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ABSTRACT

Periplakin is a cytolinker protein which participates in the barrier formation of the skin by
playing part in the cornified envelope assembly of epidermal cells. Previous studies had
identified periplakin, envoplakin and involucrin as constituents of the cornified envelope,
but gene-targeting studies had demonstrated that lack of the proteins individually or in any
“double knock-out” combination did not disturb the epidermal differentiation or skin
barrier function. In order to gain more information about periplakin, which is also
expressed in simple epithelial cells, a stably transfected MCF-7 subclone overexpressing
the HA-tagged periplakin N-terminus was generated. Co-immunoprecipitation was used for
screening of protein complexes associated with the HA-tagged periplakin N-terminus to
identify previously uncharacterised periplakin partners. Co-IP with anti-HA antibody and
mass-spectrometry revealed a 500 kDa periplakin interacting protein, plectin and another
protein around the size of 34 kDa identified as annexin A9. Endogenous periplakin co-
localised with annexin A9 in the plasma membrane of MCF-7 cells and showed a similar
staining pattern in newborn and adult mouse skin. Transient transfection of periplakin
deletion constructs indicated that the first 133 amino acid residues are ess.ential for the co-
localisation with plectin at cell borders. Immunofluorescence analysis demonstrated that
periplakin N-terminus and different plectin isoforms, such as plectin-1,-1f and 1k, are co-
localise at cell borders of MCF-7 epithelia and also co-localise with endogenous periplakin
at suprabasal layers of the skin. Ablation of the plectin by siRNA transfection in HaCaT
keratinocytes resulted in aggregation of periplakin into small clusters in the cytoplasm.
Scratch wounded MCF-7 epithelia expressing the N-terminal half of periplakin showed
accelerated keratin re-organisation which was hampered by plectin downregulation. The
role of periplakin and keratin IFs in the migration of simple epithelial cells was also
investigated. Stable expression of periplakin C-terminus increased keratin bundling and
Ser-431 phosphorylation of keratin 8 at the free wound edge, delaying wound closure.
Depletion of periplakin or plectin by siRNA transfection impaired wound closure, while
simultaneous ablation of both proteins reduced the speed of wound healing even further.
Knockdown of keratin 8 [Fs with siRNA resulted in the loss of desmoplakin at cell borders

and the failure of different simple epithelial sheets migrating as a collective unit.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 Prologue

Periplakin is widely studied as a protein of the cornified layers of the epidermis, which
are essential for the barrier function of the skin. Furthermore, periplakin is one of the
cytolinker proteins that binds to intermediate filaments and localises to desmosomes. This
thesis proposes that periplakin forms protein complexes with other proteins and has a role in
cell migration and in organisation of the keratin intermediate filaments in simple epithelial
cells. This chapter will give an overview of the cytoskeleton, cytolinker proteins and adhesion

junctions, relating this to relevant autoimmune skin diseases.

Each of the results chapters to follow will then give a focused insight on the specific

subject that it addresses.

1.2 Cytoskeleton
1.2.1 Introduction to cytoskeletal networks

The cytoskeleton of a cell is a complex mixture of structural proteins which are
essential for the integrity of cell shape, motility and internal movement or transport of
particles, vesicles and organelles within the cytoplasm. All the cytoskeletal networks are
polymers built from small subunits and held together by non-covalent bonds. Instead of being a
disorganised array, the cytoskeleton is organized into discrete structures. The mammalian
cytoskeleton is composed of three main networks, microtubules (MTs), actin filaments and
intermediate filaments (IFs), each of which has a specific role within the cell. IFs provide
mechanical strength and resistance to stress (Fuchs & Cleveland, 1998; Omary et al., 2004),
microtubules serve as tracks for intracellular transport (Vale, 1987) and form the mitotic
spindle (Cooper, 2000), while actin filaments are necessary for whole cell locomotion (Bray,

1992).

These three types of filaments often have distinct localisations. In the lumen of the
intestine, this distribution is easily distinguishable. Actin microfilaments are abundant in the
apical and lateral regions of the cell (Drenckhahn & Dermietzel, 1988), whereas IFs form a

meshwork that is tethered to junctions between cells (Franke er al, 1979). In contrast,
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microtubules align with the axis of the cell in close proximity to major organelles such as the
Golgi complex (Rogalski & Singer, 1984) or endoplasmic reticulum (Buckley & Porter. K,
1975) (Figure 1.1 A’, B?, C”). The three networks will be discussed in turn below.
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1.2.2 Actin

Actin is encoded by a highly conserved gene family and is the most abundant
intracellular protein in most eukaryotic cells, with a molecular weight of 42 kDa. Actin, along
with myosin, was discovered in 1861 by Kuhne, but was first isolated in 1939-1942 by Straub,
Bonga and Szent-Gyorgyi (Szent-Gyorgyi, 1951). Actin filaments are about 6-8 nm in
diameter and are the contractile elements of the cell. Actin plays an important role in cell
movement, cell contractility, cell remodelling, cell polarity, intracéllular transport and
phagocytosis. The organization of actin is regulated by many signalling proteins, including
Rho, Rac and Cdc42, that are activated by extracellular signals (Schmidt & Hall, 1998). Actin
exists in two forms, globular or G-actin, which polymerizes into the other form, called
filamentous or F-actin. Filamentous actin can be found as bundles called stress fibers, or as a
fine network called microfilaments. There is also a third filamentous structure known as the

contractile ring, which is critical for the separation of the cell during cytokinesis.

Each actin microfilament has two distinct ends, at which polymerization takes place at
different rates. There is a fast growing (or plus) ehd and a slow-growing (or minus) end.
Within the cell, the plus end of the filaments is oriented towards the cell membrane, whereas
the minus end is oriented towards the cytoplasm (Begg et al., 1978; Stossel, 1984). Actin
assembly is coupled with continuous ATP hydrolysis as actin is an ATPase. Undef
physiological conditions, Mg**-ATP bound G-actin is incorporated into growing filaments at
the plus end. ATP-actin is then converted to ADP-actin by slow hydrolysis as actin monomers
are shifted along the filament toward the minus ends (Carlier, 1991a; Carlier, 1991b). At a
significant concentration of G-actin, the plus end of the microfilament will constantly grow
while the minus end simultaneously dissolves, so the length of the microfilament remains

constant - a process known as treadmilling (Bonder et al., 1983; Bonder & Mooseker, 1983).

The actin cytoskeleton consists of polymers of actin along with a large number of actin
binding proteins and associated proteins (Stossel, 1993; Winsor & Schiebe, 1997). Their
binding to G- or F-actin has various functions: they serve to control the length of filaments
(e.g. villin, cofilin, gelsolin, fragmin, and severin), to produce bundles of actin filaments (e.g.
villin, filamin, and fimbrin), to cross-link actin filaments to form a meshwork such as that

found in association with the cell membrane (e.g. fibrin, vinculin, a-actinin, and talin) or to
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control the G-actin pool by preventing the polymerization of actin (e.g. profilin). Additionally,
the family of myosins is an important class of actin-associated proteins which convert chemical
energy to produce movement of actin filaments. When actin is associated with myosin it forms
actinomyosin (Szent-Gyorgyi, 1949). The best characterised myosin, myosin II, slides actin
filaments past each other either to power contraction of the contractile ring during cytokinesis

or to produce cell migration (Maciver, 1996).

During cell migration, actin filaments exist in two alternative forms at the leading edge
of the motile cells, known as lamellipodia and filopodia (also known as microspikes)
(Mitchison & Cramer, 1996; Mejillano et al., 2004). These protrusions seem to rely on forces
generated by actin polymerization to push the plasma membrane outward. Cells use these
structures to explore their territory and pull themselves around. Lamellipodia are two-
dimensional sheet-like structures containing a cross-linked mesh of actin filaments with un-
branched filaments at the base (Small, 1995; Svitkina & Borisy, 1999). Filopodia contain long
bundled actin filaments and have been implicated in epithelial sheet closure in development,

wound healing and metastasis in cancer (Jacinto & Wolpert, 2001).

1.2.3 Microtubules

Microtubules (MT), which were discovered by electron microscopy by Marton and
Clarke (1952) and Fawcett and Porter (1954), are large polar filaments composed of
heterodimers of the globular proteins a and 3 tubulin, which create a cylindrical ring of 13
linear protofilaments (linear polymers), 25 nm in diameter. o and 3 tubulins are homologous
but not identical, with each containing a nucleotide binding site and having a molecular weight
of approximately 55 kDa. Most microtubules occur as single tubes and form cellular structures

such as the mitotic spindle, which positions, aligns and separates chromosomes.

Microtubules grow from the microtubule organising centre (Tucker, 1992) and undergo
rapid remodelling with frequent shortening and growth transitions (Waterman-Storer &
Salmon, 1998). Microtubules are able to undergo treadmilling, in a similar manner to actin,
with addition of tubulin heterodimers at the plus end and dissociation of tubulin heterodimers

at the minus end. Microtubules are highly dynamic between growing and shrinking phases both
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in vivo and in vitro (Desai & Mitchison, 1997). Microtubule elongation proceeds when the
concentration of free subunits exceeds the critical concentration, while below this
concentration, microtubules depolymerize (Alberts et al., 2002). This non-equilibrium
behaviour, known as dynamic instability (Mitchison & Kirschner, 1984), is also based on the
binding and hydrolysis of GTP at the nucleotide binding site. Each o and 8 monomer possesses
a binding site for one molecule of GTP. The GTP that is bound to the a-tubulin is physically
trapped and is never hydrolysed (Spiegelman et al., 1977). The nucleotide on the B-tubulin, in
contrast, is exchangeable, and may be either GTP or GDP. Shortly after incorporation of a
tubulin subunit into a filament, GTP hydrolysis occurs, but the nucleotide diphosphate remains
trapped in the filament structure. Microtubule structure is stabilized by a layer of GTP tubulin
subunits (Mitchison & Kirschner, 1984). When this cap is lost, the protofilaments peel outward
and the microtubule fapidly depolymerizes. This dynamic instability is important in cell
motility as well as in the positioning of organelles and movement of vesicles in the cell.
Microtubules associate with a variety of proteins known as microtubule associated proteins

(MAPs).

There are two main classes of microtubule motor proteins that carry out ATP-
dependent movement along microtubules (Mitchison & Kirschner, 1984; Gross et al., 2007).
Kinesins are a large family of motor proteins, most of which walk along microtubules toward
the plus end (Hollenbeck & Swanson, 1990; Coy et al., 1999), whereas dyneins walk along
microtubules towards the minus end (Hirokawa, 1998; Vale, 2003). Motility arises from
conformational changes in the motor domain, as ATP is bound and hydrolyzed, and products

are released.

Microtubules are key organizers of the cell interior as they serve as a track for organelle
movements driven by molecular motors. Plus end directed motors such as kinesins distribute
the endoplasmatic reticulum, Golgi complex (Lippincott-Schwartz et al., 1995) and
mitochondria along microtubules (Fujita ef al., 2007). Also, different kinesins are involved in
chromosome movement during mitosis and meiosis as well as in microtubule spindle formation
(Chang er al, 2004). In human keratinocytes, the retrograde microtubule motor dynein
mediates the perinuclear aggregation of melanosomes, which protects the nucleus from UV-

induced DNA damage (Byers et al., 2003).

26




1.2.4 Intermediate Filaments

Evolutionarily, IFs appeared more recently than the other two cytoskeleton networks
(Rash et al., 1970; Fuchs & Cleveland, 1998), and were first described by Holtzer and
colleagues, from studies of muscle, inthe late 1960s (Ishikawa et al., 1968). They have been
described as ubiquitous cytoskeletal scaffolds in both the nucleus and cytoplasm of higher
metazoans (With the exception of arthropods) (Erber et al., 1998). The name “Intermediate
Filament” comes from the fact that their size (10 nm) is intermediate in thickness between the
thin actin (6-8 nm) and thick microtubule (25 nm) filaments. IFs are rope-like fibres, forming
an internal framework that stretches from the nuclear envelope to the plasma membrane. IFs
are encoded by one of the largest families of genes in the human genome (Hesse et al., 2001).
More than 65 different IF protein have been identified and classified into six groups based on

similarities between their amino acid sequences (Table 1.1).
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Table 1.1: Classification of intermediate filament protein superfamily and their associated

diseases.

Intermediate filament type

K9-K24

Specificity of

| expression

Soft epithelia

K31-K40
Acidic

Hard epithelia

keratins

K25-K28

‘Inner root

Sheet (hair)

Disease

K14-Epidermis bullosa simplex

K10, K16, K14-Keratoderma disorder
K12-Meesmann corneal dystrophy
K13-White sponge nevus of Cannon
K16-Pachyonychia congenital type |
K17- Pachyonychia congenital type II

K1-K8

Soft epithelia

K81-K86

Hard epithelia

Neutral,
basic

keratins
K71-K80

Inner root

Sheet (hair)

K1, K9, K2-Keratoderma disorders
K3-Meesmann corneal dystrophy
K4- White sponge nevus of cannon
K6a- Pachyonychia congenital type [
K6b- Pachyonychia congenital type II
K81 (Hbl), K83 (Hb3), K86 (Hb6)-
Monilethrix

K85 (Hb5)-Pure hair-nail type

ectodermal dysplasia

Desmin

Muscles

Dilated cardiomyopathy 11,

Familial restrictive cardiomyopathy 2

GFAP(glial fibrillary

acidic protein)

Astrocytes,

glia

Alexander disease
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Vimentin

Fibroblast,
endothelium,

leukocytes

Peripherin

PSN Neurons

Amyotrophic lateral sclerosis

Neurofilaments

(LM,H)

a-Internexin

Neurons

NF-L, M, and H- Amyotrophic lateral
sclerosis

NF-L-Charcot-Marie-Tooth disease
NF-M-Parkinson’s disease

NF-H-Neuronal IF inclusion disease

Nestin

Neuroepithelial

stem cells

Synemin

Muscle

Desmuslin

Muscle

Lamin A/C

Ubiquitous ,

Nuclear lamina

Lamin B1

Ubiquitous

(nucleus)’

Lamin B2

Ubiquitous

(nucleus)

Lamin A/C-muscular dystrophies
(Emery-Dreifuss muscular dystrophy,
EDMD), progeria, (Hutchinson-Gilford

progeria syndrome ), neuropathy

(Charcot-Marie-Tooth disease).

Lamin B-lipodystrophies (Barraquer-
Simons syndrome), leukodystrophy

(Pelizacus-Merzbacher disease).

| Others

Filensin

Phakinin

Eye lens

Filensin- Autosomal recessive cataract
disease

Phakinin- Autosomal dominant cataract
disease

29



Table 1.1: Classification of intermediate filament protein superfamily and their associated

diseses.

This classification was based on the new keratin nomenclature which was published
recently (Porter, 2006, Schweizer et al., 2006). With the exception of eye lens specific proteins,
IF’s are divided into five groups based on their sequence homology. Group I-1V are localised to
the cell cytoplasm whereas the type V nuclear lamins build up the nuclear envelope and
karyoplasms. The keratins are by far the most diverse group of the IFs, containing over 54
genes (Hesse et al., 2001; Hesse et al., 2004, Rogers et al., 2004, Rogers et al., 2005).
Keratins are subdivided into type I and type II comprising 17 and 20 different proteins
respectively, which are expressed in epithelial cells. Some of the type I and II keratins, called
hard keratins, are used for production of structures such as hair and nails. In contrast, soft
keratins are abundant in the cytoplasm of epithelial cells. Type Il proteins of the IF family
include vimentin, GFAP, peripherin and desmin. The type IV IF consists of the three-
neurofilament proteins. These form the major IF of many types of mature neurons and were
identified by axonal transport studies (Hoffman & Lasek, 1975). Other proteins in this group
are a-internexin, expressed at the early stage of neuron development (Pachter & Liem, 1983),
nestin, which plays a role in developmental processes and two other proteins expressed in
muscle, synemin and desmuslin. Type V IFs consist of nuclear lamins, which are important
organisers of the nuclear envelope. Mutations in IFs comprise a large group of human

diseases. These are represented in all IF groups (Godsel et al., 2008).
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Similarly to microtubules and microfilaments, IFs are dynamically regulated, fully
integrated within the cellular framework, and interact with a range of cellular proteins.
However there are several basic characteristics that are unique to IFs compared to
microfilaments and microtubules. They lack the structural polarity that is observed for actin
and microtubules, they are linear rather than globular proteins and are unable to bind or
hydrolyze nucleotides as a means of regulating filament dynamics. The small size of the
soluble pool of IF subunits in vivo, and their mode and location of assembly and turnover in
cells, suggest unique organisation properties (Coulombe et al., 2001; Windoffer et al., 2004).
Furthermore, IFs display wunique mechanical and biochemical properties. Unlike
microfilaments and microtubules, IFs are flexible and able to cope with stretching to more than
three times their resting length without breaking. (Fudge et al., 2003; Kreplak et al., 2005).
Under strain, IFs become thinner and more resistant to further deformation (“strain stiffening™)
Moreover, as most of the changes are reversible, they regain their previous conformation once
the strain is dissipated. This cytoskeletal filament network, with all the accessory proteins that
link the filament to cell components and other cytoskeletal network systems, contribute to the
tensile strength necessary for maintaining cell integrity (Kreplak e al., 2005; Herrmann et al.,

2007).

1.2.4.1 Intermediate filament structure

Intermediate filaments show a conserved tripartite domain structure. Most IFs contain a
conserved central o helical rod domain that is usually 310-350 amino acids long. This is
flanked by non-helical carboxyl and amino terminal domains that differ in length, sequence,
substructure and properties, leading to the heterogeneity in IF protein size (~40-240 kDa) and
other characteristics (Kim & Coulombe, 2007). The rod domain contains heptad repeats
(subdomains 1A, 1B, 2A, 2B) that facilitate dimerisation between the rod domains (Coulombe
et al., 2001). These dimers constitute the fundamental building blocks of IFs which, depending
on the IF type, can be either heterodimeric (keratin) or homodimeric (vimentin). The head and
tail domains mediate interactions with other filaments and cellular proteins, as well as serving

as a substrate for post-translational modifications that regulate function, structure and
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organisation of the filament (Green et al., 2005; Omary et al., 2006a; Izawa & Inagaki, 2006;
Coulombe & Wong, 2004).

1.2.4.2 IF assembly properties in vitro

The central "rod" domain of IFs mediates coiled-coil dimer formation and represents
the major driving force for self-assembly (Chan et al., 1994; Herrmann & Aebi, 2004; Lin et
al., 2005). The assembly of the IFs includes several steps, starting with the formation of
parallel dimers. Due to the long repeats in the rod domain, cytoplasmic IF proteins form highly
stable coiled-coil dimers (42—44 nm in length) in which the two participating monoiners show
polar, parallel alignment (Kim & Coulombe, 2007). Subsequently, dimers spontaneously
assemble into anti-parallel, non-polar tetramers in the absence of ATP or GTP (Strelkov ef al.,
2003), with a diameter of 8-9 nm (Sokolova ef al., 2006; Miicke et al., 2004). Tetramers
laterally interact and form octamers, with four of these building up a unit length filament
(ULF) (Sokolova et al., 2006), which undergo reorganisation and elongation by longitudinal
annealing to form immature IFs. The final step is radial compaction of the filament via lateral
rearrangements of protein subunits that reduce the diameter from 16 nm to 10-12 nm
(Sokolova et al., 2006, Herrmann ef al., 2007, Parry et al., 2007) without increasing the length

of the filament.

1.2.4.3 Remodeling of intermediate filaments

IFs are highly dynamic cell components which undergo disassembly and reassembly
during many processes such as cell spreading, wound healing processes, cell division and in
response to environmental stresses. Phosphorylation is a major post-translational event that is
involved in the regulation and reorganisation of the intermediate filament network in cells. IFs
have specific kinases associated with them that control solubility, assembly, interactions and
disassembly events. Initial experiments highlighted phosphorylation as a major regulatory event,
with IF proteins observed to be hyperphosphorylated in mitosis (Evans & Fink, 1982). Other
work showed that vimentin-type IFs were rapidly hyperphosphorylated and disassembled in cells

32




exposed to phosphatase inhibitors, which suggested that the assembly of IFs in interphase cells is
controlled by equilibrium between phosphatases and kinases (Lee & Cleveland, 1996). All
kinases phosphorylate their target proteins at specific residues (Inagaki er al., 1996; Kosako et
al., 1997; Matsuzawa et al., 1998; Goto et al, 2006). In most cases, this targeted
phosphorylation leads to an inhibition of IF assembly or facilitates disassembly of the filaments.
Those sites of phosphorylation closest to the central rod domain appear to affect filament
assembly, whilst those further from the rod domain are important for regulating the interaction of
IFs with other cellular components (Inagaki et al., 1996). In vivo phosphorylation of IFs may
also influence the protein conformation as demonstrated by interference with the binding of
antibodies to a distinct site (Tao ef al., 2006). It has been suggested that IF turnover might occur
via exchanging particles within the filament network (Vikstrom et al., 1992) based on vimentin
fluorescence recovery after photobleaching (FRAP) analysis. More recently, phosphorylation of
the vimentin end domains have been suggested to regulate IF assembly in vivo (Eriksson ef al.,
2004; Omary et al., 2006b). Studies using fluorescent tagged proteins have identified non-
filamentous “particles” and small filamentous portions of IFs called “squiggles” which are able
to incorporate into the polymerizing network of the cell (Windoffer & Leube, 1999; Prahlad et
al., 1998; Yoon et al., 1998). Keratin particles merge to form squiggles containing [F aggregates
such as ULFs and polymerized ULFs building up small filaments (Miicke et al., 2004; Liovic et
al., 2003; Kirmse et al., 2007) The cell periphery has been proposed as a “hot spot” for initiation
of IF assembly (Windoffer et al., 2006). It is been shown that fluorescent keratin probes initially
become incorporated into small particles at the cell periphery, close to actin rich regions such as
focal contacts. They then move towards the cell center, becoming rodlets, and eventually
integrate into the existing IF network (Windoffer et al., 2004). This connection between keratin
filaments and focal adhesions became evident after experiments where the focal adhesion
component talin was downregulated and resulted in the inhibition of keratin filament precursor
formation (Windoffer et al., 2006). Plectin has also been proposed as a possible candidate for
regulating IF polymerization and dynamics. In addition to having an IF binding site on the C-
terminus, recently another site (the first CH domain) has been shown to bind IFs. Interestingly,
this site is not able to bind filamentous vimentin, suggesting that it might regulate the dynamics

of IF polymerization (Sevcik et al., 2004).
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Live cell imaging studies of peripherin revealed that 30% of the non-filamentous particles are
assembled into a cytoplasmic mRNA complex by a process called dynamic co-translation, in
which IF protein particles are initially formed (Chang et al., 2006). Interediate filaments, such
as keratin and vimentin precursors, are motile elements due to their association with MTs
(Helfand et al., 2004) and actin filament based motor proteins (Windoffer et al., 2006). This
characteristic of IFs is required for proper assembly into extensive cytoskeletal networks
(Yoon et al., 1998; Yoon et al., 2001). The direction and rate of movement of IF particles
varies depending on [F type, cell type and size of the precursor. However, neurofilaments,
vimentin and peripherin have several dynamic behaviors in common. They move 60% of the
time in the anterograde and 40% of the time in the retrograde direction (Wang et al., 2000;
Helfand et al., 2003). For anterograde movement of vimentin and neurofilaments, kinesin has
been implicated (Yoon et al., 1998; Prahlad ef al., 1998; Motil et al., 2006) while dynein has
been associated with retrograde translocation. Keratin precursors have been demonstrated to
move more frequently in the retrograde direction compared to type Il and IV IFs. In addition,
the kinetics of keratin precursors can be divided into two classes, one of which represents
slower kinetics requiring actin filaments and one, with a more rapid kinetics involving

microtubules (Woll et al., 2005).

1.2.4.4 Major functions of intermediate filaments

In contrast to microfilaments and microtubules, intermediate filaments are not
fundamentally essential for life at the single cell level. Unicellular eukaryotes (such as
Saccharomyces cerevisae) do not have genes encoding IFs (Erber ef al., 1998) and some
mammalian cells can grow in the absence of a cytoplasmic IF network (Venetianer et al.,
1983). Until recently, the main role of IFs was considered to be to hold the cell together
because of their remarkable mechanical properties. Today, it is known that they are dynamic,
mobile, and in the case of simple epithelia, that they have a role in apico-basal polarization
(Oriolo et al., 2007). The major role of IFs in higher vertebrates is to protect epithelial cells,
muscle cells and astrocytes from either mechanical or non-mechanical stresses that cause cell
death. Besides structural scaffolding, IFs also fulfil speciﬁc functions in different cell types.

For example, neurofilaments contribute to the radial growth of axons (Lee & Cleveland, 1996),
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vimentin [Fs play roles in sphingolipid synthesis (Gillard et al., 1998) and keratin 8/18
filaments protect hepatocytes in the liver against drug-induced apoptotic stress (Ku et al.,
1998b).

IFs are connected to desmosomes and hemidesmosomes, via a variety of linker
proteins. This IF network gives shape and rigidity to the cells, allowing them to resist
mechanical stress. Disruption of these fibres can occur in certain genetic disorders, resulting in
skin fragility, laminopathies, myopathies, neuropathies, cataracts and premature aging (Omary
et al., 2004; Magin et al., 2004, Godsel et al., 2008) (Human Intermediate Filament Mutation
Database, http://www.interfil.org) (Table 1.1). The importance and function of keratin

intermediate filaments in skin integrity is well-studied in multiple skin blistering diseases
caused by mutations in the keratin genes (Magin et al., 2007, Omary et al., 2004, Gu &
Coulombe, 2007). It is clear that mechanical resilience is compromised in epidermal diseases
with keratin mutations, notably in epidermolysis bullosa simplex (EBS), which is a group of
heritable blistering disorders of keratin 5 and keratin 14. The mechanical function of keratins is
highlighted in murine knockout experiments where the worst phenotypes occur in cells where
compensation by other keratins is not possible. An excellent example of this is shown by the
targeted deletion of keratin 5, the only type Il keratin in basal cells, that results in neonatal
death (Peters et al., 2001). In contrast, keratin 14 knockout mice have a mild phenotype, most
likely due to the compensatory expression of K15 (Lloyd et.al., 1995). Similarly, patients
lacking keratin 5 have not been identified, as it is associated with early lethality, whereas
humans lacking keratin 14 display less pronounced phenotypes (Chan et al., 1994; Batta et al.,
2000; Rugg et al, 1994). This mechanical function of keratin is also suggested by
heterozygous desmoplakin gene mutations in mice which lead to truncated proteins lacking
keratin binding domains. These result in neonatal death, accompanied by excessive blister

formation, nail loss and neonatal teeth (Jonkman et al., 2005).

There is emerging evidence suggesting regulatory functions for the keratin intermediate
filaments, besides the well known structural properties. Recently, it has been suggested that the
control of cell size, cell proliferation and the response to stress, are dependent on the
expression of certain keratins (Pallari & Eriksson, 2006; Gu & Coulombe, 2007). IFs, similar

to other proteins, are regulated by associated proteins and post-translational modifications.
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With regard to keratin associated proteins, several members of the 14-3-3 protein family
associate reversibly with keratin 8/18 in cultured cells, in a phosphorylation dependent manner
(Liao & Omary, 1996). The 14-3-3 protein family, the first member of which was identified in
rabbit brain and named because of its migration in starch gels (Moore & Perez, 1967), consists
of seven highly conserved proteins that regulate the subcellular distribution and activity of
many proteins, mostly in a serine/threonine phosphorylation-dependent manner (Izawa &
Inagaki, 2006). In response to intra- or extracellual signals, reorganisation of the keratin
intermediate filaments occurs, leading to generation of IF granules and increases in the soluble
pool of IF subunits. At the same time, serine phosphorylation creates binding sites for the 14-3-
3¢ adapter protein, as is observed for keratin 18 (Ku et al, 1998a). This binding is a
requirement for cell cycle progression (Margolis et al., 2006; Kim et al., 2006). Recruitment
of the 14-3-3 proteins to keratin 17 has been shown to regulate protein biosynthesis and cell
growth via the Akt/mTOR (the mammalian target of rapamycin) signalling pathway, which
plays an important role in rapid cell growth in response to injury (Kim et al., 2006). Lately,
another aspect of keratin function has emerged, suggesting a role in melanosome transport.
Mutations residing in the head domain of keratin 5 and keratin 14 appear to be a common
genetic mechanism in Dowling-Degos disease (DDD), a pigmentation defect resulting in
hyperpigmented macules and papules affecting major areas of the skin (Betz et al., 2006; Liao
et al., 2007). These mutations are also observed in EBS with mottled pigmentation (Harel et
al., 2006) and in Naegeli-Fanceschetti-Jadassohn syndrome, a hyperpigmentation of the skin
that tends to slowly disappear with age (Lugassy ef al., 2006). Emerging data have also shown
involvement of keratin IFs in multiple kinds of stresses and apoptosis. As an example,
transgenic mice overexpressing the keratin 8 G61C mutation showed induced vulnerability to

stress-induced liver injury and apoptosis (Ku & Omary, 2006).

