U126 at 37°C for 30 min

and fixed with 3.7% formaldehyde. The coverslips were sealed with mounting media
(Vector), and the nucleus was stained as blue. Nuclear morphology of pRESYFP and
YFP-ERK transfected cells in the presence of UO126 are shown in B and T. Compared
with the untreated cells (A), treatment of UO126 in pRESYFP transfected cclls showed
no cffect on the localisation of YFP (C). In YFP-ERK transfected cells, nuclear
locatisation of YFP-ERK was seen in UO126 untreated cells (IL); treatment of U0126
led to loss of the nuclear localisation of YFP-ERK, YFP-ERK was distributed in
cytoplasimm (G). The merged image showed that in YFP-ERK transfected cells, the
nuclear region is completely dark in the presence of UO126 (H), and the localisation of
YFP was not affected by the treatment of U0Oi26 (D). Dashed arrows point to the

untransfected, and solid arrows points to the transfected cells. Scale bar =25um
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transfected REF52 cells were plated on fibronectin or treated with EGF to examine
whether ERK activity of YFP-ERK can be triggered by integrin engagement or RTK
activation, As shown in figure 3.5, cells replated on fibronectin or treated with EGF
showed significantly higher ERK activity (Fig 3.5, FN and EGF) than control cells
plated on uncoated (Fig3.5, CON) or poly-L-lysine coated (Fig3.5, PLL) culture dishes.
The activity of YFP-ERK was reduccd nearly to the background level by treatment of
V0126 (Fig 3.5, FN+UO and EGF+UQ), indicating that the YFP-ERK has its ERK
aclivity, which is sensitive to UO126. This result suggested that the ERK activity of
YFP-ERK could be stimulated by either integrin-mediated and growth factor-initiated
signalling events. The activation of YFP-ERK triggered by EGF receptor is stronger
than that induced by integrin, revealing the characteristics of overexpressed YFP-ERK is

consistent with wild type or endogenous ERK (Morino ef al., 1995).

3.2.5 Adhesion time course

The ERK activity of YFP-ERK f[usion protein was sufficient to be detected by
immunoblotting and MBP activity assay. ITowever, to study the role of ERK in the
cytoplasm, the visualisation of YFP-ERK in adhesion sites is required. In the YFP-ERK
transfected celis, the overexpressed YFP-ERK was diffose all over the cell body and no
adhesion-like structure could be recognised (Fig 3.2 A). The formation of focal
adbesions and the activation of ERK has been determined in REF52 cells (Fincham et
al., 2000). The YFP-ERK hcre has been determined to be a functional ERK. Thus, lack
of visualisation of adhesion structures in the YFP-ERK transfected REF52 cells might be
because the adhcsion sites were difficult to recognise when YFP-ERK protein was

expressed at very high levels and diffuse ail over the cell body in the RERS2 cells.

To address to this question, the YFP-ERK transfected REF52 cells were replated onto
laminin coated glass coverslips and the change in localisation of YFP-ERK was
monitored during cell adherence over 1-16 hours. As shown in figure 3.6 D, YFP-ERK
transfected cells 16 howrs after the transfecltion procedures; the nuclear localisation of

YTP-IIRK suggested that it was activated. In this state, no or very littie adhesion was
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Figure 3.5 MBP-ERK activity assay in YFP-ERK transfected REF52 cells
REF52 cells were transfected with YFP-ERK (211g/ul) following the standard procedure,

The rransfected cclls were incubated overnight and resuspended in DMEM in absent of
serum. These transfected cells were replated on uncoated (CON), 10ug/ml poly-L-lysine
coated (PLL) or 10ug/ml fibronectin coated (FN) culture dishes and incubated at 37°C
for 2.5 hr. For EGF treatment, 20ng/ml EGF was added to the cells at the first hour
replated on uncoated culture dish and the cells were then incubated at 37 °C for a further
1.5 hours (BGF). For UO126 treatment, S0uM UO126 was added to the cells replated
on uncoated (CON+UQ), FN coated (FN+UQ) or to EGF treated (EGF+UQ) cells and
incubated at 37 C for a further 30 minutes. The ERK kinase activity of YFP-ERK in
cells plated on FN (FN} and treated with EGF (EGTF) is significantly higher than in the
control cells. The ERK activity of YFP-ERK is reduced nearly to the background as a
result of UO126 treatment (CON+UO, FN+UO and EGF+UQ). Kinasc assays were
carried out in triplicate for each sample. The assay was repeated twice in different

transfections, Data shown are the mean +SD.
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Figure 3.6 Adhesion timecourse of YFP-ERK transfected REFS2 cells

YFP-ERX (2ug/ml) were transfected into REF52 cells following the standard procedure.
The transfected cells incubated overnight were replated onto laminin-coated coverslips

and incubated at 37°C for 4 hour in DMEM (A-C) or incubated at 37 for 16 hours in
DMEM with 10% FBS (D). The coverstips incubated in serum free DMEM were fixed

after 1, 2 and 4 hours during spreading and the coverslips incubated in serum containing
DMEM were collected at 16 hours. The coverslips were fixed with 3.7% formaldehyde.
After 1 hour, transfceted cclls had attached to the laminin. Some lamellipodia-like
structures had started to form at the cell periphery (A arrow). YFP-ERK based
adhesion-like structures appcarcd after 2 hours (B arrows). The numbers of these
structures are increased to maxtmal levels after 4 hours (C arrows). YFP-ERK was
distributed all over the cell and no adhesion structure could be recognised after 16hr

incubation (D). The scale bar = 25um
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found in the well-spread transfected cells. However, adhesion-likc structures are found
during cell spreading (Fig A-C). One hour after spreading, some membrane ruffling and
lamcllipodia-like structures are formed in the cell periphery (Fig 3.6 A, atrows).
Adhesion-like structures were found after 2 hours (Fig 3.6 B arrows), and the number of
these structures maximised after 4 hours (Fig 3.6 C, arrows). The time-lapse images of
the translocation of YFP-ERK revealed that YFP-ERX does localise at the adhesion-like
site during cell spreading. However, after 4 hours when the cell gradually came to a
well-spread state, active and inactive YFP-ERK were present all over the cell, and the

specific YFP-ZRK-hased adhesion-like structures were no longer recognisable.

3.2.6 Localisation of ERK at focal adhesion sites in RILF 52cclls

To further examine the adhesion structures formed in the REFS52 cells expressing YF>-
ERK during spreading, the YFP-ERK expressing cells were costained with anti-talin,
which is a focal adhesion structure protein widely used as a maker of focal adhesion
(Belkin and Smalheiser, 1996). As shown in figure 3.7, the YFP-ERK-based adhesion-
like structures in REF 52 cells (Fig 3.7 A, arrows) were recognised by anti-talin antibody
as well (Fig 3.7 B arrows). The merged image of the adhesion site revealed that the
YT'P-ERK was nol completely colocalised with talin at focal adhesion site (Fig 3.7 C,
box). The closcr cxamination of the this structure in the merged image showed that YFP-
ERK is closer to the plasma membrane to talin staining, an overlap of approximately
1um was seen between YFP-ERK and talin (Fig 3.7 D), revealing that YFP-ERK
localises at the tip of adhesion-like structures. It has been shown by immunostaining that
active ERK is localised at the tip of talin-based focal adhesion sites in the newly forming
leading edge in REF52 (Fincham, et al., 2000). This stuining pattern of talin and YFP-
ERK is similar to that has been shown by Fincham and colleagues. However, these
adhesion-like structures produced by YFP-ERK in REFS52 cells do not appear to be
typical adhesion structures. Therefore, it is necessary to determine whether YFP-ERK

localised at the adhesion-like structure is expressed in an active form.

3.2.7 Activity of ERK at focal adhesion sites in ERI'52

In an attempt to use the YFP-ERK construct to study dystroglycan signalling, a method




Figure 3.7 Colocalistion of YFP-ERK and talin in the adhesion sites in REFS52 cells

YFP-ERK (2ug/ml) was transfected into REF52 cells following the standard procedure.
The transfected cells were replated onto laminin-coated coverslips and incubated at 37°C
for 4 lour in DMEM (A-C). The coverslips were fixed with 3.7% formaldehyde and
stained with anti-talin {(Sigma) at 1:1000]. At the fourth hour of cell spreading, YFP-
ERK based adhesion structures were found most in one side of the cell (A arrows).
These structures were stained by anti-talin antibody as well (B arrows). The merged
image shows the localisation of YFP-ERK and talin are very close (C arrows). The
magnified image showed thal the YFP-ERK was not completely colocalised with talin

(D). The scale bars =25 pm in C and =5 pn in D.
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to determine the activation of YFP-ERK in thc adhesion sites is necessary. The anti-
phospho ERK (NEB9105), which has shown to be very efficient [or immunofluorescent
staining of the active ERK, was used to detect the activation of YFP-ERK in adhesion
sites. As shown in figure 3.7, however, the staining of anti-phospho ERK at the adhesion
sites in YFP-ERK transfected REF52 cells was very weak (Fig 3.8 B, arrows)} while
YFP-ERK is forming relatively clear adhesion-like structure in the cell periphery (Fig
3.8 A, arrows). This result suggested that either the antibody we were using might not
sufficient to detect the phosphorylation of the activity of YFP-ERK in vivo by
immunofluorescent staining, or the YFP-ERK might nof be activaled at these adhesion-

like sites.
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Figure 3.8 Phospho-specific ERK antiserum _ staining of focal adhesions in YFP-

ERK transfected REFS2 cells

YFP-ERK. (2ug/ml) was transfected into REF52 cells following the standard procedure.
The transfected cells were replated onto laminin-coated coverslips and incubated at 37°C
for 4 hour in DMEM (A-C). The coverslips were fixed with 3.7% formaldehyde and
stained with anti-pY ERK [(NEB) at 1:100]. At the fourth hour of spreading, YFP-ERK
was localised at the adhesion sites in the cells (arrows, A). Extremely weak phospho-

ERK was stained at the same adhesion sites (arrows, B). The scale bars =25um
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3.3 Discussion

To invesltigale whether dystroglycan is involved in the intcgrin-mediated ERK-
dependent activation of MLCK, YFP-tagged ERK was constructed and expressed in
RIET52 cells. The ERK kinase activity assay of YFP-ERK which were carried out by
using UO126 inhibition, western blotting assay and MBP-ERK kinase activity assay has
shown that YFP-ERK is expressed as a functional ERK in REF52 celis, The Jocalisation
of YFP-ERK was clearly visible in the REF52 cells. Compared with the localisation of
YFP, YFP-ERK was more concentrated at the nucleus, indicating the YFP-ERK 15 an
active kinase. Additionally, the MBP ERK activity assay showed that both EGF and
fibronectin could induce the activation of YFP-ERK, indicating that the activity of YFP-
ERK is npregulated by cither integrin-mediated or RTK-induced pathway. Together this
suggested that the recombinant YIFP-ERK in REFS52 cells behaves like the wild type
ERKs. Thus, the YFP-ERK construct could successfully produce an YFP-tugged
functional ERK in REF32 cells.

3.3.1 Regulation of expression and activation of YFP-ERK

On western biotting, most endogenous ERK1/2 in REF 52 cells was detected as the
active form (Fig 3.3 A lower panel and C lower panel). However, compared with the
total expression of YFP-ERK, only a small amount of YFP-ERK is activated (Fig 3.3 A
upper panel and C upper panel). This result revealed that despite overexpression of
YFP-ERK in the REF52 cells, only a constant amount of ERK was activated, implying
a feed-back regulation might exist between ERK and its upstream regulators Lo control
the activation of ERK. ERK is an important signalling molecule that enhances the cell
adhesion, proliferation and survival signalling events, overexpression of ERK appeared
to be lethal to the cells (section 3.2.1). Thus, a mechanism that regulates active ERK at
a constant level in cells might be necessary. It has been shown that activation of integrin
was suppressed by the activation of Ras-induced ERK cascade (Hughes et al., 1997),
supporting the idea that a negative regulation of ERK by its upstream regulator might be
able to maintain the active ERK in a constant level. Additionally, a series of scaffold

proteins of ERK cascade mediators was identified in yeast (reviewed in Pryciak, 2001).




In mammalian cells, scaffold protein MP-1 (MEK Partner-1) binds specifically to
MEK-1 and ERK-1 to form a protein complex that enhances the activation of ERK1/2
and its downstream signalling (Schaeffer er al,, 1998). KSR-1 (Kinase Suppressor of
Ras) was shown to bind MEK and ERK (Therrien, ¢ al., 1996). Activation of Ras has
been shown to lead o the conformational activation of Raf, thereby recruiting KSR-1
along with MEK and FRK to the membrane region {Yu er al., 1998). Overexpression
of KSR inhibited ERK-dependent biological elfects (Cacace ¢f al., 1999). Such a dosc-
dependent reversal of effect is typical for a scaffold protein that can only assemble its
target protein when present in an appropriate stoichiometric ratio, but disperses the
signalling complexes when overexpressed (Walter, 2000). Thus, although the regulation
mechanism of MP-1 and KSR remains unclear, it is likely that the constant amount of
activation of ERX is regulated by the interaction of ERK cascade mediators with

scaffold proteins.

3.3.2 Translocation of YFP-ERK

Initially, YFP-ERK was coostructed to visualise the activation of YFP-ERK at focal
adhesion sites. ITawever, in REF52 cells, no YFP-ERK hased-adhesion was found uniil
the transfected cells were replated onlo laminin. The time-lapse experiment showed that
YFP-ERK-bascd adheston-like structures were forming during 1-4 hours after replating,
Interestingly, the result also showed that very little YI'P-ERK was localised in the
nuclear region during this period, indicaling that activation of YFP-ERK [or
cytoplasmic function might be taking place earlier than that for mitogenesis during the
cell spreading. 1t has been shown that the adhesion dependent activation of ERK was
continually maintained at a constant level within few hours after cell spreading whereas
the mitogen-dependent ERK activation increased rapidly and decreased to a level nearly
equal to background levels within minutes (Pouyssegur ¢t al., 2002). Thus, the YFP-
ERK expressed in REF52 cells in 1-4 hour during spreading might not be involved in
the mitogenesis but involved in cytoplasmic focal adhesion signalling regulation in the

first 4 hours after the teplating.
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YFP-ERK accumulates in the nucleus as a result of long-term expression (Fig 3.2 A).
Figurc 3.2 A clearly showed that YFP-ERX is localised in the nucleus as & long-term
effect of expression of YFP-ERK. In serum-starved NIH 3T3 cells, the nuclear
accumulation of active ERK was increased maximally within 10 minutes after serum
stimulation, and the nuclear accumulation of ERX was reduced gradually within 2 hours
until the ERK accumulation level in the nucleus was reduced ncarly cqual to the
background, indicating the ERK activation for mitogenesis takes place within 10
minutes after stimulation, However, under the same conditions, total ERK started to
translocate to the nuclens within 10 minutes and continued to accumulate, reducing the
maximal level after 3 hours (reviewed in Pouyssegur et al., 2002). This nuclear
accumulation of ERK remained at a high level for 6 hours. These ERK translocation
studics suggested that both active and inactive ERK arc able to translocatc to the
nuclens; the translocation of ERK to the nucleus might be in an TERK activation-
independent manney. In this study, we therefore do not know if the YFP-ERK localised
at the nucleus is either the active or inactive form of ERK. The activation of YFP-ERK

could not be determined by its ranslocation to nucleus.

3.3.3 Localisation of YFP-ERK at focal adhesion sites

The YFP-ERK-based adhesion-like structures formed during spreading were not
completely colocalised with talin. The staining pattern of talin with YFP-ERK in the
adhesion-like structures was similar to that shown by Fincham and colleagues (Fincham
et al., 2000)., However, no active YFP-ERK was found using anti-phospho ERK
antibody at the adhesion sites by immunofluorescent staining. The western blot activity
assay of YFP-ERK and cndogenous ERK showcd that most of the endogenous ERK in
REF52 cells was active while only a very small amount of YFP-TIRK, which was
expressed in a fairly high level, was active (Fig 3.3). This suggested that the
averexpression of YFP-ERK in the REF52 cells, MEK, the direct activator of ERK,
might tend to interact with endogenous ERK rather than the highly expressed
recombinant YFP-ERK. Therefore, despite the high expression, ouly a little of YFP-
ERK could be activated in the BERK cascade. This might explain the failure of the
phospho-ERX staining at YFP-ERK based adhesion sites.
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Additionally, the distribution and morphology of YI'P-BERK-based adhesion structures
do not seem like the typical focal adhesion structures although some of them are
colocalised with talin. Moreover, perhaps due to the strong expression and lack of the
control by other signalling molecules, the YFP-ERK tends to diffuse throughout the
whole cell body and make the adhesion-like structures become difficult to distinguish.
Initially, YFP-ERK was constructed in an attempt to visualise the localisation of active
BERK in the cytoplasmic compartment and for the further study of dystroglycan and
MLCK dependent actin regulation. Unlortunately, these disadvantages suggested that
YIP-ERK might not be a perfeet tool for these studies. Ilowever, due to the visible
nuclear transiocation and the biological activity, the YFP-ERK construct still could be a

uscful tool fot studying of the activation and translocation of ERK in mitogenesis.
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Chapterd
Exprcssion of GFP-tagged dystroglycan and dystroglycan functional

domain deletion mutants




4.1 Introduction

In order to investigate the relationship between dystroglycan and ERK at focal adhesion
sites, YFP-ERK and dystroglycan-GEFP expression vectors were constructed. As shown
in chapter 3, YFP-ERK was poorly localised at focal adhesion sites, revealing that the
YFP-ERK construct might not be useful for the study of localisation of ERK at focal
adhesions and the further study of dystroglycan signalling. Here, the dystroglycan-GFP
(oBDG-CFP) was constructed and expressed in REF52 cells. The expression of ofDG-
GFP, however, surprisingly greally altered the organisation of the cytoskcicton resulting
in the formation many microspikes in REEFS2 cells, indicating that dystroglycan may act
as a mediator of filopodia formation. Thus, the work has shifted to this interesting topic:
the function of dystroglycan in the formation of microspikes. First of all, it was
determined that the filopodia formation and the filopodia phenotype is in response (o the
expression of dystroglycan. Then, a series of GFP-tagged dystroglycan functional
domain deletion mutants were constructed and cxpressed in REF52 cells to determine
which functional domains of dystroglycan are responsible for the filopodia formation.
The filopodia phenotype induced by each dystroglycan mutant construct was observed.

Finally, the dystroglycan dependent cytoskeleton reorganisation signalling will be

cxamined and discussed in chapter 5.




4.2 Result

4.2.1 Construction of GFP-tagged dystroglycan and functional domain deletion
mutants

ofi-dystroglycan is expressed as 839 a.a. propeptide in cells. This propeptide undergoes
post-translational modification to generate mature - and P-dystroglycan, and the
mature ¢ and [-dystroglycan ate presented on the plasma membrane. Functional
domains on dystroglycan have been determincd (figl.2) (Ibraghimov-Beskrovnaya et al.,
1992). In this study, o/Bdystroglycan is delineated as S functional domains: N-terminal
signal sequence (SS; 1-28a.a}, a-dystroglycan (o 29-653a.a), extracellular domain of f3-
dystroglyecan (cf3; 654-750a.a), transmembrane domain of B-dystroglycan (TM; 751-774)
and cytoplasmic domain of B-dystroglycan (cf; 775-893) (Fig 4.1A). Full-length mouse
dystroglycan ¢cDNA (2679 bp.) was subcloned between the Sall and Smal sites in the
pEGFP mammalian expression vector. GFP was conjugated at the C-lerminus of the
dystroglycan. For construction of GFP-tagged dystroglycan functional domain deletion

mutants see figure 4.1 B.