Taken together, there is evidence supporting the involvement of intermediate filaments
in six broadly defined functions: structural support, cytoarchitecture, stress response, regulation

of signalling pathways towards apoptosis, protein synthesis and organelle/vesicle distribution.
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1.3 Cytoskeletal Linker Proteins: Plakin Family

Recently, it has become increasingly obvious that the cytoskeletal network systems are
not fulfilling their roles in isolation, but are connected to each other to play dynamic roles in
cell architecture and cell integrity. The proteins that interlink the cytoskeletal network systems
are known as plakins (Uitto et al., 1996) or cytolinkers (Wiche, 1998). Further studies have
opened up this family’s role and cytolinkers have been found to link to actin and microtubules
in the nervous system (Yang et al., 1999) and to play a role in scaffolding of signalling events

(Sonnenberg & Liem, 2007).

Plakins were first identified in epithelial cells, where they tethered IFs to membrane-
associated adhesive junctions, such as desmosomes and hemidesmosomes, and cell-matrix
junctions (Ruhrberg & Watt, 1997). The members of this family are periplakin, envoplakin,
plectin, desmoplakin, epiplakin, bullous pemphigoid antigen 1 (BPAG-1) and the microtubule-
actin crosslinking factor (MACF). These proteins have been proposed to preserve the
mechanical integrity of the cell in tissues that are exposed to continuous stress, such as the
skin, heart and muscle, by networking intermediate filaments and linking them to their
membrane attachment sites. They have also been found in the nervous system, where they
appear more complex (Leung ef al., 2001). Each plakin protein shows a characteristic tissue-
specific expression pattern and subcellular distribution, suggesting a distinct functional role for
each individual protein. Plakins may have additional roles in signal transduction as they can
interact with a variety of signalling molecules. Mutations in plakin family genes lead to defects
in tissue integrity and function of the skin, muscle and the nervous system both in human and

mouse (Table 1.2).

Plakins are highly conserved through evolution, with plectin-like proteins also present
in cells of algae, Chlamydomonas eugametos (Hendrychova et al., 2002). The invertebrate
plakins in Drosophila melanogaster and Caenorhabditis elegans were discovered from genetic
screens (Jefferson et al., 2004). The Drosophila gene Shortstop (Shof) was identified in a
screen for genes that control neuromuscular specificity (Vactor et al., 1993). Subsequently, it
was found to be allelic to another mutation called Kakapo (Lee et al., 2000) which was
identified in a screen to isolate genes required for integrin-mediated adhesion (Prout et al.,

1997; Gregory & Brown, 1998). There are three known Shot isoforms. Shot I mediates cell—
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matrix adhesion, Shot II mediates lateral cell adhesion (Réper & Brown, 2003) and the third
variant, Shot III, has been described in one report, but no function has yet been described (Lee
et al., 2000; Roper & Brown, 2003). The C. elegans plakin, vab-10, was identified in a genetic
screen for embryonic morphological defects (Bosher ef al., 2003). vab-10 generates protein
isoforms with distinct distribution and function in the epidermis (Bosher et al., 2003). These

isoforms are termed VAB-10A and VAB-10B.

1.3.1 Structure of the cytolinkers

All plakin family members are built from a combination of different modules illustrated
in Figure 1.2, which builds up a head-rod-tail structure, with a specific function for each
domain (Green et al., 1992). In some family members, an N-terminal calponin-type actin
binding domain (ABD) (Bafiuelos et al., 1998) is present. This calponin-homology (CH)
domain contains four a-helices connected by loops and short helices. Each domain contains
approximately 10 residues and is present in signalling and cytoskeletal proteins (Stradal et al.,
1998; Gimona et al., 2002). CH domains are subgrouped into CH1 and CH2 due to functional
diversity, and are able to homodimerise and heterodimrise (Fontao et al., 2001; Young et al.,
2003). CH1 and CH2 are responsible for actin binding in some cytolinkers. The affinity to bind
actin is lower in the case of CH2 and CH1-CH2, than in CH1 alone (Winder et al., 1995). The
ABD is followed by a plakin domain -which is proposed to contain six a-helical bundles and
play a role in protein-protein interactions (Leung et al., 2002; Rezniczek et al., 2004; Jefferson
et al., 2007). These regions were named as NN, Z, Y, X, W and V (Green et al., 1992). Plakins
are evolutionarily related to the spectraplakins, cytoskeletal giants with characteristics of both
plakins and spectrin (Roper et al., 2002; Méitti er al., 2004). The spectraplakins were named
by Roper and colleagues in 2002, to encompass all proteins that have similarities to plakins and
spectrin family proteins. This includes the Shot gene in Drosophila and the dystonin/BPAGI
and MACF'I genes in mammals. This relationship was confirmed after crystallography studies
of both plectin and BPAG-1 (Jefferson et al., 2007; Sonnenberg et al., 2007). The crystal
structure of the plectin N-terminus revealed the structure of the first two tandem repeats of the
plakin domain. This domain is formed by two spectrin repeats (SR1, SR2) connected with a a-
helix that spans between these two regions (Sonnenberg et al., 2007). Although these two
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spectrin repeats are very similar, they differ in the hydrophobic core of the second repeat,
which slightly alters the structure. This domain is adjacent to the ABD, suggesting that it may
act as a functional unit. Sequence analysis of the plakin domain revealed further repeats, with
up to eight or nine consecutive spectrin repeats. This region is organized into an array of
tandem modules, with a Src-homology 3 domain (SH3) inserted in the middle of the fifth
repeat (SRS) (Sonnenberg et al., 2007). The centre of the protein forms a coiled coil rod-
domain (CC-rod) which can adopt many different conformations, suggesting that it may give
flexibility to the protein, facilitating the response to mechanical stress in muscles and skin.
The coiled-coil rod domain contains heptad repeats that mediate homodimerisation or
heterodimerisation. The C-terminal region harbours plakin repeat domains (PRD) with
intermediate filament-binding properties that in some cases require an associated linker (L)
subdomain. The plakin repeat domain comprises varying numbers of repeating unit
subdomains which are termed A, B or C, depending on their degree of similarity to each other.
All plakin repeat domains consist of 4.5 copies of a 38 amino acid repeat that adopts a globular
structure with a unique fold (Choi et al., 2002) which is important for binding to IFs (Fontao et
al., 2003). The flexible linker region that is present between the B and C subdomains in some
cytolinkers might be required to allow these motifs to simultaneously bind to IFs (Sonnenberg
et al., 2007). However, in the case of periplakin, only the linker domain is able to bind the

protein to IFs.

In some proteins such as BPAG-1a, BAPG-1b, MACF-1a and MACF-1b, the spectrin
repeat (SR)-containing rod domain is followed by two calcium binding motifs (putative
calmodulin-like EF hands), a Gas2-homology region called the GAR domain and finally a
domain containing GSR (Gly-Ser-Arg) repeats. The GAR domain is thought to be required for
MT binding. Other cytolinkers without a GAR domain, bind to MT through their GSR repeats
(Sun et al., 2001; Yang et al., 1999).
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Figure 1.2: Schematic diagram of the plakin family members.

The CH actin binding domain is present in plectin, BPAG-1a/b, MACF-1a/b and in the
invertebrate VAB-10A/B and Shot I/IVIII proteins. Plakins (with the exception of epiplakin)
also contain an N-terminal region consisting of 4-9 spectrin repeats with a central SH3
domain and a central coiled-coil rod domain. The spectrin rod domain is present in BPAG-1
and MACF-1 and the invertebrate plakins VAB-10B and Shot I/Il. This is followed by a
microtubule binding domain, consisting of EF hands and a Gas2 related (GAR) domain with a
glycine-serine-arginine (GSR) domain. In the other plakins lacking in the microtubule binding
site, there are three plakin repeat domains (PRD). These are marked as A, B and C or in case
of incomplete A ‘a’ and B ‘b’ (PRD) domains. In the invertebrate plakins, there are a series of
plakin repeats that are not organized into PRD. The C-terminal linker region found in the

epithelial plakins plays a role in the interaction with intermediate filaments.
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1.3.2 Periplakin

Originally, periplakin (195kD) was identified as a precursor of the cornified cell
envelope (CE) in terminally differentiated epidermal keratinocytes (Simon & Green, 1984; Ma
& Sun, 1986; Ruhrberg er al., 1997). Periplakin has also been found in two-layered and
transitional epithelia such as the mammary gland and bladder (Ruhrberg e al., 1996; Ruhrberg
et al., 1997; Aho et al., 1998) and it is highly expressed in some non-epithelial tissues, such as
in the brain (Aho et al., 1998). Periplakin was also found in lens fibre cells, forming a cortical
complex with ezrin, periaxin, and desmoyokin (Straub et al., 2003). In both the brain and lens,

the primary function of periplakin remains unclear.

1.3.2.1 Overall structure of periplakin

Figure 1.4 shows a detailed structure of periplakin in comparison with another
cytolinker, plectin. Periplakin is predicted to contain a globular NH»-terminal domain, but is
distinguished from the other cytolinkers, such as plectin, as it lacks the actin-binding domain
(ABD) and the first, second and sixth (SR1, SR2, SR6) spectrin repeats at the amino terminus.
The domain connecting the first spectrin pair to the next pair of periplakin, approximately
corresponds to the NN region of the plakin domain, the SR3 to the Z region, the first half of
SR4-SRS5 to the Y region, X to the SRS region, W to the SR7 and finally V to the SR8-SR9
region (Sonnenberg et al., 2007). The central rod domain mediates assembly of periplakin into
parallel homodimers, or heterodimers with envoplakin (Ruhrberg & Watt, 1997; DiColandrea
et al., 2000). The C-terminus of periplakin also differs from other plakin proteins as it lacks
any of the sequence-related subdomains. However, it does contain the a-helical linker region

that connects the C-subdomain to intermediate filaments (Karashima & Watt, 2002).
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1.3.2.2 Role of periplakin in cornified envelope formation

The outermost, cornified, layers of the epidermis are composed of terminally
differentiated keratinocytes know as corneocytes. This specialised structure deve lops as a
result of a complex terminal differentiation of stratified squamosus epithelia (Figure 1.5).
Corneocytes provide an insoluble protein structure that is assembled to replace the plasma
membrane, functioning as a scaffold for lipid attachment. This protein and lipid structure is
called the cornified cell envelope (CE) and is assembled from a great variety of precursor
proteins (Jarnik et al., 1998). The CE is extremely insoluble, and is composed of two major
parts. The 10nm (approximately) thick protein envelope is formed by covalent cross-linking of
specific structural proteins by sulphydryl oxidases and transglutaminases (TGases) (Hohl,
1990, Polakowska et al., 1991; Eckert et al., 1997). TG1/3 and 5 are involved in CE formation,
and these enzymes are essential for normal barrier assembly (Matsuki et al., 1998). This
protein layer is coated by the lipid envelope which is approximately Snm thick, with layers of
lipids that are covalently attached to the exterior of protein envelope (Wertz & Downing,

1990).

The first step in the formation of the CE takes place in the spinous layers (Figure 1.6)
and involves the synthesis of the cornified envelope structural proteins. It is believed that the
assembly of the CE is regulated and triggered by a rise in intracellular calcium concentration,
coincidental with signals to initiate terminal differentiation in epithelia. As the intracellular
calcium concentration rises in suprabasal cells, the level of envoplakin and periplakin is
increased (Ruhrberg et al., 1996; Ruhrberg et al., 1997). A short time later, involucrin is
expressed, which was the first described CE precursor (Rice & Green, 1977). TG1 and TGS
enzymes are expressed and crosslink envoplakin and periplakin to form stable heterodimers
thereby anchoring them to the desmosomes as the calcium level rises. Then, TGs join together
the plakins and involucrin by forming lysine isopeptide crosslinks (Steinert & Marekov, 1997;
Nemes & Steinert, 1999) in a calcium-dependent manner. TGl also crosslinks other
membrane-associated and desmosomal proteins, which leads to changes in cell-cell
connections and communication (Kee & Steinert, 2001). Gradually, the involucrin-envoplakin-
periplakin protein complexes form a monomolecular layer along the whole inner surface of the

cell membrane, including desmosomes, forming a “scaffold” (Kalinin ef al., 2001).
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Loricrin and small proline-rich proteins (SPRs) together constitute the main component
of the epidermal CE, and seem to function as main strengthening proteins for the CE on its
cytoplasmic face (Steinert & Marekov, 1995). Although loricrin is an insoluble protein and is
localized in the cytoplasm of the granular layer cells, the SPRs are very soluble. Therefore
when these proteins are cross-linked, loricrin is solubilised assisting translocalisation to the cell
periphery (Kalinin et al, 2001). Minor amounts of other proteins, including repetin,
trichohyalin, cystatin oo and elafin also become crosslinked to the CE (Steinert & Marekov,

1995).

The epidermal differentiation complex (EDC) on human chromosome 1 (1g21) is
enriched in genes associated with epidermal terminal differentiation (Backendorf & Hohl,
1992; Engelkamp et al., 1993; Mischke 'et al., 1996). As well as encoding single-terminal
differentiation genes, the EDC also contains “clusters” of related genes, such as SIOO genes,
small proline-rich region (SPRR) genes, and a recently identified gene cluster, the late
cornified envelope (LCE) genes (previously XP5, EIG, small proline- rich-like, late envelope
protein (LEP) genes) (Zhao & Elder, 1997; Marshall et al., 2001; Wang et al., 2001). Analysis
of LCE genes revealed that the cluster is organised into three groups, with these genes
responding as a group to environmental stimuli such as calcium levels and ultraviolet (UV)

light, highlighting the functional significance of these groups (Jackson et al., 2005).
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1.3.2.3 Consequence of periplakin ablation

It has been reported that when periplakin is deleted by gene targeting in mice, there is
normal epidermal barrier formation (Aho et al., 2004). In line with this result, mutations in the
gene encoding periplakin are not associated with genetic disease in humans. Furthermore, the
loss ‘of expression of other scaffold proteins that build up the CE, such as envoplakin and
involucrin, also results in normal CE assembly and produces viable, fertile mice, suggesting
that this might be achieved through compensatory mechanisms (Dijan et al., 2000; Maétta es
al., 2001). This has been demonstrated in loricrin-deficient mice, where an increased
expression of members of the SRP family and repetin are thought to compensate for the
loricrin deficiency (Jarnik et al., 2002). Thus, no single molecule has been found to be critical
for CE integrity. Surprisingly, the lack of periplakin did not alter the expression level of other
epidermal proteins such as envoplakin or involucrin (Aho et al., 2004). Some studies speculate
that cross-linking between periplakin and the CE is a result of a default mechanism for
disposing of these proteins during terminal differentiation (Aho et al., 2004). This is known as
the “dust-bin” hypothesis and predicts that the composition of the CE might be determined by
the availability of substrate proteins at the moment when TGs mediate cross-linking (Michel ef
al., 1988; Regnier et al., 1993). This hypothesis is supported by the observation that the
breakdown of organelles during terminal differentiation correlates with the appearance of a
morphologically defined CE. On the other hand, not all proteins that had been targeted for
destruction (such as filaggrin and keratinl and 10) were necessarily cross-linked to the CE
(Steven & Steinert, 1994). Recently, triple knock-out mice for envoplakin, involucrin and
periplakin were generated, which demonstrated delayed epidermal barrier formation during
embryonic development, defects in the cornified layer and signs of hyperkeratosis postnatally
(Sevilla et al., 2007). Simultaneous loss of periplakin, envoplakin and involucrin also triggered
an accumulation of CD3",CD4" T cells in the skin, and down-regulation of proteases, resulting
in defective filaggrin processing (Sevilla ef al., 2007). Thus, envoplakin, periplakin and
involucrin have been proposed to contribute to pathological human skin conditions such as

ichthyosis vulgaris and atopic dermatitis (Sevilla et al., 2007).
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1.3.2.4 Periplakin in cancer progression

In excised tissues from patients with primary oesophageal cancer, immunoblotting
revealed that periplakin was significantly downregulated in oesophageal cancer.
Immunohistochemistry subsequently showed that periplakin was mainly localized at cell-cell
boundaries in normal epitheliufn, whereas it disappeared from cell boundaries, shifting to the
cytoplasm, in early cancers, and was scarcely expressed in advanced cancers. Therefore, it has
been suggested that periplakin could be a useful marker for detection of early oesophageal
cancer and evaluation of tumor progression (Nishimori et al., 2006). Other plakins have also
been implicated in cancer progression, with downregulation of desmoplakin found in poorly
differentiated breast tumours (Davies et al., 1999) and mutations of MACF-1 also found in

breast tumours (Sjéblom ef al., 2006).

1.3.3 Envoplakin

Envoplakin (210kD), similarly to periplakin (195kD), was identified in a proteomic
search for CE proteins in keratinocytes (Simon & Green, 1984). It was also found in terminally
differentiated keratinocytes where it partially colocalised with desmoplakin at desmosomes
| (Ruhrberg et al., 1996). Envoplakin is expressed in the suprabasal layers of stratified
squamosus epithelia, but not in simple epithelia or non-epithelial tissues. The structure of
envoplakin is very similar to periplakin, as described above, although a PRD, called the C
subdomain, exists in the envoplakin C-terminus. Envoplakin and periplakin have smaller C-
terminal domains than the other plakins and they also have the potential to form heterodimers
with each other (Ruhrberg et al.,, 1997). A detailed analysis of periplakin and envoplakin
revealed that the rod domains of each protein are more closely related to each other than to
those of other plakins. It was suggested that the two proteins could form two-stranded, parallel
homodimers or heterodimers which could be stabilized by extensive inter-chain ion pairing
(Ruhrberg et al., 1997). Envoplakin knockout mice do not have any obvious pathological
phenotype in the skin or other epithelia and also show no evidence of epidermal fragility or

blistering (M4éttd et al., 2001). There was only a slight delay observed in epidermal barrier
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formation, which had no effect later in life. This mild effect of envoplakin loss could explain

why no inherited human disease caused by envoplakin mutation has been reported to date.

1.3.4 Desmoplakin

Desmoplakin (DP) was first discovered as a protein linked to the desmosomes in
isolated epidermis (Skerrow & Matoltsy, 1974). The cytoplasmic proteins of the desmosome
interact with the IF-binding protein desmoplakin, which anchors stress-bearing IFs to the
desmosomal plaque (Godsel et al., 2004). Alternative splicing in the region of the central rod
domain results in two isoforms of desmoplakin. Desmoplakin I (DPI) is a 322-kDa protein and
is expressed in all tissues with desmosomes. The other isoform, desmoplakin Il (DPII)
weighing 259-kDa, is expressed in non-stratified tissues at low level and is absent from the
heart (Green et al., 1990). DPII also lacks most of the rod domain and therefore can be found
as a monomer (O'Keefe ez al., 1989). Desmoplakin is targeted at the desmosomal inner plaque
through interaction of its N-terminal plakin domain with plakoglobin and plakophilins, which
then link to desmosomal cadherins (Kowalczyk et al, 1997; Bornslaeger et al., 2001).
However, there is also evidence that desmoplakin is able to bind desmosomal cadherins
directly (Smith & Fuchs, 1998; Bornslaeger et al., 2001). Recently, desmoplakin was found in
non-classical desmosome-related junctions in different tissues, where the junctional structure is
considerably different from epithelial desmosomes. Desmoplakin (with cadherins and
plakoglobin) is also a constituent of a specialized vascular and lymphatic endothelial cell
junction called the “complexus adhaerens” (Borrmann et al., 2006; Himmerling e al., 2006).
Moreover, the composition of the intercalated disk in heart muscle revealed a specialized
region of the cardiomyocyte membrane where desmoplakin is combined with cadherin
components. As a result, these junctions have been reclassified as “area composita” of adhering

junctions (Franke et al., 2006).
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1.3.4.1 Structure of desmoplakin

The study of the protein structure of desmoplakin reveals several spectrin repeats that
are interrupted by a SH3 region (Roper et al., 2002; Green et al., 1992; Koster et al., 2004).
The central coiled-coil rod domain is followed by the C-terminal region with three homologous
plakin repeat domains (PRDs), A, B, and C. The B and C subdomains of desmoplakin adopt a
globular structure that can directly bind to the IF protein vimentin (Fontao et al., 2003).
Furthermore, DP-IFs interactions are regulated by phosphorylation of Ser2849 within the DP
C-terminus (Fontao et al., 2003; Godsel et al., 2005).

1.3.4.2 Function of desmoplakin in skin, cardiac muscle and during embryogenesis

Epidermis-specific knock-out of desmoplakin in the developing mouse embryo had
little effect on desmosome structure and only the interaction with IFs was affected, resulting in
skin fragility (Vasioukhin et al, 2001). Interestingly, in humans haplo-insufficient for
desmoplakin, the recruitment of desmoplakin into desmosomes decreases (Armstrong ef al.,
1999; Whittock et al., 1999) causing blistered areas on the palms of the hands and soles of the
feet (palmoplantar keratoderma). No such phenotype was observed in heterozygous
desmoplakin knockout mice (Gallicano er al., 1998). However, in some patients, the
heterozygous phenotype did not result in skin fragility but a missense mutation on the other
allele triggered the abnormalities to occur (Whittock ez al., 1999). This underlies the fact that a
certain amount of functional desmoplakin has to be produced to maintain normal skin integrity.
Desmoplakin has recently been implicated in the rearrangement of the microtubule
cytoskeleton during epithelial differentiation. In the suprabasal layers of the skin of wild type
mice, microtubules were concentrated at the cell junctions, whereas in desmoplakin knock-out
mice, the microtubules were found to be aggregated in the cytoplasm (Lechler & Fuchs, 2007).
Mutations in the desmoplakin gene are responsible for other diseases as well. A recessive
homozygous mutation (7901delG) in the human desmoplakin gene produces a premature stop
codon leading to a truncated desmoplakin protein missing the C domain of the tail region. This
truncated desmoplakin causes a generalized striate keratoderma particularly affecting the

palmoplantar epidermis, woolly hair and a dilated left ventricular cardiomyopathy (Norgett er
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al., 2000). A lethal condition called acantholytic epidermolysis bullosa was shown to result
from compound heterozygous mutations that truncate the desmoplakin C-terminus (Jonkman et
al., 2005). A dominant missense mutation (S299R) in desmoplakin, located in the plakin
domain, results in a form of arrhythmogenic right ventricular cardiomyopathy (AVCR)
(Rampazzo et al., 2002). Other missense mutations in the plakin domain that affect both the
heart and skin have also been reported (Whittock et al., 2002). These are likely to be caused by
a failure of desmoplakin to bind plakoglobin, since plakoglobin mutations cause similar

disorders in both humans and mice (Ruiz et al., 1996, McKoy et al., 2000).

Desmoplakin null mouse embryos do not survive beyond E6.5 of gestation due to the
failure of the surface endoderm to resist mechanical stress (Gallicano er al, 1998).
Desmoplakin -/- embryos showed morphological abnormalities, with the endoderm of these
mutant embryos mechanically fragile and the embryos significantly smaller than normal. These
defects are directly related to the reduction in the number of desmosomes in developing
embryos, and the few desmosomes still present were not attached to keratin IFs. Interestingly,
the reduction in the numbers of desmosomes resulting from desmoplakin deletion in epidermis,
was not observed in mice (Vasioukhin ef al., 2001). In order to overcome the early embryonic
death when desmoplakin is completely absent from the embryo, tetraploid (wild-type) and
diploid (mutant) morulae were aggregated. In this case, embryos develop beyond E6.5, but die
after gastrulation due to major defects in heart muscle, the neuroepithelium, skin and the
microvasculature (Gallicano et al., 2001). Recently it was shown that desmoplakin also plays a
role in formation of microvascular tubes in culture, in addition to its function to stabilizing

these vessels (Zhou et al., 2004).

1.3.5 Plectin

Plectin, a protein of high molecular mass (approximately 500 kDa), was first isolated from
cultured cells as a major [F-associated protein (Pytela & Wiche, 1980). Additionally, a novel
hemidesmosome protein named as HD1 was isolated from bovine corneal epithelial cells, and
was later identified as plectin (Owaribe er al., 1991; Hieda et al., 1992). Plectin is widely

expressed in a variety of cell types, including skin and striated muscle. Plectin play roles in cell
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and tissue integrity by cross-linking between the three cytoskeletal networks and stabilising
cell-matrix and cell-cell contacts (Wiche, 1998; Leung et al., 2002). Plectin has an ABD
consisting of calponin-homology subdomains at the N-terminus, and a plakin domain which is
followed by a central rod domain. At the C-terminus, plectin harbours six plectin repeat
domains (PRD), with the last two PRD joined by a linker domain which is critical for IF
binding (Nikolic et al., 1996).

Plectin serves as an anchorage site for IFs to the cytoplasmic domain of integrin a6p4
(B4 subunit) and BPAG-2 in hemidesmosomes (Niessen et al., 1997; Litjens et al., 2006),
mediating firm adhesion of the basal cells to the basement membrane (Jones ef al., 1998;
Borradori & Sonnenberg, 1999). Interestingly, the integrin B4 binding site and the actin
binding sites are overlapping, which might prevent plectin from binding these two proteins
simultaneously, possibly explaining the absence of actin from hemidesmosomes (Geerts ef al.,
1999; Koster et al., 2003). Furthermore, plectin is present in focal adhesion contacts and stress
fibres (Seifert et al., 1992; Sanchez-Aparicio et al., 1997), as well as being a component of
desmosomes (Eger et al., 1997). In other studies, plectin has also been localised to Z-discs and

dense plaques of striated muscle (Wiche ef al., 1983; Zernig & Wiche, 1985).

1.3.5.1 Role of plectin in cytoskeletal dynamics

Another important function of plectin is to cross-link intermediate filaments to
microtubules and to the actin cytoskeleton. Plectin has been shown to interact with actin, and
also bundle actin filaments via dimerisation of the ABD (Fontao et al., 2001). Plectin is also
understood to regulate actin filament dynamics via phosphatidylinositol, 4,5-biphosphate
(PIP2) (Andri et al., 1998). Plectin is an early substrate for capsase 8, suggesting that it may
play roles in reorganisation of the actin cytoskeleton during death receptor-mediated apoptosis
(Stegh et al., 2000). In addition, plectin is an important organiser of the IF system. Plectin-
deficient keratinocytes lose proper orthogonal IF cross-linking, making them more vulnerable
to stress induced IF disruption; this additionally leads to changes in cell signalling and cell
migration (Osmanagic-Myers ef al., 2006). Similar results were observed when the interaction

of plectin and integrin 34 was disturbed (Geuijen & Sonnenberg, 2002).
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1.3.5.2 Plectin and signal transduction

The role of plectin in signalling pathways is beginning to be explored. It has been
shown that in plectin deficient keratinocytes, Erk1/2, c-Src and PKCS are upregulated
(Osmanagic-Myers et al., 2006). Mapping of the protein-protein interactions of plectin has
identified binding sites for several signalling molecules, including RACK1 (receptor for
activated C kinase- 1) (Osmanagic-Myers & Wiche, 2004), the non-receptor tyrosine kinase
Fer (Lunter & Wiche, 2002) and the regulatory y1 subunit of AMP-activated protein kinase
(Gregor et al., 2006).