4.2.2 Examination of GFP-tagged dystroglycan construct (¢fDG-GIP) in REF32
cells

4.2.2.1 Expression of ofDG-GFP in REF52 cells

‘The concentration of ¢f3DG-GFP (1.8 pg/ml) uscd for transfection was modified for
REF52 cells o achieve the highest transfection efficiency and the lowest cell deuth. The
transfection efficiency of a3 DG-GFP obtained in RELS2 cells was 15-20 % on average.
Compared with the cells expressing GFP empty vector that showed a very smooth cell
periphery (Fig 4.2 A), the cells expressing oBDG-GFP presented many long and thin
microspikes throughout the plasma membrane (Figd.2 C-I3), These microspikes also
presented on cell surface (Fig 4.2 C, arrows). Some of these microspikes were clustered
together [orming a crown-like structure (Fig 4.2.D arrows). Transfection of «pDG-GFP

consiruct has altered certain signalling events leading to this morphology change.
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Figure 4.1 Construction of dystroglycan-GFP and dvstroglycan functional domain

deletion mutants

{A), Dystroglycan has five distinct functional domains. From N-terminus; SP: N-terminal
signal peptide, 1-28 a.a.; o o dystroglycan, 29—-653 a.a.; ef}: extracellular domain of B-
dystroglycan, 654-750 a.a.; TM: transmembrane domain of § dystroglycan, 751-774 a.a.;
¢B: cytoplasmic domain of B-dystroglycan, 775-893 a.a. (B), The GFP-tagged
dystroglycan and dystroglycan functional domain deletion mutants. GFP (220a.a) is
conjugated at the C-terminal of dystroglycan or dystroglycan mutants. ¢SDG-GFP: Full-
length - and P-dystroglycan (893a.a). ofAcfDG-GFP: B-dystroglycan cytoplasmic
domain (cff; 121a.a) deletion mutant. ¢DG-GFP: GFP-tagged 121a.a B-dysiroglycan
cytoplasmic domain. BDG-GFP: GFP-tagged full-length P—dystroglycan (242a.a).
offAoDG-GFP: c—dystroglycan (625a.a) deletion mutant; full-length B-dystroglycan is
directly fused at the C-terminal of signal peptide (SP, 29a.a). affAefDG-GFP: f3-
dystroglycan extracellular domain (97a.a) deletion mutant. aDG-GFP: GFP-tagged full-
length B-dystroglycan deletion mutant; c-dystroglycan with its N-tcrminal SP sequence
were fused at the N-terminal of GFP. All deletion mutants were cloned between Sall and
Smal sites in pEGFP (N-3) vector. An extra alanine was added at the C-terminal end to

accommodate the Smal restriction site.
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Figure 4.2 Expression of DG-GI'P construct in REF52 cells
REF52 cells were transfected with ¢fDG-GFP (1.8ug/ml) construct (C-E), or pEGFP

empty GFP vector (A); or the negative control, which was treated with equal amounts of
lipofectamine as transfected cells but with no DNA. (B). The transfected cells on glass
coverslips were incubated at 37°C overnight after the standard transfection procedure.
The coverslips with cells were fixed with 3.7% f{ormaldehyde. Many long and thin
microspikes were found in the cells transfected with ofDG-GFP (C-E). These
microspikes also distributed on the surface (C, arrows) of the cells. Some of these
microspikes were clustered as a crown-like structure (D, arrows). The pEGFP cmpty
vector {2pg/ml) transfected cells showed typical GFP expression and nuclear
accumulation, cell body diffusion (A) and smooth cell periphery (A, arrow). No
fluorescence localisation was identified in the ncgative control except for the
background autofluorescence from the lipofectamine transfection reagent (B). Scale

bar=25um
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This unexpected change of morphology in afpDG-GFP transfected cells has raised
several questions. First, what are these microspikes present in ofDG-GFP transfected
cells, and do these structures correspond to actin rearrangement? Second, which factor in
ofDG-GFP transfected ceils induces the change of morphology? Does dystroglycun
mediate the formation of these microspikes? Third, if it does, which lunctional domain
of dystroglycan is responsible for the formation of microspikes? Fourth, if cytoskcleton
reorganisation is involved in the formation of the microspikes, what is the signalling
pathway? Do small Rho GTPases or other integrin-dependent signalling, such as ERK

signalling play a role in this morphology change?

4.2.2.2 Filopodia formation of affDG-GFP transfected REF52 cells on Laminin

To address the question of whether the change of morphology was induced by
expression of dystroglycan and to [urther investigate these microspikes in ofDG-GFP
transfeeted celis, afDG-GTP transfected cells were replated onto laminin, which is a
substrate for dystroglycan, and the actin-containing structures stained with rhodamine-
conjugated phalloidin, As shown in figure 4.3, after incubating in DMEM containing 1%
FBS overnight on laminin, all the transfected cells were well spread. Numerous
branching microspikes were expressed throughout the periphery of afDG-GFP
transfected cells (Fig 4.3 A). In contrast, the pEGFP empty vector transfected cells
incubated in the same conditions on laminin showed a smooth cell periphery (Fig 4.3 E).
Upon actin staining, remarkable actin-rich rings were found in the cell cortex forming a
doughnut-like actin structure (Fig 4.3 B). Based in the actin-rich cortes region, the aclin
bundles protruded outward from the cell body and extended into each microspike (Fig
4.3C). The magnification of the merged images at the microspikes (Fig 4.3 D) indicated
that the microspikes present in «ffDG-GIP transfected cells are branching fibre-like
actin-rich structure, a so called filopedia. Normal stress fibre actin phenotype was seen
in pEGFP transfected REF52 cells (Fig 4.3 F), as well as that in untransfected REF52
celis (data not shown), revealing the ring-like and the filopodia actin phenotype might be

induced by expression of dystroglycan,
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¥igure 4.3 Expression of gff DG-GFP in REF52 on laminin

afy DG-GFP (L.8ug/ml) or pEGFP (2ug/ml) empty vector transfected REF52 cells were
replated on to laminin {(2ug/ml) coated coverslips and incubated in DMEM containing
1% FBS at 37°C for overnight. Cells were fixed with 3,7% formaldehyde and stained
with rhodamine-phalloidin {(Sigma) at 1:1000]. Plenty of branching microspikes were
expressed in the periphery of ¢ DG-GFP transfected cells (A). Remarkable ring-like
actin rich structures were present in the cell cortex region in ¢BDG-GFP transfected
cells (B), while stress fibre actin phenotype was found in pEGFP empty vector
transfected cells (E and F). The merged image show that the microspikes expressed in
ofDG-GFP transfected cells are actin-rich structures (C). In the magnitied images (D),
these actin filament, based in the ring-like structure in cortex, extended into each branch
of the microspike and are expressed throughout the ccll body, These structures are very
tike filopodia. The filopodia structure was not seen in pEGFP transfected cells (E-G).

The scale bars in D = 5un. Others =25um.
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Compared with the ¢fDG-GFP transfected cells shown in figure 4.2 C-E, no significant
increase in filopodia number was cbserved in the pEGEFP transfected cells replated on
Jaminin, However, the morphology of filopodia present in ofDG-GEP transfected cells
was more organised both in size and in length, implying that in the offDG-GFP
transfected cells, laminin engagement might play a role in the arrangement of the
filopodia. To further examine whether the formation of filopodia resulted from the
expression of dystroglycan, the filopodia formation was monitored in opDG-GFP or
pEGFP empty vector transfected cells replated on laminin. The number of cells with
filopodia was counted at 1, 3, 5, and 7 hours; the cells presenting more then 30
microspikes were counted as filopodia positive. As shown in figure 4.4, after one hour of
spreading, nearly 82% of affDG-GFP nansfected cells were filopodia positive (Fig 4.4,
blue circles), while only halif the number of pEGFP transfected cells were filopodia
positive (Fig 4.4, red square). However, in the pEGFP transfected cells, the number of
filopodia positive cells increased to 70%, which was very close to aDG-GFP
transfected cells, at the third hour, this number dropped dramatically until less than 10%
at 7 hours (Fig 4.4, red curve). In contrast, the number of filopodia positive cells in
afiDG-GFP transfected cells was almost constant between 79-80% during the 7 hours
(Fig 4.4, blue curve), suggesting that expression of 3DG-GEFP leads to the formation of
filopodia. which are normally present within the first 3 hours of cell spreading. Thus, the

filopodia formation did indeed result from the expression of dystroglycan, not from GFP.

4.2.2.3 Examination of uirophin in afDG-GFP transfected REF52 cells

In non-muscle cells, utrophin is the molecule that directly interacts with dystroglycan
and connects it to actin filaments (Frvasti and Campbell, [993; Winder ez al., 1995).
Phosphorylation of the B-dystroglycan cytoplasmic tail leads to the reduction of binding
affinity between utrophin and B-dystroglycan (James et af., 2000). Therefore, utrophin is
possibly a mediator of dystroglycan-dependent filopodia formation. In an attempt to
determine whether utrophin is a mediator of dystroglycan-dependent filopodia
formation, we first examined the utrophin expression in afDG-GFP transfected cells. As

shown on the western blot in figure 4.5, an approximately 70KDa GFP-tagged DG was




Figure 4.4 Quantification of the filopodia formation in gBDG-GFP transfected cclls

on laminin
Monitoring the formation of filopodia in «fDG-GI'P or pEGTP transfected REFS2 cells,
the transfected cells were replated onto laminin (2pg/ml) coated coverslips and incubated

at 37°C in DMEM. Coverslips with cells were fixed after one, three, five and seven

hours; and the number of cell with filopodia (more than 30 filopodia) was counted. Tn o3
DG-GFP transfected cells, the number of filopodia positive cells is steady between 79-
82% within the 7 hours (bloc curve), while the pEGFP transfecled cells (red curve)
reached 72% by the 3rd hour and then quickly dropped down until less then 10%. The
counting was repeated twice at cach time point in Lwo (ransfeclions. Data are means &

SD.
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Figure 4.5 Expression of utrophin in dystroglycan overexpressed REFS2 cells
Western bloting of afDG-GFP, pEGFP empty vector transfected and untransfected

REF52 cells. Cell lysates were blotted with anti BDG antibedy (BDG-1710) at the
concentration of 1:1000, anti-GFP antibody at the concentration of 1:1000, or anti C-

terminus atrophin (Rab6) at the concentration of 1:16000. Overexpression of ¢BDG-GFP
or GFP protein did not alter the expression of 43KDa endogenous PDG, which was
detected by anti BDG-1710 antibody (A lower panel). 70KDa BDG-GFP fusion protein
was detected by anti-BDG (A, upper panel) or anti-GFP antibody in ofDG-GFP
transfected cells (B upper panel). Utrophin expression (C), is not affected by
overexpression of aff DG-GFP or pEGFP.
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detected by anti GFP antibody (Fig 4.5 A upper panel) or anti DG 1710 antibody (Fig
4.5 B upper panel) in offGD-GFP transfected cells. However, expression level of
utrophin was not affected by overexpression of of§GD-GFP or GFP (Fig 4.5 C),

revealing that utrophin expression is not regulated by overexpression of dystroglycan,

To further determine the role of utrophin in dystroglycan-dependent filopodia formation,
we transfected offDG-GFP construct into  utrophin-knockout mouse embryonic
fibroblast primary culture. As shown in figure 4.6, the filopodia phenotype was present
in affDG-GFP transfected utrophin knockout mouse embryonic primary culture (Fig 4.6
D3}, as well as the wild type mouse embryonic primary culture (Fig 4.6 C), indicating that
utrophin might not he involved in the dystroglycan-dependent filopodia formation.
Transfection of GFI* empty vector did not cause the formation of filopodia whether
utrophin knockout or wild type cells (Fig 4.6, A and B), suggesting that dystroglycan is
responsible for the formation of filopodia. At the same time, the effect of dystroglycan in
utraphin wild type and knockout cells was measured by counting the number of cells
presenting filopodia phenotype (Fig 4.6 E). No significant difference in dystroglycan-
dependent filopodia formation was seen between utrophin wild type and kunockout cells
(Fig 4.6 E, green columns), indicating that the defect in utrophin expression has no
influence on the dystroglycan-dependent filopodia formation. Therefore, despite linking
dystroglycan physically to the cytoskeleton, utrophin is not a mediator of dystroglycan

dependent filopodia formation, nor required for it.

4.2.3 Expression of ¢} deletion mutant construct (afAcS-GFP) in REF52 cells

In the experiments above, expression of dystroglycan has been shown to induce the
formation of filopodia. Experiments were carricd out to further determine which
functional domain of dystroglycan was responsible for the filopodia formation
signalling. Since the cytoplasmic domain of B--dystroglycan has been shown to associate
with cytoskeleton related signalling molecules (section 1.4), it is the best candidate
domain that may mediate the signalling events of dystroglycan-dependent filopodia

formation. In an attempt to determine the role of B-dystroglycan cytoplasmic domain in




Figure 4.6 Expression of dystroglycan GEP in utrophin null cells

Utrophin wild type or utrophin knockout mouse embryo fibroblast primary culiure were
transfected with o DG-GFP (1.8ug/ml) (C and D) or pEGFP (2pg/ml) (A and B). The
cells were transfected on glass coverslips and then incubated at 37°C overnight after the
transfection procedure. Coverslips with cells were fixed with 3.7% formaldehyde. The
cells with more than 30 microspikes were identified as filopodia positive. In cells
transfected with afpDG-GFP, the filopodia phenotype was present in utrophin wild type
(€) as well as in utrophin knockout cells (D)3 both utrophin wild type and knockout cells
showed fairly high number of filopodia positive cells (80% and 82%) (E, green
columns). The wansfection of pEGFP did nol induce the formation of filopodia in
utrophin wild type or knockout cells (A) with less then 10 % of utrophin wild type or
knockout cells with the filopodia phenotype (E, red columns). The counting was

repeated twice in two different transfections. Data are mean + SD. The scale bars= 25um.
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dystroglycan- dependent filopodia formation, the construct of GFP-tagged
f dystroglycan cytoplasmic domain deletion mutant (cBAcB-GFP) was cxpressed in
REF52 cells. As shown in figure 4.7 A and B, most of the afAcB-GFP transfected cells
plated on glass coverslips had a smooth cell periphery. Replating the transfected cells on
laminin, revealed no significant induction of filopodia (Fig 4.7 C). Instead of the ring-
like actin structure, fairly high number of actin stress fibres, as has been shown in
pEGFP transfected cells (Fig 4.3 F), was present in ¢AcB-GFP transfected cells (Fig
4.7 D). Therefore, the dystroglycan dependent filopodia formation appeared to be

inhibited by the absence the cytoplasmic domain of B-dystroglycan.

4.2.4 Substrate effects on dystroglycan dependent filopodia formation

Since adhesion dependent tyrosine phosphorylation of dystroglycan has been reported (o
regulate the affinity between 3-dystroglycan and the utrophin WW domain (James, et al.,
2000), adhesion dependent signalling might be involved in the dystroglycan dependent
cytoskeleton reorganisation. Additionally, in vivo formation of filopodia is induced by
integrin mediated Cdc42 activation (Kozma ef al.,, 1995). Therefore, despite utrophin not
mediating the dystroglycan-dependent filopodia formation, it is possible that integrin
dependent or adhesion dependent signalling is invelved in the dystroglycan dependent
filopodia formation. To determine whether integrin is required for dystroglycan
dependent filopodia formation, we replated the transfected cells onto fibronectin, which
is a ligand for integrin, or poly-L-lysine, which prevents integrin from activation, and
monitored the morphology change in ofDG-GFP or aAcp-GFP transfected cells. As
shown in figure 4.8 A, after incubation in serum free DMEM for 4 hours, filopodia
phenotype was present in ¢BDG-GFP transfected cells plated on laminin (Fig 4.8 A), as
well as on fibronectin (Fig 4.8 B), while the cells were not spread on poly-l-lysine (Fig
4.8 C) or uncoated glass control (Fig 4.8 D). In contrast, whether plating on laminin or
fibroncctin, the filopodial phenotype was not induced by expression of GEP in the cells
(Fig4.8 E and F).



ression of B dystroglycan cytoplasmic domain deletion mutant

ofBACB-GFP
ofAcB-GTP (1.8ug/ml) was transfecled into REDS52 cells plated on glass coverslips

following the standard transfection procedure (A and B). The ofAcB-GFP transfected
cells were replated onto laminin coated coverslips and incubated in DMEM containing
1%FBS at 37 °C overnight (C). The cells were fixed with 3.7% formaldehyde, and thc
cells replated on laminin were further stained with rhodamine-phalloidin [(Sigma) at
1:1000]. Expression of cfAcS-GFP did not induce the formation of a filopodial
phenotype in REF52 cells (A and B). The afAcP-GFP transfected cells replated on
laminin showed no induction of filopodia either (C). Stress fibre actin phenotype was
present in the afBAcB-GIP transfected cells (D). (E), merged image of aBAcf3-GFP and

actin. Scale bar= 25um
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Figure 4.8 Formation of filopodia in gBDG-GID transfected cells on extracellular

substrates
REF52 celis transfected with afDG-GFP (1.8ug/ml) or pEGEP (2.0pg/ml) were replated
onto glass coverslips or glass coverslips coated with laminin (2pg/ml), fibronectin

(2ug/ml) or poly-L-lysine (2lig/ml) and incubated at 37°C in serum free DMEM for 5
hours. The coverslips with cells were fixed with 3.7% formaldehyde. offDG-GFP

transfected cells can spread well on laminin or fibronectin and present a filopodia
phenoiype (A and B), Whether on laminin or fibronectin, oBAcp-GFP transfected cells
can also spread well, but no induction of filvpodia phenotype was found (E and F).
Whether transfected with afDG-GIP or o8AcB-GFP, cells were unable to spread on
poly-L-Lysine (C and G) or on uncoated glass coverslips (D and H) in the absence of

serum. The scale bar=25pm.
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Counting the number of filopodia phenotype positive cells on the substrates reveals a
similarly high percentage of filopodia positive cefls (70% and 689%) in afDG-GFP
transfected cells plated on laminin and on fibronectin (Fig 4.9, green columns). The
formation of filopodia was reduced in @PAcB-GFP transfected cells, und the percentage
of lilopodia positive cells in AfAcB-GFP transfected cells on laminin and on fibronectin
was very similar (22% and 21%); (Fig 4.9, red columns). Therefore, the dystroglycan
dependent filopodia formation appeared not to be specific for laminin engagement to
dystroglycan; fibronectin can induce the dystroglycan dependent filopodia formation as
well, The disruption of integrin engagement inhibited the formation of filopodia (Fig 4.8
PLL and GLA). Since both laminin and fibronectin are extracellular ligands of integrins,
the dystroglycan dependent filopodia formation, which was considercd to be mediating
cytoskeleton reorganisation signalling via its cytoplasmic domain, secems more likely to
be dependent on integrin-mediated cell adhesion instead of dystroglycan-laminin
engagement. Thus, more evidence supporting {-dystroglycan cytoplasinic domain

mediates the formation of filopodia is required.

Additionally, compared with approximately 70% of afDG-GFP transfected ccll
presenting a filopodia phenotype, ofSAcB-GFP (ransfected cells showed a significant
reduction of filopodia formation (Fig 4.8, LN). Obviously, the PB-dystroglycan
cytoplasmic domain plays an important role in the dystroglycan dependent filopodia
formation. However, it could not bc ruled out that approximate 20% of offAc-GFP
transfected cells still are expressing more the 30 microspikes. It is likely that in addition
to B-dystroglycan cytoplasmic domain, other factors may participate in dystraglycan-

dependent filopodia formation as well.

4.2.5 Expression of cf dystroglycan construct (¢fDG-GFP) in REF52 cells

To further examine how B-dystrogiycan mediates the formation of filopodia, GFP-
tagged PB-dystrogiycan cytoplasmic domain alone was transfected into RERS2 to see if it
can induce the formation of filopodia. Interestingly, while the expression of a3 Acf3-GFP

has shown that B-dystroglycan cytoplasmic domain is required for the formation of the




Figure 4.9 Substrate effects on dystroglvcan mutants transfected cells

REF52 cells transfected with oDG-GFP (1.8ug/ml), pEGFP (2.0ug/ml) or ofAcB-GFP

(2.0ug/ml) were replated onto glass coverslips or glass coverslips coated with laminin
(2ug/ml), fibronectin (2jug/ml) or poly-L-lysine (2ug/ml) and incubated at 37°C in scrum
free DMEM for 5 hours. The coverslips with cells were fixed with 3.7% formaldehyde.
Cells with more than 30 microspikes are identified as filopodia positive. Nearly 70% of
cells transfected with ofDG-GFP had a filopodia phenotype on laminin (I.LN green
column), and similar number (68%) was present on fibronectin (FN green column). On
poly-L-lysine (PLL green columm) or on uncoaicd plass coverslips (GLLA green
column), oPDG-GFP transfected cells were unable 1o spread and less than 10% of cells
were filopodia positive. In affAc}-GFP transfected cells, number of filopodia positive
cells was reduced to approximately 20% on laminin (LN red columns) and on
fibronectin (FN red columns). apAcB-GFP transfected cells were unable to spread on
poly-L-lysine or on uncoated glass coverslips, and less then 10% of cells were
determined as filopodia positive (PI.L and GLA, red columns). Less then 5% of pEGEFP
empty vector transfected cells presented filopodia (yellow columns). The counting(100-

200 cells) was repeated for 4 times in each transfcction. Data are mean +5D (n=4).
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filopodia phenotype, c¢f-GFP, which contains only the cytoplasmic domain of 8-
dystroglycan, was insufficient to induce the filopodia phenotype (Fig 4.10 A and B). The
¢B-GFP in the cells localised not only in the cytoplasm but also at the nuclear region; in
fact, the major pool of overexpressed cf3-GFP appeared to be in the nuclear region.
Interestingly, no particular nuclear signal sequence on [-dystroglycan, has been
reported, the nuclear import of ¢ff might be caused by the transporting of its GFP tag.
Replating the c¢B-GFP transfected cells on laminin did not induce any formation of
filopodia phenotype (Fig 4.10 C). A normal actin stress fibre phenotype was found in the
transfected cells (Fig 4.10 D and E).

The unexpected result that cf-GFP is insufficient to induced the formation of filopodia
raised two possibilities: first, despite the cytoplasmic domain of B-dystroglycan
mediating the formation of filopodia, coniribution from other dystroglycan functional
domains must be required for the B-dystroglycan cytoplasmic domain to interact with
cytoskeleton reorganisation signalling molecules. Second, since ¢f3-GFP localised to the
nuclear region, it may have failed to induce any formation of filopodia. It is likely that
correct localisation of dystroglycan is important for dystroglycan to act as a mediator for

filopodia formation.

4.2.6 Expression of § dystroglycan (BDG-GFP) construct in REF52 cells

If contributions from other functional domains are necessary for the BDG-dystroglycan
cytoplasmic domain to mediate the formation of filopodia, which functional domain on
dystroglycan would it be? In an attempt to determine which domain of dystroglyvcan is
required, several dystroglycan functional domain deletion mutants were constructed.
First, GFP tagged full-length B-dystroglycan (BDG -GFP), which lacks ¢-dystroglycan
and the N-terminal signal peptide, was expressed in REFS2 cells.

As shown in figure 4.11, relatively high amounts of BDG -GFP still localised to the

nuclear region and did not induce the formation of filopodia (Fig 4.11 A and B).

Compared with the expression of cDG -GYFP shown in figure 4.10, DG ~-GFP was
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Figure 4.10 Expression of dystroglycan cytoplasmic domain ¢3-GFP

cB-GFP (1.8pg/ml) was transfected into REF52 cells plated on glass coverslips following
the transfection procedure and incubated at 37°C  overnight (A-B). The cf3-GFP
transfected cells were subsequently replated onto faminin (1pg/ml) coated coverslips and
incubated in DMEM containing 1% FBS at 37 “C overnight (C-E). The cells were fixed
with 3.7% formaldehyde and cells replated on laminin were further stained with
rhodamine-phalloidin [(Sigma) at 1:1000]. Expression of ¢f-GFP in REF52 cells did not
induce filopodia formation, the overexpressed c3-GFP was concentrated mainly in the
nucleus and slightly less in the perinuclear region (A and B). Filopodia phenotype was
not found in ¢B-GFP transfected cells plated on laminin either (C). Stress fibre actin
phenotype was present in ¢-GFP transfected cells (D). (E), the merged image of ¢B-GFP

(green) and actin {red). Scale bar=25um
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Figure 4.11 Expression of B dvstroglycan. BDG-GFP. in REF52 cells

REF52 cells plated on glass coverslips were transfected with BDG-GFP (1.8ug/ml)
Following the transfection procedure, they were incubated at 37°C overnight (A-B). The
BDG-GFP iransfected cells were subsequently replated on laminin (2ug/ml) coated
coverslips and incubaled in DMEM containing 1% FBS at 37 °C overnight {C-E). The
coverslips were fixed with 3.7% formaldehyde. BDG-GFP transfected cclls replated on
laminin were stained with rhodamine-phalloidin [(Sigma) at 1:1000]. Expression of
BDG-GFP did not induce the formation of filopodia, the BDG-GFP concentrated mainly
in the nuclear region and diffused around the perinuclear region (A and B arrows); very
little of PDG-GFP was found in other regions of the cytoplasm. Replating the PDG-GFP
transfected cells onto laminin did not induce the formation of filopodia (C). Actin stress
fibre phenotype was present in BDG-GFP transfected cells (D), (E), The merged image
of BDG-GFP (green) and actin {red). Scale bar=250um,
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localised both in perinuclcar and cytoplasmic region of the cells. Again, replating the
BDG -GFP transfected cells onto laminin did not induce filopodia formation (Fig 4.11 C)
or alter the stress fibre actin phenotype (Fig 4.11 D and E). Thus, cven with extracellular
and transmembrane domains of B-dystroglycun, the cytoplasmic domain still failed to
mediate the formation of filopodia, suggesting the extracellular and transmembrane
domains of B-dystroglycan might be insufficient to contribute cytoplasmic domain to

mediate the formation of filopodia.

42,7 Expression of o-dystroglycan deletion mutant construct (afAc DG-GFP) in
REF52 cells

With its extracellular domain, PDG-GTP still localised to the nuclear region and was
unable to induce the formation of filopodia, indicating that the additional domain
required to mediate the formation of filopodia might not lie in P-dystroglycan. cfDG-
GFP and PDG-GFP showed an unuswmal nuclear localisation, implying that the
translocation of cBDG-GFP or BDG-GFP might be altered in the absence of o-
dystroglycan or the N-terminal signal peptide. Thus, the additional domain required to
mediate the formation of filopodia is more likely lie in ®-dystroglycan or in the N-
terminal signal peptide, and these two domains might be involved in the trafficking of

dystroglycan to plasma membrane.

To determine whether the N-terminal signal peptide is required for dystroglycan
dependent filopodia formation, we constructed the a-dystroglycan functional domain
deletion mutant (aPAc DG-GFP), in which the N-terminal signal peptide (1-28a.2) was
fused o the N-terminal of B-dystroglycan-GFP. As shown in tigure 4.12, expression of
opAc DG-GFP did not induce the formation of filopodia (Fig 4.12 A and B). Filopodia
formation and actin reorganisation was not found in the o3Ac DG-GFP transfected cells
replated on laminin either (Fig 4.12 C and D). The suress [ibre phonotype was present

in P A0DG-GFP transfected cells (Fig 4.12 D and E).
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Figure 4.12 Expression of dystroglycan o subunit deletion mutant Ag-GEP

REF52 celis plated on glass coverslips were transfected with fAGDG-GFP (1.8ug/ml)
following the transfection procedurc cells and incubated at 37°C overnight (A and B),
The oBAaDG-GFP transfected cells were subsequently replated onto laminin coated
glass coverslips and incubated in BMEM containing 1% FBS at 37°C overnight (C). The
coverslips with cells were fixed with 3.7% formaldehyde. 0BACDG-GFP transfected
cells were farther stained with rhodamine-phalloidin [(Sigma) at 1:1000]). Filopodia
phenotype was not present in ¢BAcDG-GFP transfected cells (A and B). The ofA«DG-
GFP localiscd mainty in the perinuclear region (A arrow), and a lot of vesicle-like grains
distributed around the cytoplasm {B arrow). Replating the aBAXDG-GFP transfected
¢ells on laminin did not induce the formation of filopodia (C) or the reorganisation of

actin filament; actin stress fibre phenotype was found in the cells (I£). (D}, the merged

image of oAODG-GFP (green) and actin (red). Scale bar = 25um

92






The localisation of ofiAc DG-GFP is very different from that found in the expression of
cBDG-GFP or BDG-GFP. The affAc DG-GFP was mainly localised in the perinucicar
region instead of in the nucleus (Fig 4.11A, arrow). Additionally, high levels of
oA DG-GIP staining were toward in the cytoplasm forming a vesicle-like structures
(Fig 4.11 B, arrow). Since the N-terminal signal peptide is predicted lo direct
dystroglycan to the ER lumen and to be cleaved off as soon as the «f3—dystroglycan
precursor is elongated through the ER membrane (Fig 4.16), the possible impact of the
N-terminal SP for dystroglycan- dependent filopodia formation could be to regulate
dystroglycan trafficking instead of to regulation of dystroglycan signal transduction. The
vesicle-like structures of ofAc DG-GFP distributed in the perinucliear region
demonstrates that of3Ac DG-GFP is still maintained in the submembrane system such as
ER, Golgi, and transporting vesicles. Despite the ER-Golgi or post-Golgi processing and
transporting of dystroglycan, these results suggest that although the N-terminal SP
peplide is required (o direct dystroglycan to ils exocytolic route away [rom the nucleus,
it is still insufficient for 8-dystroglycan to mediate the formation of filopodia. Thus, both
o-dystroglycan and the N-terminal SP domain might be necessary for dystroglycan-

dependent filopodia formation.

Together the results shown in section 4.2.5 to 4.2.7, suggested that cf} alone is
insullicient to mediate the dystroglycan dependent filopodia formation; e, TM, or
dystroglycan N-terminal SP is not the domain required for ¢f} to mediate the formation
of filopodia either. Thus, 0-dysiroglycan is the suspected functional domain that
contributes to B—dystroglycan cytoplasmic domain to mediate the formation of tilopodiza.
Inconsistently, however, the results in section 4.2.4 showed that ¢-dystroglycan-taminin
engagement is not necessary for dystroglycan-dependent filopodia formation. The
explanation for the phenomenon is that while c-dystroglycan might be unnecessary for
dystroglycan signal trausduction, it plays a crucial role in the biosynthesis of the

dystroglycan propeplide, especially in the protein ransporting and localisation pathways.




4.2.8 Expression of ef dystroglycan deletion mutant {¢3Aef3-GFP) in REF52 cells

To examine the hypothesis ahove and determine the role of o-dystroglycan in
dystroglycan dependent filopodia formation, a B-dystroglycan extracellular domain
deletion mutant (€fAeB-GFP) was constructed and expressed in REF52 cells. Very
interestingly, the expression of ofAeB-GFP showed that the [ilopodia phenotype was
restored (Fig 4.13 A and B). The morphology of the cfAe(3-GFP transfected cells was
very similar to that of ofDG-GFP transfected cells; hundreds of filopodia were
expressed throughout the cell surface. Replating the afAcP-GFP transfected cells on

laminin, produced a clear filopodia phenotype (Fig 4.13 C) with reduced numbers of

stress fibres observed (Fig 4.13 D).

As a control, «DG-GFP, which composes of t-dystroglycan and its N-terminal signal
sequence, was constructed and expressed in REF52 cells, The expression of aDG-GFP
in REF52 celis is weaker than the other dystroglycan mutant constructs in the
experiment. As shown in figure 4.14 A-C, the expression of 0DG-GFP did not induce
any filopodia formation in the REF52 cells, revealing that o-dystroglycan is insufficient
to induce the formation of filopodia. Thus, in the ofAeB-GFP, the cytoplasmic domain
of B-dystroglycan instead of ct-dysiroglycan is responsible For induction ol the formation

of filopodia.

However, as shown in section 4.2.5 to 4.2.7, the dystroglycan mutants without the ¢
subunit localised to the nucleus or the submembrane system in the cytoplasm and failed
to mediate the formation of filopodia. Therefore, supporting our hypothesis, 0~
dystroglycan is indeed necessary for dystroglycan dependeat filopodia formation; but
instead of participating in the cytoskeleton reorganisation signalling events,

o dystroglycan probably plays a crucial role in the post-translational modification and

targeting of dystroglycan to its membrane location.




Figure 4.13 Expression of B-dystroglycan extracellular domain deletion mutant,
AefDG-GFP, in REF52 cells

REF52 cells plated on glass coverslips were transfected with a3AepfDG-GFP (1.8ug/ml),
following the transfection procedurc and cells were subscquently incubated at 37°C
overnight (A and B). The cACDG-GFP transfected cclls were replated onto laminin (2
ug/ml) coated glass coverslips and incubated in DMEM containing 1% I'BS at 37°C
overnight (C). The coverslips with cells were fixed with 3.7% formaldehyde. a3AeBDG-
GFP transfected cells plated on laminin were further stained with rhodamine-phalloidin
[(Sigma) at 1:1000]. Filopodia phenotype was present at the cell periphery (A, arrow)
and on the surface (B, arrow) in the cells expressing AeBDG-GFP. Filopodia phenotype
{€) and reduced number of stress fibre (D) were found in the AefDG-GFP {ransfected
cells replated on laminin. (E), The merged image of AcfDG-GFEP (green) and actin (red).
Scale har = 25um






Figure 4,14 Expression of ¢DG-GFP in REF 52 cells
REF52 celis plated on glass coverslips were transfected with oDG-GFP (1.8ug/ml)

following the transfection procedure and they were subsequently incubated at 37°C
overnight (A-B). The BDG-GFP transfected cells were replated on laminin (2ug/ml)
coated coverslips and incubated in DMEM containing 1% FBS at 37 °C overnight (C-E).
The coverslips were fixed with 3.7% formaldehyde. Expression of aDG-GFP did not
induce the formation of filopodia. The fluorescent level of the oDG-GIP was Jow, and
the oDG-GFP protein diffused all around the cells. No significant localisation of aDG-

GFP was seen in the cells. Scale bar=25um.
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4.2.9 Expression of alkaline phosphatasc conjugated P-dystroglycan (AP-BDG)
construct in REFS52 cells

As shown in the results, defects in t-dystroglycun disrupt the formation of filopodia due
to the loss of localisation of the B-dystroglycan cytoplasmic domain. Therefore, the
localisation of dystroglycan seems to play a critical role in the formation of filopodia.
Dystroglycan is a transmembrane protein; to determine whether the membrane
localisation is crucial for B-dystroglycan cytoplasmic demain to mediate the formation
of filopodia, an alkaline phosphatase conjugated 3-dystroglycan (AP-BDG) construct
was expressed in REF52 cells. The AP-BDG construct expresses a fusion protcin of
alkaline phosphatase (AP) conjugated to the N-terminal of [-dystroglycan
transmembrane and cytoplasmic domain (Rentschler e al., 1999). Since AP is a secreted
protein that undergoes the exocytotic sorting from the Golgi and is released from the
plasma membrane, thc conjugation of the B-dystroglycan transmembrane and
cytoplasmic domain could maintain the AP on the plasma membrane surface
with B—dystroglycan cytoplasmic domain at the intracellular region proximal to the
membrane (Fig 4.15 A). Thus the AP-BDG [usion protein is predicted to mimic the
localisation of the cytoplasmic domain of (-dystroglycan in the plasma membrane
region but without ¢-dystroglycan. The expression of AP-fDG can be detected by
standard AP development (section 2.2.1.11).

As shown in figure 4.15 B, REF52 cells cxpressing AP-PDG showed similar
morphology tc the expressing affDG-GI'P; many thin and long filopodia were found
extended around the cell swface (Fig 4.15 B, arrows), suggesting that filopodia
formation signalling in the AP-BDG transfected cells was activated due to the membrane
localisation of i—dystroglycan cytoplasmic domain, Despitc of the loss of function of o-
and cPB-dystroglycan, B-dystroglycan cytoplasmic domain can still mediate the formation
of filopodia. This finding suggests that it is the membrane localisation of B-dystroglycan
that s crucial for the 3-dystroglycan cytoplasmic domain to mediate filopodia formation.
o-~dystroglycan, which appeared to be necessary for dystroglycan dependent filopodia

formation, s involved in targeting f—dystroglycan to its membrane localisation. In fact,
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Figure 4.15 Expression of alkaline phosphatase tagged B-dystroglyean construct
(AP-BDG) in REF52 cells
(A) A model of AP-BDG und its localisalion to the plasma membrane Alkaline

phosphatase (AP) was conjugated to the N-terminal of [} dystroglycan transmembrane
domain (TM) and cytoplasmic domain. The B-dystroglycan transmembrane domain
maintains the AP on the plasma membrane surface, allowing 3-dystroglycan cytoplasmic
domain to localise to the proximal membrane region, AP-BDG (2g/ml) was transfected
into REF52 cells on glass coverslips. The coverslips with cells were fixed with 3.7%
formaldehyde and treated with 0.1% Triton X-100 in PBS, and then developed in AP
buffer containing 0.4mM NBT and 0.4mM BCIP. Filopodia phenotypc was present in
the cells transfected with AP-BDG (B). The distribution of filopodia is all around the cell

(B, arrows). Scale bar=25um
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with its membrane localisation, B-dystroglycan cytoplasmic domain can mediate the
formation of filopodia independently of c—dystrogiycan or the extracellular domain of

$—dystroglycan.

A summary of expression, localisation and filopodia phenotype induction of the

dystroglycan mutant constructs is shown in table 4.1
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Table 4.1 Localisation and filopodia formation of GIFP-tagged dystroglycan and

dystroglvean mutants transfected RILF 52

Constructs | Approximate size Descriptions of Protein Filopodia
of the protein expression tocalisation phenotype
expressed in Cos7
cells

pEGEDP 27KbDa EGFP tagged Nucleus and _

mammalian cell Cytoplasm
expression vector

offDG- 80KDa Full-length of Plasma membrane +

Grp dystroglycan

ofACSDG- 55KDa Dystroglycan cfb Plasma membrane -

GFP deletion mutant

cpDG- 30KDa Dystroglycan Mainly in nucleus _

GFKP ¢f8 domain alone and diffused in

cytoplasm

BDG- NI* Dystroglycan full- | Mainly in nucleus _

GFP length B alone and concentrated in

perinuclear region

affAcDG- ND* Dyystrogiycan Mainly in perinuclear _

GFP v domain deletion | region and vesicle-

mutunt like graing in

cytoplasm

ofACDG- ND#* Dystroglycan Plasma membrane +
GFP ef domain deletion

mutant
aDG- ND#* Dystroglycan full- | Cytoplasm _
GFP length [} deletion

mutant
AP-BDG ND#* | Alkaline Plasma membrane +

phosphatasc

conjugated

B dystroglycan

(TM+cf)

*ND=Unidentified




4.3 Discussion

The offDG-GFP construct was made initially to investigate the refation between ERK
and dystrogiycan. 1Towever, the dramatic actin phenotype in the afDG-GFP transfected
cells implied that dystroglycan might play a role in cytoskeletal reorganisation, which
ERK might be not directly involved in, The microspikes present in ofDG-GFP
transfected cells were identified as filopodia. To date dystroglycan-dependent filopodia
formation signailing has not been reported, Therefore, the interest shifted to the study of
dystroglycan-dependent fitopodia formation and associated signalling. First, the
cytoplasmic domain of B-dystroglycan was determined to be responsible for the
formation of filopodia. Additionally, integrin signalling was shown to be involved in the
dystroglycan dependent filopodia formation, The interaction of dystroglycan PPPY
motif and utrophin WW domain appeared to have no effect on the dystroglycan
dependent filopodia formation. Morcover, different dystroglycan functional domain
deletion mutants led to differing localisations of dystroglycan, but only dystroglycan
localised to the plasma membrane is able to mediate the formation of filopodia (Table
4.1). Therefore, the spatial Tocalisation might be very important for B-dystroglycan to
carry out its biological function. The other functional domains of dystroglycan, during
post-translational modification or post-Golgi sorting, could contribute to 3-dystroglycan

function as targeting it to its membrane focalisation.