1.3.5.3 Mutations in the plectin gene

Mutations in the plectin gene result in fragility of the skin, demonstrating blister
formation. These blistering disorders belong to the spectrum of epidermolysis bullosa (EB)
phenotypes, and three distinct variants have been identified. Plectin-deficient mice exhibit
severe skin blistering and abnormalities in skeletal heart and muscle, in association with a
reduction in hemidesmosomes (Andrd et al., 1997). Mutations in human PLEC! result in
defects in, or loss of, plectin protein and cause autosomal recessive epidermolysis bullosa with
muscular dystrophy (EBS-MD) (McLean et al., 1996). The majority of patients carry nonsense
mutations in the rod-domain-encoding exon, leading to premature termination of translation
and loss of expression of the full-length plectin. In these cases, hemidesmosomes are still
formed, but their anchorage to IFs is impaired. As a consequence, blister formation occurs
(Sonnenberg & Liem, 2007). A rod-less variant of plectin has been described which, in a
similar manner to full length plectin, is widely expressed in cells and tissues including
keratinocytes and muscle (Elliott ez al., 1997; Koster et al., 2004). This particular variant of the
plectin is believed to play an important function, and to compensate for the loss of the full-
length plectin in EBS-MD patients. The lack of both plectin variants results in a more severe
phenotype and patients die shortly after birth (Charlesworth er al., 2003). Plectin mutations at
the end of the coiled-coiled rod domain have also been found in patients with EB simplex of
the Ogna type, which is a rare autosomal disorder leading to skin changes in the absence of

muscular symptoms (Koss-Harnes et al., 2002). Recent studies have reported plectin mutations
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in patients with EB with pyloric atresia, an autosomal recessive syndrome which is frequently
lethal (Pfendner & Uitto, 2005).

1.3.5.4 Plectin isoforms

Alternative splicing provides a mechanism for generating transcript diversity. Mouse
plectin resides on chromosome 15 and extensive analysis has shown that it contains over 40
exons and exhibits an unusual complexity of 5’ isoforms (Fuchs ef al., 1999; Rezniczek et al.,
2003). The mouse plectin gene is organized into variable and constant regions (Figure 1.7).
Each variable exon is separately spliced to the first constant exon to generate diverse plectin
mRNAs. However, not all variable exons are coding and the variable exons of the plectin gene
do not display sequence similarity to each other (Zhang et al, 2004). 16 mouse plectin
isoforms have been identified, of which 11 (1-1j) are spliced onto a common exon two. In
addition, two short alternative exons were found for both the 2™ and 3™ exons (2o and 3a),
increasing the diversity in the region of the gene that encodes the calponin homology ABD
(exons 2-8). Finally, three non coding exons (named exons -1, 0a, and 0), that are located 5’ to
the first coding exons, 1c, were identified (Fuchs et al., 1999). In humans, the plectin gene
spans over 32 exons located at the telomeric region of chromosome 8 (McLean ef al., 1996).
Bioinformatics searches identified eight putative first exons in the human plectin gene,
corresponding to the previously identified mouse exons (Zhang et al., 2004). In the last year,
an additional human plectin N-terminal isoform, that was named plectin 1-k, was discovered in
our research group by Dr. Lorna Mclnroy (unpublished data). Notably, all plectin isoforms
discovered so far have been found to contain alternative exons at the 5° end of the gene, with

only the rod-less form being an exception (Elliott ez al., 1997).

This large versatility in plectin splicing allows for distinct isoforms to be expressed in
different cell types and tissues. Plectin-1 is the major isoform expressed in tissues of
mesenchymal origin (Fuchs ef al., 1999). It has been shown that plectin-1 and plectin 1-f can
associate with the sarcolemma, whereas plectin-1d localises exclusively to Z-disc (Rezniczek
et al., 2007). In epidermal keratinocytes, isoforms 1-a and 1-c were shown to interact with

integrin B4 (Litjens ef al., 2003). In contrast to plectin-null mice (lacking all plectin isoforms),
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which die shortly after birth because of severe skin blistering, plectin isoform-1 deficient mice
were viable at birth, had a normal lifespan, and did not display the skin blistering phenotype
(Abrahamsberg et al., 2005). However, dermal fibroblasts isolated from plectin 1-deficient
mice exhibited abnormalities in their actin cytoskeleton and impaired migration potential
(Abrahamsberg et al., 2005). Similarly, plectin-1 deficient T cells isolated from lymph nodes
showed diminished chemotactic migration in vitro. Most strikingly, leukocyte infiltration
during wound healing was reduced in the plectin-1 mutant mice (Abrahamsberg et al., 2005).
These data show a specific role for a specific plectin isoform in immune cell motility. It has
been suggested that N-terminal sequences can determine the interaction of plectin with other
| structures of the cell. For example, the plectin-1b isoform is found mostly associated to the
mitochondria, providing a connection of these organelles to IFs (Rezniczek er al., 2003). The
N-terminal domain also contains sequences important for regulating the binding activity of
plectin-ABD. Indeed, deletion of the N-terminal sequences increased the affinity of ADB for
integrin B4 in hemidesmosomes, whilst decreasing the actin contacts in focal adhesions
(Litjens et al., 2003). Plectin-1a is the major epithelial isoform and most likely responsible for
the skin blistering observed in EBS-MD, as in transient transfection experiments, expression of
full length plectin-la rescued the hemidesmosomal defects in plectin -/- keratinocytes (Andri

et al., 2003).
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1.3.6 Bullous pemphigoid antigen 1 (BPAG-1)

There are three different isoform-specific variants of the BPAG-1 gene. Interestingly
these isoforms have specific expression patterns in various tissues, which may indicate distinct
functions. The epithelial form of BPAG-1 (BPAG-le) was identified, with BPAG-2, in
hemidesmosomes of patients with the skin blistering disease Bullous Pemphigoid (Stanley et
al., 1988). BPAG-1e is expressed in basal epithelial cells, localizing close to hemidesmosomes
(Leung er al., 2002). Along with plectin, BPAG-1le is positioned in the inner cytoplasmic
plaque and links keratin intermediate filaments to hemidesmosomes by the interactions of [34
integrin and BPAG-2. The structure of the epithelial isoform is similar to that of desmoplakin,
consisting of a plakin domain followed by a coiled-coil rod domain and two sets of PRDs at the
C-terminus. This C-terminus interacts with cytoplasmic IFs, whilst the plakin domain is
responsible for mediating the localization of this protein to the hemidesmosomal plaque
(Koster et al.,, 2004). BPAG-la is a huge protein of approximately 600 kDa in molecular
weight, and is expressed in the nervous system (Leung et al., 2001). It has all the properties of
the spectrin family, and it is likely that they are evolutionary related (Roper e al., 2002).
BPAG-1a has also been reported to directly interact with dynactin, a member of the dynein
complex, and retrolinkin, via its structurally and functionally unique ezrin/radixin/moesin
(ERM) domain. Disruption of their associations results in defects in retrograde axonal transport
(Liu et al., 2003; Liu et al., 2007). BPAG-1b is the predominant isoform (800 kDa) in muscle
cells (Lin ef al., 2005), but it is also expressed in the heart, bone and cartilage of developing
mouse embryos (Leung ef al., 2001).

1.3.6.1 Mutations in the BPAG-1 gene

Over 40 years ago, a spontaneous mouse mutant, dysfonia muscolorum (dt) was
characterized as a heritable neuropathy that primarily affects sensory neurons and results in
death at 3-5 weeks of age (Duchen et al., 1964). In 1995, two reports (Guo ef al., 1995; Brown
et al., 1995) described the gene affected in d¢f mice as being an orthologue of BPAG-1.
BPAG1-/- mice show obvious degeneration of sensory neurons and also have muscular
weakness with instability of the cytoarchitecture of mature muscles (Bernier et al., 1995; Dalpé

et al., 1998; Dalpé et al., 1999). One case study reports the disruption of BPAG-1a and BPAG-
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1b in a girl with a chromosome 6;15 translocation, resulting in encephalopathy with motor and
mental retardation and delayed visual maturation (Giorda et al., 2004). BPAG-1 has also been
identified as a component in the “disrupted in schrizophenia 1” (Disc1) interactome (Camargo
L et al, 2007). Accordingly, it is possible that BPAG-1 has other, as yet unidentified,

functions.

1.3.7 Microtubule-Actin Cross-linking Factor 1 (MACF-1)

MACF-1 was first isolated in a screen for members of the actin cross-linking family.
The full length murine ACF1 ¢cDNA, called MACF-1, encodes a protein with a molecular
weight of 600 kDa (Sun et al., 1999). The human cDNA was cloned by two different groups
and called trabeculin and macrophin (Okuda et al., 1999; Sun et al., 1999). MACF-1 is
expressed in mouse embryos, with the highest levels in the nervous system, followed by
skeletal muscles and the myocardium (Leung et al, 1999). In keratinocytes, MACF-1
colocalises with microtubules and actin at the cell periphery and relocates to sites of cell—cell
contact upon stimulation (Karakesisoglou et al., 2000). MACF-1a is similar to BPAG-1a,
whereas MACF-1b is similar to BAPG-1b (Lin et al., 2005). MACF-1a has the same domain
structure as BPAG-1a and they are expressed in the same tissues, except that the latter is more
abundant in dorsal root ganglia. MACF-1b has a more complicated PRD region than BPAG-
1b, comprising three full and two partial PRDs. Interestingly, this isoform has been shown to

interact with the Golgi apparatus (Lin ef al., 2005).

MACF-1 null mice die shortly after gastrulation, with embryos with defects in the
formation of the primitive streak, node and mesoderm similar to Wnt3a null embryos (Chen ef
al., 2006). These results suggest a role for MACF-1 downstream of Wnt signalling. No human
disease has yet been reported to be linked to mutations in MACF-1. Both BPAG-1 and MACF-
1 have been identified as part of the Discl interactome, interacti‘ng with Discl and Dysbindin,
another gene product that has been implicated in schizophrenia (Camargo L et al., 2007). In a
recent screen of breast and colorectal cancers, MACF-1 appeared to be mutated in 12% of the

breast cancer tumors, although its function still needs to be identified (Sjéblom et al., 2006).
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1.3.8 Epiplakin

Epiplakin was initially identified as an autoantigen in a patient suffering from a skin
blistering disease. It is believed to play a role in bundling keratin intermediate filaments
(Fujiwara et al., 2001; Spazierer et al., 2003). This particular protein contains only plakin
repeat domains and the last six domains are almost identical. It is encoded by a single large
exon and expressed widely in a variety of tissues, with higher levels in the epidermis, liver,
salivary gland and the digestive tract. Epiplakin RNAi knockdown in simple epithelial cells
resulted in IF disruption, although this was not seen in epidermal cells (Jang ef al., 2005).
However, epiplakin knockout mice had no obvious defects, except that their keratinocytes
showed accelerated migration in culture (Goto et al., 2006; Spazierer ef al., 2006). Recently, it
has been revealed that epiplakin plays a role in keratin filament reorganization in response to
stress, probably by protecting keratin filaments against disruption in a chaperone-like fashion

(Spazierer et al., 2008).
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Table 1.2: Summary of mammalian cytolinkers and their related diseases in humans and in

mice.

Desmoplakin

Autoimmiune diseases:

Paraneoplastic pemphigus
Erythema multiforme

Genetic diseases:

Striate palmoplantar keratoderma

Arrhythmogenic right ventricular
cardiomyopathy

Embryonic lethal at egg cylinder
stage (Gallicano et al., 1998)

Plectin

Autoimmune diseases:

Paraneoplastic pemphigus
Bullous pemphigoid

Genetic diseses:

Epidermolysis bullosa simplex with

muscular dystrophy

Epidermolysis bullosa with pyloric atresia

Epidermolysis simplex Ogna variant

Lethal at postnatal day 2-3, skin
blistering, skeletal and cardiac

abnormalities (Andri et al., 1997)
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BPAG1

Autoimmune diseases:

Bullous pemphigoid
Paraneoplastic pemphigus

Genetic diseses:

Single case of patient with 6;15 chromosome
translocation resulting in encephalopathy,
severe motor and mental retardation and

delayed visual maturation

Lethal at 4-5 weeks after birth,
sensory neuron degeneration, skin
blistering upon mechanical trauma |
(Brown et al., 1995; Guo et al.,
1995)

None reported

Lethal at gastrulation (Chen et al.,
2006)

Envoplakin

Autoimmune diseases:

Paraneoplastic pemphigus

pemphigus foliaceus

Subtle phenotypes, slight delay in§
epidermal barrier

(Méittd et al., 2001)

formation

Periplakin

Autoimmune diseases:

Paraneoplastic pemphigus

Pemphigus foliaceus

Pemphigus vegetans Neumann type

No discernible phenotype
(Aho et al., 2004)

Autoimmune diseases:

Subepidermal blistering disease

No discernible phenotype

(Goto et al., 2006, Spazierer et al.,
2006)

Table 1.2: Summary of mammalian cytolinkers and their related diseases in humans and in

mice. Adapted from (Leung et al., 2002; Sonnenberg & Liem, 2007) and (Uitto et al., 2007).
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1.4 Epithelial cell junctions.

Epithelia, found in multi-cellular organisms, are cohesive sheets of ordered epithelial
cells (Perez-Moreno ef al., 2003). The main types are the stratified epithelia of the skin, simple
epithelia, transitional epithelia and pseudostratified epithelia. Cell adhesion is very important
for the assembly of individual cells into a three-dimensional tissue. In order to function as a
tissue, epithelial cells must have the correct shape and structure to pack together with their
neighbours. In simple epithelia, such as the lining of the intestine or the kidney tubule, the cells
have two surfaces with different adhesive structures. The lateral surface is specialized for
adhesion to adjacent cells, whilst the basal surface strengthens the connection with the
underlying matrix (Figure 1.9 A). In stratified epithelia like the epidermis, the basal cells
adhere to the basement membrane below, to each other laterally, and to the suprabasal cells
apically. The suprabasal cells, however, lose their connection to the matrix and instead adhere
to similar cells on all sides, until they reach the cornified layer of the skin and eventually
slough off (Figure 1.9 B). These junctions, and the éytoskeletal network systems, contribute to

the distinct shape, polarity and cellular movements of developing tissue.
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1.4.1 Cell-Cell junctions

There are four types of cell-cell junction found in epithelial layers: tight junctions,
adherens junctions, gap junctions and desmosomes, which together constitute the Intracellular
Junctional Complex (IJC) (Figure 1.10 A). This linkage of cell-cell junctions to the
cytoskeleton allows adjacent cells to function as coupled tissue. Adhesion complexes can be
connected through intermediate filaments at desmosomes, or through microfilaments at

adherens junctions and tight junctions (Braga, 2002).

1.4.1.1 Tight junctions

In epithelial and endothelial cells, tight junctions are the mosf apical intercellular
junctions that function as a selective (semi-permeable) size- and ion-specific diffusion barrier
between individual cells (Anderson et al., 2004). They also maintain different concentrations
of ions, solutes, proteins and lipids between the apical and basolateral plasma membrane
domains. Furthermore, tight junctions regulate the growth and differentiation of epithelial and
endothelial cells. (Balda & Matter, 1998; Tsukita et al., 1999). The tight junction is identified
as a belt-like structure in which two lipid-apposing membranes lie close together (tight junction
strands), with the tight junction strands of adjacent cells forming tightly connected pairs. The
proteins involved in the formation of tight junctions are divided into two categories: 1) integral
membrane proteins, such as occludin, claudin and junctional adhesion molecule (JAM); and 2)
peripheral membrane proteins (cytoplasmic plaque proteins) and MAGUK (membrane-
associated guanylate kinase) homologue proteins, such as ZO-1, 2, 3, cingulin and symplekin
(Figure 1.10 B). Moreover, various signalling proteins, including protein Kkinases,
heterotrimeric G-proteins and small GTP-binding proteins, are either localized at the
cytoplasmic plaque domain of the tight junction, or they have a central role in the assembly or
function of the junction (Tsukita et al., 2001). Tight junctions are crucial for proper barrier
- function in mammalian skin, with deficiency of claudin-1 resulting in water loss and ultimately
neonatal death in mice (Furuse et al., 2002). It is also recognized that the variety in strength,

size and ion specificity of tight junctions in different epithelia is largely due to the different
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type of claudins present in specific tight junctions (Anderson et al., 2004; Furuse & Tsukita,
2006).

- 1.4.1.2 Adherens junctions

In epithelial cells, cadherin-based cell-cell contacts are specialised regions of the
plasma membrane, where cadherin molecules of the adjacent cells interact in a homophilic
calcium-dependent manner. In tissues, the establishment of strong adhesion or contractility is
dependent on the assembly of adherens junction. In epithelial cells, the apico-lateral belt of
adherens junctions strengthens adhesion by linking the actin cytoskeleton to sites of strong
adhesion. Actin filaments are associated with adherens junctions through catenins located at
the adherens junction (Geiger & Ginsberg, 1991; Rimm ez al., 1995; Takeichi, 1995). Classical
cadherins have an extracellular part consisting of five distinct domains and a conserved
cytoplasmic domain. This extracellular region interacts, homotypically, with cadherins of
neighbouring cells. E-cadherin is the best described member of the family that is expressed in
epithelia. It mediates the assembly of adherens junctions and affects the formation of
desmosomes and tight junctions (Gumbiner, 1988; Wheelock & Jensen, 1992). It has been
demonstrated that E-cadherin, through its transmembrane domain, is able to bind directly to a
special catenin, called p120 catenin (Reynolds et al., 1994; Yap et al., 1998; Thoreson et al.,
2000), which was originally characterised as a substrate of v-Src kinase (Reynolds et al.,
1992). The cytoplasmic tail of E-cadherin is linked to the actin cytoskeleton through many
peripheral membrane proteins, including a-catenin, B-catenin, vinculin, and a-actinin, which
strengthen the cell-cell adhesion activity of E-cadherin (Nagafuchi, 2001) (Figure 1.10 C).
The absence of E-cadherin weakens intercellular adhesion by affecting other junctional
proteins, and loss of its expression or function is associated with tumor cell invasion in
epithelial cancers (Birchmeier & Behrens, 1994). However, the function of cadherins is not
limited to formation of protein complexes inside cells, or to linkage of the cells, but also
includes regulation of signalling events during differentiation, proliferation and migration
(Knudsen et al., 1998). Besides the typical cadherin-catenin complex, there is also another
intracellular adhesion unit in adherens junctions consisting of a complex of nectin and afadin.

Nectin, is a Ca**-independent immunoglobulin (Ig)-like adhesion receptor, whereas afadin is a
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nectin- and actin filament binding protein that connects nectin to the actin cytoskeleton (Takai
& Nakanishi, 2003). Evidence has accumulated that the trans-interactions of nectins recruit
cadherins to the nectin-based adhesion unit, resulting in formation of adherens junctions in
epithelial cells and fibroblasts, and in formation of synapses in neurons (Takai & Nakanishi,
2003).

D. melanogaster lacks the genes that encode cytoplasmic IFs, which indicates that the
invertebrate spectraplakin protein Shot, also mediates functions that are unrelated to IF binding
(Roper & Brown, 2003). The largest isoform of Shot (Shot II), containing plakin repeats at
internal sites, is localised to adherens junctions in the embryonic epithelia of Drosophila, and
in the epithelial cells that surround the developing oocyte. Loss of this Shot isoform leads to
tears in the epidermis which indicates that this isoform is required in actin filament-associated
lateral cell junctions to maintain cell adhesion (Réper & Brown, 2003). It has also been
suggested that if the plakin repeats are localised at internal sites of the plakin proteins, the

protein has alternative binding partners (Réper & Brown, 2003).

1.4.1.3 Desmosomes

Desmosomes are specialized junctional structures that are important in tissue architecture as
they connect intermediate filaments to adjacent cells providing a continuous network
throughout tissues (Green et al., 1990). They function as cell-cell attachment sites in epithelia,
cardiac muscle, and dendritic cells of the lymphoid system. The particular type of intermediate
filaments attached to the desmosomes depends on the cell type, with keratin filaments in most
epithelial cells and desmin filaments in heart muscle cells. The complex desmosomal structure
consists of several transmembrane adhesive glycoproteins and cytoplasmic plaque proteins
(Garrod, 1993). The glycoproteins, such as desmogleins (Dsg) and desmocollins (Dsc), belong
to the cadherin superfamily and form an adhesive interface (Garrod et al., 2002), although the
precise manner in which they mediate adhesion remains elusive. In simple epithelia, only the
Dsg2 and Dsc2 pair are expressed, whereas in stratified epithelia such as the epidermis, Dsg1/3
and Dsc1/3 are expressed in the upper granular layer, with low levels of Dsg2 and Dsc2 in the

basal layers (North ez al., 1996; Shimizu et al., 1995; Nuber et al., 1996). It has been proposed

70



that the ratios of desmosomal cadherins and their specific differentiation patterns may regulate

epidermal development and differentiation (Garrod, 1996; Ishii & Green, 2001).

The cytoplasmic tails of desmosomal cadherins interact with plakoglobins and
plakophilins (Schmidt & Jéger, 2005). These cytoplasmic plaque proteins interact with plakin
proteins such as desmoplakin I and II (Godsel et al., 2005) and cell envelope proteins including
envoplakin, periplakin and plectin, which links the IF at the desmosomal plaque (Leung ef al.,
2002) (Figure 1.10 D). Although desmoplakin is the main candidate for mediating the IF
linkage in stratified cells, it is suggested that plectin might participate in this linkage in simple
epithelial cells (Eger et al., 1997), as in vitro binding studies revealed interaction between

plectin and desmoplakin in MDCK cells.

In the suprabasal cornified layers of the skin, desmosomes are modified and referred to
as corneodesmosomes. These structures include a secreted glycoprotein corneodesmosin
(Jonca et al., 2002). These modified desmosomal junctions are proteolytically degraded as the
desmosomes lose their cytoplasmic plaque in the top layer of the epidermis to allow
desquamation (Serre ef al., 1991). Plakin family members, armadillo family members and
desmosomal plaque proteins might have a role in modifying desmosomes during differentiation
in different tissues or histological layers (Hatzfeld, 1999; DiColandrea et al., 2000; Getsios et
al., 2004). Normally, corneodesmosomes are degraded in the lower stratum corneum, however
in epidermis lacking periplakin, envoplakin and involucrin, these structures are present in the

outer cornified layers which is a sign of defective desquamation (Sevilla et al., 2007).

The crucial importance of desmosomes during embryogenesis, and in the adult, is
highlighted by defects in the skin, hair and heart in animal models and human patients with
mutations in desmosomal proteins (McGrath, 2005). Mutations in genes encoding
transmembrane proteins and desmosomal plaque proteins that anchor the IF cytoskeleton, lead
to many different phenotypes. Ablation of desmoplakin in the heart, or the lack of plakoglobin
and plakophilin leads to animals with cardiac abnormalities and early embryonic lethality
(Bierkamp et al., 1996; Ruiz ef al., 1996; Grossmann et al., 2004). Plakoglobin (y-catenin) null
embryos survived until birth but skin fragility was observed (Bierkamp er al, 1996).
Desmosomal cadherin mutations, for example in desmoglein 1 gene which displays limited

expression in stratified epithelia, have restricted phenotypes that include skin fragility and skin
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barrier defects (Hunt et al., 2001). Changing the Dsg3 to Dsgl ratio in transgenic epidermis, so
that it is similar to what is observed in mucous membranes, results in an epidermal stratum
corneum that histologically and ultrastructurally resembles the stratum corneum of mucosal
epithelia (Elias & Feingold, 2001). This observation supports an idea that was originally
proposed by Garrod (1996), that the tightly regulated expression profile of desmosomal
cadherins might be essential for proper patterning of the stratified tissues (Garrod et al., 1996).
Dsg4 is mainly localised in the granular layer of the epidermis and in haif follicles (Kljuic et
al., 2003), with a possible role in morphogenesis of the hair follicle. Ablation of Dsg2 (which
is expressed early in embryogenesis and throughout epithelial tissues) suggests a desmosome-
independent function during early development and embryonic stem cell proliferation. Thus, it
is needed for early embryonic survival (Eshkind et al., 2002). Surprisingly, Dsc3, which is
prominently present in the lower layers of stratified epithelia, has been proposed to operate
independently from desmosomes, as Dsc3 null embryos die in the first two days of pre-

implantation development, before desmosomes appear (Den et al., 2006).

1.4.1.3.1 Desmosomes and signalling

Plakoglobin and plakophilin have multiple functions inside and outside the desmosome.
Plakoglobin (PG) is a potential candidate in adhesion-independent signalling as it is highly
homologous to B-catenin, and a well established mediator of canonical Wnt/wingless pathways
(Zhurinsky et al., 2000; Yin & Green, 2004). Canonical Wnt signalling initiates a cascade of
events that allows [-catenin to escape the proteasome degradation machinery which normally
ensures its low cytoplasmic levels. B-catenin can then translocate to the nucleus where it
complexes with transcription factors and activates transcription of target genes involved in
developmental patterning, cell fate decisions, cell growth and survival (Zhurinsky et al., 2000).
Recent reports have demonstrated that PG is able to compensate for deficient B-catenin,
including its regulatory role in keratinocyte differentiation and proliferation (Maeda et al.,
2004; Teuliére et al., 2004). PG can be phosphorylated by multiple protein tyrosine kinases,
with the specific effect dependent on the phosphorylation site. These phosphorylation events
modulate PGs associations with intracellular junctions and regulate signalling (Miravet et al.,

2003). EGF receptor-dependent tyrosine phosphorylation of PG can impair desmoplakin
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recruitment to junctions, weakening desmosomal adhesion (Yin et al, 2005). Loss of
desmoplakin from cell junctions in cardiomyocytes can also be a result of translocation of PG
into the nucleus (Garcia-Gras er al., 2006). Furthermore, another desmosomal protein,
plakophilin 2, may play a role in the transcriptional machinery as part of the RNA polymerase
II1 holoenzyme complex (Mertens ef al., 2001). Plakophilins 1 and 3 were found to associate

with RNA-binding proteins and may participate in RNA metabolism (Hofmann et al., 2006).

In tissues or cells that have been cultured for extended periods, desmosomes are found
in a hyper-adhesive state known as “Ca’" independence”, in which they are insensitive to the
absence of extracellular calcium (Watt et al., 1984; Garrod et al., 2005; Kimura et al., 2007).
Normally, low Ca** would disrupt desmosomes and cause their rapid internalisation (Mattey &
Garrod, 1986; Windoffer e al., 2002). Subconfluent cells never acquire Ca’’-independent
desmosomes, but once they reach a confluent state, almost 100% of cells become Ca*"
independent (Wallis et al., 2000). If this confluent epithelial sheet is scratch wounded, the
cells at the wound edge rapidly revert to calcium dependence (Wallis et al., 2000; Garrod et
al., 2005). Interestingly, the activation of PKCa, which has been shown to occur at wound
edges, alters the calcium-dependent state (Wallis ef a/., 2000). It has been speculated (Garrod
et al., 2005) that the PKC activity may change the phosphorylation state of desmosomal
proteins such as desmoplakin, affecting their interactions and associations with intermediate

filaments which could modulate adhesive strength and stability.

1.4.1.3.2 Autoantibodies against periplakin and desmosomal components are detected in

autoimmune skin diseases

Desmosome membrane glycoproteins are not only subject to gene mutations but also to
inactivation by autoimmune antibodies. Emerging data suggests that cadherin stability and
internalization are key components of a group of autoimmune diseases, known as pemphigus.
Pemphigus vulgaris (PV) is the most frequently diagnosed form of pemphigus, where the sores
and blisters usually start in the mouth. PV is an autoimmune, intraepithelial blistering disease,
affecting the skin and the mucous membranes, mediated by circulating auto-antibodies to cell
surface proteins of keratinocytes (Beutner & Jordon, 1964). These intercellular or PV

antibodies bind to keratinocyte desmosome proteins and result in a loss of cell-cell adhesion, a
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process termed acantholysis (Stanley ef al., 1982; Stanley, 1998). In the mucosal type of PV,
auto-antibodies are found only against desmoglein 3, but in the muco-cutaneus type, auto-
antibodies against both desmoglein 3 and desmoglein 1 are present (Amagai et al., 1999).
Recently, periplakin auto-antibodies were detected in the sera from patients with a rare variant
of PV, called pemphigus vegetans Neumann type (Cozzani et al., 2007). However, the patho-
physiological significance of anti-periplakin reactivity in this pemphigus variant remains to be

determined.

Pemphigus foliaceus (PF) is an autoimmune skin disorder characterized by the loss of
intracellular adhesion of keratinocytes in the top, dry layer of skin. In PF, crusted, scaly sores
or fragile blisters usually appear first on the scalp, later involve the face, chest and back, but
not the mouth. The auto-antibodies bind to desmoglein 1, resulting in a formation of superficial
blisters that are induced by immunoglobulin G (Hashimoto et al., 2001). A uto-antibodies
against periplakin and envoplakin have also been found in sera from patients with PF

(Kazerounian et al., 2000).

The most serious form of pemphigus is paraneoplastic pemphigus (PNP). PNP, as an
entity, has evolved from initial observations that pemphigus occurred more frequently in
patients with known malignancy (Younus & Ahmed, 1990; Anhalt et al., 1990). It is now
understood that PNP is a malignancy-driven autoimmune phenomenon which involves the
detection of circulating antibodies to a variety of polypeptides that constitute the desmosomes
and hemidesmosomes of epithelial structures (Stanley, 1993). Painful sores of the mouth, lips
and oesophagus are almost always present, and skin lesions of different types occur. This
disease is not usually responsive to treatment. In some cases, the tumor will be benign and the
disease will improve if the tumor is surgically removed. More recently, it has been suggested
that the condition should be renamed paraneoplastic autoimmune multiorgan syndrome,
because the antigens that are the target of autoantibodies in the presence of a malignancy are
not limited to the skin, but are found in many organs of the body (Nguyen et al., 2001).
Combining the antibody profile of all the cases in the literature, antibodies to desmoglein 3
occur in most cases and antibodies to desmoglein 1 are found in approximately two-thirds of
cases. The general consensus is that desmoglein 1 and 3 are most likely to be the principal

antigenic precipitants. Envoplakin and periplakin are the next two most commonly targeted
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antigens (Nagata et al., 2001; Joly et al., 2000), followed by desmoplakin. BPAG-1 is also an
important antigen and could be considered the hemidesmosomal equivalent of desmoplakin,
attaching to anchoring fibrils. In fact, BPAG-1 shares 60% homology with desmoplakin |
(Anhalt, 1999). Taken together, PNP sera contains autoantibodies against both shared and
unique epitopes within the linker regions of the plakin family of proteins (Mahoney ef al.,
1998). “Epitope spreading” is the phenomenon of auto-antibody induction to proteins that are
structurally similar or physically close to the original autoantigens, whjch.widens the range of

clinical morphology seen in PNP (Anhalt, 1999).

Periplakin has consistently been detected in PNP using immunoblotting techniques, but
recently another severe skin disease with life-threatening mucocutaneous reactions (toxic
epidermal necrolysis; TEN), was associated with auto-antibodies against periplakin (Park et
al., 2006). TEN is induced by drugs (sulphonamides and nonsteroidal anti-inflammatory drugs)
which lead to the separation of large areas of the skin at the epidermal-dermal junction,
producing the appearance of burnt skin (Wolkenstein ef al., 1996). The clinical features of
TEN are strikingly similar to those observed for PNP (Anhalt ef al., 1990). It is thus speculated
that periplakin might be involved in the epidermal pathology of TEN. However, it cannot
currently be ruled out that the periplakin autoantibodies are a secondary phenomenon due to
the exposure of desmosomal epitopes, as part of the damage to the epidermis (Park et al.,

2006).

Until recently, it was generally accepted that autoantibodies against desmoglein
molecules prevented the formation of desmoglein-mediated adhesion, resulting in cellular
dissociation and pemphigus (Amagai, 2003). Based on a recent study of PF, IgGs do not inhibit
homophilic transinteraction of Dsgl molecules between adjacent cells (Waschke et al., 2005),
suggesting that disruption of adhesion may not be a primary disease mechanism. However
other mechanisms, including antibody-induced activation of extracellular proteolysis,
phosphorylation of Dsgs, and activation of protein kinase C followed by plakoglobin
dislocation and subsequent depletion of Dsgs from desmosomes, appear to be important for
pemphigus pathogenesis (Kitajima et al., 1999; Aoyama et al., 1999). It has also been shown
that high levels of Fas ligand in pemphigus sera induced apoptosis in cultured human

keratinocytes through the activation of the caspase-8 (Puviani et al., 2003) and mitogen
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activated protein (MAP)-kinase pathways (Berkowitz et al., 2005). Emerging data suggest that
binding of autoantibodies to desmogleins, or to other molecules at the cell surface, triggers a

series of events that results in desmosome disassembly (Calkins et al., 2006).
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Disease

Pemphigus vulgaris

Antigen

Desmoglein 3

Desmoglein 1

Antibody

Reference

(Stanley, 1993;

Amagai ef al., 1998)
(Ding et al., 1999)

| Pemphigus vegetans

Neumann type

Desmoglein 3
Desmoglein 1

Periplakin

(Cozzani et al., 2007)

| Pemphigus foliaceus

Desmoglein 1
Periplakin
Envoplakin

(Ding et al., 1999;
Kazerounian ef al.,

2000)

Paraneoplasic

pemphigus

Envbplakin,
Periplakin
Desmoglein
Desmoplakin 3
BP230

(Amagai et al., 1998)
(Kiyokawa et al.,
1998)

(Kazerounian et al.,
2000)

(Stanley, 1993)

Table 1.3: Intraepidermal bullous diseases due to autoimmune response to components of

the desmosome.
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1.4.1.4 Gap junctions

Gap junctions provide communication between neighbouring cells via intercellular
channels that cluster in specialized regions of the plasma membrane (Robertson, 1963; Revel
& Karnovsky, 1967; Wei et al., 2004). This intercellular space is connected by transmembrane
proteins (connexins) that, six by six, form two hemichannels (connexons) which join in mirror
symmetry to permit direct communication between the cytosol of the connected cells (Stauffer
& Unwin, 1992) (Figure 1.10 E). There are at least 21 connexin isoforms in the human
genome and nearly all cells in the body express at least one of these genes at some point during
development. Moreover, in adult life, connexins show overlapping expression patterns, where
an individual cell can use more than one type of isoform (Wiszniewski et al., 2000; Kretz et al.,
2003). At least nine connexin genes, including Cx26, Cx30, Cx30.3, Cx31 and Cx43 have been
shown to be expressed during keratinocyte differentiation (Kelsell et al., 2000; Di ef al., 2001).
Various processes are driven by gap junctions, such as rapid transmission of action potentials
in heart and in neuronal tissue (Simon et al., 1998; Kirchhoff et al., 1998). Diffusion of
metabolites and nutrients, such as nucleotides and glucose, also occurs through gap junctions
(Goldberg et al., 1999). This is dependent on the channel type: Cx32 channels are more
permeable to adenosine than Cx43 channels. ATP, however, passes more readily through Cx43
channels (Goldberg er al., 2002). Diffusion of second messengers, such as Ca®*, inositol-
trisphosphate (IP3) and cyclic nucleotides (Saez et al., 1989; Alexander & Goldberg, 2003)
might be involved in induction of apoptosis, gene transcription and growth control. Gap
junctional communication is also essential for many other physiological events, including cell
synchronization, differentiation and metabolic coordination of avascular organs including
epidermis and lens (White & Paul, 1999; Vinken et al., 2006). Furthermore, it has been shown
that transfer of small interfering RNAs through gap junctions, thus between adjacent cells, was
possible, although it remains unclear if they are normally exchanged via this route in vivo
(Valiunas et al., 2005). Biosynthesis and assembly of the gap junctions is strictly regulated and
intercellular junctions have a short half-life of only a few hours (Musil et al., 2000). Mutations
in the connexin genes Cx31, Cx30.3 and Cx43 are associated with skin diseases such as
erythrokeratoderma variabilis and hyperkeratosis, highlighting the role of gap junctions in the
epidermis (Richard et al., 1998a; Richard et al., 1988; Macari et al., 2000; Paznekas ef al.,
2003; Gong et al., 2006). In addition, mutation in the Cx26 gene cause non-syndromic
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deafness with palmoplantar keratoderma (Richard et al., 1998b). Reduced gap junction activity
has also been implicated in tumorigenesis. Decreased connexin expression may be an
important marker of skin tumours, as normal melanocytes are coupled with keratinocytes by
gap junctions, whereas melanoma cells are not (Budunova et al., 1995). Melanoma cells,

instead, communicate amongst themselves and with fibroblasts.

The spectrins are an increasingly diverse group of cytoskeletal proteins containing
spectrin-repeat domains and a calponin-type actin-binding domain with homology to similar
domains found in plakin proteins (Roper et al., 2002). Spectrins are found in virtually every
mammalian cell and play important roles in membrane stability, membrane domain
organization and cytoskeletal structure. Spectrin has as many as five isoforms found in heart
cells (Vybiral et al., 2001). Recently an alternatively spliced isoform of all-spectrin has been
found that directs its localization to gap junctions in cardiomyocytes (Ursitti et al., 2007). all-
spectrin binds to Cx43 via the first 20 amino-acids adjacent to the SH3 domain to regulate
stress activated protein kinase and modulate intracellular communication (Ursitti et al., 2007).
However, no interactions between plakin or spectraplakin proteins and gap junction

components have, so far, been described.
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Figure 1.10: Composition and structure of the cell-cell junctions.

A. Schematic diagram detailing the intracellular junctions (B-E) in epithelial cells.
Tight junctions provide a physical barrier between the apical and basolateral regions of the
cell. Adherens junctions hold together adjacent cells by their actin filaments through
transmembrane cadherins. Desmosomes link keratin intermediate filaments via desmosomal
cadherins. Gap junctions permit rapid diffusion of water soluble molecules between the
cytoplasm of adjacent cells. Tight junctions are the most apical cell-cell junctions, in which
occludins and claudins mediate extracellular binding, whilst ZO-1, 2 and 3 bind to actin
filaments. C. Adherens junctions are E-cadherin-based junctions where E-cadherin is a direct
binding partner of P-catenin which interacts with several proteins. It binds to o-catenin and
links cadherin/catenin complexes to the actin cytoskeleton. D. Desmosomes contain two
cadherin subgroups (the desmogleins (Dsg) and desmocollins (Dsc)) and also other specialized
proteins such as plakophilin, plakoglobin (Armadillo proteins), desmoplakin, plectin,
envoplakin and periplakin (plakin proteins), anchoring bundled intermediate filaments
between cells. E. Six connexins oligomerise to form hemichannels called connexons, which

align in the extracellular space to complete the formation of gap junction channels.
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1.4.2 Cell-matrix junctions

The basal layer of epithelial sheets is anchored to the basement membrane via cell-
matrix attachments such as hemidesmosomes and focal adhesions (Figure 1.10 A). These
junctions include plakin proteins such as BPAG-1 and plectin, which connect the actin
cytoskeleton to these adhesion sites. The transmembrane adhesion proteins in these junctions

are integrins which are a large family of proteins, distinct from cadherins.

1.4.2.1 Hemidesmosomes

Hemidesmosomes are complex protein junctions present in stratified epithelia that
attach epithelial cells to their underlying extracellular matrix (Jones et al., 1998; Borradori &
Sonnenberg, 1999). They also serve as cell surface anchorage sites for the keratin cytoskeleton
and as a channel for signals from the extracelluar matrix to the cytoplasm of the cell (Giancotti,
1996; Jones et al., 1998; Borradori & Sonnenberg, 1999). In spite of the morphological
similarities (cytoplasmic plaques and connection to cytokeratin filaments) with desmosomes,
the protein composition is distinct and contains at least six proteins. The plakin proteins
BPAG-1 (also named BP230) and plectin form the hemidesmosomal plaque proteins that bind
intermediate filaments to the hemidesmosomes (Stanley et al, 1981; Gache et al., 1996;
Borradori & Sonnenberg, 1996; Green et al., 1999; Burgeson & Christiano, 1997). Along with
the hemidesmosomal plaque proteins, the transmembrane integrins o684, the tetraspanin
CDI151 (Sterk et al., 2000) and BPAG-2 (also named BP180) mediate anchorage of the basal
epithelial cells to the basement membrane (Sonnenberg et al., 1991; Jones et al., 1991; Lee et
al., 1992). The integrin a6p4 binds particularly to laminin-5 (a non-collagenous glycoprotein)
which is prominently expressed in the basement membrane of epithelial layers (Niessen et al.,
1994) (Figure 1.11 A). Type II hemidesmosomes form an adhesion complex lacking BPAG-1
(BP230) and BPAG-2 (BP180) but containing plectin and a6p4 integrin; this structure has been
described in various cell types and tissues including intestinal epithelium (Jones et al., 1991;
Uematsu et al., 1994; Orian-Rousseau ef al., 1996; Fontao et al., 1997). Fontao and colleagues
characterised type II hemidesmosomes in HT29 cells with electron microscopy, observing

electron dense regions connected to cytokeratin filaments that could be modulated by the
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extracellular matrix. They found that assembly requires actin filaments but not microtubules

(Fontao et al., 1999).

The binding of plectin to 06B4 integrin is essential for the integrity of the adhesive
complex in both hemidesmosome types, as indicated by patients with mutations in the a4
integrin subunit or mutations in the plectin gene that prevented this interaction (Pulkkinen &
Uitto, 1999; McLean er al., 1996). Mutations in either genes resulted in skin blistering.
Furthermore, it has previously been reported that the recruitment of plectin by a6p4 integrin is
one of the first steps in type I hemidesmosome assembly, as neither BPAG-1 nor BPAG-2 are
recruited efficiently when integrin 4 can not bind plectin (Koster ef al., 2004). Tetraspanin
(CD151) binds to another integrin (a3pl), forming “pre-hemidesmosomal” clusters in
keratinocytes (Sterk er al., 2000). However, it is not required for the formation of true
hemidesmosomes (Geuijen & Sonnenberg, 2002). Interestingly, tetraspanin deficient mice
showed defective wound healing without any effect on epidermal integrity (Cowin, 2006),
whereas mutations in the human tetraspanin gene lead to skin blistering (Karamatic et al.,
2004). The B4 subunit of integrin is unique as its cytoplasmic domain contains two pairs of
fibronectin type III repeats (Borradori & Sonnenberg, 1999). The first and second fibronectin
repeats form a complex with plectin (Spinardi et al., 1993), with two proline residues of the 34
integrin having been found to be critical for this interaction (Koster et al., 2004). The third
fibronectin repeat is essential for BPAG-2 binding (Borradori et al., 1997). In contrast, the
third and fourth fibronectin repeats are important for binding of BPAG-1 (Hopkinson & Jones,
2000; Koster ef al., 2003). It has been suggested that the formation of hemidesmosomes is
regulated both within the cells via the plectin - integrin B4 interaction, and from outside the cell

via binding of integrin a6p4 to laminin-5 (Litjens et al., 2006).

1.4.2.2 Focal adhesions

Most cultured and stationary cells adhere tightly to the underlying substrate through
distinct regions of their plasma membrane called cell-matrix junctions, otherwise known as
focal adhesion plaques, focal contacts, or focal adhesions (FAs) (Burridge ef al., 1988). At

these sites, integrins span the cell membrane to link the extracellular matrix (ECM) proteins,
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such as fibronectin, collagens, laminins and vitronectin, to various intracellular molecules
including the cytoskeleton (Luo & Springer, 2006). On the cytoplasmic side of focal adhesions,
integrins and cytoskeletal proteins link the large bundles of microfilaments and stress fibres to
these structures (Figure 1.11 B). The short cytoplasmic domain of the integrin exposes a
relatively large accessible binding surface for protein ligands, as in the absence of these
proteins the integrin tail domain appears unstructured (Ulmer et al, 2003). Cytoskeletal
anchoring molecules recruited to FAs include talin, vinculin, a-actinin, paxillin, zyxin, and
focal adhesion kinase (FAK) (Zamir & Geiger, 2001). FAs are dynamically assembled and
disassembled by cells. Continuous remodelling of FAs is critical for cell movement
(Lauffenburger & Horwitz, 1996) and dynamic responses to mechanical forces (Choquet et al.,
1997). Several regulators of adhesion turnover, including paxillin (Webb er al., 2004), G
protein-coupled receptor kinase—interacting protein 1 (GIT1) (Zhao et al., 2000), FAK (Ren et
al., 2000), Src (Webb et al., 2004) and p21-activated kinase (PAK) (Manser ef al., 1997) are
known. Paxillin is a key regulator of adhesion turnover, as it interacts with several adhesion
proteins such as FAK, GIT1 (Brown & Turner, 2004) and a serine/threonine phosphatase PP2A
which might regulate it via its-S273 phosphorylation site (Nayal ez al., 2006). Talin is a large
intracellular molecule that binds integrin tails and actin (Critchley, 2005) and that has also been

shown to be a key regulator of integrin activation (Tadokoro et al., 2003).

Although plectin has been well characterized for its role in hemidesmosomes as a
plaque protein, a link has also been shown to vimentin-positive focal adhesions (Gonzales et
al., 2001). Distinct localization of the plectin-1f isoform was shown to concentrate at vinculin-
positive focal adhesion contacts in mouse fibroblasts (Rezniczek et al., 2003). Recently, plectin
downregulation in breast carcinoma and colon carcinoma cells indicated that plectin plays a

key role in modulating cell migration and invasion of tumour cells (unpublished data).
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Figure 1.11: Cell-matrix junctions.

A. Hemidesmosomes are complex junctions anchoring cells to the basement membrane
providing stable adhesion of the cell. The major component of the inner cytoplasmic plaque
consists of two plakin proteins BPAG-1 and plectin. The transmembrane proteins tetraspanin
(CD151), BPAG-2 and integrin a6f4 are also part of the hemidesmosome. The integrin is
linked to laminin 5 and collagen VII in the extracellular matrix. B. Focal adhesions are
specific type of large macromolecular assemblies. Connection between focal adhesions and
proteins of the extracellular matrix generally involves integrins. Integrins bind to extracellular
proteins such as fibronectin or laminin via their C-terminal domain, while the intracellular
domain of integrin binds to the cytoskeleton via adapter proteins such as talin, a- actinin,

paxillin and vinculin.
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AIM OF THIS THESIS

In this chapter, cytolinkers have been discuSsed, particularly in relation to the
cytoskeleton and to different junctional complexes. The importance of the cytolinkers as
cytoskeletal organiser and/or constituents of junctional complexes is clearly unquestionable.
Analysis of gene targeted mouse models and human inherited diseases underlines the role
plakins in the maintenance of tissue integrity. Periplakin is a component of the CE and also
associated with desmosomes in cultured keratinocytes. Remarkably, periplakin has been found
to be dispensable in CE formation and in maintaining tissue integrity. This raises the question

of what is the primary role of this cytolinker.

With the uitimate goal to contribute to the understanding of the function of periplakin,

this work was conducted with the following aims:

1. To study the specific subcellular localisation of the C-terminal and N-terminal

constructs of periplakin in simple epithelial MCF-7 cells.

2. To identify any molecular interactions of periplakin N-terminus by co-

immunoprecipitation experiments using stably transfected MCF-7 cells.

3. As a next step, to investigate the functional correlation between co-immunoprecipitated

proteins through siRNA transfection and immunofluorescence staining.

4. To investigate the role of keratin 8 intermediate filaments in - collective epithelial
migration during wound healing in human cervical cancer (HeLa) and human

pancreatic carcinoma cell lines (Panc-1).
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CHAPTER II

MATERIALS AND METHODS



Chemicals and reagents

All chemicals and reagents used in this study were of analytical grade and were
purchased from VWR International Ltd., Sigma Aldrich UK or BDH Laboratory Supplies,

unless otherwise stated.

2.1 Periplakin constructs

pCl-neo plasmids containing the first half of the N-terminus and C-terminus of
periplakin were used to create stable cell lines. These vectors were a kind gift from Dr.
Theresa DiColandrea (Keratinocyte Laboratory, Imperial Cancer Research Fund, London,
England). The following mutant constructs were created by deletion from the original N-
terminal region of periplakin. These were as follows: Ppl-133, Ppl-80, Ppl-63 and Ppl16-
133. All the deletion constructs were a kind gift from Dr. Lisa M. Sevilla, Keratinocyte
Laboratory, Imperial Cancer Research Fund, London WC2A 3PX, England)
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2.2 Mammalian cell culture

Type

Media

conditions

Reference

Human Caucasian
breast adenocarcinoma

DMEM (Sigma)

(Soule et al.,
1973)

Human cervical cancer

DMEM (Sigma)

(Puck et al.,
1956)

Human pancreatic
carcinoma

DMEM (Sigma)

(Lieber et al.,
1975)

Immortalized human
keratinocyte

Table 2.1: Cell lines used in this study.

2.2.1 Cell cultures

DMEM (Sigma)

(Fusenig et
al., 1982)

Cells were maintained in Dulbececco’s minimum essential medium (DMEM

Sigma, UK) supplemented with 10% foetal calf serum and 5% GPS (L-glutamine, glucose,

penicillin, streptomycin), and incubated at 37 C° in humidified air with 5% CO,. Standard

sterile tissue culture techniques were used and cells were propagated in T-25 or T-75 flasks

(Greiner Bio-one UK), where appropriate. Cells were passaged using 0.05% Trypsin
EDTA (Sigma Aldrich UK) and all washes performed with 1x PBS (Sigma Aldrich UK

tissue culture grade).
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2.2.2 Cryopreservation of the cells

Cells were stored at -80°C and -130°C, thawed quickly in a 37°C circulating water
bath, diluted into complete media, pelleted for 5 minutes at 1000 rpm at 4 °C, resuspended
in complete media, and plated into the appropriate sized culture vessel. Passages of ceils
were carried out as follows. The media was removed from the flask by aspiration, the cells
were washed with 1xPBS and then 2 ml prewarmed 1xtrypsin EDTA (Sigma) was added to
the T-75 flask. After 5 minutes incubation at 37°C, the ﬂasks were firmly tapped so that the
cells were dislodged them from the inner surface. Cells were diluted at a 1:10 ratio using
DMEM containing 10% serum, to inhibit the trypsin solution. Cells were divided flasks
according to requirements. For long term storage, cells were centrifuged at 1000 rpm for 5
minutes to remove old media, and were resuspended on ice in antibiotic-free media

containing 10% dimethyl sulphoxide (DMSO), before final transferral to a -130°C freezer.

2.2,3 Establishment of stably transfected cell lines

MCEF-7 cells were grown in 6-well plate (Griener Bio-one UK) at a density of 50-
60 % confluence before being stably transfected, using Geneluice transfection reagent
(Merck Biosciences, UK), with pCI-neo mammalian expression vector, containing the half-
N terminal of the periplakin, whole C-terminal of the periplakin or the empty vector. In
each case, cells were transfected with 1 pg of plasmid and 3 pl of Geneluice. The
transfection reagent uses a non-toxic cellular protein and a polyamine to introduce plasmids
into the cell. Once inside the cell, the plasmid can express the gene of interest from the
internal plasmid promoter using the cell’s transcriptional machinery. Cells were allowed to
recover for 48 hours after transfection, before starting the selection with 500 pg/ml
neomycin. The medium was changed every two days for 3-4 weeks until only isolated
colonies remained. After the selection stage, individual colonies were picked and grown
initially in 96-well-plates, then later in 24-well-plates before finally being transferred to T-
25 flasks. At the 24 well stage, cells were grown on coverslips to screen for expression of

the transfected genes. This was confirmed by immunoblotting.
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2.2.4 Generation of periplakin specific rabbit polyclonal antibody

A polyclonal antibody was raised against the C-terminal region of periplakin. The
peptide sequence PDTGRELSPEEAHRA was chosen as it is conserved between human
and mouse and as it is the most hydrophilic (antigenic) region. A cysteine residue was
added to the start of the peptide sequence to allow conjugation to the carrier protein,
keyhole limpet hemocyanin (KL.H). Carrier proteins, once coupled to the peptides, provide
additional motifs required for association with Class II molecules and T-cell receptors and
in turn generate a stronger antibody response. Peptide synthesis, raising of antibodies and

collection of serum was conducted by Cambridge Research Biochemicals, Billingham, UK.

2.3 Immunohistochemistry and confocal microscopy
2.3.1 Fixation

Cells were seeded on sterile glass coverslips in 24-well plates in the presence of
DMEM (10% FCS and 5% GPS) medium and grown for three days to obtain the required
degree of confluence. All cultures were washed 3 times in PBS and either fixed with 4%
formaldehyde in phosphate-buffered saline (PBS) for 10 minutes at room temperature and
permeabilised in 0.5% Triton X-100 for 15 minutes, or fixed with ice-cold
methanol:acetone (1:1) for 15 minutes. Following fixation, cultures were washed 3 times
with PBS containing 0.5% bovine serum albumin (BSA) and 0.02% sodium azide (NaN3).
Subsequently, cultures were blocked with 0.5% Fish Skin Collagen Solution diluted in 1x

PBS for 40 minutes at room temperature.

2.3.2 Primary antibodies

After blocking, the coverslips were placed on Parafilm and primary antibodies were
applied for 1 hour at room temperature, after which cells were washed 3 times in
PBS/BSA/NaN;. Primary antibodies used and their dilutions are described in Table 2.4. All
primary antibodies were diluted in PBS/BSA/NaNj buffer.
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2.3.3 Secondary antibodies

Secondary antibodies were applied for 1 hour in the dark at room temperature, after

~which the cells were washed 3 times in washing buffer. All the Alexa 488 and Alexa 594-
labelled secondary antibodies were diluted in the same buffer as their respective primary

antibodies. The cell nucleus was visualised using 100 ng/ml DAPI (Invitrogen UK) which

binds to double stranded DNA. Secondary antibodies used in this study and their dilutions

are summarized in Table 2.5. After several washes in PBS, the coverslips were mounted

face-down in one drop of Immunomount (Thermo UK) and used for microsc‘opy

immediately or stored at 4°C.

2.3.4 Immunofluorescence staining of frozen tissue sections

Frozen tissue blocks were cut with a LEICA CM 3050S cryostat and placed on
slides before air drying and storing at —80 °C. Prior to tissue staining, the slides were
removed from the —80 °C freezer and allowed to equilibrate to room temperature for 30
minutes-1 hour before transferring into 1 X PBS/BSA/NaNj3 for 5 minutes. A wax pen was
used to circle the sections, ensuring the solutions covered the sections at all times. 0.5 %
fish skin gelatin was applied to the sections for 40 minutes as a blocking step. Sections
were washed 3 times in PBS/BSA/NaN; for 5 minutes. Primary antibodies were diluted in
PBS/BSA/NaN; and tissue sections were incubated in the dark for 90 minutes at room
temperature, or alternatively overnight at 4°C. Sections were washed 3 times in PBS/BSA/
NaNj3 and secondary antibody was applied for 1 hour at room temperature, again in the
dark. Slides were washed in PBS/BSA/NaNj before the coverslips were positioned cell-
side down onto glass slides using Immunomount (Thermo UK) Slides were dried overnight

in the dark and stored at 4°C.
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2.3.5 Microscopy

For viewing and ima ging cells, a Zeiss L SM 510 META confocal microscope
imaging system, equipped with 40X N/A1.3 and 63X/1.10 oil immersion objectives, was
used. A dynamic range adjustment was set up to optimise the signal for the fluorophores
and the same optimised conditions were used for comparisons of the intensity of signals
between different cultures. The images were collected at a scan speed of 12.8 us per pixel
and a resolution of 1024 x 1044. Composite images were generated using Adobe
Photoshop CS (Adobe System) and LSM510 image browser software (Carl Zeiss). Only
linear adjustments to brightness and contrast were made. On some occasions, a BioRad
Radiance 2000 confocal microscope imaging system with LaserSharp software (Bio-Rad)
was used equipped with 40X and 63X/1.40 oil immersion lens. Images were collected in

Sequential Mode (Bio-Rad) or Multi-Track Mode (Zeiss).

2.4 Scratch wound assay

Cells were grown to 100% confluence under standard conditions and wounded
using the scratch wound assay technique (Lampugnani, 1999). Briefly, once the cells had
formed a monolayer in culture, they were wounded using a 200 pl pipette tip (Star Lab
UK). For immunoblotting analysis, cells were harvested at different time points (30
minutes or 2 hours) post wounding, or the cells were washed 3 times with PBS and used for
immunofluorescence imaging. For real time wound healing experiments, the wounded area
was captured using a phase contrast microscope (Axiovert 10 Zeiss, Colorview System)
using the x10 objective. Progression of the cells during healing of the wounded area was
observed under the microscope for a period of time ranging from hours to several days

(Figure 2.1).
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2.5 Protein analysis techniques

2.5.1 Whole cell protein extraction

All protein analysis procedures were performed on ice. Whole cell protein was
extracted after washing 3 times with ice-cold PBS. Cells were lysed on ice in 2x Laemmli
sample buffer (LSB) (0.5M Tris-HCI pH 6.8, 20% v/v Glycerol, 1% SDS; 1mM EDTA),
supplemented with Complete Protease Inhibitor Cocktail (Roche UK), containing a mixture
of protease inhibitors including serine-, cysteine- and metalloproteases. 1 tablet was added
to 5 ml of sample buffer. Keeping the samples on ice during protein extraction, and the use
of protease inhibitors, are important steps to stop degradation of the proteins. Cells were
scraped off the dishes with a cell scraper and transferred into microcentrifuge tubes. The
samples were boiled for at least 5 minutes and homogenised with a 25G needle to shear the

genomic DNA. Samples were used fresh or aliquoted and stored at -80°C until needed.