4.3.1 Spatial importance for $-dystroglycan cytoplasmic domain in induction of
filopodia formation

The formation of filopodia induced by expression of ofADG-GFP was significantly
grcater than induced by the expression of B-dystroglycan cytoplasmic domain deletion
mutant (4BAcBDG-GFP), suggesting that the B-dystroglycan cytoplasmic domain is an
important mediator of dystroglycan-dependent filopodia formation. This resnlt was
perhaps not too surprising since the cytoplasmic domain of B-dystroglycan has long been
considered to be associated with signalling molecules and regarded as a potential

mediator of cytoskeleton recrganisation (Yang et al., 1995; Henry and Campbell, 1996;
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Winder, 2001). However, the result of cPDG-GFP expression showed that despite being
an important mediator for dystroglycan-dependent filopodia formation, B-dystroglycan
cytoplasmic domain on its own is insufficient to induce filopodia formation. Expression
of efDG-GFP, BDG-GIP or ofAcDG-GFP which all lack ¢-dystroglycan were unable
io induce the formation of filopodia, whereas the {ilopodia phenotype was restored in the
cell expressing a8 AeBDG-GFP construct, indicating that ¢-dystroglycan, is as important
as P-dystroglycan cytoplasmic domain inducing dystroglycan dependent filopodia
formation, However, as dystroglycan-dependent filopodia formation appeared to be
induced by fibronectin, (-dystroglycan seemed to be unnecessary for the dystroglycan-

dependent filopodia formation.

The explanation of why o-dystroglycan plays an inconsistent role in the dystroglycan
dependent filopodia formation could be that ci-dystroglycan is required for the
dystroglycan propeptide to complete the post-translational wmodification and
consequently localise dystroglycan to the plasma membrane. Membrane localisation
would be crucial for dystroglycan to mediate the formation of filopodia. This hypothesis
is strongly supported by the expression of AP-BDG that mimics the localisation of the
endogenaus (f—dystroglycan heterodimer on the plasma membrane. Although the a
subunit is deleted, the B-dystroglycan cytoplasmic domain of AP-BDG was localised to
the intracellular proximal membrane region, and could mediatc the formation of
filopodia. This suggested that &-dystroglycan, or c-dystroglycan-laminin engagement, is
not neccssary for P-dystroglycan cytoplasmic domain to mecdiate the formation of
filopodia; it is the membrane localisation that allows -dystroglycan cytoplasmic domain
to mediate the formation of filopodia. The role of ¢-dystroglycan in the dystrogiycan

dependent filopodia formation is to target dystroglycan to the membrane lacalisation,

In previous studies of dystroglvecan function, a great deal of effort was placed on the
study of w-dystroglycan. Dystroglycan is thought to be a laminin receptor which might
stimulate cell adhesion and cytoskeletal organisation signalling (Ervasti and Campbell,

1991; reviewed in Durbeej et al., 1998a). The results here show strong evidence that [3-




dystroglycan is able to mediate the cytoskeletal organisation signalling, independent of
o-dystroglycan. In this case, o-dystroglycan is required for B-dystroglycan targeting to
the plasma membrane instead of transmitting extracellular signalling to stimulate [3-

dystroglycan dependent filopadia formation.

These results show that the plasma membrane localisation is required for B-dystroglycan
to act as a mediator for filopodia (ormation, It may reflect a possible biological role of -
dystroglycan cyloplasmic domain in the formation of tilopodia. During the formation of
actin-based membrane protrusions or filopodia, a variety of essential molecules
inclading Rho GTPases, Arp2/3 complex, N-WASP, actin, ctc.,, are recruited or
accumuiated in the membrane cortex (reviewed in Muilins et al., 1998) (Chapter 5) The
results here show thal inlegrin-mediated adhesion signalling was also required for the
dystroglycan-dependent filopodia formation signalling, suggesting that crosstalk
between integrins and cytoplasmic domain of (-dystroglycan might be very important
for dystroglycan to mediate filopodia formation. Therefore, the membrane localisation of
P-dystroglycan cytoplasmic domain could allow dystroglycan to interact with membrane
signalling molecules, including crosstalk with integrins, and to act as a mediator of actin
filopodia formation. The molecular basis of filopodia formation and the mechanisms of

dystroglycan in the formation of filopodia will be discussed in Chapter 5.

4.3.2 Role of pB-dystroglycan C-terminal tail PPPY motif in dystroglycan dependent

filopodia formation

The resutts have shown that the 120 a.a. (776-893) B-dystroglycan cytoplasmic domain
ia a mediator of filopodia formation, however, which motif in the -dystroglycan
cytoplasmic domain is responsible for the dystroglycan-dependent filopodia formation?
Several proline-rich regions, which are potential candidates for the signalling adaptor
motifs, have been identified in the p-dystroglycan cytoplasmic domain. Of these, the
PPPY motif at the very C-terminal tail of $-dystroglycan is the best characterised (Jung
et al., 1995; Rentschler ez al.,, 1999). Since the PPPY mwotif is the signalling motif that

directly regulates the association between dystroglycan and actin cytoskeleton through
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the interaction with utrophin/dystrophin WW domain (Winder, 1997), it is the PPPY
motif of B-dystroglycan that was initially suspected to he the mediator for dystroglycan
dependent filopodia formation. However, as seen in the experiments shown in section
4.2,2.3, ofiDG-GFP transfected utrophin-knockout cells clearly expressed a filopodia
phenotype, suggesting that utrophin might not be a mediator of B-dystroglycan
cytoplasmmic domain dependent filopodia formation. Therefore, the PPPY-WW
interaction might not be involved in the dystroglycan depeadent filopodia formation.
However, since integrin dependent adhesion, which leads to the tyrosine
phosphorylation at Y892 of PPPY motif, might be involved in the dystroglycan
dependent filopodia formation signalling, the PPPY motif might still be involved in

dystroglycan-dependent filopodia formation.

In addition to the WW domain, the N-terminal SH3 domain of Grb2 SH2 (Yang ef al.,
1995; Jung et al., 1995) and caveolin were also shown to associate with the PPPY motif
of B-dystroglycan. Interestingly, WW, Grb2 and caveolin are all molecules which
compete for the PPPY motif (Rosso et al., 2000; Sotgia er al., 1999) (section 1.4). The
tyrosine phosphorylation of ¥892 ot PPPY appears to play an important role in
regulating the binding of these competitors. Tyrosine phosphorylation at Y892 has been
shown to lead to the reduction in its binding affinity to the WW domain (Ilsley et al.,
2001) and recruitment of SH2 containing molecules (Sotgia er al., 2001). Caveolin
appeared to bind PPPY motif in an Y892 phosphorylation independent manner (Sotgia
et al.,, 2001) however, the interaction with caveolin inhibits phosphorylation at Y892
(Sotgia et al., 2003). Therefore, the precise roie of this regulation is still elusive. While
evolutionarily unrelated, the Grb2 SH3 domain shows a striking structural similavity to
the WW dowain (Yu, ¢f al.,, 1994; Feng ¢t al., 1994; Lim et al., 1994) and it also
interacts with the PPPY motif of B-dystroglycan (Jung ez al, 1995). Grb2, which
assoclates with the PPPY motif, has been shown to associate with FAK via its SH2
domain (Cavaldesi er al., 1999), to date, however, Grb2-FAK mediated dystroglycan
signalling events have not been reported, and it has also not yet been determined
whether the binding of Grb2 is regulated by the Y892 phosphorylation of the PPPY

motif. T'he role of Gib2 in B-dystroglycan signalling is still elusive. It has been shown




that tyrosine phosphorylation at Y892 of f-dystroglycan led to the recruitment of SH2
containing proteins (Sotgia er al, 2001). Therefore, Grb2 might still be a potential
adaptor for dystroglycan to couple to other signalling pathways.

4,3.3 Dystroglycan functional domains in its post-translational processing

As mentioned above, the results have shown that in order to induce filopodia formation,
B-dystroglycan localised to the plasma membrane is able to mediate the signalling
independent of o-dystroglycan-iaminin interaction. However, ¢-dystroglycan is required
for B-dystroglycan to target to its membrane localisation. This interesting finding implies
that the interaction of dystroglycan c- and $- subunit during biosynthesis, perhaps
daring the post-translational processing, plays an important role in leading dystroglycan
to its membrane localisation. Dystroglycan is encoded by a single mRNA and translated
to a 97 KDa of3-dystroglycan propeptide (Ibraghimov-Beskrovnaya et al., 1992). This
propeplide undergoes post-translational modification, including glycosylation al several
sites and proteolytic cleavage al Ser 653, to generate mature o- and 3- dystroglycan
subunits (Ervasti and Campbell, 1993} (section 1.2). It has been shown that level of both
o~ and B-dystroglycan were greatly reduced on the muscle membrane of dystrophin
gene deficient mdx mice or DMD patients while the mRNA for dystroglycan propeptide
was stiil expressed at normal levels (Ibraghimov-Beskrovnaya et al., 1992), suggesting
the reduction of dystroglycan in DMD patients or mdx mice is in response to a defect in
posttranslational modification instead of the transcription of dystroglycan. Thus the
proper presence of dystroglycan at the plasma membrane might be modulated by its

posttranslational modification.

4.3.3.1 Glycosylation of dystroglycan in biosynthesis

Dystroglycan is a highly glycosylated protein with both O-linked and N-linked
glycoconjugation (Ibraghimov-Beskrovnaya et al., 1992). To date, the siructure of the
glycoconjugation and the role of glycosylation in dystroglycan function are still poorly
understood. The O-linked glycosylation with large amounts of sialic acid present on

amino acid residues 318-484, forms a region of mucin-like structure on ¢t-dystroglycan
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(Tbraghimov-Beskrovnaya er al, 1992). Chemical deglycosylation that removes all
glycosylation on dystroglycan causes the loss of binding of dystroglycan to laminin,
while removal of N-linked glycosylation of dystroglycan did not affect on laminin
binging activity of dystroglycan (Ervasti and Campbeli., 1993), suggesting that O-linked
sugars on (-dystroglycan are responsible for its laminin binding activity. The O-linked
glycans of «-dystrogiycan has been identified in bovine peripheral nerve as an O-
mannosyl linkage, which is rarely expressed in other mammalian proteins (Chiba et al,,
1997). An O-mannosyl structure, Neu5Ac(02-3)Gla(f1-4)GleNAc(B1-2)Man-Ser/Thr,
isolated from dystroglycan has been proposcd to be rcquited for laminin binding.
however, this a poor inhibitor of the binding of dystroglycan to laminin, suggesting that
on ¢-dystroglycan, it is not the main structure for laminin binding (Chiba et al.,, 1997).
Sialic acid has been reported to inhibit laminin binding to c-dystroglycan in bovine
peripheral nerve at a very low concentration and might be critical for laminin binding
(Yamada et al., 1996a). However, enzymatic removal from skeletal muscle dystroglycan
has no effect on laminin binding (Ervasti ef al., 1997). Furthermore, dystroglycan from
brain and cardiac muscle has decreased terminal sialoglycosylation compared to skeletal
muscle dystroglycan but dystroglycan from all three tissues hinds tightly to laminin
(Ervasti ef al., 1997). Therefore, although it is well accepted that glycoconjugates are
important for ligand binding, the hypothcsis that specific glycoconjugates on

dystroglycan are involved directly in ligand binding is still controversial.

While O-linked glycoconjugates of o-dystroglycan have been accepted o be involved in
the binding of laminin, the function of the N-linked glycoconjugates on dystroglycan are
uncertain. ‘[reatment with N-glycanases that completely removed all N-linked
oligosuccharides did not alter the binding activity of dystroglycan to laminin suggesting
N-linked sugars are not required for ligand binding (Ervastt and Cuampbell, 1993).
Unlike O-linked glycosylation, structures of N-linked glycosylation in cells are more
diverse. Removal of N-linked glycoconjugates by treatment of PNGasel? or blocking the
synthesis of N-linked glycosylation by using tunicamycin has no effect on the
proteolytic cleavage at Ser653 of dystroglycan propeptide to from o and B subunits,

suggesting that the N-linked oligosaccharides not reguired for the proteolytic cleavage of
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dystroglycan precursor peptide (Ilolt ez al, 2000). Inlerestingly, whilc the N-linkcd
sugar chains might not be involved in the proteolytic cleavage event, blocking N-linked
glycosylation inhibits the trafficking of [} dystroglycan. In the presence of tunicamyein,
B-dystroglycan was accumulated in perinuclear region instead of localising in peripheral
cell membrane (Holt er al, 2000). Thus, N-linked oligosaccharides on dystroglycan

might play an impartant role in directing dystrogiycan to its membrane localisation.

Four potential N-glycosylation sites have been identified on dystroglycan, three of them
are on ¢ (Asn-141, Asu-641 and Asn-649) subunits and the other one (Asn-661) is on a
P-subunit; none of their structures have been identified, the function of these N-linked
glycoconjugates is also unclear. The results presented here showed that the formation of
filopodia in cells is not altered in cells expressing B-dystroglycan extracellular domain
deletion mutant (0PpAeB-GFP) or AP-lagged B-dystrogiycan {AP-BDG) lacking the B-
dystroglycan extraceflular domain, suggesting that 3-dystroglycan extracellular domain
containing its N-linked sugar chain, is not required for dystroglycan targeting to plasma
membrane. The other two N-linked glycoconjugates which are very close to each other
are located at the C-terminal end of c-dystroglycan (Asn-641 and Asn-649). It is likely
that these two N-linked sugar chains might be involved in regulation of binding affinity
between dystrogiycan o, and 3 subunits. However, a recent study has determined that the
amino acid scquence 550-585 on o-dystroglycan is sufficient for binding to the
extracellular domain of B-dystroglycan (Bozzi et al., 2001). Therefore, the N-linked
oligosacharride at Asn-641 and Asn-649 might not directly affect the binding of ¢- and

B- dystroglycan subunits,

N-linked sugar chains on @ and P dystroglycan have been shown o be unnccessary for
proteolytic cleavage but are required for the proper localisation of B-dystiroglycan (Holt
et al., 2000), raising a possibility that the N-linked glycoconjugates of dystroglycan play
a role in dystroglycan submembrane trafficking. Since all the dystroglycan deletion
mutants lacking the o-subunit cannot induce the formation of filopodia due to the

unsuccessful targeting to plasma mcmbrane, this suggests that o-dystroglycan is

107



required for dystrogiycan targeting to plasma membrane, and it is very likely the N-
linked glycoconjugates on «-dystroglycan play an important role in dystroglycan

trafficking and membrane localisation.

4.3.3.2 Hypothesis for dystroglycan trafficking

The processing and maturation of dystroglycan is still elusive. However, recent studics
of Fukuyama congenital muscular dystrophy (FCMD), congenital muscular dystrophy
type 1C (MDCI1C) and Muscle-Eye-Brain {MEDB) disease have provided some clues.
FCMD is one of the congenital muscular dystrophies (CMD), which is caused by the
mutation in the gene encoding fukutin (Kondo-lida, ¢¢ @l., 1999). FCMD patients suffer
congenital muscular dystrophy with mental retardation and neurcnal migration defects
(Fukuyama et al., 1981). The muscle biopsies have shown that the glycosylation of o
dystroglycan on the muscle membrane of FCMD patients was greatly reduced (Hayashi
et al.,, 2001). Laminin binding activity of dystroglycan on FCMD muscle membrane was
greatly reduced as well (Cote ez al., 2002; Cohn et al., 2002), indicating that O-linked
glycoconjugates on o-dystroglycan which arc responsible for laminin LG domain
binding, are affected by the abnotmality in fukutin. Similar levels of c-dystroglycan
reduction and loss of laminin binding ability were also found in the muscle membrane of
an MEB patient (Chiba et af., 1997). MEB is an autosomal recessive disorder
characterised by congenital muscular dystrophy, ocular abnormalities, and brain
malformation (Santavuori ef «f., 1989). Recently, MEB has been shown to be caused by
mutation in the protein peptide-O-mannosyl-GlcNac transferase (POMGnT1) (Yoshida
et al,, 2001). Therefore, the reduction of a-dystroglycan in muscle membrane, which
causing MEB or FCMD, might rcsvlt from the defect in O-linked glycosyltransferases
and failurc of the processing the O-linked glycoconjugates on o-dystroglycan,
Interestingly. while there was a greatly reduced level of glycosylated ci-dystrogiycan, the
normal level of f-dystroglycan localised on plasma membrane was still found in FCMD
or MEB muscles (Michele et al., 2002), suggesting that the expression or localisation of
B-dystroglycan is not affected by the abnormalities of O-linked glycosylation of o
dystroglycan. The membrane targeting of B-dystroglycan might be unaffected by the O-

linked glycoconjugates on o-dystroglycan.




The function of fukuotin in FCMD is unknown. However, a homologuc for fukutin,
fukutin related protein (FKRP), which was identified in MDC1C, has been studied very
recently (Aravind, et al., 1999; Brockington ef al., 2001; Esapa ez ai., 2002), MDCI1C is
caused by mutation in FKRP; patients with MDC1C have severe muscular dystrophy as
well. A reduction in glycosylated a-dystroglycan has been found in MDCIC patients,
revealing that the FKRP might be involved in the glycosylation and maturation of
dystroglycan (Brockington er al., 2001). The primary sequence showed that both FKRDP
and fukutin are possibly glycosyltransferases (Aravind, e/ «l., 1999). More recently,
FKRP has been shown to target to the Golgi apparatus by its N-terminal transmembrane
domain, and directly affects the glycosylation of dystreglycan in CHO cells (Esapa et al.,
2002). 60KDa and a 90KDa o-dystroglycan isoforms were detected in celis
coexpressing FKRP and chick dystroglycan (ChDG) while the 160KDa mature o~
dystroglycan was detected in cells expressing ChDG alone, indicating glycosylation of
c-dystroglycan is affected by FKRP (Esapa er al., 2002). Interestingly, the western
blotting of P-dystroglycan in the ChDG and FKRP coexpressing cells showed that -
dystroglycan was also reduced from mature 43KIDa to an approximately 41 KDa isoform,
indicating the N-linked glycosylation on B-dystroglycan is also affected by FKRP,
Additionally, FKRP mutants which are unable to target to the Golgi apparatus did not
appear to affect the glycosylation of ¢- and fJ-dystroglycan, demonstrating that FKRP is
a Golgi associated protein that directly alters the glycosylation of o and B-dystroglycan
in the subcellular state (Esapa et al., 2002).

These {indings raise several ideas for the post-translational processing of dystroglycan.
First, during trafficking, fuil-length a-dystroglycan and the extraceliular domain of -
dystroglycan are presumably localised at the ER lumen or Golgi lumen while the
cytoplasmic domain is at the surface of ER or Golgi membrane. Therefore the
glycosylation modifications of «-dystroglycan and extracellular domain of B-
dystroglycan can take place in the ER or Golgi lumen. Second, since glycosylated
reduclion of a-dystroglycan in MDCI1C results from mutations in the FXRP gene, the

expression of FKRP is expeeted to restore the glycosylation of &-dystroglycan. However,




the coexpression of FKRP and dystroglycan subsequently reduced the glycosylation of
o-dystroglycan, implying that FKRI* might not be the only Golgi associated protein that
modulates the glycosylation of dystroglycan. Several glycosyliransfcrases on the Golgi
membrane which might have opposing function to FKRP, might be involved in the
glycosylation of dystroglycan. Since increasing numbers of gene encoding
glycosyluanslerases or homology lo glycosyliransferases are found to be mutated
resulting in the reduction of a dystroglycan glycosylation (Michele and Campbell, 2003),
the glycosylation of dystroglycan might be catalysed by a group of glycosyltransferases,
perhaps forming a protein complex on the Golgi membrane. Finally, it has been shown
that O-linked glycosylation on «-dystroglvcan has no effect on trafficking of
dystroglycan but N-linked glycosylation has (Holt et ai., 2000), and our results showed
that o-dystroglycan is necessary for B-dystroglycan targeting to the plasma membrane.
Thus, the N-linked glycosylation on a-dystroglycan seem Lo play a role in dystroglycan
trafficking. The hypothesis of posttransiational route of dystroglycan is shown in figure
4.14

Altogether, in this chapier, it has been found that expression of dystroglycan
dramaticaliy induces the formation of actin-rich filopodia phenotype in REF52 cells,
suggesting a novel role for dystroglycan triggering actin filopodia formation. The
functional domain of dystroglycan responsible for the formation of filopodia is located
in the cytoplasmic domain of B-dystroglycan. Ilowever, the PPPY motif of B-
dystroglycan, which is responsible for the regulation of WW domain, Grb2, and caveolin
binding, might not be a direct mediator for dystroglycan-dependent filopodia formation.
B-dystroglycan with proper plasma membrane localisation can mediate the formation of
filopadia independent of a-dystroglycan, suggesting that P-dystroglycan can undergo
inracellular regulation which is not directly affected by o-dystroglycan-laminin
interaction. Integrin dependent adhesion signalling is involved in the dystroglycan

dependent filopodia formation, implying crosstalk between integrin and dystroglycan.




I'igure 4.16 Model of posttransiational modification route of dystroglvcan

Dystroglycan propeptide is translated from single mRNA by ribosomes on rough
endoplasmic reticulum (ER). The N-terminal signal peptide (SP) which directs
dystroglycan prepeptide to the ER lumen is cleaved and then digested in the ER
membrane. Dystroglycan propeptide is translated as a transmembrane peptide with
c~dystroglycan and extracellular f3 dystroglycan in the Iumen and cytoplasmic
—dystroglycan on the ER surface. The DG propeptide undergoes the primary
glycosylation (1° glycosylation) adding the N-linked oligosaccharides core, and then
transports to Golgi membranc. Trcatment with tunicamyein inhibits the activity of UDP-
N-acetylglucosamine glycosyltransferases and blocks formation of N-linked
oligosaccharide cores conscquently disrupts the N-linked glycosylation and trafficking of
dystroglycan. In the Golgi lamen, by interacting with a series of membrane associated
glycosyltransferases which might act as a protein complex, u-dystroglycan and
extracellular B-dystroglycan undergo secondary glycosylation (2° glycosylation) thai
adds O-linked oligosaccharides and modifies the N-linked oligosaccharides to
dystroglycan. Biosynthesis of a-dystroglycan in FCMD, MDCI1C or MEB patients has
a defect in secondary glycosylation; however these defects might not directly affect the
exocytosis of dystroglycan. A structure in dystroglycan resulting from secondary
glycosylation could be recognised by certain molecules in the Golgi and “label” the
dystrogiycan. The labeled dystroglycan could be sorted to vesicles and targeted to the

membrane by exocytosis.
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The spatial importance of the membrane localisation for B -dystroglycan acting as a
mediator for filopodia formation implies that during the formatton of filopodia, (-
dystroglycan might be required for other membrane associated molecules to promote the
reorganisation of actin cytoskeleton. Finally, despite o-dystroglycan not being directly
required to rcgulate the dystroglycan-dependent filopodia formation signalling, it is
required for P-dystroglycan targeting to (he plasna membrane, suggesting -
dystroglycan might play an important role in the subeellular trafficking and

posttranslational sorting of dystroglycan.
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Chapter 5
Dystroglycan dependent activation of Rho GTI’ases and the

organisation of the actin cytoskeleton
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5.1 Introduction

5.1.1 Cde42 dependent actin dynamics of the cell cortex

As shown in chapter 4, the actin cytoskeleton was significantly altered by introducing a
apDG-GFP constroct into REF32 cells, suggesting dystroglycan is involved in
cytoskeleton reorganisation in cells. In mammalian cells, cell locomotion, cell adbesion
and spreading, cell polarity, cell movement and wound healing, have all been shown to
depend greatly on the organisation of the actin cytoskeleton. The RhoGTPases Rho, Rac
and Cdc42 are known to be responsible for the formation of specific actin cytoskeletal
structures (reviewed in Hall, 1998) (Fig 1.6 B). Since dystroglycan was initially
suspected to regulate the actin cytoskeleton through adhesion signalling, it was initially
presumed to be involved in Rho and Rho-dependent stress fibre formation (section
1.5.3). However, the expression of o3DG-GFD induced a clear actin-based filopodia
morphology change in REF5S2 cells which is very similar (0 thalt induced in
constitutively activated Cdc4?2 construct transfected cells (Fig 1.6 B, b and Fig 4.3 C).
This striking similarity of actin morphology caused by afDG-GFP strongly implied
that activation ol Cdc42 might be involved in the dystroglycan dependent filopodia

formation.

Cdc42, a member of small Rho GFPase family, was ovigically detected in the yeast
Saccharomyces cerevisiae as a mutation that caused defects in budding and cell polarity
(Johnson and Pringle, 1990). The studies in yeast suggested that Cde42 might play a
role in cell polarity through an effect on the actin cytoskeleton (Reviews in Herskowitz,
1995). A human homologue of (Cdc42? was also identified (Hart er al., 1991).
Microinjection of mapunalian Cde42 into fibroblasts revealed a distinct signalling
pathway linking plasma membrane receptors to actin cytoskeleton organisation. While
both Rac and Cdc42 happened to be involved in the formation of actin rich membrane
protrusions (Luo, ef al., 1994), expression of Cde42Hs has been shown to trigger the
formation of actin-rich filopodia protrusions at the cell periphery followed by the

formation of lamellipodia and membrane ruffling (Kozma et al., 1995). It is suggested




that Cde42 could be directly responsible for the formation of filopodia which then leads

to the activation of Rac.

5.1.2 Model of Cdc42 dependent filopodia formation

Both filopodia and lamellipodia actin structures have been shown to drive formation of
actin-rich membrane protrusion at the cell periphery (reviewed in Pollard ef al., 2000).
Polymerisation and organisation of actin filaments in protrusions are regulated by Rac
or Cded? arc highly dynamic. Studies of actin organisation at thc leading edge of
mammalian cells have suggested a Cde42 dependent pathway in the cell cortex which is
mediatcd by actin binding protein prefilin/cofilin, Arp2/3 and WASPs, leading to the
formation of dendritic network in actin-based protrusions (Pollard e «l., 2000). Since
filopodial protrusion was found to be a process based on the lamellipodia meshworlk, it
was thought to occur by the mechanism which was originally proposed for both
lamellipodia and filopodia (Pollard ef «l., 2000). However, recent studies into filopodia
formation suggested that the formation of filopodia, might be initiated by orgumisation
and parallel bundling of the dendritic meshwork of lamellipodia instead of direct

elongation of actin filaments from the dendritic meshwork (Svitkina er al., 2003).

In lamellipodia, which are broad, flat protrusions, actin filaments form a branched
network (Svitkina et al., 1997; Svitkina and Borisy, 1999). The current model for
lamellipodial dynamics (Borisy and Svitkina, 2000; Pollard et al., 2000) suggests a
branched actin filament array consists of repeated cycles ol dendritic nucleation,
clongation, capping, and depolymerization of filaments (Fig 5.1 A). Dendritic
nucleation is mediated by the Arp2/3 complex, which is aclivated by members of
WASP family proteins (WASP, N-WASP and SCAR)(reviewed in Higgs and Pollard,
2001). Both WASP and N-WASP has been identified as downstream effectors of active
Cdc42 (Symons et al., 1996; Miki er al,, 1996) while SCAR was identified as an
effector of active Rac (Machesky, er al, 1998). During nucleation, membrane
associated Cded2-GTP recruits and activates WASP. Activation of WASP leads o the
recruitment and activation of the Arp2/3 complex, which binds to the side of actin

filaments, and triggers the elongation of actin filaments from the Arp2/3 complex side,
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Figure 5.1 Model of Cdcd2-dependent lamellipodia formation_and _filopodia

organisation
(A), The current model for lamellipodial dynamics is a repeated cycle of dendritic

nucleation, elongation, capping, and depolymerisation of filaments During nucleation,
membrane associated Cdcd2-GTP recruits and activates WASP and Arp2/3 complex,
targeting actin filaments to the plasma membrane (1). Activation of Arp2/3 complex
stimulates the elongation of branched actin filaments from the Arp2/3 binding site at an
angle of 70° (2). The growing filament pushes the membrane forward (3). When a
filament elongates beyond the efficient fength for pushing, the growth of the actin
filament is terminated by capping protein (4). Cofilin binding to F-actin leads to the
depolymerisation of the actin filament (5). (B), Formation of filopodia is initiated by
organisation of the lamellipodia meshwork. In the organisation to form filopodia,
clongation of some barbed ends in the meshwork is terminated by capping protein, but
other barbed ends are continnously elongated by binding with a complex of molecules
(tip complex) (1). Then, with the elongation initiated from the Arp2/3 complex, these
barbed ends drift during elongation and collide with cach other (2-4). Finally,
converged filaments with linked barbed ends continue to c¢longate together and the
multimeric filopodial tip complex initiates filament cross-linking by recruiting and/or
activating fascin (5), which bundles the actin filaments as they conlinuocusly elongate

and push the filopodia forward.
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forming an actin filament branch (Machesky and Insall, 1998; Rohatgi et al., 1999;
Takenawa and Miki, 2001). During a period of clongation after nucleation, the filament
pushes the membrane. When a filament elongates beyond the efficient length [or
pushing, the growth of the actin filament is thought to be terminated by capping protein
(reviewed in Cooper and Schafer, 2000). Depolymerization is assisted by proteins of the
ADF/cofilin family (reviewed in Bamburg, 1999), The actin disassociated by cofilin
binding is recycled to form new actin filaments. By the polymerisation and

depolymerisation of the actin tilament, the membrane cun be pushed forward.

Filopodia, are thin cellular processes with long and parallel actin filaments which are
organized into tight bundles. Other cellular structures, such as retraction fibres, and
microvilli are related to them (Small, 1988; I.cwis and Bridgman, 1992; Small ef al.,
2002). Filopedia structure is found to be processed based on the lamellipodia meshwork
and was initially considered to be regulated by the same mechanism as that of the
formation of lamellipodia. However, the Arp2/3 complex, which initiates the branching
of actin filaments in the lamellipodia meshwork, is absent from established filopodia
(Svitkina and Borisy, 1999). Additionally, some proteins, including Ena/VASDP proteins
(Lanicr ef al., 1999), N-WASP, CR16 (Ho et al., 2001), myosin X (Berg and Cheney,
2002), talin (DePasquale and Izzard, 1991), syndapin I (Qualmann and Kelly, 2000),
Abl interaclor proteins (Stradal et al., 2001), and Vav (Kranewitter ez al., 2001) were
found enriched in filopodia tips, and a cross-linking protein, fascin was found to
mediate actin filament bundling in filopodia (reviewed in Bartles, 2000; Kureishy et «l.,
2002), suggesting these proteins might be involved in filopodia formation. The role of
most of these proteins remains largely unknown with the exception of Lna/VASP
proteins. In lamellipodia, Ena/VASP has been shown to bind barbed ends of actin
filaments and protect them from being capped at the leading edge of lamellipodia,
which results in formation of longer [ilaments within the lamcllipodial dendritic
network (Bear e/ al, 2002). These data suggest that Ena/VASP proteins that are
emriched at filopodial tips may mediate continuous clongation of filopodial actin
filaments. In accordance with these studics, Svitkina and colleagues have recently

examined the dynamics of Arp2/3 complex, Ena/VASP und lascin in filopodia in B16F]
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mouse melanoma cells and established a model for filopodia initiation from

lamellipodia meshwork (Svitkina ez al., 2003).

According to this model (Fig 5.1B), a lamellipodial network is formed by Arp2/3-
mediated dendritic nucleation. Firstly, clongation of some barbed ends in the network is
terminated by capping protein, but other barbed ends acquire a privileged status by
binding a complcx of molecules (lip complex) that allows them to elongale
continuously. Ena/VASP proteins are likely members of the tip complex. Then, with the
elongation initiated from Arp2/3 compiex, privileged barbed ends drift laterally during
elongation and collide with each other, Finally, converged filaments with linked barbed
ends continue to elongate together and the multimeric filopodial tip complex initiates
filament cross-linking by recruiting and/or activating fascin, which bundles the actin
filaments as they continuounsly elongate and push the filopodia forward. In the nascent
filopodium, the filopodial tip complex retains its functions of promoting coordinated

filament clongation and bundling, as well as fusion with other filopodia.

5.1.3 Cdc42 activity assay in afDG-GFP transfected cells

To 1investigale the potential role of Cdc42 in dystroglycan dependent filopodia
formation, initially, Rho GTPase activity pull-down assay (Renard, et al., 1999) was
planned to be used to determine the activity of Cde42 in dystroglycan transfected cells.
To carry out this assay, a very high number of ¢fDG-GFP transfected cells is
necessary. However, neither by using G418 selection, nor by using different types of
transfection procedure was it possible to achieve a transfection efficiency of afDG-
GFP in REF52 cells greater than 25%. By using FACS sorting system to select the
offDG-GFP in transfected REF52 cells, less then 5% of GFP positive cells were
collected. These nunbers of cells were insufficient io come out a Rho (GTPasc activity
assay. Therefore, aSDG-GFP and RIIT’52 cells was not a useful system for determining
the relationship between dystroglycan and Rho GTPases by using Rho GTPase activity
assay. Despite the insutficicncy for Rho GTPases activity assay, the post transfeclionaf

morphology changes of cytoskeleton were very clear in oBDG-GFP transtected REF52.,
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'Thus, the cotransfection of dominant negative or constitutively activated mutants of
Rho G'I'Pases could be used in afDG expressing REF52 cells for the study of activation
of Rho GTPase. By cotransfecting Rho GTPase mutant constructs that block or activate
the Rho, Rac ar Cdcd?2 pathway in apDG-GFP transfected REF52 cells, it was possible

to observe the changes in filopodia formation.
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5.2 Results

5.2.1 Morphological similarity of V12Cdc42 transfected cells with oS DG-GFP

transfected cells

The constitutively activated constructs of Rho GTPases, VI14Rho, VI2ZRac or
V12Cdc42, were expressed in REE52 cells, Transfectants with the constitutively
activated constructs showed the expected Rho, Rac or Cded? activated actin phenotype.
Compared with the untransfected cells (Fig 5.2 A) the cells expressing V14Rho had a
significantly increased number of stress fibres (Fig 5.2 B, arrow). The cells expressing
V14Rac presented lamellipodia at the cell periphery (Fig 5.2 C, atrows). Introducing
Y 12Cdc4?2 into REF52 cells led to the formation of a ring-like actin structure in the cell
cortex (Fig 5.2 T dashed arrow) and, based on this ring-like actin structure, numerous
actin filopodia bundles were present throughout the cells (Fig 5.2 D solid arrow). This
actin filopodia morphology was strikingly similar with that seen in offDG-GFP
transfected REFS2 (Fig 5.2 E). Therefore, activation of Cdc42, more likely than
activation of Rho or Rac, might be a consequence of overexpression of ¢fDG-GFP in

REF52 cells.

5.2.2 Effects of coexpression of dominanl negative Rho GFPases constructs on

afDG-GFP transfected REEFS2 cells

To further examine the role of Cded2 in dystroglycan dependent filopodia formation,
the dominant negative Rho GTDPase constructs N14Rho, N12Rac or N17Cdc42 were
coexpressed with ofDG-GFP in REF52 cells. As shown in figure 5.4, the filopodial
phenotype induced by expression of affDG-GEP in REF52 cells was not significantly
affected by coexpressing N14Rho (Fig 5.3 A and B) or N12Rac (Fig 5.3 C and D).
However, the cells cotransfected with N{7Cdcd42 and afDG-GFP showed a smooth
periphery and presented no filopodia (Fig 5.3 E and F), suggesting disruption of Cdc42
activation might be able to inhibit the dystroglycan dependent filopodia formation.
Quantification of the effect on the Ni7Cdc42 on dystroglycan dependent filapodia

formation is shown in figure 5.4. Comparcd with the control cells coexpressing ofiDG-
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Figure 5.2 Actin phenotypes of constitutively Rho Gt Pases constructs transtected

cells and afDG-GEFP {ransfected cells

REF52 cells incubated on glass coverslips were transfected with constitutively activated,
V12Rac (Qug/ml), Vi4Rho (Zug/ml) or V12Cded2 (2ug/ml) by using lipofectamine
following the standard procedure. The untransfected control cells were treated following
the same procedumre but without adding DNA 1o the lipofectamine reagent. The
coverslips with transfected or untransfected cells were incubated at 37°C overnight and
fixed with 3.7% formaldehyde, and then stained with rhodamine- phalloidin [{(Sigma) at
1:1000}. The untransfected REF52 cells showed a normal actin stress fibres actin
phenotype (A). A significant increase in the number of stress fibre was found in the
VIi4Rho expressing cells (B, arrow), and formation of lamellipodia was induced by
expression of V12Rac (C, arrows). REF52 cells transfected with Vi2Cdc42 presented a
ring like actin structurc in thc cortical region (D, dotted arrow) and filopodia were
visible (D, solid arrow). These actin structures were very similar to those found in

offDG-GFP transfected REF52 celis (E). Scale bar= 25um.
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Figure 5.3 Coexpressing ofDG-GFP_with dominant negative Rho GTPase
constructs in REFS2 cells

REF52 cells incubated on glass coverslips were cotransfected with ofDG-GEFP (1pg/ml)
and either, c-Myc-tagged N12Rac (lpg/ml), N14Rho (Ipg/ml) or N17Cde42 (1pg/mb),
by using lipofectamine following the standard procedure. The coverslips with transfected
cells were fixed with 3.7% formaldehyde and treated with PBS containing 0.1% Triton
X100, and then stained with anti c-Myc antibody [(Santa Cruz) 1:100]. The images of
cells expressing 0ffDG-GFP (A, C and E) and stained with anti ¢c-Myc (B, D and F)
were captured. The coexpression of N14Rho (A and B) or N12Rac (C and D) in oDG-
GFP mransfected cells did not appear to affect the dystroglycan dependent filopodia
formation (A and B, arrows; C and D arrows); the cotransfected cells presented
filopodia on the cell periphery and cell surface. The cells coexpressing affDG-GFP and
V12Cdcd2 were very smooth in the cell periphery (E and F); no filopodia were

produced in these cotransfected cells.
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Figure 5.4 Quantification of the effect of dominant negative Rho GTPase constructs

coexpressing with aBDG-G¥P with in REFS2 cells

RET52 ceils incubated on glass coverslips were cotransfected with oS DG-GEP (1pug/ml)
and either CMV-mycl plasmid (Ipg/ml), c-Myc-tagged N12Rac (1ug/ml), N14Rho
(Ipug/ml) or N17Cdcd42 (lug/ml), by using lipofectamine following the standard
procedure. The coverslips with transfected cells were fixed with 3.7% formaldehyde and
treated with PBS containing 0,1% Triton X100, and then stained with anli ¢-Myc
antibody [(Sunta Cruz) 1:100]. The costained cells presenting more than 30 microspikes
were identified as filopodia positive cclls. Compared with the control cells cocxpressing
oBDG-GFP with CMV-myel of which 84.9% are filopodia positive, {green column),
the number of filopodia positive cclls in N12Rac (blue column) or N14Rho (red
column) coexpressing cells were not changed significantly. However, the number of
filopodia positive cells coexpressing N14Cdce42 dropped 1o 12% (yellow column), by
comparison, The counting (100-200 cotransfected cells) was repeated twice in two

different transfections. Data are mean t SD.
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GFP with empty vector CMV-mycl (Fig 5.4, green column), the coexpression of
ofDG-GFP with N14Rho (Fig 5.4, blue column} or N12Rac (Fig 5.4, red column) had
no significant effect on the formation of filopodia. However, the filopodia formation
was reduced by coexpressing cfDG-GFP with N17Cdc42 (Fig 5.4, yellow column),
While blocking the activation of Rac or Rho did not alter the dystroglycan dependent
Hlopodia formation, the disruption of Cdc42 activation largely reduced the dystroglycan
dependent filopodia formation. Therefore, Cdc42 activation might be, at least partly,

required for dystroglycan dependent filopodia formation.