2.5.2 Protein Quantification Using BCA-Assay

Extracted proteins were quantified using a BCA (bicinchoninic acid) protein assay
reagent kit (Pierce UK), which is a colorimetric assay where the samples are read at 562
nm. Standards were made using BSA (Sigma Aldrich UK) diluted in the same sample
buffer that the protein samples were stored in. Standard concentrations were: 0, 0.1, 0.25,
0.5, 1.0, 1.5, and 2.5 mg/ml, and the protein samples were used at dilutions of 1:5 in the
assay. Samples were read on a Beckman‘DU-6OO spectrophotometer, which produces a
standard curve which can be used to determine the concentration of unknown samples,

based on their absorbance.

2.5.3 Subcellular Detergent Fractionation of Proteins

MCF-7 cells were grown to confluence in 10 cm’ dishes and extracted using
saponin, with some modifications of the protocol described by Palka and Green (Palka &
Green, 1997). Briefly, cells were washed in PBS to remove any medium and extracted with

saponin buffer (0.01% w/v saponin, 10mM Tris pH 7.5, 140mM NaCl, 5mM EDTA, 2mM
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EGTA, 1mM PMSF and Complete Protease Inhibitor Cocktail (Roche UK)) on ice, for 10
minutes. After this, the cells were removed from the dishes using cell scrapers and
centrifuged at 14,000 x g for 30 minutes at 4 °C. The saponin soluble fraction was
transferred to a separate Eppendorf tube and the pellet was further extracted using ice-cold
Triton buffer (1% v/v, TritonX-100, 10mM Tris pH 7.5, 140mM NaCl, 5 mM EDTA, 2mM
EGTA, 1 mM PMSF and proteinase inhibitor cocktail). After vortexing the pellet for 30
sec, the sample was centrifuged for 30 minutes at 14,000 x g, at 4°C. The supernatant
(Triton soluble fraction) was transferred to a separate tube, leaving the Triton insoluble
fraction as the pellet (Figure 2.2). All samples were adjusted to the same volume with 4 x
LSB and equal volumes were loaded on a 4-12% Bis-Tris gel (Invitrogen) for analysis by
immunoblotting. Quantification of individual proteins in each fracﬁon was determined

using Image Gauge version 4.0 (Fuji photo film co. Ltd).
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2.6 SDS-PolyAcrylamide Gel Electrophoresis (PAGE) for proteins with. a molecular
weight of 20-200 kDa

Proteins were separated by SDS polyacrylamide gel electrophoresis (PAGE) using
the Thermo Electron mini gel system. Sodium dodecyl sulphate (SDS) is an anionic
detergent which denatures proteins by "wrapping around" the polypeptide backbbne.
Polymerisation of the acrylamide was initiated by the addition of ammonuim persulphate
(Sigma, U.K.) to a final concentration of 0.1% and 1 in 2,500 dilution of N,N,N’,N’-
tetramethylethylenediamin (TEMED; Sigma, UK.). The mixture was immediately poured
between glass plates on the casting rig, leaving approximately 1 cm at the top for the
stacking gel mix. Saturated butanol was overlaid on top of the gel for a smooth inter-phase.
Following polymerisation of the separating gel, the saturated butanol was removed and
washed away with destilled water several times. The stacking gel (final concentration 4%
acrylamide, 0.5 mM Tris-HCL pH 6.8; 20% SDS (w/v), 10% (w/v) ammonium persulphate
and 1 in 2500 dilution of TEMED) was mixed and poured on top of the separating gel and
the comb inserted between the plates. The comb was removed after the stacking gel had
polymerised. The required amount of each protein sample was denatured by adding an
equal volume of loading buffer dye (sample buffer supplemented with 0.2% bromophenol
blue and 1% B-mercaptoethanol) and resolved on SDS-PAGE gels, at 100 V through the
stacking and 200 V in the resolving gel in 1 X SDS-PAGE buffer (25mM Tris, 250mM
glycine, 0.1% SDS). Depending on the size of the proteins of interest, resolving gels of 7%
to 15% were used for higher resolution in the upper and lower part of the gel, respectively

(Table 2.2).
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| Stacking Gel Solution (4% Acrylamide)

1,0

3.075 ml

| 0.5 M Tris-HCl, pH 6.8

1.25 ml

20% (wW/v) SDS

0.025 ml

Acrylamide/Bis-acrylamide
(30%/0.8% w/v) '

0.67 ml

| 10% (w/v) ammonium persulphate (APS)

0.025 ml

jl TEMED

l Separating gel Solutions:

H,O

0.005 ml

1.5 M Tris-HCl, pH 8.8

20% (w/v) SDS

- Acrylamide/Bis-acrylamide
(30%/0.8% w/v)

10% (w/v) ammonium persulphate
(APS)

Table 2.2: Preparation of SDS-PAGE gels.
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2.7 1-dimensional gradient gel electrophoresis

For improved separation, protein samples were separated on NuPAGE 4-12% Bis-
Tris (Invitrogen), or in the case of high molecular weight proteins such as plectin,
NuPAGE 3-8% Tris-acetate gradient gels using the NuPAGE Mini-Cell system. Proteins
were resolved on NuPAGE 4-12% Bis-Tris gradient gels using 1X MOPS running buffer.
In contrast, proteins were resolved on NuPAGE 3-8% Tris-acetate gradient gels usihg 1X

NuPAGE Tris-acetate running buffer.

2.8 Immunoblotting

Immunoblotting was performed using the semi-dry blotting technique (Trans-Blot
SD Semi-Dry Transfer Cell Bio-Rad). Proteins were separated on SDS-PAGE gels
(Invitrogen) and transferred to Hybond nitrocellulose mémbranes (Amersham Pharmacia
Biotech) using anode buffer I (0.3 M Tris, 10% methanol, pH 10.4), anode buffer II ( 25
mM Tris, 10% methanol, pH 10.4) and cathode buffer (25 mM Tris, 40 mM glycine, 10%
methanol, pH 9.4) for 0.8 mA/cm®.

2.9 Ponceau S staining of the nitrocellulose membrane -

The nitrocellulose membranes, containing the transferred proteins were stained with
Ponceau S (Sigma Chemical U.K.) for 3-5 minutes and the excess dye was washed off with
distilled water until protein bands were visible. Ponceau S was used to check that protein
transfer had occurred and that this transfer was uniform and also to verify equal loading of
proteins. Membranes were destained in Tris-buffered saline (1xTBS; 20 mM Tris-HCI, pH
7.4, 150 mM NaCl) for 5 minutes.
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2.10 Immunodetection

For the detection of protein using antibodies, non-specific binding sites on the
membranes were blocked by incubation with blocking solution consisting of 5% (wt/vol)
dried non-fat milk powder in TBS containing 0.2% (vol/vol) Tween-20 for 2 hours at room
temperature or at 4°C overnight. The membranes were probed with an antibody diluted in
blocking solution for 1 hour. After several washes with TBS containing 0.2% (vol/vol)
Tween 20, the membrane was incubated with horseradish peroxidase-conjugated secondary
antibody (diluted ‘1:800) in blocking solution for 1 hour, followed by washing with 1X
TTBS for 30 minutes. Antibody labelling was detected by enhanced chemiluminescence
using an ECL Plus Western Blotting Detection System (Amersham), visualized with a
luminescent image analyser (LAS-1000plus; Fuji Photo Film (UK), London, United
Kingdom).

2.11 Membrane stripping for reprobing

Hybond P™ nitrocellulose membranes were incubated at 55°C for 1 hour in
stripping buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCL, pH 6.7). The
membranes were washed twice, for 3 minutes, in TBS-T and then blocked in 10% (w/v)
non-fat milk in TBS-T for 1 hour at 37°C. Removal of the protein signal was verified by
treatment of the membranes with ECL Plus. Following a further three S5-min TBS-T

washes, the membranes were ready for reuse and probing with other antibodies.

2.12 Immunoprecipitation
2.12.1 Cell lysis, Pre-clearing, Inmunoprecipitation

Cells were washed 3 times in ice-cold PBS (ImM KH,POi, 10mM Na,HPOs,
137mM NaCl,, 2.7 mM KCI, pH 7.4) and lysed in Lysis buffer (50mM Tris-HCI pH 7.5,
150mM NaCl, 1% Nonident P40, 0.5% sodium deoxycholate, Complete Protease Inhibitor
Cocktail (1 tablet/15ml). The cells were scraped into an Eppendorf tube and homogenised
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on ice, then centrifuged for 10 min at 12,000xg at 4°C to remove debris. 50ul homogenous
protein G agarose suspension (Roche) were added to the sample (containing 25 pl bed
volume of the resin) to 1-3 ml sample and pre-cleared for 3 hours at 4°C on a rocking
platform. After centrifugation to pellet the beads, 10 ul of antibody (diluted 1:100) was
added to the supernatant and incubated for 1 hour at 4°C on a rotating mixer. After
incubation with 50 ul Protein G beads, proteins were immunoprecipitated overnight at 4°C
on a rotating mixer. Immunoprecipitated samples were than washed three times, first with
1ml lysis buffer, then with 1ml wash buffer 2 (50mM Tris-HCI pH 7.5, 500 mM NacCl, 0.1
% Nonident P40, 0.05 % sodium deoxycholate) and finally with 1 ml wash buffer 3 (50mM
Tris-HCI pH 7.5, 0.1 % Nonident P40, 0.05 % sodium deoxycholate) for 20 minutes at
4°C. This step is crucial to remove non-specifically bound proteins. For a less stringent
washing procedure, immunoprecipitated complexes were washed 3 times in lysis buffer for
20 minutes at 4°C. In order to denature proteins and release them from the beads, samples
were heated to 100°C for 3 minutes in the presence of 25-75 pl electrophoresis sample
buffer. After pelleting the beads, proteins from the solubilized supernatant were separated
by electrophoresis using SDS-PAGE gels, or 4-12% Bis-Tris gradient gels (Invitrogen) for

better resolution.

2.12.2 Immunoprecipitation with the IP/ColP kit

Cells were grown under the usual conditions for each line. Having reached 100%
confluency, culture media was decanted off and the cells were rinsed once with ice-cold
TBS. Total protein was extracted with mammalian lysis buffer (M-PER Reagent; Pro-
Found Mammalian HA-tag IP/ColP kit and Application Set; Pierce) for 5 minutes with
gentle shaking. The lysate was collected and transferred to a microcentrifuge tube. Samples
were centrifuged at 16,000 x g at 4°C for 20 minutes to pellet the cell debris. Supernatants
were transferred to a clean microcentrifuge tube and were used immediately or stored at
-80°C until further analysis. The immunoprecipitation procedure was carried out with
immobilized anti-HA antibody, overnight at 4°C, with end-over-end mixing. Samples were

washed 3 times with TTBS (0.05% Tween-20 in TBS). 25ul of 2X non-reducing sample
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buffer was added to the samples before placing on a heated block (95-100°C) for 5

minutes. For reducing gel analysis, 3 pl of IM DTT was added to each sample.

2.13 Gel staining

After electrophoresis, gels were stained with normal Coomassie Brilliant Blue. Gels
were placed directly in the dye (consisting of 40% methanol, 10% acetic acid, 0.1%
Coomassie Blue G-250; Sigma Aldrich UK) and stained overnight at room temperature
with constant agitation. Gels were destained with 40% methanol, 10% acetic acid for up to

24 hours with several changes of the solution.

Protein gels were also visualized by Silver staining (Silver Snap Stain Kit II;
Pierce). Gels were washed in ultrapure water and fixed in fixing solution (30% ethanol:
10% acetic acid) for 30 minutes. The gels were then washed in 10% ethanol for 10 minutes
and in ultrapure water for 5 minutes, sensitized for 1 minute in sensitizer working solution
(SilverSNAP Sensitizer diluted in ultrapure water, 1:500), and stained for 30 minutes. After
washing the gels with water, they were developed for 2-3 minutes and the reaction was
stopped with 5% acetic acid for 10 minutes. Unknown proteins were identified by isolating
the relevant band from the gel, before processing for peptide mass fingerprinting [thatrix-
assisted laser desorption ionisation mass spectrometry (MALDI-TOF)] and amino acid

sequence analysis.

2.14 2-Dimensional gel electrophoresis

As the co-immunoprecipitation kit leaves the proteins contaminated with charged
detergents which are inéompatible with the isoelectric focusing, SDS had to be removed
from the samples. The samples (25 pil) were diluted with 100 pl double distilled water and
400 pl of acetone was added. After 30 minutes incubation at room temperature,

centrifugation at 13,000 rpm resulted in a pellet with only a minimal amount of SDS. With
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the addition of 60pl lysis buffer containing urea, thiourea and CHAPS (see below), proteins

were unfolded and their solubility was increased.

2.14.1 Re-Swelling of IPG strip

Preparing the protein samples for the first dimension run, lysis buffer (9M urea; 2M
thiourea; 4% CHAPS; 1% DTT; 2% 3-10 ampholytes and a trace of bromophenol blue)
was added to make the volume 120 pl. With the addition of 2.5 ul 50% DDT and 2.5 pl
ampholyte buffer, this made a final volume of 125 pl, which was sufficient to re-hydrate a
7 cm IPG strip. The samples were pipetted into a well of the Immobiline Drystrip Re-
swelling Tray, and the IPG strips were placed into the well over the sample, gel side down,
avoiding trapping of air bubbles underneath. Paraffin oil was placed over the sample and

the strip was rehydrated overnight.

2.14.2 1** Dimension run.

After washing and blotting dry, the IPG strips were placed into the grooves of the
strip tray, gel side up. Electro focusing electrode strips were cut to size, soakcd in water,
dried and placed across the IPG strips. Paraffin oil was added to completely cover the IPG
strips. The Multidrive XL power was linearly increased and programmed as shown below

(running conditions: temperature 20°C; current 2 mA; power 5 W total).
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Voltage(V) mA w Time (h) kVh :

1. step . 0:01

2.step 1:30

3.step 0:35-1:05

Following electrophoresis in the first dimension, IPG strips were removed from the tank,
rinsed with MilliQ (MQ) water and placed into an equilibration tray, gel side up.
Equlibration buffer (50mM Tris-HCI, 10mg/ml dithiothreitol, 10% (w/v) SDS, 6M urea,
and 30% glycerol) was placed over the strips (4-5 ml per strip) and put on a shaker for 15

minutes.

The strips were removed and rinsed with MQ water and placed into equilibration
buffer containing iodoacetimide (48mg/ml) (instead of DTT) and put back on the shaker for

a further 15 minutes.

2.14.3. 2"9 dimension run

The second dimension gels (70 x 80 mm) were 10% SDS-PAGE gels, prepared
using a multi-gel casting system with 1mm spacers, and made in batches of three. The gel
was filled to approximately 0.8 cm from the top of the lower glass plate and butan-2-ol was
added. However, a stacking gel was not required. A standard SDS-PAGE electrophoresis
buffer system was used. Once the gel had polymerized, the butanol-2-ol was washed out
with MQ water and gel was covered with 1X running buffer to the top. IPG strips were
transferred from the tray, allowing them to displace the water. Strips were pushed down

with the spacer to prevent bubbles, and excess water was removed with blotting paper.

Warm 1% agarose was made with 1X running buffer and poured on top of the

strips. The agarose was allowed to cool and solidify before moving on to the
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electrophoresis step. The gels were run at 200 V for two hours, by which time the
bromophenol blue dye had reached the end of the gel. Gels were removed from the plates

and silver stained.

2.15 Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)

Proteomics is an important new field of study of protein properties (expression
levels, interactions, post-translational modifications etc.) and thus can be described as
functional genomics at the protein level. Matrix-assisted laser desorption/ionisation-time of
flight mass spectrometry (MALDI-TOF MS) is a relatively novel technique in which a co-
precipitate of an UV-light absorbing matrix and a biomolecule is ionised by a nanosecond
laser pulse. Most of the laser energy is absorbed by the matrix, which protects against
fragmentation of the biomolecule. The ionized biomolecules are accelerated by an electric
field and enter the flight tube where the different molecules are separated according to their
mass to charge ratio (m/z) and hence reach the detector at different times. In this way, each
molecule yields a distinct signal. The method is used for detection and characterization of
biomolecules, such as proteins, peptides, oligosaccharides and oligonucleotides, with
molecular masses between 400 and 350,000 kDa. Protein identification by this technique
has the advantages of a short measuring time (minutes) and negligible sample consumption
(less than 1 pmol) and also yields additional information regarding microheterogeneity (e.g.
glycosylation) and the presence of by-products. The mass accuracy of MALDI-TOF MS is
sufficient to characterise proteins (after tryptic digestion) from completely sequenced
genomes (e.g. methanogens, yeast). In addition, important progress has been made in the
use of MALDI-TOF MS for typing of single nucleotide polymorphisms using single

nucleotide primer extension.

2.15.1 Mass-Spectrometry

Tryptic digestion was performed on a ProGest Workstation from Genomic

Solutions using the standard ProGest long trypsin protocol. Briefly, gel spots were washed
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in 25mM bicarbonate bufter (pH 8), destained and dried out in concentrated acetonitrile.
The gel pieces were rehydrated in 50mM bicarbonate buffer and the protein spots were
reductively alkylated with DTT and iodoacetamide. After several washes in bicarbonate
buffer, 200 ng/sample of buffered modified trypsin was added and the digestion was
performed for 8 hours at 37C°. Following digestion, the peptide extracts were lyophilized
in a vacuum concentrator, resuspended in 10 ml 0.1% formic acid and introduced into a
Voyager DE-STR mass spectrometer (Applie‘d Biosystems). All MALDI spectra acquired
were internally calibrated using the trypsin autolysis peaks 842.5 and 2211.11 m/z present
in the spectra. The generated peptide masses for each sample (fingerprints) were than
matched to theoretical trypsin digests of proteins from a complete non-redundant human
NCBLnn database. The database search was performed using the MASCOT

(www.matrixscience.com) software at a mass accuracy of 50 parts per million (ppm). The

MASCOT search algorithm takes into account the number of peptides that match, the
number of fragment ions that match, the accuracy at which they match, and a weighing for
large peptide matches (Pappin et al., 1993). For each sample, the protein with the highest

MOWSE (molecular weight search) score was reported as a positive result.

2.16 RNA interference (RNAI).

Until recently, the functional characterization of a particular mammalian gene or gene
product involved either elimination by gene knock-out strategies in mouse models,
inactivation using ribozymes, antisense strategies or overexpression of a dominant-negative
form of the protein product in cell culture systems. The recent discovery of the natural
process termed RNA interference (RNAI) offers an alternate tool to functionally characterize
a gene product (Fire et al., 1998). RNAI is an antiviral post-transcription gene silencing
defense mechanism in animals and plants caused by the introduction of double-stranded
RNA homologous to the silenced gene (Paddison & Hannon, 2002; Denli ef al., 2003). This
mechanism of RNAI has been found to be conserved in most organisms, with the notable
exception of the yeast Saccharomyces cerevisiae (Hutvagner & Zamore, 2002). RNAi
involves the cleavage of the double stranded RNA by an RNAase III enzyme (DICER) into

smaller fragments of 21-23 nucleotides (nt) in length with characteristic dinucleotide 3’
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overhangs referred to a small interfering RNA (siRNA) (Zamore et al., 2000). The siRNA is
then recruited into a multienzyme complex called the RNA induced silencing complex
(RISC) which binds specifically to a complementary mRNA transcript to target it for
cleavage and degradation. In mammalian cells, in vitro synthesized 21-nucleotide siRNA
duplexes provide a new tool for studying gene function (Elbashir et al., 2001; Harborth et al.,
2001) as longer dsRNAs resulted in blockage of initiation of protein synthesis and mRNA
degradation (Bass, 2001). There are several different methods of carrying out RNAI
including in vitro transcription, siRNA vector or chemical synthesis. In this study,

chemically-synthesized siRNAs have been used because of their purity and ease of use.
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Figure 2.3: Mechanism of gene silencing by siRNA transfection.

Expression of individual genes can be inhibited by interfering with the transcribed mRNA.
This is done via synthetic small double-stranded RNAs (siRNA). Within the cell, double
stranded siRNA unwinds and is incorporated into the RISC (RNA induced silencing
complex) forming a stable protein-RNA complex. The RISC then captures an endogenous
mRNA molecule that complements the short siRNA sequence. If the pairing (native RNA
and siRNA piece) is perfect, the native mRNA is severed and the mRNA undergoes
degradation. If the pairing is less complete, however, the RISC complex binds to the mRNA
and blocks ribosome movement along the native mRNA to stop translation, again resulting

in no protein production.
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2.16.1 Selection of siRNA sequence

Specific siRNA duplexes were designed to target the required DNA sequences
which were selected from the open reading frame of periplakin, keratin 8 and plectin, in
order to obtain sense and antisense strands with symmetric 3’ overhangs of identical
sequence. All sequences were submitted to a BLAST search against the human genome to

ensure that only the desired mRNA was targeted.

Knock

Target :
Sequence . down
region
efficiency

AUGUAUAAAAUGCUUGGCCtg C-ter, exon22

UGCUCGUAUUUCCGGUUGGtg N-ter, exonl5

GAGGGUAUGUAUAAAAUGCtt | C-ter, exon22

N-ter head

CAUGUUGCUUCGAGCCGUCtt
domain

K8-2 AAUAUCCUCGUACUGUGCCtt Rod, exon 6

Plectin-1 GGAAUGAUGACAUCGCUGALtt C-ter Exon §

Table 2.3: siRNA sequences used in this study.

2.16.2 Cell culture and transfection of siRNA

Wild type MCF-7, HaCaT, HeLa and Panc-1 cells were grown in normal DMEM

medium for several days in T-75 flasks. One day before performing the transfection,
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confluent (90%) cultures were trypsinised and diluted with fresh DMEM. Cells were
seeded on sterile glass coverslips in 24-well plates in the presence of 10% FCS and 5%
GPS. One day before transfection, cells were plated in 0.5 ml medium without antibiotics
so that they would be 30-50% confluent at the time of transfection. siRNA transfections
were carried out using oligofectamine reagent (Life Technology). Prior to transfection, 60
pmol siRNA was diluted in 50 pl serum-free DMEM medium. At the same time, 3 pl
oligofectamine was diluted in 12 pl serum-free DMEM medium and incubated for 5
minutes at room temperature. The diluted siRNA and the diluted oligofectamine were
gently mixed and incubated for 20 minutes at room temperature to allow the siRNA-
oligofectamine complex to form. The siRNA-oligofectamine mixture was then added to the
culture dish well which was gently rocked back and forth. Complexes were removed from
the cells and the media replaced after 24 hours, without affecting the transfection
efficiency. Cells were processed for immunofluorescence, immunoblotting or scratch

wound assay 48-96 hours after transfection.

2.17 Student’s T-test

The Student’s t-test was used to compare the quantitative data after siRNA
transfections. Means of the scratch wound widths from 3 to 5 independent wounds were
compared by using the Student’s t-test at different time-points (10 minutes, 8 hours, 20
hours and 24 hours). The results were considered significant if the p value was less than

0.05 (p<0.05).
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Primary
antibody Species

§| a-tubulin Mouse Abl1304

Actin Mouse AC40

il Annexin Al Rabbit ANXAI1

il Annexin A9 Chicken ANXA9

Anti-HA Rat clone 3F10

Anti-HA Rabbit Ab9110

Desmoplakin Mouse DP1/2 ICN

Desmoplakin Rabbit AHP320 Serotec

HA-probe Rabbit Y-11 Santa Cruz

Keratin 14 Rabbit Covance

Keratin 18 Mouse Ab-2 Oncogene

Keratin 8 Mouse LE41 B.Lane

Keratin 8 Mouse ab9287 AE3 Abcam

il Keratin8

l| Psera31 Mouse Ab-5 (5B3) Stratech

| Periplakin Rabbit D2 F. Watt

Periplakin Rabbit BOCZ-1 This study

Plectin Goat C-20 Santa Cruz

! plectin isoform Rabbit (LM2) plec 1 L. Mclnroy

il plectin isoform

i ir Rabbit (LMS) pleclf L. MclInroy

plectin isoform

1k Rabbit (LM7) pleclk L. Mclnroy

Vimentin Rabbit 3052 R. Quinlan

8l Vinculin Mouse V-11-5 Sigma

Table 2.4: List of used primary antibodies used in this study. Immunofluorescence (IF),
Western Blot (WB).
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Secondary
antibody

Rabbit

Species

Anti-goat immunoglubulins-HRP

Company

DakoCytomation

Il Swine

Anti-rabbit immunoglubulins-HRP

DakoCytomation

Anti-mouse immunoglubulins-HRP

DakoCytomation

Anti-chicken immunoglubulins-HRP

DakoCytomation

Anti-chicken immunoglubulins-HRP

DakoCytomation

Alexa-Fluor Anti-chicken IgG 594

Invitroge molecular
probes

Alexa-Fluor Anti-mouse IgG 594

Invitroge molecular
probes

Alexa-Fluor Anti-rabbit IgG 488

Invitroge molecular
probes

Alexa-Fluor Anti-mouse IgG 488

Invitroge molecular
probes

Alexa-Fluor Anti-mouse IgG 488

Invitroge molecular
probes

Alexa-Fluor Anti-chicken IgG 488

Invitroge molecular
probes

Alexa-Fluor Anti-mouse IgG 594

Invitroge molecular
probes

‘Alexa-Fluor Anti-rabbit IgG 488

Invitroge molecular
probes

Alexa-Fluor Anti-rabbit IgG 594

Invitrogen molecular
probes

Western Blot (WB).

Invitrogen

Table 2.5: List of secondary antibodies used in this study. Immunofluorescence (IF),
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CHAPTER III

CO-IMMUNOPRECIPITATION OF PLECTIN AND
ANNEXIN A9 WITH PERIPLAKIN IN MCF-7
- EPITHELIAL CELLS



3.1. Introduction

Several studies have looked at the interactions of the periplakin C-terminal
domain, but the molecular interactions of the N-terminus have been studied to a lesser

extent.

The N-terminal domains of the cytolinker proteins display a high degree of
structural homology and have been noted to be involved in a variety of interactions. The
ABD of plectin can bind to actin and the same region is also able to bind to the first two
cytoplasmic domains of integrin B4 (fibronectin type III domains) contained within
hemidesmosomes (Geerts et al.,, 1999). Adjacent to the ABD is the plakin domain,
which mediates further plectin interaction with p4 integrin (Koster et al., 2004). This
plakin domain also contains the binding site for the hemidesmosomal transmembrane
protein BPAG-2 (Koster ef al., 2003). The interaction of BPAG-1 with erbin is also
known to occur at this site (Favre et al., 2001). In desmoplakin, this plakin domain is
known to interact with desmosomal proteins, such as plakophilin and plakoglobin, and
also desmosomal cadherins (Bornslaeger et al., 1996; Smith & Fuchs, 1998). In
addition, the N-terminal head domain of desmoplakin has been suggested to play an
important role in the development and maturation of the actin cytoskeleton (Huen et al,,

2002).

In contrast, the periplakin N-terminus has only two known protein binding
partners. Recently, a yeast two hybrid analysis identified a protein called kazrin which
interacts with the N-terminus of periplakin in keratinocytes (Groot et al.,, 2004). Kazrin
is not exclusively associated with desmosomes, as it also appears at the plasma
membrane between desmosomes, as does periplakin. It has been proposed that kazrin
might help to form heterodimers with envoplakin (Sonnenberg & Liem, 2007).
Although the periplakin N-terminus is lacking in the ABD, periplakin has been shown
to co-localise with cortical actin (DiColandrea et al., 2000) in cuitured keratinocytes.
Based on F-actin co-sedimentation assays, it has been suggested that periplakin head

domain may bind directly to actin filaments in MDCK cells (Kalinin ef al., 2005).