5.2.3 Coexpression of constitutively activated Cdcd2 constriet and ofDGAc-GFP in
REF52 cells

The results in section 4.2.3 and 4.2.9 have shown that cytoplasmic domain of
dystroglycan is responsible for the cfDG-dependent filopodia formation. To examine
whether cytoplasmic domain of dystroglycan could mediate the dystroglycan dependent
Cde42 activation inducing filopodia formation, constitutively activated V12Cdc42
construct was coexpressed with dystroglycan mutant oAcBDG-GEFP in REF52 cells.
Expression of offAcBDG-GFP mutant has been determined to disrupt the formation of
filopodia due to the lack of the B—dystroglycan cytoplasmic domain (see section 4.2.3),
As shown in figure 5.5, filopodia phenotype was present in V12Cde42 transfected
REF32 cells (Fig 5.5 A and B). However, cells coexpressing ofAcBDG-GFP and
V12Cdc42 had a very smooth cell periphery (Fig 5.5 C and D), indicating that
V12Cde42 induced filopodia formation might be interrupted by the expression of
oPACPDG-GFP. Quantification of the effect of oPAcPDG-GFP on V12Cdc42 induced
filopodia formation is shown in figure 5.6. Compared with the V12Cdc42 transfected
REF52 cells (Fig 5.6, red column) 77% of which are filopodia positive, the number of
filopodia positive cells in afAcBDG-GFP and V12Cde42 cotransfection dropped down
to approximately 14% (Fig 5.6, yellow column). These results showed that the
activation of Cde42 Jeading to the formation of filopodia was inhibited by coexpressing
dystroglycan lacking the cytoplasmic domain. Therefore, in dystroglycan dependent

filopodia formation, the P-dystroglycan cytoplasmic domain appeared to be required for
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Figure 5.5 Coexpression of constitutively activated Cdcd2 construct with

dystroglyean mutants

REF52 cells incubated on glass coverslips were cotransfected with c-Myc-tagged
V12Cded2 (Ipg/ml) with affAcBDG-GFP (1pg/ml) or c¢fDG-GFP (1pg/ml). For the
control, REF cells incubated on glass coverslips were transfected with V12Cdc42 (1ug
/ml). The transfection or cotransfection was carried out by using lipofectamine following
the standard procedure. Transfected or cotransfected cells were fixed with 3.7%
formaldehyde and treated with PBS containing 0.1% Triton X100, and then stained with
anti c-Myc antibody [(Santa Cruz) 1:100} or rhodamine-phalloidin [(Sigma) at 1:1000].
Filopodia phenotype was presented in V12Cdc42 transfected cells in both actin and c-
Myc staining (A and B). Coexpression of afAcBDG-GFP with V12Cdc42 in REF52
cells did not induce the formation of filopodia; the cotransfected cells were smooth at the
periphery (C and D). Coexpressing of ¢fDG-GFP withV12Cdc42 did not induce the
formation of filopodia either; the cotransfected cells were also smooth at the periphery

(E and F). Scale bar=25um.
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Figure 5.6 Quantification of the coexpression of constitutively activated Cdcd42

construct with dystroglvcan mutants

REF52 cells incubated on glass coverslips were cotransfected with c-Mye-tagged
V1i2Cdc42 (1pg/ml) with oAcBDG-GFP (1ug/ml) or cffDG-GFP (1ug/ml). For the
control, REF cells incubated on glass coverslips were transfected with ofDG-GFP (1ug
/ml), Vi2Cdc42 (lug /ml), oBAcBDG-GFP (lpg/ml) or cpDG-GFP (1ug/ml). The
transfection or cotransfection was camried out by using lipofectamine following the
standard procedure. Transfected or cotransfected cells were fixed with 3.7%
formaldehyde and treated with PBS containing 0.1% Triton X100, and then stained with
anti c-Myc antibody [(Santa Cruz) 1:100] or rhodamine-phalloidin [(Sigma) at 1:1000].
The cotransfected cells presenting more than 30 microspikes were identified as filopodia
phenotype positive cells. REF52 cells expressing V12Cdce42 or afDG-GFP present
filopodia at a high percentage approximately 80% (green and red columns). The
number of filopodia positive cclls was reduced to approximately 14% by cocxpressing
0PAcBDG-GFP (yellow column), or approximately 21% by coexpressing cfDG-GFP
(orange column) with V12Cdc42. The control cclls expressing «fAcBDG-GFP (bluc
column) or ¢PDG-GFP (pink column) alone were 21% and 3% filopodia positive,
respectively. The counting (100-200 cotransfected cells) was repeated at least twice in

different transfections. Data are mean + SD,
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the Cded2 dependent filopodia formation, and might play a role in upregulating the

activation of Cde42 or downregulating Cdc42 downstream effectors.

5.2.4 Coexpression of constitutively activated Cdc42 construct and aDG-GIP in
REF52 cells

To further examine the relationship between the P-dystroglycan cytoplasmic domain
and Cde42, the cBDG-GFP construct was coexpressed with V12Cded42 in REF52
cells. cfDG-GFP mutant was determined to be defective in mediating the formation of
filopodia due to the improper localisation of B-dystroglycan cytoplasmic domain (see
section 4.2.5). As shown in figure 5.5 E and F, the cell coexpressing cB-GFP and
V12Cdce42 did not present a filopodia phenotype. Quantification of the effect ¢fDG-
GFP on V12Cdc4?2 induced filopodia formation is shown in figure 5.6. Compared with
that of V12Cdc42 transfected REFS52 cells (Fig 5.6, red column), the filopodia
formation was significantly inhibited by coexpressing c3-GFP with V12Cdced42 (Fig 5.6,
orangc column), suggesting that plasma membrane localisation is crucial for B-

dystroglycan to stimulate Cdc42-dependent filopodia formation.

Together these results have shown that the active Cdc42 appeared to be a mediator of
dystroglycan-dependent filopodia formation and might itself be regulated by
dystroglycan. The cytoplasmic domain of §-dystroglycan is responsible for mediating
Cdc42 dependent filopodia formation, and the membrane localisation of B-dystroglycan
cytoplasmic domain is critical for the stimulation of Cdc42-dependent filopodia
formation. Since Cdcd2-dependent filopodia formation was significantly inhihited by
coexpression of afAcPDG-GFED, the 0fAcfDG-GFP construet could be used as an

dominant negative dystroglycan construct for other studies of dystroglycan in the future.

5.2.5 Focal adhesions in afDG-GFP transfected cells

Rho is one of the well-studied members of Rho GTPases. Activation of Rho leads to

increasing number of stress [ibres and assembly of focal adhesion complex (section
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1.5.3). In this work, Rho was initially suspected to be a mediator for dystroglycan
signalling that regulates focal adhesion assembly and actin stress fibre formation.
However, here activation of Cdc42 and formation of actin filopodia rather than Rho
activation and stress fibre formation appeared be regulated by dystroglycan. The
activation of Rhao has been shown to be inhibited by activation of Cdc42 (Arthur and
Burridge, 2001; Ren et «l, 1999; Hall, 1998). To examine whether focal adhesion
formation is affected by dystroglycan signalling, the afDG-GFP transfected cells were
stained with anti-talin antibody. As shown in figure 5.7, in the ¢fIDG-GFP transfected
REF52 cells (TFig 5.7 D}, the focal adhesion plaques were found distributed around the
cclls (Fig 5.7 E), and no particular colocalisation of focal adhesions with aff)DG-GFP
was obscerved (Fig 5.7 F). There was no significant difference in distribution of talin
staining between offDG-GFP (Fig 5.7 E) and pEGFP empty veclor tansfected cells
(Fig 5.7 B). However, in some cells expressing very high levels of ofSDG-GFP (Fig
5.7G dashed arrow), talin-containing focal adhesions appeared to be absent (Fig 5.7H,
dashed arrow), implying that Rho dependent focal adhesion formation might be
inhibited in this state. This interesting finding revealed that focal adhesion formation in
REF52 cells might be reduced by high-level overexpression of a3DG-GFP, indirectly
supporting the suggestion that Cded2 is actvated in the REES2 cells due to the
expression of dystroglycan. However, since only cells expressing a very high-level of
aff)DG-GFP had rcduced talin staining, Rho dependent focal adhesion formation

signalling might not normally be inhibited by dystroglycan.
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Figure 5.7 Immunostaining of talin in ofDG-GFP transfected REF52 cells

REF52 cells transfected with ofDG-GFP or pEGFP were replated on laminin coated
coverslips and incubated in DMEM containing 1% FBS at 37°C overnight. The
coverslips with cells were fixed with 3.7% formaldehyde and stained with anti-talin
{(Sigma) at 1:1000). The filopodia phenotype was seen in «fDG-GTP transfected cells
(D) but not in pEGFP transfected cells (A). Talin adhesion plaques were distributed
around the OPDG-GFP transfected cells (E), however, in the merged image, no
particular colocalisation of afDG-GFP with talin was seen (F). Similar distribution of
adhesion plaques was present in pEGFP transfected cells (B), and no remarkable
colocalisation of GFP with adhcsions were scen either (C). In the same transfection of
ofDG-GEFP, some transfected cells with high expression level of ofDG-GFP (G)
showed little staining with anti-talin antibodies (H). The merged image showed that no
adhesion sites were present in the cell expressing very high level of aBDG-GFDP (I). The
dashed arrows point to oDG-GFP transfected cells, solid arrows to ofDG-GFP

untransfected ceils. The scale bars=25um.
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5.3 Discussion

5.3.1 Cde42 mediates dystroglycan in dependent filopodia formation

Expression of afSDG-GFP in REF52 cells has been shown to lead to the rcorganisation
of the actin cytoskeleton resulting in the formation of actin-rich ring-like structures at
the cell cortex and filopodia on the cell surface. In this chapter, it has been determined
that both the actin-rich ring-like strocture and the filopodia are typical actin phenotypes
induced hy Cdc42 activation in REF52 cells. The coexpression of dominant negative
Cde42, but not Rho or Rac, with ofDG-GFP led (0 a significant reduction in
dystroglycan-dependent filopodia formation, suggesting that activation of Cdcd2,
instead of Rho or Rac, might he required for the dystroglycan-dependent filopodia
formation in REF52 cells. Coexpression of affAcBDG-GEP with constitutively activated
V12Cde4?2 disrupted the formation of filopadia mediated by Cdc42 activation,
indicating that the cytoplasmic domain of B-dystroglycan is required for the Cdc42
dependent filopodia formation. To the studies in chapter 4, membrane localisation of -
dystroglycan was determined to be crucial for downstream filopodia formation. A
similar and consistent result was revealed here also. Coexpression of ¢fDG-GIP with
V12Cdce42 significantly inhibited the Cde4Z-induced filopodia formation, suggesting
that the cytoplasmic domain of dystroglycan, with its proper membrane localisation,

might be necessary for Cdc42-dependent filopodia formation.

Since a Cded2 activity assay in this work was not feasible, it was not possible to
determine whether activation of Cdc42 is uvpregulated or downregulated by the
cytoplasmic domain of dystroglycan. However, significant inhibition of the filopodia
formation was a consequence of either disruption of Cded?2 activation or disruption of
dystroglycan functional domain, implying that dystroglycan and Cded2 could regulate
each other in the formation of filopodia. Since no direct association between Cdcd2 and
dystroglycan hus ever been determined, this finding implied that other mediators are
responsible for the regulation between dystroglycan and Cdc42. In vivo activation of
Cdc42 resulting from GDP-GTP exchange has been determined to be triggered only by
GEFs (reviewed in Bishop and Hall, 2000). Thus, dystroglycan could upregulate Cdcd?2
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through activation of Cdc42 specific GEFs. All GEFs are identified as plasma
membrane associated proteins (Cerione and Zheng, 1996). Interestingly, plasima
membrane localisation was determined to be necessary for dystroglycan to mediate
Cde42-induced filopodia formation. This finding implies a sitnation where dystroglycan
regulates Cded42 GEFs at the plasma membranc followed by activation of Cdc42 and the

formation of filopodia.

5.3.2 Mediators hetween dystroglycan and Cdc42

The PPPY motif in the C-terminal il of dystroglycan has heen identificd as a
signalling mediator that associates with WW, Grb2 or caveolin (section 1.4). Iowever,
it has been shown previously that expression of dystroglycan could induce the
formation of [lilopodia independent of utrophin. This raised the possibility that {3~
dystroglycan itself might regulate Cdc42-mediated filopodia formation through other
protein binding motifs. Sequence analysis of dystroglycan has shown that dystroglycan
has no significant homology with any other protein in data base (Ibraghimov-
Beskrovnaya et al., 1992) except for a recent study, which has shown that o-

dystroglycan contains two cadherin-like domains (Dickens, ez al., 2002).

However, examining the amino acid sequence of cytoplasmic B-dystroglycan by eye, a
small positively charged juxtamembrane region, referring to amino acid sequence
RKKRK, was revealed (Fig 5.8). Similar positively charged juxtamembrane regions
have been found in CD44, CD43, ICAM and L-selectin (Fig 5.8), and identificd as the
binding regions for ERM (ezrin-radixin-moesin) family protcins. ERM family proteins
have been shown to be concentrated in actin rich membrane protrusions e.g. microvilli
and filopodia, in many cell types (Berryman er al., 1993; Amieva and Furthmayr, 1995;
Yonemura et al, 1999), and have been identified as crosslinkers between plasma
membrane proteins and actin filaments (reviewed in Tsukita and Yonemura, 1995). This
interesting finding revealed that ERM family proteins might be involved in
dystroglycan dependent filopodia formation signalling, Indeed, in a more recent study
that further examines the relationship between dystroglycan and ezrin, a member of

LERM protein family, B-dystroglycan was found to colocalise with ezrin in microvilli
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Figure 5.8 The sequence of dystroglycan juxtamembrane region and ezrin

association sequence in the membrane protein

The domain organisation of dystroglycan, SP, «, ef$, TM, and ¢f} see figure 4.1. The
amino acid sequence of dystroglycan 776-782, is a positively charged
juxtamembrane region, which is predicted to bind czrin. A similar positively
charged juxiamembrane region is present in the ERM agsociated transmembrane
proteins, including CD44, CD43, ICAM-1, and L-selectin (Heiska ef «l., 1998; Legg
and Isacke 1998; Yonemura et al., 1998; Ivetic et al., 2002), and has been identified
as the binding region recognised by ERM proteins.
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structures in JEG-3 cels as well as in REF52 cells (Spence et al., 2003 b). Both
coimmunoprecipitation and f-dystroglycan-GST pull-down assay have indicated that
ezrin might directly associate with B-dystroglycan. Purthermore, expression of the
dystroglycan construct mutated at RKKRK, which is the predicted ezrin binding region,
led to a significant reduction of actin rich protrusion in the cells, indicating that
RKKRK motif of dystroglycan is necessary for regulation of actin rich membrane
protrusions. Thus, dystroglycan might be involved in the organisation of the actin
cytoskeleton and formation of membrane protrusions by interacting with ezrin through
its RKKRK molil. Ezrin is therefore @ novel molecule identified to bind to the RKKRK

motif in the cytoplasmic domain of dystroglycan.

Tizrin contains a N-terminal globular domain followed by a ¢-helical region, a short
proline-rich linker and a charged C-terminal domain. The membrane protein binding
activity is localised in the N-terminal FERM domain while the F-actin binding activity
is localised in a C-terminal 15 aa. F-actin binding sequence (Pearson ¢t al., 2000). In
vivo, ERM proteins undergo a conformational activation process and cycle between
cytosol and plasma membrane compartments. In cytosol, ezrin has been found to form
head-to tail autoinhibitory inactive strucinre (Berryman ef al., 1995). Once activated,
the binding affinity between N-terminal and C-terminal of ezrin is reduced by its
phosphorylation at Ser567, thereby releasing both FERM domain and F-actin binding
domain and allowing ezrin to associate with I'-actin and target to the membrane protein
(Gary and Brestcher, 1995). In a [ractionation assay in Swiss 3T3 cells expressing
aDG-GFP, czrin was found concentrated in the actin containing triton-insoluble
fraction associating with F-actin instead of in the soluble c¢yloplasm fraction (Spence er
al., 2003b), suggesting that cxpression of dystroglycan induces the activation of ezrin.
Additionally, disruption of dystroglycan binding to ezrin led to a significant reduction
of dystroglycan-dependent membrane protrusions, indicating that ezrin counld mediate

the dystroglycan-dependent cytoskeleton organisation.

[nterestingly, it was shown that the B-dystroglycan-dependent activation of ezrin was

greatly inhibited by coexpression with N17Cdc42, suggesting that ezrin activation and
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targeting to dystroglycan may be under the control of Cdcd2 activity (Spence er «l.,
2003b). Expression a dominant negative construct of P21 associated kinase (PAK), a
downstream effector for Cded2, in affDG-GFP expressing Swiss 3T3 cells inhibited the
activation of ezrin, revealing that PAK might play a role in the activation of ezrin. In the
same Swiss 313 cell line expressing o3DG-GFP, cocxpression of dominant negative
PAK mutant, which has a defeclive in Cded?2 binding sile, also led (o a reduction in
ezrin activation, suggesting that both Cde42 and PAK are mediators for dystroglycan to
inducc the activation of czrin (Spence ef al., 2003b). Thus, the activation of ezrin

triggered by Cdc42 could be mediated by PAK.

Together, active ezrin could be recognised by the RKKRK motif and target F-actin to
dystroglycan. The interaction of dystroglycan and ezrin appeared to be necessary for
completing the dystroglycan-dependent filopodia formation. Active ezrin has been
shown to act as a crosslinker between actin filaments and membrane proteins, however,
the precise signalling function of ezrin is still unclear. The studies here implied that in
dystroglycan-dependent filopodia formation, aclive ezrin might play a role in both
mediating the formation of mcmbranc protrusion and providing a physical linkage
between dystroglycan and actin filaments. This also indicates the importance of the
proper membranc localisation of dystroglycan cyloplasmic domain in the formation of
filopodia not only for triggering the activation of Cdc42 but also for being recognised

by active ezrin and forming the physical link to F-actin.

In accordance with these findings, a possible signalling pathway for actin cytoskeleton
organisation triggered by dystroglycan is shown in figure 5.9. Expression of
dystroglycan leads to the activation of Cdcd2. Activation of Cdcd2 triggered by
dystroglycan leads to filopodia formation through two routes. First, activation of Cdc42
leads to the activation of WASP/Arp2/3 complex and promotes actin polymerisation,
thereby (orming an actin filaments meshwork in the cortex and initiates filopodia
formation. Second, in regulating the formation of actin-based filopodia or microvilli,
activation of Cdc42 triggered by dystroglycan could also lcad to the activation of ezrin

by PAK. Integrin engagement is also required for dystroglycan dependent filopodia
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formation and crosstalk between integrin and dystroglycan might also play a role in
dystroglycan-dependent filopodia formation. It has been identified in many studies that
integrin engagement leads to the activation of Cde42 and the downstream induction of
filopodia (Price et af., 1998; reviewed in Schoenwaelder and Buividge, 1999). Theretore,
integrin engagement could also be able (0 wigger the Cde42-PAK-ezrin pathway and

target ezrin to dystroglycan.

Finally, previous work using yeast two hybrid assay revealed that actin interacts with [3-
dystroglycan (Ilsley, 2001). Further work resolving the interaction between actin and
P—dystroglycan showed that purified §§ dystroglycan was co-sedimentated with F-actin
at low-speed in the pellet fraction, indicating that B-dystroglycan might associate with
actin filaments directly. Additionally, both the falling-ball assay and electron
microscopy images have shown that single actin (ilaments were bundied in the presence
of B-dystroglycan. These results suggested that in vitro, 3-dystroglycan might associate
with F-actin and promote the bundling of F-actin (Chen e al., 2003). This interesting
finding imnplicd that B-dystroglycan might act as an actin binding protein that recruits I*-
actin Lo the cortical region where the actin polymerisation to form filopodia or
microvilli is taking place (Fig 5.9 dashed arrow). The hypothesis for the mechanism of

dystroglycan-dependent filopodia or microvilli formation is shown in figure 5.10.

5.3.3 Regulation of dystroglycan dependent filopodia formation through the
mediators

5.3.3.1 Role of PAK

As mentioned above, the activation of czrin regulated by Cdcd2 is mediated by PAK.
Whether PAK is involved in the activation of mocsin or radixin has not been reported.
However, Rac/Cdc42 dependent activation of PAK has been shown to induce the
phosphorylation of meriin, which is identitied as a member of ERM protein family, at
its residue 8518 and is involved in the regulation of cell proliferation (Xiao, et al.,
2002). Since PAK is a muvlti-functional-domain protein, a varicty of molecules,
including some which might be important for regulating cytoskeleton dynamics, have

been shown to interact with different binding regions of PAK (reviewed in Bokoch,
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Figure 5.9 Signalling of dyvstroglycan induced formation of membrane

protrusions

Dystroglycan localised at the plasma membrane is able to trigger the activation of
Cdcd2. The activation of Cdc42 leads to the activation of WASP/Arp2/3 thereby
promoting the polymerisation of actin filaments and inducing the formation of
filopodia at the leading edge of cells. However, activation of Cdc42 triggered by
dystrogiycan also leads to the activation of ezrin mediated by PAK. Active ezrin
interacting with F-actin could be targeted to dystroglycan, leading to the aggregation
and polymerisation of filopodia or microvilli. This pathway was intetrupted by
expression of dominant negative Cde42 (N17Cdc42) or dominant negative PAK
constructs (DN-PAK). Integrin signalling is required for dysiroglycan dependent
filopodia formation. Crosstalk between integrin and dystroglycan might be involved
in the dystroglycan-dependent filopodia formation. Integrin is also an upregulator of
Cdc4?2 and might be able to trigger the activation of ezrin through Cdcd42 and PAK,
thereby converging on the dystroglycan signalling pathway. Additionally, F-actin
was found to directly associate with B-dystroglycan; a direct modulation of actin

filament by dystroglycan might exist (dashed arrow).
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2003). Myosin light chain kinase (MLCK) was found to be phosphorylated by PAK
(Sanders et ai., 1999). The phosphorylation of MLCK leads to the activation of its
kinase activity and induccs the phosphorylation of myosin light chain (MLC), thereby
promoting the actin-myosin interaction resulting in formation of actin stress fibres (Tiig
1.7). Thus, by regulating the activation of PAK, activation of Cdc42 uppeared to induce
the formation of stress fibres. Recently, PAK intcracting exchange factor (PIX), which
is a fumily of new by identified PAK binding proteins, was found contain a DH/ PH
domain, which was identified as an GEF functional domain for GDP/GTP exchange,
suggesting that PIX might have GEF activity (reviewed in IToffman and Cerione, 2002).
It has been shown that the activily ol PAK and the level of Cdcd2-GDP were enhanced
by PIX directly binding to PAK, suggesting that by binding to PAK, PIX might be able
to act as a GEF for activation of Cdcd42 and is involved in the formation of membrane
protrusion (reviewed in Daniels and Bokoch, 1999). Theretore, PAK could bc an

upregulator for activation of Cdc42 as well.

Additionally, PAK aclivation was found to lead to the activation of LIM kinase
(Fdwards er al., 1999). LIM kinase contains two LIM domains, which arc protein
interaction motifs found in proteins commonly associated with the cytoskeieton (Carlier,
1998). It has been shown that active LIM kinase was sufficient to trigger the
phosphorylation of cofilin (Arber, e ¢l., 1998; Yang et al., 1998). Phosphorylation of
cofilin reduces its severing activity and rvesults in an inhibition of F-actin
depolymerisation. Thus, the actin polymerisation in leading edge could be regulated by
Cdc42 or Rac through the activation of PAK. Altogether, activation of PAK appears to
be an important key for various actin organisation pathways. The finding that PAK is
involved in the dyslroglycan dependent filopodia formation implies that dystroglycan,
in addition to triggering the Cdc42-PAK-ezrin pathway, might be involved in a

complicated network mediated by multifunctional PAK.
5.3.3.2 Role of ezrin

In addition to interacting with membrane proteins, active ezrin has also been shown to

bind and disassociate RhoGD] from GDP bound Rho GTPases (Takahashi er al., 1997)
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(Fig 1.6A). In the cytoplasm, RhoGDI is found bound to the switch domains of Cdc42
leading to the inhibition of both GDP dissociation and GTP hydrolysis (reviewed in
Hoffman and Cerione 2001). Binding of ERM proteins with RhoGDI reduces the
binding affinity of RhoGDI to Cdcd2-GDP, resulling in dissociation of RhoGDI from
1997). The molecular mechanism of ERM protein binding induced disassociation of
RhoGDI from Cded2 is still unknown. Since N-terminal FERM domain of ERM
proteins has been shown to be sufficient to dissociate RhoGDI from Rho GTPases
(Takahashi, ef al., 1997), the conformational activation of ERM might be required for
its binding to RhoGDI. Thus, by modulating the disassociation of RhoGDI from Cdc42,
activation of ezrin appears to play a role in upregulating gross Cdc42 activity (reviewed

in Louvet-Vallee, 2000).

Activation of ezrin has also been shown to be regulated by RhoA (Mackay et al., 1997;
Shaw et al., 1998), Rho kinase (Matsuti et al., 1999), and protein kinase C (PKC) (Ng et
al., 2001; Piertromomaco et al., 1998). Activation of RhoA in Swiss 3T3 cells induced
the activation of ERM proteins followed by recruitment of ERM to plasma mcmbranc
structures (Mackay er al, 1997; Shaw er al, 1998). Activation of Rho kinase, a
downstrcam cffector of RhoA, was found to lead to the phosphorylation of ERM
proteins at a carboxy-terminal threonine (Matsui et «l., 1999). Thus, Rho dependent
signalling appears to regulate the activation of ezrin and is involved in formation of the
membrane protrusions, whilc activation of Rho-dependent signalling has also been
described as inducing the formation of stress fibres and being inhibited by the activation
of Cdc42.

PKC-o and PKC-8 have been shown to stimulate the conformational change and
activation of ERM proteins as well (Ng er al., 2001; Picrtromomaco ef al., 1998). CD44
is an integral cell membrane glycoprotein with a postulated role in mairix adhesion
lymphocyte activation (reviewed in Haynes et af, 1991), Legg and colleagues have
recently demonstrated that PKC stimulated the CD44-ezrin interaction as a consequence

of Ser325 and Ser291 in the cytoplasmic tail of CDD44 being phosphorylated (Legg ef al.,
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2002).. This study showed that activation of PKC led to dephosphorylation of Ser325
and phosphorylation of Ser 291 on CD44, resulting in the decrease of the binding
affinity between ezrin and CD44. Additionally, they also suggested that the
phospherylation of CD44 cytopiasmic tail at Ser291, which is adjaccnt fo its positively
charged juxtamembrane region, might interfere with the charge of this juxtamembranc

region and reduce the binding affinity of CD44 to ezrin.

This interesting finding raised the possibility that the binding affinity of ERM proteins
to their membrane targets could be regulated by their phosphorylation. B-dystroglycan
contains several potential tyrosine phosphorylation sites, and the binding affinity of {3-
dystroglycan to WW domain has been shown to be regulated by a phosphorylation-
dependent conformational change of its PPPY motif in the C-termiinal end (James et al.,
2000; Haung, e al., 2000; llsley ef al., 2002}. Thus, conformational changes triggered
by tyrosine phosphorylation seem to play an important role for $-dystroglycan in
regulating its affinity for its binding partners. In accordance with these, it is possible
that the binding affinity of B-dystroglycan RKKRK domain to ezrin could be regulated
in a phosphorylation-dependent manner, which might alter the charge or conformation
of RKKRK domain and modulatc the dystroglycan-ezrin-Cdc42 dependent formation of

membrane protrusions.

5.3.4 Role of dystroglycan in adhesion and lilopodia formation

In this work, a novel pathway of dystroglycan stimulated Cdcd2-PAK-ezrin activation
is suggested. The active ezrin targets to the RKKRK sequence, a positively charged
juxtamembrane region in the P-dystroglycan cytoplasmic tail, required to induce the
actin-based microvilli or filopodia formation. Thus, dystroglycan seems to stimulate a
signalling cycle that activates Cde42, PAK, and ezrin in turn, and transmits the signal
back to dystroglycan. This signalling cycle can induce the filopodia formation through

the activauon of WASIYArp2/3 and activation of ezrin (Fig 5.10).

As mentioned above, formation of filopodia is now considered to be initiated from the

organisation and parallel bundling o[ a lamellipodial meshwork (Svitkina ez al., 2003)
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Figure 5.10 Hypothesis of the regulation of dystroglycan-dependent filopodia

formation

B -dystroglycan triggers a signalling cycle that, in turn, activates Cdc42, PAK, ezrin
and (riggering ezrin to interact with PB—dystroglycan. In the signalling cycle,
activation of Cdc42 triggered by dystroglycan causes formation of membrane
protrusions through activation of WASP/Arp2/3 complex or through activation of
ezrin. f3 ~dystroglycan localised to the plasma membrane enhances the filopodia
bundling by recruitment of ezrin-F-actin or by direct interaction and bundling of F-
actin. Activation of PAK in the signalling cycle might inhibit actin depolymerisation
by activation of LIM kinase, which phosphorylates cofilin. Activation of PAK might
also regulate the activation of Cdc42 through PIX, which acts as a Cdcd42GEF.
Activation of PAK induces the activation of MLCK, which is responsibie for
enhancing the assembly ol focal adhesion and actin stress fibre formation.
Activation MLCK is induced by ERK as well. Therefore, dystroglycan inhibits ERK
activation could reduced the activation of MILCK thereby inhibiting the focal
adhesions assembly and stress fibre formation. Together, by this signalling cycle,
dystroglycan can induce the formation of membrane protrusions, filopodia bundling

and inhibit the focal adhesion formation and stress fibre formation.
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(Fig 5.1). Activation of ezrin recruits F-actin to dystroglycan, implying that
dystroglycan plays a role in actin organisation by regulating czrin. Additionally, the
finding that dystroglycan directly interacts with actin and promotes F-actin bundling
also strongly implies that dystroglycan is a transmembrane receptor which mediates the
bundling of actin during the formation of filopodia from the lamellipodia meshwork.
Supporting this idea, it has been shown that activation of Cdcd2 promotes the formation
of a IRSpS53: Mena complex, which induces the formation of filapodia (Krugmann ef al.,
2001). IRSp53 is a SH3 domain-containing scaffold protein, which is conformationally
activated by Cdcd2 (Govind ef al., 2001). Mcna is a member of Ena/VASP family
which has been shown to localised at the tip of established filopodia structure
(Krugmann ef al,, 2001). This {inding revealed that the activation of Cde42 might be
invelved in not only the nucleation and actin branching in lamcllipodia extension, but
also the organisation of filopodia formation. Dystroglycan, which regulates Cdcd2
activation, ezrin activalion, and promotes F-aclin bundiing, might play a role in the

organisation of the initiation or bundling of filopodia.

In this work, the PPPY motif in the C-terminal of B-dystroglycan was initially suspected
to be a mediator of the regulation for dystroglycan-dependent filopodia. Ezrin was later
identified as a substrate for P-dystroglycan interaction via the RKKRK muotif and
mediating dystroglycan-dependent filopodia formation (Spance et al., 2003b). Thus, the
dystroglycan dependent filopodia formation appeared to be regulated in a PPPY motif
independent manner. In Src activated transform cclls, dystroglycan PPPY moti{ has
been shown to be phosphorylated at Y892 (Sotgia er «l, 2001). This Y892
phosphorylation has been shown to lcad to the reduction of the binding alfinily between
PPPY motif and WW domain, and the recruitment of SH2 containing protcin including
Fyn, Csk, Nck, and SHC (Sotgia ¢t al., 2001). The role ol these SIT2 conlaining proleins
in dystroglycan signalling is uoknown. Since activation of Src causes the asserubly of
focal adhesion complex followed by activation of ERK cascade, and PPPY motif has be
shown to bind Grb2, which is a also a mediator of ERK cascade (section 1.4),
dysiroglycan seemed to play a role in regulating focal adhesion formation through the

phosphorylation of PPPY motif. However, a very recent study has shown that p-
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dystroglycan phosphorylated at Y892 was localised to intracellular vesicles, revealing
that dystroglycan with Y892 phosphorylation at PPPY motif does not target to focal
adhesions (Sotgia ef al, 2003). Thus, the regulation vole of PPPY in focal adhesion

assembly or ERK cascade activation is controversial.

In fibroblasts, focal adhesion assembly and actin stress fibre formation are
consequences of Rho or Rho kinase activation (section 1.7), Activation of Rho has been
shown (o be inhibited by integrin-induced activation of P190GAP mediated by
activation of Src (Arthur and Burridge, 2001; Ren er al, 1999) (Fig 1.7). Integrin
engagement appeared to inhibit Rho activity in the protrusion formation stage (2 hour
and more) and suppresses the downsiream focal adhesion complex and actin stress fibre
formation (Arthur and Burridge, 2001; Ren ez al., 1999). Activation of Cdc42 induced
by integrin engagement has been found to be mediated by activation of Src and inhibits
the activity of Rho (Hall, 1998). Therefore, during the filopodia formation stage,
activation of Cde42 can induce lamellipodia and filopodia formation and, at the same
time, inhibit the activation of Rho and the downstream focal adhesion assembly and
actin stress fibre formation. Thus, dystroglycan might indirectly play a role in
suppressing Rho activation and inhibit the focal adhesion/stress fibre formation. The
result shown in figure 5.7 supports this idea. [Towever, activation of PAK, which is the
Cdc42 downstream effector, has been determined as an activator of MLCK enhancing
the formation of stress fibres (Sanders et al., 1999). It seems activation of Cdc42 can

also be involved in inducing stress fibre formation.

Since dystroglycan has been identified as being involved in the Cdcd42 dependent
filopodia formation, the inconsistent role of Cdc42 in both inducing stress fibres and
filopodia formation might be regulated in a dystroglycan-dependent manner, Ferleita
and colleagues have very recently demonstrated that in two types of cpithelial cclls,
ERK activity, which is activated by engagement of integrin ®6AP1 o luminin 10/11, is
suppressed by the interaction of dystroglycan with lamininl®/11, suggesting an
opposing role of integrin and dystroglycan in regulating BRK activity (Ferletta er al.,

2003). Active ERK has been shown to function as an activator for MLCK to enhance
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the formation of focal adhesion and stiress fibres (Klemke ef al., 1997). Thervefore,
dystroglycan, which is involved in the inhibition of ERK acitvily, may also reduce the
activation of MLCK and inhibit the formation of focal adhesion and actin stvess fibres
formation. Thus, the stress fibre formation through MLCK might be enhanced by Cdc42
and PAK activation and regulated by dystroglycan (Fig 5.10).

Altogether, dystroglycan is identified as a regulator for Cdce42 and downstream
membrane protrusion formation. A dystroglycan-dependent signalling cycle of (-
dystroglycan-Cded2-PAK-ezrin-fi-dystroglycan was identified to regulate the formation
of membrane protrusions. Activation of Cdc42 triggered by dystroglycan localised in
the plasma membrane can either induce the membrane protrusions by activating
WASP/Arp2/3 complex or organise filopodia bundling by recruiting czrin-F actin or
directly interacting with and bundling F-actin. This signalling cycle can also inhibit the
focal adheston assembly and stress fibre formation through the regulation of MLCK.
ERK activation of MLCK was initially proposed to be mediated by dystroglycan
signalling that could enhance the formation of focal adhesion and stress fibre formation.
However, Lhe dystroglycan dependent signalling cycle has shown that the possible role
of dystroglycaun in adhcsion is to inhibit the formation of focal adhesion and stress fibre

and induce actin rich membrane protrusions.



Chapter 6

Summary
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Dystroglycan, which is a membrane laminin receptor containing ¢ and [ subunits
linking the extracellnlar matrix to the cytoskeleion, has been identified as playing a role
in maintaining the stability of muscle cells. Dystroglycan is expressed in non-muscle
cells associating with actin filaments via dystrophin/utrophin isoforms, and inleracting

with laminin.

a-dystroglycan, which interacts with the extraceilular laminin or LG domain containing
ligands, has been identified to be necessary for cell adhesion dependent events such as
morphogenesis, myelinogenesis and embryogenesis, indicating that dystroglycan plays
a role in regulating cell adhesion signalling. Considering the signalling mediated by
dystroglycan, it has been shown that B-dystroglycan interacts with Grb2 SH3 domain,
caveolin, and the utrophin/dystrophin WW domain via its C-terminal PPPY motif. The
binding of these appearcd to be regulated in a PPPY motif phosphorylation dependent
manner. Some SH2 containing proteins including Fyn, Csk, Nck, SHC, and v-Sic have
been shown to be recruited to the PPPY molif in response to the tyrosine
phosphorylation in the PPPY motif. Therefore, dystrogiycan PPPY motif might play a
role in mediating the signalling which regulates adhesion and cytoskeleton Dl'ga;nisation.
Additionally, it has shown that dystroglycan was colocaliscd with the structural proteins
in focal adhesions and active ERK has also been demonstrated to be localised to focal
adhesions. Previous work showed that dystroglycan is colocalised with ERK at focal
adhcsion site. These all snggested that dystroglycan signalling might be involved in the

regulation of focal adhesion and actin stress fibre formation.

To investigate the relationship between dystroglycan and ERK, the first approach was to
visualise the localisation of ERK or dystroglycan, Fluorescent protein tagged ERK
(YFP-ERK), and dystroglycan (f3DG-GFP) expression plasmids were constructed and
expressed in REF52 cells. YFP-ERK expressed in REF52 cells was determined to be a
functional ERX that can be regulated by integrin-mediated or RTK-mediated signalling
and inhibited by UO126. However, cxamining the localisation, YFP-ERK seemed not to
be found in a typical focal adhesion structurcs. Additionally, ERK activity was not
detected at the adhesion-like structures formed by YI'P-ERK. Therefore, YFP-ERK
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construct might not be useful for the further study of investigating the relationship

between dystroglycan and ERK.