Thus, relatively little is known about the interacting partners of periplakin head
domain and the mechanisms that regulate periplakin localization and function. This

chapter reports the investigations of the molecular interactions of the periplakin 2 N-
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terminus by co-immunoprecipitation on a stably transfected cell line expressing HA-
tagged periplakin N-terminus. Experiments in which tagged periplakin C-terminus was
created and used to identify interacting partners have been performed in the past (van
den Heuvel e al., 2002; Beekman er al., 2004). In this study, I focused on the N-
terminus of periplakin and total cell extracts from MCF-7 cells were used to identify
interacting partners. Following co-immunoprecipitation experiments, MALDI-TOF
Mass Spectrometry was employed for the identification of periplakin binding proteins
via peptide mass fingerprinting. Specifically, 1-D and 2-D gels were carefully examined
and any bands or spots that might correspond to periplakin interacting proteins were
selected from the gel and subjected to trypsin digestion. Two different sets of
experiments identified plectin and annexin A9 as potential periplakin binding partners.
These observations were also confirmed by Western blot analysis. Subsequent
immunofluorescence labelling of the stable cell line and untransfected MCF-7 cells

revealed co-localisation of the co-immunoprecipitated proteins.

The trypsin digestion, mass spectrometry and database search for identification
of periplakin binding proteins were performed with the help of the Proteomics facility

staff at the University of Durham.
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3.2 Results

3.2.1 Demonstration of periplakin BOCZ-1 antibody specificity by siRNA

transfection experiments

The antibody was characterised by siRNA transfection and immunoblotting to
determine that it is specific for the endogenous protein to which it was raised. Depletion
of periplakin by siRNA transfection in MCF-7 cells was carried out to downregulate the
expression of the target protein. Total cell lysates of control and siRNA transfected cells
were loaded onto gel and immunoblotted with BOCZ-1 periplakin antibody in a dilution
of 1:500. While the 195kDa protein band was still present in untransfected and control
transfected cells, the siRNA transfection reduced the signal when BOCZ-1 antibody was
used for immunoblotting. These results confirm the specificity of the periplakin

antibody (Figure 3.1).

3.2.2 Generation of 2 N-PPL overexpressing cell line

Previous immunofluorescence studies had demonstrated that ‘periplakin N-
terminus displays the same subcellular distribution as the whole protein in cultured
human keratinocytes (DiColandrea et al., 2000; Groot et al., 2004). The first half of the
N-terminus was used to identify unknown proteins that regulate periplakin localization
to different membrane and cytoplasmic locations, as it is able to show all the properties
previously demonstrated for the entire periplakin N-terminus. The periplakin 2 N
construct used for stable transfection (DiColandrea et al., 2000) contained subdomains

NN, Z, Y and X (Ruhrberg & Watt, 1997) (Figure 3.2).

A stably transfected subclone of MCF-7 breast adenocarcinoma cell line referred
to as MCF-7 % N-PPL was generated, overexpressing HA-tagged periplakin }2-N-
terminus with a modified pCl-neo vector. Transfection was performed at 50%
confluence. Selection medium, containing neomycin, was applied to cells two days after
transfection and the cells were left to grow for three weeks with regular medium
changes. The cells that remained alive carried the neomycin resistance gene, indicating
successful transfection with the pCl-neo vector. Such colonies of cells were picked and

grown in 96-well plates in the first instance and then in 24-well plates, 6 cm dishes, 10
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cm dishes and T-75 flasks. A stably transfected control cell line carrying an empty pCI-
Neo vector (MCF-7 EV) was also established.
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3.2.3 Characterization of the stably transfected cell line

The periplakin %2 N-terminus construct was fused with hemagglutinin (HA)
protein coding sequences within the plasmid to assist in intracellular localisation
studies. The HA-tag is a common epitope tag, which consists of nine amino acids
(YPYDVPDYA) derived from influenza virus and which is avidly recognized by anti-
HA antibodies. Thus, the cellular localization of the tagged proteins can be determined
and immunoprecipitation of the epitope-tagged proteins can be performed to identify
interactions with other proteins, thus aiding further molecular characterization of the
gene product. Furthermore, detection of HA-tagged proteins using anti-HA antibodies

clearly distinguishes the expressed protein from the endogenous protein pool.

Immunoblot analysis and immunofluorescence staining on 8 different stably
transfected cell colonies were performed in order to monitor the expression level and
cellular distribution of the construct. All cell lines indicated constant expression level of
the HA-tagged protein. Subcellular localisation of the % N-terminal periplakin domain
in all 8 different cell lines showed reasonably similar decoration of the plasma
membrane. A cell line which best mimicked the sub-cellular distribution of the
endogenous periplakin protein was selected and utilized throughout this research (MCF-
7 %2 N-PPL).

3.2.4 Cellular localization of HA-tagged protein and endogenous periplakin in

MCF-7 cells by immunofluorescence microscopy

To investigate the expression level of the HA-tagged protein and the specificity
of anti-HA antibody in the MCF-7 2 N-PPL cell line, total cell lysates of confluent
untransfected MCF-7, empty vector transfected (MCF-7 EV) and MCF-7 %2 N-PPL cells
were loaded onto a gel. Immunoblotting with anti-HA antibody (monoclonal rat
antibody, 1:200) resulted in a clear 53 kDa band in the MCF-7 %2 N-PPL cell line. In
contrast, no bands were detected in the two control cell lines, suggesting that the
antibody was specific for the HA-tag (Figure. 3.3 A). As a control to demonstrate equal
loading of lanes, the membrane was probed with a cytokeratin 8/18 mouse antibody
(AB-2, Oncogene) at a dilution of 1:1000. The results obtained demonstrated the same

amounts of keratin protein in all three lanes (Figure 3.3 A).
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Whilst immunostaining of the N-terminus of periplakin was associated with the
lateral plasma membranes, it also appeared in the cytoplasm to a lesser degree (Figure
3.3 B). This distribution was rather similar to that observed in keratinocytes where the
endogenous periplakin demonstrated staining at the cell borders, but overexpression led
to its redistribution towards IFs (Ma & Sun, 1986; Ruhrberg & Watt, 1997,
DiColandrea et al., 2000). The staining pattern which was obtained suggested that the
periplakin might fulfil the same role in keratinocytes as in simple epithelia, as they
share the same localization in both cases. Although it has been proposed that this
domain of periplakin has the same distribution as the full-length protein in
keratinocytes, it was important to confirm this in the simple epithelial cell line used
throughout this study. When the subcellular localization of periplakin N-terminal
construct and endogenous periplakin was investigated by double staining, it was found
that both co-localised at cell borders. Double staining of HA-tagged protein (rat
monoclonal, 1:200) and endogenous periplakin staining with BOCZ-1 antibody (rabbit
polyclonal, 1:200) showed substantial co-localization in the stable cell line (Figure 3.3
B).

To further investigate the localization of these proteins at lateral plasma
membranes, vertical confocal sections of the MCF-7 2 N-PPL cells (confocal axis: x-z)
were produced. This profile was constructed by scanning a single line across the cells
(in the x-axis) at different z-axis depths and displaying the series as a merged image.
From the images obtained, it was evident that the periplakin 2 N-HA constructs
localised along the lateral cell border in the same way as the endogenous full-length

protein (Figure 3.3 C).
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3.2.5 Periplakin N-terminus does not co-localise with Kkeratin intermediate

filaments in MCF-7 cells

v Imunofluorescence staining was also used to examine the localisation of the
keratin 8 filaments and half-N terminal periplakin in MCF-7 %2 N-PLL cell line, to
ensure that overexpressed HA-tagged protein was not associated with intermediate
filaments. This was important as keratin could potentially confound subsequent studies
if it acted as a link between various immunoprecipitating proteins. Cells were grown to
50-60% confluence and fixed in methanol/acetone (1:1). The fixed cells were stained
with anti-HA antibody (high affinity rat monoclonal antibody, clone 3F10, Roche) at a
dilution of 1:200 and LE41 supernatant for keratin 8 detection at a dilution of 1:2. For
the immunodetection of the HA-tagged protein and keratin 8, goat anti-rabbit Alexa-
Fluor 488 (at a dilution of 1:800; Invitrogen Molecular Probes) and goat anti-mouse
Alexa-Fluor 594 (at a dilution of 1:800, Invitrogen Molecular Probes) secondary
antibodies were used, respectively. ‘The results excluded significant co-localisation of
the periplakin N-terminus with keratin filaments. (Figure 3.4 A) In addition, the stably
transfected control cell line (MCF-7 EV) did not show any cell border staining with
anti-HA antibody (Figure 3.4 A).

3.2.6 Solubility properties of the HA-tagged protein by biochemical fractionation

Although the immunofluorescence staining showed co-localization of the HA-
tagged PPL. NH,-terminus with endogenous periplakin in the MCF-7 /2 N-PPL cell line,
this study further investigated the cellular compartments occupied by these proteins
with regard to their solubility properties. The technique of subcellular biochemical
fractionation isolates different proteins of the cell based on their biochemical solubility,
enabling studies of their function and distribution. By sequential addition of different
extraction buffers to a cell or cell pellet, proteins in different cell compartments can be
selected. Cells were grown to 100% confluence and extracted with saponin buffer on
ice. Saponin is a mild detergent, which allows extraction of cytosolic proteins (S1).
Saponin insoluble proteins were pelleted and extracted in Triton-X100, a stronger
detergent which solubilises plasma membrane associated proteins (S2) and finally the
Triton-X100 insoluble pellet was extracted in urea, separating the insoluble cytoskeletal

proteins in a third fraction (P3).
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These cell fractionation experiments were performed on the MCF-7 2 N-PPL
cell line and an untransfected MCF-7 cell line, which served as a control. The half N-
terminus of the plakin domain was detected at an expected molecular weight of 53 kDa
in cytosolic (S1), Triton-soluble (S2) and Triton-insoluble (P3) fractions. Likewise, the

195-kDa endogenous periplakin was also present in all three fractions (Figure 3.4 B).

The representative Western blot shows that periplakin was distributed in
approximately equal proportions in the saponin-soluble cytosolic pool, the Triton-X100
soluble pool and in the Triton-X insoluble cytoskeletal pool, whereas a lower proportion
of the HA-tagged periplakin N-terminus was found in Triton insoluble cytoskeletal
fraction (P3) compared to the distribution of the endogenous periplakin. This was
probably due to the fact that the HA-tagged %2 N-PPL construct lacks in the IF-binding
domain. This was also evident from the immunofluorescence study showing that the
HA-tagged construct does not co-localise with keratin intermediate filaments in the

cytoplasm (Figure 3.4 A).

From these data, it can be concluded that the MCF-7 % N-PPL cell line,
expressing the half N-terminus of periplakin, is targeted to the plasma membrane where
it co-localises with the endogenous periplakin at the lateral cell borders. Cellular
fractionation studies also supported the finding that endogenous periplakin and "2 N-
terminus of periplakin shows similar biochemical characteristics in MCF-7 cells being
present in both soluble and insoluble fractions. Moreover, the fact that periplakin 2 N
domain is not co-localised with the keratin intermediate filament network is likely to
limit non-specific interactions in co-immunoprecipitation experiments. For these
reasons, the chosen periplakin %2 N-terminal domain and the expressing cell line is a
suitable model for identifying protein forming complexes with periplakin in all three

subcellular fractions.
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3.2.7 Identification of plectin and annexin A9 as co-immunoprecipitating partners

of periplakin

Co-immunoprecipitation experiments to identify new binding partners for
periplakin N-terminus were performed on confluent MCF-7 % N-PPL cells, empty
vector transfected control cells (MCF-7 EV) and parental MCF-7 cells. Samples were
immunoprecipitated with anti-HA antibody and were studied by electrophoresis after

running them on SDS-PAGE and pre-cast gradient gels.

3.2.7.1 Strategy of co-immunoprecipitation experiments

1. As a first step, routine immunoprecipitation experiments were carried out
following the protocol described in section 2.12.1 in order to demonstrate that
HA-tag protein produced by the periplakin construct can be successfully
precipitated with anti HA-antibodies.

2. Secondly, a high-affinity immobilized anti-HA antibody (anti-HA agarose) co-
immunoprecipitation kit was optimised. This kit enabled the isolation and
identification of tagged proteins, regardless of their expressioh levels, on regular

1-dimensional SDS-PAGE gels.

3. Finally, after co-immunoprecipitation experiments, the precipitated protein

samples were examined on 2-dimensional gels.

3.2.8 Successful precipitation of periplakin %: N-terminus with HA-antibody

Following the immunoprecipitation steps with monoclonal rat anti-HA antibody
(Roche) described in section 2.12.1 all samples were run on 1-dimensional 12% SDS-
PAGE gels. The gels were stained with Coomassie-blue after electrophoresis. The
immunoprecipitation experiment was repeated several times as described above but no
specific proteins were detected in the elution fraction. To examine the possibility that
proteins may have been washed away in the process, less stringent washing buffers were
used. Afterwards all washing steps were carried out with the lysis buffer, which resulted

in visible bands in the samples.
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Initial Coomassie-blue staining failed to demonstrate unique bands in the MCF-7
% N-PPL samples when compared to empty vector transfected control cells (Figure 3.5
A). To increase the sensitivity of the staining and achieve better band separation,
samples were run on pre-cast gradient gel 4-12% (Invitrogen) and were visualized by
silver staining. Two bands that were unique to the MCF-7 2 N-PPL sample when
compared to controls were cut out from the gel and sent for identification. Both proteins

were recognized as periplakin (Figure 3.5 B).
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Figure 3.5: Immunoprecipitation experiment of the anti-HA antibody using IgG
beads

A. MCF-7 7 N-PPL and control MCF-7 EV total cell lysates were pre-cleared and
incubated with an anti-HA (3F10, 1:100 dilution, Roche) antibody and IgG beads
overnight. Samples were separated on a 12% SDS-PAGE gel and stained with
Coomassie blue. No bands were found exclusively in the MCF-7 ¥: N-PPL cell extract.
B. Following overnight immunoprecipitation procedures sqmples were separated on 4-
12% pre-cast gel for better separation and silver staining was used for more sensitive
visualisation. Arrowheads showing two bands in the MCF-7 % N-PPL cell line
approximately at a size of 53 kDa. Bands were cut out and both identified as periplakin

by mass-spectrometry.
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3.29 Use of the Mammalian HA Tag IP/Co-IP Kit, to identify periplakin

interacting partners

To increase the chances to find new binding partners for the periplakin the

d™ Mammalian HA Tag IP/Co-IP Kit (Pierce) was used and the manufacturers

ProFoun
protocol followed (section 2.12.2). As a result, four bands were identified as potential
targets (Figure 3.6). Due to the low resolution, other faint bands were not excised from
gel, as those would appear as no hits in Mascot search. Furthermore, some of the signals
were very close to others, making it difficult to cut out a clear band. Bands that were

present in both the control and sample lanes were ignored.

The results of the.mass spectrometry from the 1D gel showed 4 bands, (Figure
3.6 A) one at high molecular weight, which had a very weak score resulting in no
significant hits. Higher magnification shows this band in Figure 3.6 B when less sample
was loaded. However, when a larger aﬁlount of sample was loaded on the gels, it
became difficult to distinguish between different bands leading to protein mixtures. One
of the clear hits obtained was the HA-tagged periplakin having the size of 53 kDa with
the score of 123, Keratin 8 with the score of 71 and Annexin A9 with a yield of 176
peptide matches in a Mascot search (Table 3.1).
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3.2.10 Results of the 2D gel electrophoresis

~ In order to obtain better results with the mass spectrometry, all samples were run
on 2-D gels, allowing the similar-sized bands to be separated on the basis of their

electric charge (isoelectric focusing, IEF).

Analysis of silver-stained 2D gels revealed 14 different unique spots. Each spot
was cut out from the gel and sent for analysis by mass spectrometry (Figure 3.7).
Interestingly, one of the unique spots (1), an approximately 500-kDa protein
precipitated from MCF-7 Y N-PPL extracts previously seen in 1D gels, was also present
in the 2D gel. Mass spectrometry of tryptic peptides was used to identify this protein as
plectin, another member of plakin cytolinkers family (Leung et al., 2002; Jefferson et
al., 2004; Rezniczek et al., 2003) as it yielded 67 exact peptide matches in a Mascot

search (score 175, with protein scores greater than 77 considered significant, p < 0.05).

Many other selected spots resulted in no hits as shown in table 3.1 below. Those
giving significant scores included periplakin, aS expected, because this protein is HA-
tagged and therefore would obviously bind to the anti-HA antibody. Similarly, keratin
18, keratin 19, alpha-tubulin and beta-tubulin were pulled down as potential partners.
However, these proteins were not considered direct interacting partners, as the
periplakin N-terminus has no intermediate filament binding domain. Nevertheless, as
plectin is able to bind intermediate filaments and microtubules, it is possible that these
proteins were pulled down in a complex with plectin and not directly with the periplakin

half N-terminus.
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Figure 3.7: Co-immunoprecipitation of periplakin amino-terminus with anti-HA

antibody analysed on silver stained 2-D gels
A. Immunoprecipitated proteins from control empty transfected MCF-7 cell line.
B. Immunoprecipitated proteins from MCF-7 % N-PPL cell line. Arrows indicate

protein spots that were sent for mass spectroscopic analysis. Black arrow below the

gels indicates the separation as a function of pH.
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Table 3.1: Summary of mass spectroscopic identification of proteins co-

immunoprecipitating with periplakin N-terminus on 1D and 2D gels.

1-D gel bands

Periplakin

205150

115

Keratin 8

55874

Annexin A9

Plectin

37908

520111

Periplakin

205150 96

Periplakin

205150

180

No hits

Keratin 18

110

Keratin 18

89

Keratin 19

Keratin 19

Beta-tubulin 2

Alpha-tubulin
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Table 3.1: Summary of mass spectroscopic identification of proteins co-

immunoprecipitating with periplakin N-terminus on 1D and 2D gels.

Bands and spots that were selected from 1D and 2D gels (Figure 3.6, Figure 3.7) were
identified by peptide mass fingerprinting. The table summarises the results showing the

highest corresponding match, its molecular weight and its score.
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On the basis of these results, two potential binding partners of the periplakin N-terminus

in MCF-7 cells have been successfully identified.

3.2.11 Verification of co-immunoprecipitaion of periplakin and plectin by Western

blot analysis

The presence of HA-tagged periplakin N-terminus and plectin in the
immunoprecipitated protein complexes was confirmed by immunoblotting. Samples
were run on 3-8% pre-cast gradient gel (Invitrogen) and immunoblotted with anti-HA
antibody (monoclonal rabbit antibody, Ab9110, 1:200, Abcam) and plectin (goat
polyclonal, ¢-20, 1:200 Santa Cruz) antibody. Figure 3.10 A shows the HA-tagged
periplakin domain in the MCF-7 %2 N-PPL cell line at a predicted size of 53 kDa next to
the two control lanes, where no signal was detected. Immunoblotting with plectin (c-20)
antibody revealed a plectin band only in the MCF-7 Y2 N-PPL sample verifying the
mass spectroscopic results (Figure 3.10 B). Plectin was not detected by immunoblotting
in anti-HA immunoprecipitations of either of the empty vector transfected cell line or of
untransfected MCF-7 cells, which confirms that plectin does not interact non-

specifically with HA antibody conjugated beads used in the assays.

It was important to investigate whether the observed link between periplakin
N-terminus and plectin is also applicable for the endogenous proteins. Therefore, co-
immunoprecipitations were carried out on untransfected MCF-7 cells. The
immunoprecipitation with plectin antibody (c-20) against endogenously expressed
proteins was also successful producing a clear periplakin band after immunoblotting

with BOCZ-1 antibody (Figure 3.10 C).

Standard immunoprecipitation of untransfected MCF-7 and HaCaT cell extracts
with a different anti-plectin antibody, against the plectin-1f isoform, were also
performed. The results demonstrated interaction between plectin and full-length
periplakin. Consequently, the co-immunoprecipitation was not due to over-expression
of the HA-tagged periplakin domain. (Figure 3.10 D) Moreover, no periplakin protein

was immunoprecipitated with protein G beads alone as shown in the control lanes.
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3.2.12 Co-localization of periplakin and plectin in MCF-7 and HaCaT cell line

Double staining was carried out to investigate the localisation of periplakin %2 N-
terminus and endogenous plectin. MCF-7 % N-PPL cells were grown on coverslips to
80-90% confluence and immunolabelled for HA-tag (Ab9110, 1:200 dilution) and
endogenous plectin (c-20, 1:200 dilution). The immunofluorescence study revealed that
both proteins were mainly localized to cell borders, which, in the case of HA-tagged
periplakin, was expected in light of previous investigations. This co-localisation at cell
borders was more evident in MCF-7 % N-PPL cells with greater confluence (Figure
3.11 A).

Having demonstrated co-localization between the HA-tagged periplakin head
domain and endogenous plectin in the MCF-7 2N-PPL cell line, it was necessary to
explore whether the native proteins co-localized in un-transfected MCF-7 cells. Double
immunofluorescence labelling was repeated using antibodies against endogenous
periplakin (BOCZ-1) and plectin (c-20) in untransfected MCF-7 cells and in HaCaT

keratinocytes.

These immunofluorescence studies demonstrated that the endogenous periplakin
and plectin proteins mainly co-localised at cell membranes in MCF-7 cells although co-
localisation was also detected in the cytoplasmic, cytoskeletal region in HaCaT cells
(Figure 3.11 B). Immunofluorescence microscopy also revealed that the cell membrane
localisation of periplakin and plectin was much more evident in MCF-7 cells than in
HaCaT cells, where the amount of periplakin labelling seen at the cell borders increased

after the formation of a confluent monolayer, as well as during differentiation.
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3.2.13 The first 133 amino acids of the periplakin N-terminus are required for co-

localization with plectin in simple epithelial cells

In order to further map the region in the periplakin N-terminus that is required
for co-localisation with plectin, five different deletion constructs were used, which were
kind gift from Dr. Lisa Sevilla (Keratinocyte Laboratory, Cancer Research UK,
London). Figure 3.12 shows schematic diagrams of all five N-terminal subdomain

deletion constructs used in this experiment.

Transient transfections with the periplakin deletion constructs were carried out
when cells reached 50% confluence. After the transfection, cells were grown for two
days, fixed and stained with anti-HA antibody (Ab9110, 1:200 dilution) and plectin (c-
20, 1:200 dilution) antibody.

The results obtained by immunofluorescence indicated that periplakin N
terminal domains comprising the first 63 amino acid residues and the first 80 amino acid
residues were not targeted to cells borders and did not co-localise with cytoplasmic
plectin (Figure 3.13). However, the constructs containing the first 133 amino acid
residues (encoding the entire NN subdomain) were localized at cell borders, where they
partially co-localised with plectin. Surprisingly, a construct which lacked the first 16
amino acid but had the remainder of the first 133 amino acid residues could still be
identified at cell borders. However, in keratinocytes, all of the first 133 residues (PPL-
133 construct) were required for periplakin to localize efficiently to the plasma

membrane and associate with the cortical actin (Groot et al., 2004).
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3.2.14. Co-localisation of plectin isoforms with periplakin

In the previous section, different constructs of the periplakin N-terminus
demonstrated co-localization with the endogenous plectin protein in MCF-7 cells.
However, alternative splicing is known to generate an extensive array of plectin
isoforms. Specifically, nine alternative first exons are used to encode N-terminal plectin
isoforms that are targeted to distinct subcellular locations (Rezniczek et al., 2003). This
work therefore sought to determine which of these alternative isoforms is able to co-
localise with endogenous periplakin protein. Polyclonal isoform-specific antibodies
against plectin-1 (this study), plectin-1f (this study) and plectin-1k (Mclnroy and
Maéitta, unpublished data) were generated (Figure 3.14).

To characterize these isoform specific antibodies, total protein extracts of control
MCF-7 cells and plectin siRNA transfected MCF-7 cells were generated.
Immunoblotting was performed to confirm that antibodies generated against plectin-1,
plectin-1f and plectin-1k recognised plectin and that this could be prevented by siRNA
knock-down of plectin protein. Actin was used as a reference to standardise loading, but
Ponceau S staining and the BCA protein assay were also used to ensure accurate protein
loadings for each lane (Figure 3.15 A). In some cases, such as for the c-20 and plectin-1
(LM-1) antibodies, two high-molecular weight proteins were detected. It is possible that
the lower band observed in immunoblotting using C-terminal plectin antibodies could

be a rodless plectin splice variant which lacks exon 31 (Elliott et al., 1997).

All the isoform-specific plectin antibodies studied were able to co-localise with
periplakin at cell borders (Figure 3.15 B) suggesting that co-localisation of plectin and
periplakin is not restricted to only one particular plectin isoform. In addition to
investigating the MCF-7 cells, human epidermis was also studied to see if these proteins
co-localise within the same epidermal layers in vivo, as their potential functions may
specially restrict their expression within the skin. For example, a major function of
plectin in the epidermis is to connect keratin filaments to a6p4 integrin in '
hemidesmosomes (Litjens et al., 2006). Periplakin expression, however, is upregulated
upon Keratinocyte differentiation and the strong expression of periplakin at cell borders
of suprabasal cells is consistent with its proposed role as a scaffold protein involved in
cornified envelope assembly (Ruhrberg & Watt, 1997; DiColandrea et al., 2000). The in

vivo analysis revealed low levels of plectin-1 staining in the suprabasal layers - apart
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from some individual cells in the spinous layer. In contrast, both plectin-1f and 1k
antibodies localised to the cell borders of differentiated epidermal cell layers in a similar
manner as periplakin. (Figure 3.16) Thus, it appears that a speciﬁc subset of plectin
splice isoforms show similar distribution to periplakin in differentiated epidermal

keratinocytes within the granular and cornified cell layers of the human epidermis.
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Figure 3.16: Immunofluorescence staining of human skin.

Skin sections stained with periplakin (TD-2,) and plectin isoform antibodies, plectin-1
(LM-1), plectin-1f (LM-5) and plectin-1k (LM-7). Arrows indicate prominent membrane
staining in upper suprabasal cell layers with periplakin, plectin-1f and plectin-1k
antibodies. Scale bar = 20um.
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3.2.15 Investigation of Annexin A9 as a potential periplakin interacting partner

Immunoprecipitation experiments on MCF-7 2 N-PPL simple epithelial cell line
indicated that the amino terminus of periplakin was capable of interacting with a protein
approximately 34 kDa in size. Mass spectrometry of tryptic peptides identified this
protein as Annexin A9, a Ca’* and phospholipid binding protein (yielding 60 exact
peptide matches and scoring 176 in a Mascot search. Protein scores greater than 77 were

considered significant, p < 0.05).

3.2.16 Confirmation of co-immunoprecipitation of periplakin and annexin A9 by

Western blot analysis

In order to validate the co-immunoprecipitation of periplakin and annexin A9 ,
the immunoprecipitation step was repeated. The immunoprecipitated proteins were
loaded on 12% pre-cast gel (Invitrogen) and to provide controls, immunoprecipitation
was carried out in a similar manner on untransfected and empty transfected MCF-7 -
~ cells. Following electrophoresis, proteins were blotted onto nitrocellulose membrane
and probed with anti-HA (Ab9110, Abcam) and Annexin A9 (chicken polyclonal,
ANXA9, Abcam) antibodies at dilutions of 1:200 and 1:2000, respectively. As
expected, annexin A9 protein was present in the immunoprecipitated sample derived
from MCF-7 % N-PPL cells, but missing in both empty vector and untransfected
immunoprecipitation samples (Figure 3.17 A). Similarly, an HA-tagged periplakin N-
terminus band was clearly seen in the sample from the MCF-7 2 N-PPL cell line and

was absent from both control samples.
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3.2.17 Expression levels of annexin A9 protein in untransfected, empty transfected
and MCF-7 C6-PPL cell lines

Annexin A9 has not been extensively studied. Thus, having immunoprecipitated
the protein, (Figure 3.17 A) the relative levels of annexin A9 expression were
investigated. Total cell extracts from untransfected, empty transfected and MCF-7 % N-
PPL cell lines were subjected to gel electrophoresis and Western blotting.
Immunoblotting for HA-tagged protein, which was only present in the cells
overexpressing periplakin N-terminus, and annexin A9 demonstrated reasonably

constant annexin A9 levels in all three cell lines (Figure 3.17 B).

3.2.18 Annexin A9 found in mostly in the Triton-X100 insoluble cytoskeletal
fraction in MCF-7 cells |

To further investigate the sub-cellular localisation of annexin A9 in MCF-7
cells, sub-cellular biochemical fractionation experiments were performed using 100%
confluent monolayers. This confirmed the presence of annexin A9 in the cytoplasmic,
Triton-soluble cytoskeletal and Triton-insoluble cytoskele‘tal' fractions, but with a
greater proportion in the (P3) cytoskeletal fraction than in the soluble fractions.
Immunoblot analysis with BOCZ-1 periplakin antibody revealed similar -subcellular
distribution (Figure 3.18 A). This observation also suggests that the amount of
periplakin in the cytoskeletal fraction increases once cells have formed a confluent
monolayer, while in less confluent circumstances the quantity of periplakin is almost

equally distributed throughout all three fractions (previously shown in Figure 3.5 B).

Further experiments were carried out to investigate whether the overexpression
of periplakin N-terminus would alter the annexin A9 protein level and distribution. For
this comparison, untransfected, empty transfected and periplakin % N-terminal
overexpressing cell lines were studied. Following biochemical detergent extraction,
protein fractions were run on 12% pre-cast gels. Immunoblotting with the annexin A9
antibody is shown in figure 3.18 B. This analysis demonstrated that overexpression of
the periplakin amino terminus in MCF-7 cells did not alter annexin A9 expression level

in any subcellular fraction.
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3.2.19 Cellular co-localization of periplakin and annexin A9 in simple epithelia by

immunofluorescence microscopy

Subcellular distribution of these proteins indicated that periplakin and annexin
A9 could potentially co-localise within the intact cell as they were found in the same
detergent fractions. Having established that both proteins were found in the cytosolic,
plasma membrane and cytoskeletal fractions, their localizations within intact cells were

then observed.

In order to directly compare the localization of the periplakin amino-terminus
and endogenous annexin A9, both proteins were simultaneously immunolabelled in the
MCF-7 % N-PPL cell line. The anti-HA antibody (Ab9110, Abcam) and annexin A9
(ANXA9, Abcam) were used in dilutions of 1:200 and 1:2000, respectively. The results
showed that whilst the periplakin head domain mainly decorated the plasma membrane,
the annexin A9 antibody was localised throughout the cytosolic area as well as the

plasma membrane (Figure 3.19 A).

This localisation was further confirmed with antibodies directed against the
endogenous proteins in untransfected MCF-7 cells. Likewise, the endogenous periplakin
and annexin A9 showed rather similar distributions, having both cytosolic and cell

border stainings (Figure 3.19 B).

A detailed analysis of co-localization at the cell border was performed using
confocal microscopy. Images were constructed by scanning the cells at different depths
(z-axis) and then finally merging these images into a single picture (Figure 3.19 C).
These studies indicated that the localization of annexin A9 was very similar to that of
periplakin, and both were distributed along the lateral cell border showing nearly

overlapping labelling.
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3.2.20 Annexin A9 and annexin Al are not co-localised at MCF-7 cell borders

The polyclonal annexin A9 antibody (ANXA9, Abcam) was the only
commercially-available antibody at the beginning of these studies. Although it showed
very good results with immunoblotting, giving only one strong band at the expected size
of 34 kDa, the potential for cross-reaction with other annexin family members
remained. It was therefore interesting to investigate whether the expression pattern of
annexin Al might suggest cross-reaction with annexin A9 by immunofluorescence.
Therefore double immunolabelling with annexin A9 and annexin Al (another member

of the annexin family) antibodies was carried out on untransfected MCF-7 cells.

The annexin A9 antibody decorated the plasma membrane of the cells as shown
previously, but the annexin Al antibody was associated mainly in the cytoplasmic
region (Figure 3.20). Only the perinuclear area of the cell showed some partial co-
localization. In addition, the results of this immunofluorescence staining demonstrated

that not all annexin family members are able to co-localise with periplakin.
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3.2.21 Expression of annexin A9 in newborn and adult mouse skin

Based on the immunofluorescence staining, both in adult and newborn mouse
skin, the annexin A9 protein was expressed from the basal to the stratified layers.
Annexin A9 showed reasonably even distribution in these skin layers and co-localised
with the endogenous periplakin. Note that in this figure non-specific labelling of
annexin A9 observed above the stratified layers owing to the secondary antibody
(Alexa-Fluor anti-chicken IgG 488, 1:800). The observation above indicates that
annexin A9, along with periplakin, is expressed in both undifferentiated and

differentiated epidermis (Figure 3.21).

Whilst the function of the periplakin in the stratified layer of the skin as a
member of the CE is known, the presence of annexin A9 as an epidermal protein is
shown here for the first time. It remains for future studies to investigate the role of

annexin A9 in skin.
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Figure 3.21: Immunofluorescence staining of annexin A9 and periplakin in newborn
and adult mouse skin

Immunolabelling was performed wi thout fixation using annexin A9 (ANXA9, 1:200
dilution, Abcam) and periplakin (BOCZ-1, 1:500) antibodies. Yellow colour indicates
co-localisation of periplakin and annexin A9 in newborn and adult mouse skin. Scale

bar equals 20 um.
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3.3 Discussion

This chapter has reported work which aimed to identify previously
uncharacterised interacting partners for periplakin. A stable MCF-7 subclone was
created using a pCl-neo vector carrying the first half N-terminus of periplakin tagged
with HA. Two other cell lines, untransfected MCF-7 cells and empty pCl-neo
transfected stable cell line were used as controls. Interacting partners were identified by
a combination of co-immunoprecipitation, gel electrophoresis, mass spectrometry and

peptide mass fingerprinting.

3.3.1 Why co-immunoprecipitation?

The analysis of protein-protein interactions (PPI) yields important insights into
cell signalling and is essential for revealing protein function in the post-genomic era.
The traditional yeast two-hybrid (Y2H) screen detects interactions of ‘bait’ and ‘prey’
proteins fused to transcriptional activators in the yeast nucleus. Although this method is
sensitive and can be used to identify transient interactions, a major limitation is its high
false positive and false négative rates (Bader et al., 2004). Moreover, the yeast 2 hybrid
assay detects protein-protein interactions outside their normal cellular environment and
does not take into account the specific subcellular localization, post-translational
modifications and dynamic changes in the interaction between bait and prey proteins.
Another successful method identifying PPIs depends on overexpression of a tagged
- protein in relevant cell lines (Zhu et al., 2003) where the interacting partners that
precipitate with the tagged protein can be identified by mass spectrometry—based
proteomics (Aebersold & Mann, 2003). This study used the technique of co-
immunoprecipitation as it can identify interacting proteins or protein complexes from
eukaryotic total cell extracts (regardless of direct or indirect binding). However, both
tagging aind overexpression can alter the properties of the protein of interest and yield
false results. Therefore, PPIs were also confirmed by co-immunoprecipitating the

untagged endogenously expressed proteins.
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3.3.2 MCF-7 % N-PPL cell line proved a suitable model for studying protein

interactions

Screening of the stable MCF-7 %2 N-PPL cell line proved that periplakin N-
terminal domain is localised at the same cytoplasmic and plasma membrane locations as
the endogenous periplakin in MCF-7 cells. Other workers have shown that full length of
periplakin expressed in simple epithelial COS-7 cells showed characteristic IF staining
(DiColandrea et al., 2000; Karashima & Watt, 2002). However, in cultured kidney
epithelial cells (MDCK) overexpression of periplakin showed filamentous cytoplasmic
staining and in confluent cells periplakin became localized to cell borders (Kalinin et
al., 2005). Overall, the periplakin N-terminal construct which was used mimicked the
distribution of the endogenous periplakin, indicating that the stable cell line can be used

as a functional model in further experiments.

3.3.3 Plectin and Annexin A9 identified as co-immunoprecipitating partners of the

periplakin N-terminus

Initial immunoprecipitation samples were analysed by 1D gel electrophoresis.
To avoid false positive results, two controls were used. However, despite the use of 4-
12% gradient gel that separates better than a normal SDS-PAGE gel, some of the bands
obtained were identified to be a mixture of proteins. 1-D gel electrophoresis, although
simple to perform and reproducible, has a limited resolving power as it separates
proteins only based on their molecular mass. In contrast, 2-D gel electrophoresis
resolves proteins according their net charge in the first dimension and according to their
molecular mass in the second dimension. It is capable of resolving thousands of proteins
and peptides from a single complex mixture in a single experiment and produces a
resolution far exceeding that obtained for 1-D gels (Fey & Larsen, 2001). Application of
this technique revealed clearer results. Careful examination of 1D and 2D gels revealed
4 bands and 13 spots that were uniquely present in the MCF-7 % N-PPL samples and
these were selected and analysed by mass spectrometry. Unfortunately, some bands and
spots were identified as contaminating proteins such as keratin 8/18, keratin 19 and
tubulin, or having such a low score that they gave statistically insignificant matching

score. Among these results, two candidate proteins were identified. Firstly, plectin, a
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major cytolinker protein and member of the plakin family; and secondly, annexin A9, a

Ca®" and phospholipid-binding protein.

Peptide mass fingerprinting (PMF) has its limitations. Its ability to identify a
protein depends on the presence of the protein in the database. PMF is a very effective
method in the analysis of proteins from different organisms. A study on the origins of
uninterpretable masses in PMF revealed a number of other reasons that lead to the non
identification of a protein (Karty ef al., 2002). Among these were errors in the published
genome such as incorrectly assigned protein start codons and protein modifications like

deamidation and guanidination that give rise to masses cannot be correctly matched.

This study has identified protéins such as keratin 18 and keratin 19 and tubulin
as possible contaminants characteristic for the MCF-7 % N-PPL cell line as these
proteins appeared very well distinguished bands or spots on the gels. Although
periplakin is an interacting partner of the keratin and vimentin intermediate filaments
these interactions are mediated by the tail domain, this minimizes the chance that the
periplakin NH;-domain responsible for the appearance of these cytoskeletal proteins.
Based on the 2-D gel analysis that implies plectin as a possible binding partner for

periplakin, it is possible that plectin pulled down keratin and tubulin.

Based on the evidence provided so far, plectin has been identified as a periplakin
co-immunoprecipitating partner in the experiments analysed on 2-D gel electrophoresis.
A band around the size of plectin (500 kDa) was also recognizable on 1-D gel but mass
fingerprinting could not identify the trypsin digested protein as it appeared to be a

mixture of proteins.

3.3.4 Periplakin-plectin co-localisation

Plectin was identified as an interaction partner for periplakin in a proteomic
screen of protein complexes co-immunoprecipitated from MCF-7 cells expressing HA-
tagged periplakin N-terminus. This was confirmed by co-immunoprecipitation of full-
length endogenous proteins and by co-localisation of periplakin and plectin at cell
borders of MCF-7 cells and in the cytoplasm of HaCaT keratinocytes. This co-
localisation with plectin might suggest a novel mechanism of action for periplakin.

Previously, it has been shown that periplakin is required for a correct targeting of
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envoplakin in cultured human primary keratinocytes (DiColandrea et al., 2000). Over-
expression of envoplakin resulted in aggregate formation that was rescued by over-
expression of periplakin (DiColandrea et al., 2000). The interaction of periplakin and
envoplakin is mediated by the rod domains of the proteins and the heptad repeat
structure and length of the respective rod domains is compatible with
heterodimerization of periplakin and envoplakin (Ruhrberg & Watt, 1997; DiColandrea
et al., 2000). In this study, the interaction between periplakin and plectin does not
involve the periplakin rod domain and, consequently, is likely to have different
functions. Studies on fully polarised MDCK cells indicated that plectin was
predominantly localized underneath the lateral plasma membrane, and was barely, if at
all, detectable at the basal and apical plasma membrane and throughout the cytoplasm
(Eger et al., 1997). These findings are identical to my results that showed periplakin and
plectin co-localisation at the lateral plasma membrane of MCF-7 cells. Furthermore,
anti-plectin antibodies also co-immunoprecipitated another cytolinker protein,
desmoplakin (Eger et al., 1997). However, the desmoplakin protein domain responsible
for interaction with plectin has not been mapped in detail. It remains to be investigated
whether periplakin and desmoplakin share the same plectin — binding motif. It should
also be noted that it is possible that yet unidentiﬁéd proteins are involved in bridging
periplakin and plectin, since this option cannot be excluded by co-localisation and co-

immunoprecipitation experiments.

Use of three different isoform-specific antibodies against plectin indicates that
all these isoforms can co-localise with periplakin in simple epithelial cells and that the
isoforms plectin-1f and plectin-1k are expressed together with periplakin in
differentiated, suprabasal epidermal keratinocytes. In skin, plectin is found in
hemidesmosomes that serve as anchorage sites for the intermediate filaments to mediate
firm adhésion of the basal cells to the basement membrane (Borradori & Sonnenberg,
1999; Jones et al., 1998). In stratified epithelia, plectin has been found in multiple
locations: at the basal cell surface membranes, in peripheral areas of epithelial cells and
in other layers of the skin (Wiche et al., 1983). More evidence for an essential role of
plectin in the integrity of muscle and skin architecture is demonstrated by plectin null
mice. Plectin deficient mice exhibit severe skin blistering with a reduction of
hemidesmosomes and abnormalities in skeletal heart and muscle (Andri et al., 1997).

The role is further supported by human patients with plectin abnormalities, who exhibit
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epidermolysis bullosa simplex (a skin blistering disease) with muscular dystrophy
(EBS-MD) (Andri et al., 1997). The fact that two other plectin isoforms, plectin-1f and
plectin-1k co-localise with the endogenous periplakin in suprabasal skin layers suggests
an additional role for plectin, apart from being a component of hemidesmosomes.
Dermal fibroblasts isolated from plectin-1 deficient mice exhibited abnormalities in
their actin cytoskeleton and impaired migration potential. Similarly, plectin-1 deficient
T cells isolated from lymph nodes showed diminished chemotactic migration in vitro.
Most strikingly leukocyte infiltration during wound healing was reduced in the mutant
mice (Abrahamsberg et al., 2005).

A previous study has shown similar tissue-wide expression pattern of plakin
genes for periplakin and plectin in the brain, liver, pancreas, placenta, skeletal muscle,
colon and small intestine (Kazerounian er al., 2002) which underpins our results
suggesting a functional correlation between periplakin and plectin in both simple
epithelia and in differentiated layers of the skin. As cytolinker proteins, both periplakin
and plectin are able to directly bind keratin intermediate filaments and the fact that they
co-localise in MCF-7 and HaCaT cells suggest that they might together regulate keratin

intermediate filament organization.

To further investigate which domain of the periplakin arhino terminus is
essential for the co-localization of plectin, MCF-7 cells were transfected with different
deletion constructs of the periplakin head domain labelled with an HA-tag at the C-
terminal end. Immunofluorescence studies of these constructs indicated that the plectin-
binding domain of periplakin is likely to reside within the first 133 amino acid residues
of the N-terminus, as this fragment was required for the lateral plasma membrane
localisation in MCF-7 cells. These results are in keeping with a previous study
proposing that the same first 133 amino acid residues of the periplakin amino terminus
is required for interaction with kazrin and membrane targeting in keratinocytes (Groot et
al., 2004). Though, my experiments produced similar results they also demonstrated
some differences. In spite of the removal of the first 16 amino acid residues preceding
the NN subdomain of the periplakin N-terminus, the construct still showed co-
localization with plectin and was targeted to cell borders in contrast to data from
keratinocytes. It is possible that this periplakin domain is directed to the cell borders by

other proteins in simple epithelial cells while in keratinocytes, it may be that different
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set of proteins are responsible for membrane targeting or that the binding sites are

localised within the first 16 residues.

To conclude, in MCF-7 cells, the minimal region for periplakin to be localized
at cell membrane and to be partially co-localized with endogenous plectin, is the
construct PPL 16-133. Based on the plakin domain crystal structure, this region is

equivalent to a spectrin repeat (SR3) (Sonnenberg et al., 2007).

3.3.5 Annexin A9 co-localise with periplakin in MCF-7 cells and in mouse skin

As a second part of this chapter, the link between periplakin and annexin A9 has
been investigated. Based on the evidence above, annexin A9 was also identified as a co-
immunoprecipitating partner of periplakin with a high score of mass fingerprinting.
Immunoblot analysis did not shown any significant difference between the expression
levels of annexin A9 in the MCF-7 2 N-PPL cell line compared to the two control cell
lines. Therefore, annexin A9 expression is unlikely to be regulated by periplakin N-

terminus in MCF-7 cells.

The name “annexin” was given to these proteins in 1990 and the 12 annexins
common in vertebrates were classified as Annexin A family are named ANXAI-
ANXA13 leaving ANXA12 unassigned in the official nomenclature (Human genome
Nomenclature Committee, www. Gene.ucl.ac.uk/nomenclature/). Annexins are found in
invertebrates (family B), in fungi and unicellular eukaryotes (family C), in plants
(family D) and in protists (family E). By definition, an annexin protein has to fulfill two
major criteria. It has to be capable to bind negatively charged phospholipids in a Ca®*
dependent manner and it has to contain a conserved structure, the so-called annexin
permeate (Gerke & Moss, 2002). All annexins contain two main domains, the divergent
NH; “head” and a conserved COOH-terminus harbouring the type II and type III Ca**
and membrane binding sites facing the membrane (Weng et al., 1993). The C-terminus
is built from four similar repeats, each with a length of 70 amino acids and forming five

o-helices in all segments. Therefore, the other side of the annexin is directed away from

the membrane and accessible for interactions.

Many reports have provided information about the function of the annexins,

pointing out their role in membrane trafficking and orgahisation (Gerke & Moss, 1997),
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regulation of ion-channels (Herr er al, 2001) énd extracellular activities such as

controlling inflammatory responses (Hannon et al., 2003).

Annexin A9 is a member of the annexin family (initially termed annexin 31). Its
cDNA was first identified from fetal liver and spleen libraries (Morgan & Fernandez,
1998) in the data search for human expressed sequence tags (ESTs). The fact that
annexin A9 cDNA was found in limited EST libraries led other scientists to imply the
possibility that annexin A9 might have a specialized function which could be shared

with other proteins.

Annexin A9 displays rather different properties compared to other annexins. Its
type II-Ca** binding site has been altered and is most likely dysfunctional. This site, in
other members of the annexin family, is normally responsible for reversible membrane
binding (Goebeler et al., 2003). However, data from liposome binding experiments have
suggested that annexin A9 is not regulated by intracellular Ca®*, suggesting a novel
mode of functibn (Goebeler et al., 2003). Since the structure of the annexin A9 is
closest to the annexin A2, its ability to bind actin and S100A10 protein was also
studied. In neither case was annexin A9 able to bind even at high calcium
concentrations, which supports a unique function for annexin A9 in the annexin family
(Goebeler et al., 2003). Here, it has been demonstrated an interaction between
periplakin and annexin A9 in MCF-7 cells, a finding which is supported by co-
localization studies. However, the functional consequence of the interaction is still
unresolved. To further investigate this link, examination of protein expression level and

subcellular distribution should be carried out after siRNA downregulation experiments.

Immunofluorescence studies with annexin A9 specific antibody on MCF-7 cells
detected cytoplasmic and cell border staining similar to periplakin staining and revealed
consistent co-localization especially at cell borders. Low level annexin A9 expression

has also been detected in HepG2 cells (Goebeler ef al., 2003).

In this study, annexin A9 and periplakin co-localization was observed, not only
in simple epithelial cells but also in newborn and adult mouse skin sections. Periplakin
and annexin A9 were found to be expressed from the basal to the stratified layers of the
skin. Annexin A9 has not previously been shown to localise in the stratified epithelia.
Interestingly, annexin A9 is not the first annexin protein showing expression in different

layers of the skin, as annexin A8 has also been reported to be found in stratified
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epithelia (Runkel et al., 2006). Surprisingly annexin A8, similarly to annexin A9, was
also detected in the basal and suprabasal layers of the skin with an increase during
postnatal days. The presence of annexin A9 and annexin A8 in the suprabasal layers
may be associated with terminal differentiation of epithelial cells. A unique association
of annexin A9 with skin was also published earlier. Autoantibodies isolated from
patients with pemphigus vulgaris, cross-reacted with an annexin like protein named
pemphaxin (Nguyen et al., 2000) that is actually annexin A9. Coincidently, periplakin
with plectin (Aho er al., 1999), (Mahoney et al., 1998), envoplakin (Kiyakowa et al.,
1998) and desmoglein 3 (Ohyama et al., 2001) also showed strong reactivity with
paraneoplastic pemphigus (PNP) sera. It is rather intriguing that antibodies against both
periplakin and the potential periplakin binding proteins, plectin and annexin A9 are

found in autoimmune skin diseases.

Studying the solubility properties of annexin A9 supported the potential link
between these proteins, as both periplakin and annexin A9 shared the same solubility in
confluent MCF-7 cells. Therefore, an interaction between these proteins could exist in
any of the three cell fractions. This is consistent with the previous proposal of annexins
as cytosolic proteins with both soluble and insoluble pools which are stably or
reversibly associated to components of the cytoskeleton (Moss & Morgan, 2004).
Annexins are proposed to bind a wide variety of other proteins (Gerke & Moss, 2002)

and many of these interactions have already been studied (Table 3.2).
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Annexin

Interacting partners

Epithelial growth factor
receptor, formyl peptide
receptor, selectin, actin,
integrin A4

Knock-out model

Changes in inflammatory
response and in the effects
of glucocorticoids

(Hannon e al.,

2003)

Tissue plasminogen activator,
angiostatin, insulin receptors,
tenascin C, caveolin I.

Defects in
neurovascularization and
fibrin homeostasis

(Ling et al,,
2004)

None known

Not done

Lectins, glycoprotein 2

Not done

Collagen type 2, vascular
endothelial growth factor
receptor 2, integrin B5, protein
kinase C, cellular modulator of
immune recognition (MIR), G-
actin, helicase, DNA —
metiltransferase 1

Calcium responsive heat stable
protein-28, ras GTPase
activating protein, chondroitin,
actin

Subtle phenotypes further
investigation is needed

(Brachvogel et
al., 2003)

(Hawkins et al.,
1999) °

Sorcin, galectin

Cause embryonic lethality in
mice or changes in calcium
homeotstasis

(Srivastava et
al., 1999);(Herr
et al.,2001)

ANXAS

None known

Not done

ANXA9

Periplakin

Not done

ANXA10

None known

Not done

ANXA11

Programmed cell death 6
(PDCD6), sorcin

Not done

ANXAL3

-Neural precursor cell

expressed,developmentally
downregulated 4(NEDD4)

Not done

Table 3.2: Members of the annexin family indicating interacting partners and knock-
out studies. (Adapted from (Moss & Morgan, 2004)).
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CHAPTER 1V

KERATIN INTERMEDIATE FILAMENT ORGANIZATION
IS DEPENDENT ON PERIPLAKIN AND PLECTIN IN
SIMPLE EPITHELIAL CELLS



4.1 Introduction

Based on the results shown in the previous chapter, periplakin and plectin
cytolinkers co-localise and co-immunoprecipitate in simple epithelia. This chapter details
efforts to identify any functional relation between periplakin and plectin by using siRNA
mediated downregulation in MCF-7 and HaCaT cells. In addition, the role of periplakin
and plectin in keratin intermediate filament organisation during epithelial sheet migration
has been investigated. Several studies have investigated the organisation of the
cytoskeleton in wounded epithelia. After wounding epithelial sheets, a contractile actin
purse-string cable assembles at the free wound edge (Martin & Lewis, 1992; Bement et al.,
1993; Danjo & Gipson, 1998) to facilitate wound closure. This cable is not exclusive to
embryonic wounds, but also described in adult cells, providing a tension that contributes to
wound closure. The function of the actin cable in the wound edge cells provides a dual
purpose, not only to form a contractile purse-string but also to restrain front cells from
forward movements (Jacinto et al., 2002). Lately, a new aspect to wound healing has been
found. Two hours after wounding, the keratin network is re-organised at the wound edge
into a thick bundles parallel to the free edge of the epithelial sheet resembling the actin
cable. (Long et al., 2006) Keratin cables have been demonstrated at the edges of embryonic

wounds which also show the actin purse—string (Brock et al., 1996).

The carboxyl terminal domain of periplakin is considerably shorter than in the rest
of the members of thé plakin family, as it lacks the globular specific subdomains.
However, interaction with intermediate filament proteins such as keratin 8 and vimentin
gave direct evidence that periplakin can function as an IF associated protein (Kazerounian
et al., 2002). As opposed to the N-terminal domain of periplakin, the C-terminus has
recently been shown to be involved in interaction with several other proteins. Yeast-two
hybrid screening revealed that these binding partners include periphilin, a protein that can
* be targeted to nucleus (Kazerounian & Aho, 2003), FcYRI (CD64), which appears to be
regulated by binding to periplakin (Beekman et al., 2004) and a serine/threonine Kinase,
protein kinase B (PKB). Moreover, periplakin has been proposed to function as a
localization signal in PKB-mediated signalling (van den Heuvel ef al., 2002). In addition,

this technology has confirmed a specific binding of periplakin to the intracellular domain of
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BPAG-2 (Aho, 2004). Furthermore, the last 208 amino acids of the C-terminal domain of
periplakin has been identified as binding partner for the C-terminal region of MOP
receptors (which mediate most of the actions of opiates). Periplakin is the first opioid
receptor-interacting protein that disrupts agonist-mediated G-protein activation. MOP
receptor signalling may be less effective in neurons that co-express the receptor and
periplakin than in those that do not (Feng et al., 2003). It is not yet known whether these
interactions and IF binding are mutually exclusive, but it is conceivable that different

periplakin pools in the cell are engaged with unique functions and interactions.

To elucidate the role of periplakin in keratin dynamics the following two stable cell
lines were used: MCF-7 C-PPL clone overexpressing the C-termin>al domain of periplakin
and the MCF-7 %2 N-PPL cell line overexpressing the 2 N-terminus of periplakin (see
chapter 3.2.2). To study the effect of these domains on keratin intermediate filament
dynamics, scratch wound experiments (section 2.4) were carried out on both cell lines
(MCF-7 C-PPL, MCF-7 Y2 N-PPL). Subsequently, the organisation of the keratin 8 IFs was

monitored at the wound margin.
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4.2 Results

4.2.1 Transfection of short interfering RNA (siRNA) to down-regulate periplakin,

plectin and keratin 8 expression

Prior to carrying out wound healing and migration assays, it was first necessary to
investigate the efficiency of siRNA knock down of protein expression in MCF-7 cell lines.
In this study, periplakin, plectin and keratin 8 proteins were targeted. Using the online
siIRNA database from Ambion, non-validated pre-designed siRNA oligonucleotides
standard purity were purchased for periplakin, plectin and keratin 8. Several alternative
siRNAs were tested for each protein to find the most efficient oligonucleotides. The
validation of siRNAs was carried out in MCF-7 cells that were transfected with the siRNA
of interest or a scrambled control siRNA. The scrambled control contains a mixed sequence
of nucleotides that does not correspond to any known human mRNA sequence and
therefore provides a negative control for the experiments. Furthermore, another control

using water instead of any siRNA was used to demonstrate normal protein expression.

After transfection, cells were harvested at either 48 or 72 hour time points and the
efficiency of protein knock-down was analysed by immunoblotting. Samples were run
simultaneously on the same gel in adjacent lanes to ensure that the blotting conditions were
constant. Three different target sites in the periplakin mRNA were tested. All periplakin
siRNA oligonucleotides were effective and resulted in almost complete loss of periplékin
protein expression. The best depletion of periplakin expression (95%) was achieved 48-72
hours after the transfection with PPL-3 siRNA. Figure 4.1 A shows this in comparison to
transfection of the scrambled siRNA and untransfected control. Keratin 8/18 was used as a
loading control showing equal loading of total proteins from each sample. This
oligonucleotide was used for all siRNA transfection experiment thereafter. Plectin siRNA
(Plecl) also showed prominent plectin knock-down (>95%) 72-96 hours after transfection
(Figure 4.1 B). As before, cytokeratin bands illustrate equal loading of total proteins in
each lane. This oligonucleotide was also used for all subsequent siRNA transfection
experiments. To achieve keratin 8 ablation in MCF-7 cells with double-stranded siRNA
oligonucleotides against keratin 8, two different siRNAs were tested. Only one of the

examined keratin 8 siRNAs resuited in about 20-50% decrease of the protein expression
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compared to controls (Figure 4.1 C). Keratin 8 siRNA transfections were carried out in
HeLa and Panc-1 cells under conditions as previously described in Long et al., 2006. It was
observed that siRNA transfections reached the greatest efficiency when the cells were
transfected 12 hours after seeding at 40% confluence. Seeding cells at over 40% confluence
resulted in increasingly less efficient keratin depletion possibly due to stabilisation of the

intermediate filament network.
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4.2.2 Plectin knock-down impairs periplakin subcellular targeting in HaCaT

keratinocytes

To investigate whether the link between periplakin and plectin has a functional role
in epithelial cells, the periplakin or plectin expression was downregulated by siRNA
transfections in MCF-7 and HaCaT cells using transfection conditions which had been

established earlier (Long et al., 2006).