The expression of dystroglycan-GED construct on the other hand led to dramatic actin
reorganisation, resulting in filopodia formation in REF52. This interesting finding
shifted the work into the study of the role of dystroglycan signalling in the regulation of
actin filopodia. The functional domain of dystroglycan which is responsible for the
dystroglycan filopodia formation signalling was determined to be the C-terminal
cytoplasmic domain of p-dystroglycan. The dystroglycan—dependent filopodia
formation is induced by either fibronectin or laminin, and inhibited by poly L lysine,
indicating that integrin-dependent signalling might be required for the dystroglycan
dependent filopodia formation. Dystroglycan deletion mutants with defects in -
dystroglycan failed to induce the formation of filopodia, implying o- dystroglycan is
required for the dystroglycan dependent filopodia formation. However, expressing an
APB-DG construct, B-dystroglycan with its proper membrane localisation was
sufficient to induce the formation of filopodia, suggesting that B-dystroglycan regulates
the formation of filopodia in a wo~dystroglycan independent manner. Since the
dystroglycan functional domain deletion mutants lacking c-dystroglycan showed a
nuclear or intracellular vesicle localisation, o-dystroglycan appearsd (o play an
important role in the regulation of dystroglycan trafficking and targeting (3-dystroglycan

to the plasma membrane.

The dystroglycan-induced actin filopodia formation is very similar to a Cde42-induced
filopodia phenotype. By coexpressing conslitutively activated or dominant negative
constructs of Rho GTPases with dystroglycan or dystroglycan mutants, Cdc42 was
identified as a mediator tor dystroglycan dependent filopodia formation. The membrane
localisation is necessary for B-dystroglycan in mediating Cdc42 dependent filopodia
formation as well, indicating that B-dystroglycan-dependent  Cde4?2 activation might
regulate the filopodia formation signalling taking place in the plasma membranc region.

This idea is supported by the finding that ezrin is activated by Cde42-induced activation
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of PAK. Active ezrin can recognise RKKRK motif of P-dystroglycan with proper
plasma membrane localisation, and target F-actin to dystroglycan. Thus a signalling
cycle of dystroglycan-Cdc42-PAK-czrin-dystroglcan was identified. This signalling
cycle might be regulated in dystroglycan PPPY mot! independent manner. Additionally,
B-dystroglycan has been shown to directly associale with aclin and promote the
bundling of actin [ilainents. Thus, with active ezrin that targets F-actin 1o 8-
dystroglycan, according to the current model of filopodia formation, (-dystroglycan
might play an important role in organisation and hundling filopodia from the actin
dendritic network through the signalling cycle. Finally, in this work, ERK activated
MLCK was initially presumed to mediate the dystroglycan signalling that could
enhance the formation of focal adhesion and stress fibre formation. However, a recent
study has shown that dystroglycan activation leads to the reduction of ERK activity.
Therefore, instead of enhancing formation of focal adhesion and stress fibre formation,
dystroglycan and dystroglycan-dependent signalling cycle appears to play a role in
reducing the activity of ERK and MLCK thereby inhibiting focal adhesion and stress

fibre Tormation.

Altogether, dystroglycan dependent signalling. which was initially predicted to regulate
focul adhesion and actin stress fibre formation, has been identified to regulate formation
ol actin-rich membrane protrusions and filopodia formation, A novel signalling cycle of
dystroglycan-Cdc42-PAK-ezrin-dystroglycan has been detcimined to be responsible for
the dystroglycan-dependent filopodia formation. By {riggering this signalling cycle,
dystroglycan might be able to induce the formation of membrane protrasions and, at the

same time, inhibit focal adhesion and stress fibre formation.
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Appendix 1 Chemicals, reagents and Kits

The chemicals, reagents and kits used were obtained from following suppliers

Amersham-Pharmacia Biotech UK Ltd., Buckinghamshire, UK
[32P]-ATP

BDH L., Luiterworth, UK
NaCl, MgCla, Sodium deoxycholate, Naz HPO4, KHz PO, Phosphoric Acid

Fisher Scientific UK Ltd., Loughborough, Leicestershire, UK
Glycine, EGTA, Sodinm Dodecy! Sulphate (SDS), KCi, Hepes, NaF, MgCls,
Boric Acid

Gibco BRL, Life Technologies Ltd., Paisley, UK
Lipo’fe:-::tamineTM reagent, Laminin, Fibronectin, epithelial growth factor (EGF), Fetal

Bovine Serum (FBS)

Twaki, Scitech Dicision, Asahi, Japan
25T, 75T and 175 T tissue culturc flasks, 24 well tissue culture culture plates,

100mm tissue culture dishes.

Promega UK Ltd., Southampton, UK
0126

Pierce, Perbio Science UK Ltd., Cheshire, UK
MicroBCA

Qiagen, Crawley West Sussex, UK,
QIAprep miniprep kit, QIAprep midiprep kit, QTAquick gel extraction kit
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Roche Molecular Biocheicals/Boehringer-Mannheim, Germany
Rapid DNA ligation kit

Schieicher & Schuell, Dassel, Germany
Polyvinylidene Difluoride (PVDF) transfermembrane

Severn Biotech Ltd., Worcestershire, UK

30% polyacrylamide solution

Sigma-Aldrich Company Ltd., Poole, Dorset, UK

Ethylenediamine Tetra-Acetic Acid (EDTA), Ethidium bromide, Ampicillin,
Kanamycin, Protein A Sepharose, Heparin, Poly-L-lysine, Bovine Serum Albumin
{BSA), Tris-base, Bromophenoi blue, Iriton X-100, Ethylene Gycol-bis Tetra-Acctic
Acid (EGTA), Tween-20, 3-(Cyclohexylamino)-1-Propane Sulphonic Acid (CAPS),
Sodium azide, Nitro Blue Tetrazolium (NBT), 5-bromo-4- chloro-3- indoly phosphate
(BCIP), Tetramethylethylenediamine (TEMED), Ammonium persulfate (APS),
Rhodamine-Phalloidin.

Vector Laboratories Lid., Peterborough, UK
VECTASHIELD Mounting medium
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Appendix II Media and general buffers

2 X YT liquid medium
1.6% Tryptone (W/V), 1% Yeast extract (W/V), 0.5% NaCl (W/V) in 1L distilled
water

2 X Y1 solid medium
0.64% Tryptone (W/V), 0.4% Yeast extract (W/V), 0.2% NaCl (W/V), 0.8% agar
(W/V) in 400 ml distilled water

Dulbecco's Modified Eagle Medium (DMEM)
Gibco BRL

OPTIMEM
Gibco BRL

TBE buffer (5X)
54g Tris base, 27.5g Boric acid, 30ml 0.2M EDTA in 1L distilled water, pH = 8.0

Agarose gel loading buffer
30% Glycerol (V/V) and 0.25% Bromophenol (W/V) Blue in 0.5 X TBE buffer

2 X SDS gel loading buffer
100mM Tris, 200mM DTT, 4% SDS, 0,2% Rromophenol Blue, 20% glycerol,
]JI‘I =0.8

Caps/methanol transblot buffer
10mM CAPS [3-(Cyclohexylamino)-1-propansulfonsyre] in 20% methanol, pH=11

TBST
20mM 'Tris-HCl, 0.15M Na(l, 0.5% Tween20, pH= 7.5

AP buffer
100mM NaCl, 5mM MgCl,, 100mM Tris, pH=9.5

Separating gel buffer
1.5mM Tris-base, 0.4% SDS, pH=8.8
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Stacking gel buffer
0.5mM Tris-basc, 0.4% SDS, pH=06.8

10xSDS gel running buffer
0.25 M Tris-base, 1.92 M Glycine, 10% SDS in 51 water

LEA blocking buffer
1% FRS (V/V) and % BSA (V/W) in PBS

Permeant buffer
0.1% TritonX-100 in PBS

RIPA buffer
50mM Tris-HCI pH7.5, 150mM NaCl, 1lmM EDTA, 1mM EGTA, 1% Triton X-100,
0.5% Sodiuin deoxycholate, 0.1% SDS, 1mM Azide

PBS (10X)
80g NaCl, 2g KCl, 11.5g Nas HPQO4+ 7H;0, 2g KH, PO4 in 1L distilled water

MAPK lysis buffer
25mM Hepes, (.3M NaCl, 1,.5mM MgCl2, 0.2mM EDTA, pH=7.4

MAPK Wash buffer
20mM Hepes, 50mM NaCl, 2.5mM MgCi2, 0.1mM EDTA, pH=7 .4

MAPK kinase buffer
20mM Hepes, 0.5mM NaF, 7.5mM MgC12, 0.2mM EDTA, pH=7.4
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Appendix 11 Plasmids and clones

(A) Plasmids used in this work

Names

Features

Source

PRESYFP-C1

Mammalian expression vector with yellow
fluorescent protein (YFP) tag sequence. Multiple
cloning site allowed fusion to be made at C-
terminus of YFP. CMV promoter, SV40 and f1
ori, Kan® and Neo®.

I Pines
(Chambridge)

PEGFP-N3

Mammalian expression vector with green
fluorescent protein (GFP) tag sequence. Multipie
cloning sites allowed fusion to be made at N-
terminus of GFP. CMV promoter, SV40 and f1
ori, Kan® and Neo",

Clontech

(B) Clones used in this work

Names

Features

Source/Reference

YFP-ERK

P44 MAPK sequence cloned into EcoRI site of
PRES-YFP vector.

This work

opDG-GEP

Full-length dystroglycan cloned inta Sall and
Smal sites of pIZGI'P vector.

This work

ofDGACS-GFP

Dystroglycan cytoplasmic deletion mutant
sequence cloned at the Sall and Smal site of
pEGFP vector.

This waork

Cp-GEP

Cytoplasmic f—dystroglycan sequence cloned
at the Sall and Smal site of pEGFP vector.

"This work

oBDGAeB-GFP

Dystroglycan extracellilar § domain deletion
mutant cloned at the Sall and Smal site of
PEGEFP vecetor.

This work

afDGA-GFP

Dystroglycan a subunit deletion mutant
sequence cloned at the Sall and Smal site of
pEGEP vector.

This work
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sites. Amp”

oDG-GFP o --dystroglycan sequence cloned at the Sall This work
and Smal site of pEGFP vector.

HA/ P44 MATK P44 MAPK sequenced cloned into EcoRI site Meloche et al.,
of pCDNAL/Neo. Kan" 1992

mDG-1 Full-length of mouse dystroglycan ¢cDNA D.J. Blake
sequence (NAG-1) cloned between EcoRI and {Oxforgd)
BstXT sites in pCDNAIL Kan®

AP-PDG Full-length §-dystrogivean with an alkaline Rentschler, S. er al.,
phosphatase sequence cloned into HindlIl and | 1999
EcoRI site of PCAGGS vector. Amp~.

N17Cded2 Dominant negative Cded? sequence cloned AJlall
into CMVneo-myc-1 at the BamHI and Nhel (London)
sites. Amp"®

V12Cdc42 " Constitutively activated Cdcd2 sequence A.Hall
cloned into CMVnco-myel al the BumHI and (London)
Nhel sites. Amp®

N17 Rac Dominant negative Rac sequence cloned into A.Hall
CMVneo-tnyc-1 al the BamHI and Nhel sites. {London)
Amp®

V12 Rac Constitutively activated Rac sequence cloned AHall
into CMVneo-myc-1 at the BamHI and Nhel (L.ondon)
sites. Amp®

NI19 Rho Dominant negative Rho scquence cloned into Allall
CMVneo-myc-1 at the BamHT and Nhel sites. (London)
Amp"®

V14Rho Constitutively activated Rho scquence cloned Allall
into CMVneo-myc-1 at the BamHT and Nhel {London)
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Appendix IV Cell lines

Cell s used in this work

Cells Features Source
REF52 | Rat cmbryo fibroblast cell | D. Helfman
line
COS7 Human epithelial cell line M. Frame (Glasgow)
Utrophin +/+ Primary culture of mouse K. Davies
and embryo fibroblasts
Utrophin-/-
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Appendix V Antibodies

(A) Primary antibodies nsed in this work

Antibody names | Direct agatnst Dilution for Western blot | Source /
and [IO¥] Reference
Total ERK* o ‘Whole molecule 1:1000 New England
(NEB 9102) Biolabs
-1
Phospho- Thr202/ Tye204 1:1000 New Eugland
ERK (NEB 9105) {1:100] Biolabs
¢ o
GFP 3 o Whole molecule 1:1000 F. Bar
[-] (Glasgow)
Talin ¢ ° Chiken talin, clone 8d4 - Sigma-
[1:1000] Aldrich
Poly-pDG * oo B-dystroglycan 15 a-a 1: 1000 lisley et al,
1710 peptide of extreme C- [-] 2001
terminus
c-myc ¢ ¢ Amino acids 408-439 - Santa Cruz
within the carboxy [1:100]
terminal domain of c-
Myec of human origin
Rab6 *eo C-terminus of human 1:1000 Winder, ez
utrophin {3204-3343) -] al., 1995
#Rabbit ® monoclonal antibodies
¢ Mouse oo polyclonal antibodics
3 Sheep
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(B) Secondary antibodies used in this work

Antibody names | Dircet i Conjugate | Ruised in | Dilution for Source
against Western hlot
and [IF]
Anti-mouse IgG | y-chain AP Goat 1:10000 Sigma-
-] Aldrich
Anti-rabbit IgG | Whole AP Goat 1:10000 Sigma-
molecule [-] Aldrich
Anti-sheep [gG | Whole AP Donkey 1:10000 Sigma-
molecute i1 Aldrich
Anti-mouse IgG : Whole TR Horse - Vector
moiecule [1:1000]
‘Anti-mouse 1gG | Whole FITC Harse - Vector
malecule [1:1000]

AP: Alkaline phosphatase

TR: Texas-red
FITC: Fluorescein
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Appendix VI PCR Primers

Oliglonucleotides wsed in this work

Oligos Function Sequence 5°-3°
aDG5 Full-length dystroglycan primer with TTG GI'C GAC ATG TCT GTG
Sall site GAC AACTGG CTA
BDG3 Fult-length dystroglycan primer with GCT TCC CGG GGC AGG
Semal site GGG AAC ATA CGG AGG
‘Transf5 Dystroglycan ¢ subunit and GCT TCC CGG GGC ATA
! extraceflular B domain deletion mutant GCA GAT CAT AGC AAT
i primer with Sall site
cBDG5-Tyr | P-dystrogiycan cytoplasmic domain TTG GTC GAC TAT CGC
primer with Sall site AAG AAG AGG AAG GGC
epDGS Full-length B-dystroglycan primer with | 117G TGC GAC GGC TCT
Sall site ATC GTG TGT GAA TGG
S50l Dystroglycan signal sequence primer [or | TGT TGG TCC ATT CCA
o dystroglycan deletion mutant. 10 COATAG AAG CCA CAG
cleliC CCA CAG
bases overlaps with 3’ end of B-
dystroglycan
ssef3 B—dystroglycan extracellular domain 1CT ATC GTG TGT GAA
primer for ¢ dystroglycan deletion TGG
mutain; 10 bases overlaps with 5° end of
dystroglycan signal sequence
ssTM35 a—dystroglycan primer for extracellular | TGG GAT AAC GGT GTG
. . CAG AGA GCC CCG AGT
B domain deletion mutant. 10 bases GAT
overlaps with 3” end of f3 '
transmembrane domain
T™M3 B—dystroglycan transmembrane domain | CTG CAC ACC GTT ATC.
primer for extracellular B domain cCA
deletion mutant. 10 bases overlaps with
5" end of o dystroglycan
aDG5X o~dystroglycan primer with Sall site GC'TTCC CGG GGC GCC
CCG ATG GAT GTT CT(3




Appendix VII PCR reaction conditions

Primers and PCR reaction conditions of dystroglvean functional domain deletion

mutants

Mutants Primers Condition of PCR reaction

offDG-GFP oDG5 1) 95% Tminute, 2) 95C 1 minute, 3) 55C L
minute, 4) 72°C 3minutes and 30 seconds.
2)- 4) repeut for 30 cycles

BDG3

PFDGACB-GIP oDGS 1) 95 Lminute, 2) 95 L minute, 3) 60C 1
minute, 4) 72°C 3 minutes.
2) —4) repeat for 30 cycles

‘I'ransP5

CB-GFP CBDGS-Tyr 1) 95°C 1minute, 2) 95°C1 minute, 3) 65°C 1
minute, 4) 72°C 2 minute
pDG3 2)-4) repeat for 30 cycles

opDGA-GFP | P1  oDG5*™ First Round

P1 95°C Iminute, 95°C1 minute, 65°C 1 minute,
Pl SsoS5* 72°C 2 minute .2-4 repeat for 30 cycles

P2 95°C lminute, 95°C 1 minute, 65°C | minute,
P2 Ssefi3* 72°C 2 minute 2-4 repeat for 30 cycles
Second round

P2 PDG3*® 95 1minute, 95°C 1 minute, 65°C 1 minute,

72°C 2 minute 2-4 repeat for 30 cycles

ofDGAeB-GFP | Pl oDGS*® First Round

P1 95°C lminute, 95°C 1 minute, 65°C 1 minute,
72°C 2 minutc .2-4 repeat for 30 cycles

P2 95°C 1minute, 95°C 1 minute, 65°C [ minute,
72°C 2 minute 2-4 repeat for 30 cycles

Second round
95°C Iminute, 95°C 1 minute, 65°C 1 minute,

72°C 2 minute 2-4 repeat for 30 cycles

P1 Pair 1 of primer * Primers for first round PCR
P2 Pair 2 of primer @ Primers for second round PCR
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Appendix VI1II Plasmid trasfeclion conditions

Transfection and cofransfection conditions used in this study

REF52

COS7

UTR+/+ and UTR-/-
Primary mouse
embryo fibroblast

YI'P-ERK *

1.3 x 10" /ml; 80%

2.2 pg/ml

3. 5lu; then added
equal volume of
growth medium

Dystroglycan
and mutanis®

1. 3x 10°/ml; 80%

2.1.8pg/ml

3. 5hr; then added
equal volume of
growth medium

1.2 x 10°/ml; 95%
2. 1.8pg/ml
3. Overnight

1. 3x 10° /ml ; 80-90%

2. L5pg/mi

3. Bhr; then added
equal voiume of
growth medium

2. 1.5 ug/ml

3. 5hr; then added
equal volume of
growth medium

AP- 1.3 x 10°/ml; 80%
dystroglycan* 2. 2.2 pg/mt
3. 5hr; then added _ _
equal volume of
growth medium
Cdcd2 moutants® | 1, 3 x 10°/ml; 80% B

Rac mutants ¥

1. 3 x 10°/ml; 80%

2. 1.5 ug/ml

3. Shr; then added
equal volume of
growth medium
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Rho mutants™ 1. 3 x 10%/ml; 80%
2. 1.5 pg/ml
3. Shr; then added
equal volume of
growth medium
Dystroglycan or | 1.3 x 10°/ml; 80%
mutants with 2. 0.9 ug/ml+ 0.9ug/ml
Cdcd42 mutants | 3. 5hr; then added
¢ equal volume of
growth medium
Dystroglycan or | 1.3 x 10°/ml; 80%
mutants with 2. 0.9 pg/ml+ 0.9ug/ml
Rac mutants® | 3, 5hr; then added
equal volume of
growth medinm
Dystrogiycan or | L. 3 x 10°/ml; 80%
mutants with 2. 0.9 pg/ml+ 0.9ug/ml
Rho mutants® | 3. Shy; then added

equal volume of
growth medium

1. Tnitially sceding number; percentage of cell confluent overnight

2. DNA concentration

3. Transfection reaction time and condilion
* Single DNA transfcction

@ DNA cotransfection
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