To determine whether periplakin or plectin down-regulation changes the
localization pattern of the other protein, immunofluorescence staining was performed after
siRNA transfection. MCF-7 and HaCaT cells were seeded onto coverslips and left to grow
for two days. After reaching 50% confluence, siRNA was applied against periplakin and
plectin, respectively. Immunofluorescence microscopy using antibodies against periplakin
(BOCZ-1) and plectin (c-20) was used to reveal the alterations of protein distribution and

successful protein downregulation.

Both periplakin and plectin downregulation were achieved successfully in MCF-7
cells. However, in neither case were there consistent changes in the distribution of the other
protein. Figure 4.2 A shows periplakin was mainly localised at the plasma membrane in
control cells, similarly to that observed in plectin downregulated cells. Additionally, plectin
distribution did not seem to be altered after periplakin ablation displaying cell border and
cytoplasmic staining. Similarly, in HaCaT cells periplakin depletion did not affect plectin
localisation (Figure 4.2. B).
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In contrast, ablation of plectin in HaCaT cells caused an altered periplakin
distribution (Figure 4.2 B). Transfection of HaCaT keratinocytes with a plectin siRNA
resulted in an efficient knock-down of plectin expression (Figure 4.3 A) and in periplakin
aggregate formation (Figure 4.3 B). In control transfected HaCaT keratinocytes, periplakin
demonstrated mostly cytoskeletal staining where it partially co-localised with plectin
(Figure 4.2 B). This distribution pattern is different from that seen in simple epithelial
MCF-7 cells (Figure 4.2 A) and was confirmed by subcellular fractionation which
demonstrated that in HaCaT cells the majority of both plectin and periplakin were found in
the cytoskeletal, Triton insoluble P3 fraction with only a small amount of proteins present

in the cytosolic S1 fraction (Figure 4.4 A).

Upon closer investigation of subconfluent plectin knock-down cells, it was noted
| that periplakin mostly aggregated in small, irregular clusters. This clustering of periplakin
was accompanied by a loss of soluble periplakin and keratin 14 pools in subcellular
fractionations (Figure 4.4 A). In addition, periplakin clusters were partially distributed
along intermediate filaments or localised at tips of keratin filaments at cell periphery

(Figure 4.4 B). Thus, plectin appears to regulate periplakin localisation in HaCaT cells.
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Figure 4.2: Periplakin and plectin downregulation in MCF-7 and HaCaT cells.

Control transfected MCF-7 cells (A.) and HaCaT cells (B.) (top row), periplakin siRNA
transfected cells (middle row) and plectin downregulated cells (bottom row) are shown.
Cells were stained with ¢c-20 plectin antibody (green, 1:200 dilution) and periplakin BOCZ-
1 antibody (red, 1:500 dilution). Scale bars equal 20 um.
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4.2.3 Periplakin ablation inhibits intermediate filament re-organization at the wound

site

To investigate the function of periplakin in simple epithelial MCF-7 cells,
confluent epithelial sheets of periplakin d ownregulated cells were scratch wounded as
shown in Figure 2.1 A and the organization of the keratin intermediate filaments was

studied by immunofluorescence.

Cells were grown on glass coverslips and after reaching 50-60% confluence
transient transfection with periplakin siRNA was performed. Cells were left in the
transfection medium for 24 hours and after changing the medium to normal DMEM, cells
were left to grow for further 3 days to reach confluence. A wound was created before

staining for keratin and periplakin.

Immunolabelling revealed that even almost complete ablation of periplakin did not
affect the keratin organisation of the unwounded epithelial sheets that showed normal
keratin 8 intermediate filament network (Long er al, 2006). In the scratch wound
experiments, control siRNA transfected wound edge cells were able to re-arrange their
keratin filaments into bundles parallel to the wound (Figure 4.5 A). In contrast, periplakin
siRNA transfected cells did not re-arrange keratin filaments, showing no keratin bundling

at the wound edge (Figure 4.5 B).

The failure of the intermediate filament cytoskeleton to reorganise was also evident
by quantitative analysis. Fluorescence intensity of keratin staining in the monolayer, five
rows of cells away from the wound edge was compared to the staining intensity at the area
with filament bundles at the wound edge. In wounds transfected with control siRNA,
keratin bundling was evident by on average 3.5 times more intense fluorescence at the
wound edge. In the periplakin down-regulated cells, however, there was no difference in
keratin staining intensity between the wound edge and cells away from wound site (Figure
4.5 C). Thus, periplakin appears to be required for the re-organisation of keratin IF network

at the wound edge of simple epithelial cell monolayer.
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Figure 4.5: Keratin organization in periplakin downregulated wound edge cells.

Transiently transfected cells that had reached confluence were wounded 72h after
transfection. A. K8 immunofluorescence in control transfected cells 2h after wounding. B.
K8 immunofluorescence in periplakin siRNA transfected cells 2hours after wounding. C.
Fluorescence intensity at the wound edge compared to intensity of the monolayer (set as
100 a.u.) in control and periplakin siRNA transfected cells. Fluorescence intensity was
measured using raw Zeiss LSM 510 images (Merged Z-stacks) with ImageJ software from
20 cells in three independent wounds at the wound edge and in epithelial monolayer 5 to 7

cell rows away from the wound edge (Scale bar equals 20 pm).
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4.2.4 Investigation of intracellular localization of periplakin C-terminus by confocal

microscopy in simple epithelial cell

In order to investigate the association of the periplakin C-terminal linker domain
and IFs, a stable cell line was created by transfection of a pCl-neo vector containing HA-
tagged periplakin C-terminus. Cells were allowed to recover for 48 hours before selection
with neomycin (500 pug/ml). Neomycin resistant colonies were expanded and analysed by
immunoblotting and immunofluorescence. This stable cell line was named MCF-7 C-PPL.
.A schematic representation of the full-length periplakin and the construct used for stable

transfection is shown in figure 4.6 A., B.

MCF-7 C-PPL cells were grown on coverslips to 50-60% confluence.
Methanol/acetone (1:1) fixation was applied before staining the HA-tagged periplakin
linker domain with rabbit anti-HA antibody (Y-11 Santa Cruz, in a dilution of 1:200).

This staining was different from the localization of endogenous periplakin that
predominantly showed cell border staining with a weak cytoplasmic signal that did not co-
localize with keratin IFs. However, the periplakin linker domain was mainly localised in
the cytoplasmic region of the cell decorating the nuclear envelope and showing filamentous
cytoplasmic staining resembling to the keratin intermediate filament distribution (Figure
4.7 A). Empty transfected MCF-7 cells (MCF-7 EV) were used as a control, where no
specific stziining was observed (Figure 4.7 B), proving the successful generation of the

stable cell line.

Earlier studies demonstrated that the periplakin linker domain is a specific binding
partner of the keratin 8 intermediate filaments in several cell types, such as human
keratinocytes (Kazerounian et al., 2002) and simple epithelial COS7 cells (Karashima &
Watt, 2002). Therefore, this study has focused on the role of the linker domain in keratin

reorganisation following scratch wound assays.
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4.2.5 Investigation of expression levels of HA-tagged periplakin linker domain by

Western blot analysis

In order to examine the expression level of HA-tagged periplakin C-terminus in
stably transfected MCF-7 cells, whole cell protein extraction was carried out when cultures
were at 90-100% conﬂuerice, followed by Western blot analysis. Immunoblotting of the
total cell extracts showed very low amounts of tagged protein in all studied cell clones
(Figure 4.8 A), so immunoprecipitation with anti-HA antibody was performed.
Untransfected MCF-7 and a control cell line transfected with empty vector were again used
as controls. The results of the immunoprecipitation and the immunoblotting thereafter
confirmed the expression of the linker domain which proved the successful stable
transfection (Figure 4.8 B). This allowed the use of this particular cell line to study the

effect of periplakin linker domain on keratin organization in simple epithelial cells.

A possible explanation of the low expression level of the tagged protein is that the
overexpression of periplakin C-terminus which is responsible for intermediate filament
binding led to the collapse of keratin intermediate filaments in the transfected cells and
therefore caused the death of these cells. In line with this, several attempts to generate
stable cell lines that would constitutively express detectable level of eGFP-tagged
periplakin C-terminus were unsuccessful (Long et al., 2006). To overcome this limitation,

MCEF-7 C-PPL cells were only used at early passages.
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4.2.6 Stable expression of the periplakin linker domain interferes with keratin

reorganization at wound edge

This representative experiment (shown in Figure 4.9) demonstrates the effect of
periplakin linker domain on the keratin re-organization at the wound edge in stable MCF-7

clones expressing HA-tagged periplakin C-terminus.

Cells were grown to 100% confluence and the epithelial sheet was wounded. Cells
were washed with 1X PBS to clear off all the cells and cell groups that remained slightly
attached to the wound edge, before normal DMED medium was applied. 30 minutes after
wounding, the epithelia transfected with empty vector showed a well-organized keratin
cytoskeleton and had started to re-arrange the keratin cable parallel to the wound edge
(Figure 4.9 A). On the other hand, the wound edge cells expressing periplakin C-terminus
showed a variable phenotype, containing cells with either very thick irregular keratin
bundles or keratin aggregates (Figure 4.9 B). Many of the cells had granular staining,
indicating collapsed keratin filaments in the cytoskeletal region which resembled okadaic-

acid induced keratin granules (Long et al., 2006).

4.2.7 Overexpression of periplakin C-terminus is associated with up-regulated Ser-431

phosphorylation in keratin 8 intermediate filament

The intracellular organization of the IF networks is under the control of protein
kinases and phosphates (Inagaki et al., 1987; Inagaki et al., 1996; Chang & Goldman,
2004). Phosphorylation and dephosphorylation of IFs alter their biophysical and structural
properties (inducing disassembly of IF and a change in solubility). Therefore,
phosphorylation specific antibodies were used to recognise the phosphorylated
serine/threonine residue in keratin IFs. Ser-73 and Ser-431 residues of keratin 8 IF are two
of the major keratin 8 phosphorylation sites (Omary et al., 1998) which are phosphorylated
by the ERK 1/2 MAP kinases (Ku & Omary, 1997).

Interestingly, wound edge staining with a Ser-431-specific phosphokeratin antibody
(5B3, 1:100, mouse mAB directed against keratin 8 phosphoserine residue 431, Stratech)
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demonstrated that keratin bundles in control transfected MCF-7 cells contained
phosphorylated keratin filaments. This phosphorylated keratin localization was evenly
distributed and even far behind the wound site, the cells displayed a dense network of
phosphorylated keratins (Figure 4.10 A). Conversely, the MCF-7 C-PPL stable cell line
expressing the periplakin linker domain showed thick phosphorylated keratin bundles
across the cells localised at the wound edge. Furthermore, cells behind those in the leading
edge of the scratch wound displayed bundled or collapsed phosphokeratin filaments
(Figure 4.10 B). -

This increase in phosphorylated keratins at the wound site in MCF-7 C-PPL cells
was also evident by Western blotting experiments. Cells were grown, transfected and
wounded as described above before whole cell protein extraction. Also, whole cell proteins
were extracted from monolayers without wounding as control samples. Extracted proteins
were run on 12% pre-cast gel and immunoblotted with SB3 (monoclonal, mouse anti-Ser-
431 keratin 8, 1:100, Stratech) antibody. Figure 4.10 C confirmed that wounded MCF-7 C-
PPL sheets expréssed higher level of Ser-431 phosphorylated keratins than unwounded
control (MCF-7 EV) cells. Cytokeratin 18 band is showed as control for even loading of

the total keratins.

These results confirmed that increased bundling of keratin filaments close to the
free wound edges was associated with a change in the distribution and amount of Ser-431

phosphorylated keratins.
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4.2.8 Periplakin amino-terminus accelerates keratin intermediate filament bundling

at the wound edge

The changes in keratin organisation during migration of simple epitheliai sheets of
MCEF-7 cells prompted the study of the ability of periplakin in cytokeratin dynamics. In
addition, it was hypothesised that, if the observed co-localisation of periplakin and plectin
has functional significance in these cells, over-expression of the HA-tagged periplakin N-
terminus should affect the distribution or function of plectin. To investigate this, confluent
MCF-7 2 N-PPL and empty vector transfected control cell sheets were scratch wounded
and the plectin subcellular distribution and keratin IF organization were followed by

immunofluorescence staining.

Recent analysis of the keratin staining in MCF-7 wound edge cells revealed that 2
hours after wounding, the majority of the cells at the free edge formed a thick cable of
bundled keratin filaments running parallel to the wound (Long et al, 2006). For
comparison, MCF-7 and MCF-7 2 N-PPL cells were grown on glass coverslips and after
forming monolayers the epithelial sheets were wounded. Immunofluorescence staining of
keratin 8 demonstrated that the re-organization of keratin intermediate filaments at the
scratch wound edge occurs faster in MCF-7 %2 N-PPL cells compared to control transfected
cells. The MCF-7 %4 N-PPL cell line assembled a prominent keratin cable at the wound
edge already 30 minutes after wounding (Figure 4.11 A) which was not been observed in

the control cell lines.

To investigate whether this phenomenon is associated with the co-
immunoprecipitaion of periplakin and plectin, subcellular distribution of these proteins was
examined. Biochemical fractionation of confluent monolayers of cells revealed different
subcellular localization of plectin in cells overexpressing the periplakin amino-terminus
(Figure 4.11 B). Therefore, the early keratin bundling at the wound edge seen in MCF-7 72
N-PPL cells was correlated with a shift in subcellular distribution of plectin. Almost all
plectin in MCF-7 %2 N-PPL cells was found in the Triton-insoluble cell fraction compared
to empty vector transfected control cells (Figure 4.11 B), whereas the amount of soluble
keratin subunits in the cytosolic S1 fraction and insoluble keratin in the P3 fraction was

similar in both cell lines, which confirmed even loading.
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Figure 4.11: Accelerated keratin bundling in MCF-7 1/2N-PPL cells.

A. Keratin-8 immunofluorescence of scratch wounded epithelial monolayers at 30 minutes
after wounding. Keratin cytoskeleton is re-arranged into a cable parallel to the wound
edge in the MCF-7 % N- PPL cell line (right) but not in the empty vector transfected
control cell line (left). Scale bars equal 20 um. B. Subcellular distribution of plectin in
empty vector transfected (MCF-7 EV) cells and in cells overexpressing periplakin N-
terminus (MCF-7 1/2N-PPL). S1 refers to cytosolic fraction, S2 represent Triton soluble
membrane fraction and P3 indicates Triton insoluble fraction. C. Immunoblotting of
soluble keratin 8/18 in the S1 cytosolic fractions of empty vector transfected (MCF-7 EV)
and MCF-7 1/2N-PPL cells.
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4.2.9 Plectin downregulation in the MCF-7 1/2N-PPL cell inhibits rapid keratin

bundle formation

To confirm that plectin plays a role in the early keratin bundle formation, plectin

was downregulated by transient siRNA transfection and keratin organization was followed.

Cells were grown, transfected, wounded and stained as described above. Confocal
microscopy using immunofluorescence confirmed that plectin was uniformly down
regulated in the scratch wound experiments in MCF-7 cells. The confocal settings for
detection of fluorescent signal were unchanged for plectih—depleted cells and control cells
to demonstrate the difference in fluorescent signal. Depleting MCF-7 cells of plectin
resulted in decreased bundling of keratin at the free wound edge. Keratin filaments seemed
to be disorganized in plectin knock-down cells and did not form a uniform cable at the

wound edge (Figure 4.12).

Dramatic changes in keratin bundle formation at the wound edge in plectin ablated
MCF-7 % N-PPL cells demonstrate the importance of plectin in early keratin assembly.
Overall, this observation suggests that the accelerated keratin assembly into a cable at the

wound edge is indeed dependent on plectin.

204






4.2.10 Simultaneous downregulation of periplakin and plectin results in keratin

intermediate filament disorganization in MCF-7 cells

The capability of periplakin and plectin to control keratin organisation at the wound
edge cells was evident in MCF-7 epithelial cells. To further examine the role of these
cytolinkers, periplakin and plectin double knockdown siRNA transfected MCF-7 cells were
generated. T};e general appearance of the keratin cytoskeleton was compared to control

transfected cells using immunofluorescence microscopy.

As figure 4.13 illustrates, the keratin filaments had a dense cytoplasmic network in
control cells while those cells depleted in both periplakin and plectin displayed a strong
keratin cage around the nucleus with fewer cytoplasmic keratin filaments. Interestingly,
this change in the keratin network was not detected after periplakin siRNA transfection as
the lack of periplakin did not result in an effect on epithelial morphology or cytokeratin
organization in monolayer cells. In addition, plectin ablation on MCF-7 cells did not
modify the appearance cytoskeletal network dramatically, although a small percentage of
the cells demonstrated bulky keratin filaments around the nucleus. Based on this evidence,
periplakin and plectin are required for normal keratin organization in simple epithelial cells

and facilitate the distribution of the keratin network inside the cell.
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4.3 Discussion
4.3.1 Effect of periplakin and plectin ablation in intact epithelial sheets

To investigate the functional significance of the interaction between periplakin and
plectin, siRNA transfections were carried out in two different cell lines in order to reveal
the effects of downregulation of these proteins. Immunoblotting experiments after
periplakin downregulation showed unaltered plectin expression levels in both MCF-7 and
HaCaT cells. Similarly, immunofluorescence studies on periplakin siRNA transfected cells
did not show significant changes in the localization of the endogenous plectin. The lack of
periplakin in gene targeted mice (Aho et al., 2004) resulted in unaltered plectin distribution
and epidermal differentiation. Taken together with our observation, it could be concluded
that periplakin downregulation in either simple epithelia or in keratinocytes resulted in no

obvious phenotypic differences under unwounded circumstances.

Downregulation of plectin, however, resulted in periplakin aggregation in
subconfluent HaCaT keratinocytes indicating that plectin might play a role in regulating the
subcellular targeting of periplakin. This periplakin aggregation appeared throughout the
cytoplasm of the cells. Co-staining with periplakin and keratin 14 displayed co-localization
with the tip of IFs. The changes in periplakin distribution demonstrate a functional

correlation between periplakin, plectin and keratin IFs.

4.3.2 Keratin intermediate filament organization

The current work has confirmed that periplakin participates in the re-organization of
keratin intermediate filaments at the wound edge. This observation suggests that periplakin
is essential in normal wound healing processes in simple epithelia as its depletion leads to
loss of keratin cable formation. It has been speculated that after the rapid initial wound
response to assemble an actin-purse string, the actin structure is consequently used to guide
the re-organization of keratins so that it reinforce the free edge of epithelia (Brock et al.,
1996; Long et al., 2006). The formation of keratin intermediate filament cable could be

mediated via periplakin that has previously been described as an actin associated protein
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even though the protein lacks a classical actin-binding domain (DiColandrea et al., 2000).
Alternatively, plectin, which contains the ABD, could connect periplakin to the actin purse-
string cable. Furthermore, it seems that the keratin filaments forming the keratin cable at
the wound site are more dynamic compared to keratins in an intact monolayer. Keratin
filaments at the wound edges seem to be more vulnerable to okadaic acid treatment (Long
et al., 2006) that causes disassembly of keratin filaments and aggregation of solubilised

keratins with periplakin.

4.3.3 Influence of periplakin linker domain on Kkeratin intermediate filaments

The N-terminus of periplakin has been shown to associate with desmosomes and
interdesmosomal plasma membranes whereas the periplakin linker domain demonstrated
constitutive binding to keratin intermediate filaments. To test whether the periplakin C-
domain has any effect on keratin re-organization, a stable cell line was first created which
expressed the linker domain of periplakin. Immunofluorescence studies revealed that
periplakin COOH-domain was mainly distributed along the cytoskeleton. This stable cell
line showed the same subcellular distribution of the linker domain in simple epithelia as
previously seen in keratinocytes (DiColandrea et al., 2000). EGFP-tagged periplakin linker
domain was also associated with keratin cytoskeleton, indicating that the interaction of
periplakin C-terminus and keratin filaments can take place in MCF-7 cells (Long et al.,
2006). Scratch wound assay on confluent monolayer revealed that wound edge cells
expressing the periplakin C-terminus had collapsed keratin cytoskeleton and irregular thick
keratin bundles. This phenomenon was associated with the higher phosphorylation level on
keratin 8 Ser-431 residue. With regard to Ser-431 residue it is known that its
phosphorylation is increased upon mitotic arrest or stimulation of cells with EGF, which
suggests a role in mitogen-induced signalling (Ku & Omary, 1997). Cytoplasmic IFs are
reorganized dramatically during mitosis and this reorganization is considered to be
controlled by IF protein phosphorylation (Izawa & Inagaki, 2006). Furthermore,
phosphorylation of these sites are correlates with disease progression in patients with
chronic liver disease (Toivola et al., 2004; Zatloukal et al., 2004). Based on my results, it

appear that periplakin linker domain expression, keratin bundling at the wound edge and
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Ser-431 residue phosphorylation are connected. However, it is still not clear whether
induced phosphorylation was a consequence of keratin bundling or periplakin C-terminal
overexpression. It remains for future studies to map the signalling and putative

phosphorylation events described above.

4.3.4 Periplakin NH;-terminus is required in normal wound healing processes

Based on this study, wounded epithelia over-expressing periplakin N-terminus re-
arrange their keratin network faster than control transfected cells. The rapid bundling of
keratin ﬁlament's was inhibited when the MCF-7 %2 N-PPL cells were transfected by plectin
siRNA oligonucleotides indicating that the effect of the periplakin N-terminus was
mediated by plectin. The role of plectin in controlling signalling pathways is beginning to
be explored. Recently, plectin has been demonstrated to be a binding partner of the receptor
for activated C kinase 1 (RACK1) and therefore affecting PKC signalling (Osmanagic-
Myers & Wiche, 2004). Taken together with an earlier report suggesting that plectin is
involved in actin filament regulation via Rho/Rac/cdc42 signalling (Andri et al., 1998), it
is tempting to consider cytolinkers to be able to collaborate and provide link between
cytoskeletal dynamics and signalling events. 1 also tested the effect of double siRNA
transfection against periplakin and plectin in MCF-7 cells that, indeed, caused abnormal
cytokeratin network, resulting in a perinuclear cage structure. My data support a recently
investigated role of plectin as a major regulator of cytoarchitecture (Osmanagic-Myers et
al., 2006). The role of plectin in regulating keratin organization was studied by using
plectin deficient keratinocytes where the loss of plectin resulted in larger keratin meshwork
and accelerated disassembly of the keratin network in okadaic acid-treated cells
(Osmanagic-Myers et al., 2006). Another plakin family member, epiplakin, has also been
recently implicated in organisation of intermediate filament networks. Knock-down of
epiplakin in simple epithelial cells resulted in disruption of keratin and vimentin networks
(Jang et al., 2005). Upon cellular stress in primary keratinocytes epiplakin is translocated to
the keratin intermediate filaments and protects the keratin network from rapid dissociation
(Spazierér et al., 2008). To summarise, siRNA experiments indicate that epiplakin is

required for the maintenance of keratin network in simple epithelia and primary
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keratinocytes, whereas periplakin is involved in keratin bundling at the epithelial wound
edge. The respective domain organisation of periplakin and epiplakin supports this idea.
Periplakin N-terminus comprises a typical ‘plakin box’ that can target the protein to
cellular junctions and other membrane locations (Ruhrberg & Watt, 1997; DiColandrea et
al., 2000). Epiplakin, on the contrary, only contains a long array of IF-binding repeats
(Fujiwara et al., 2001). Despite this, it is notable that epiplakin null animals (Goto et al.,
2006; Spazierer ef al., 2006) as well as periplakin and envoplakin knock-out mice (Aho et
al., 2004; Maattd et al., 2001) are viable without any major defects in epidermal
differentiation, even though epiplakin deficient mice appear to have problems in

keratinocyte migration and wound healing (Goto et al., 2006).

It should also be noted that the keratin cytoskeleton affects subcellular localisation
of plakin cytolinker proteins as demonstrated in MCF-7 cells where ablation of keratin 8 by
transient siRNA transfections prevented localisation of periplakin and desmoplakin at cell
borders (Long et al., 2006). Likewise, plectin localisation is altered in keratin 8 null

hepatocytes (Galarneau et al., 2007).

Association of transiently expressed plectin domains with simple epithelial keratins .
in cultured cells (Wiche et al., 1993; Nikolic et al., 1996) indicated that plectin is involved
in both the structural organisation of the peripheral cytokeratin bundles and their
association with the submembrane cytoskeleton. It is also known that periplakin is localised
at the desmosomal junctions and associated to intermediate filaments. Therefore it is
tempting to speculate that the downregulation of plectin and periplakin weaken the
intermediate filament desmosome complexes and change the shape of the cytokeratin

network.
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CHAPTER YV

ROLE OF PLAKIN PROTEINS AND KERATIN 8 IN
EPITHELIAL MIGRATION



5.1 Introduction

In the previous chapter the role of periplakin and plectin in keratin intermediate
filament organisation was studied. This led to an investigation of their role in cell
migration. Cell migration is important for many biological processes. It is essentially a
physical process, which is regulated by a complex network of biochemical signalling and
feedback pathways. In the early stages of animal embryo development, the formation of
the three fundamental germ layers is achieved through the coordinated cell movements of
gastrulation. In the adult, key cells in the immune response circulate in the blood until they

are triggered to leave (migrate) upon detection of a pathogen.

In collective migration, cells maintain their cell-cell connections in order to move
as a coherent sheet. During embryonic development, this common mechanism appears to
be responsible for several processes. For example, epithelial dorsal hole closure in
Drosophila, ventral closure of hypodermis in C. elegans embryos and eyelid closure of
mammalian embryos (Martin & Parkhurst, 2004; Friedl er al., 2004) involve collective
epithelial migration. Despite the importance of this process, with many examples of multi-
cell migration, the mechanisms controlling and regulating this behaviour remains poorly

understood.

When a wound disrupts the continuity of an epithelial sheet, it is critical for the
organism to be able to heal that breach. Two main mechanisms of epithelial wound healing
have béen described (Jacinto et al., 2002). The first method is the so called “purse-string”
mechanism. Here, closure is achieved through contraction of an actin and myosin enriched
cable that runs along the leading edge of all marginal cells around the wound perimeter
(Martin & Lewis, 1992). In contrast to this purse-string mechanism seen in embryonic
closures, skin woﬁnds in adults close by active migration of cells into the wounded area
(Martin, 1997). This is by an acquired motility of the border cell and involves protrusions
of filopodia and ruffling lamellae seen at the leading edge, while the cells crawl
collectively onto the new surface. This method appears to be used in most in vitro
investigations of wound closure. However, while there are sometimes actin cables running
along the whole or a part of the adult wound edge, the cables may not be necessary for

wounds to close at their normal rates. It is possible that they may contribute to the
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maintenance of an even wound front (Fenteany ef al., 2000). It has also been shown that, at
least in cultured intestinal epithelial cells, the method of closure can depend on the size of
the wound (Bement et al., 1993). Small wounds close by the purse-string mechanism, large -
wounds close by cell crawling and intermediate wounds close by the combination of the
two. Despite recent advances in the understanding of how actin dynamics are regulated,
there are several important unknown aspects in collective migration. For example, it is not
yet fully understood how sheet migration is coordinated while the intact epithelial nature of

the wound edge is maintained.

Several independent studies have indicated a role for keratin intermediate filaments
in moderating cell migration. Simple epithelial, ‘soft’ keratins have been implicated in cell
migration and invasion. F or example, expression of K8 and K18 in vimentin-positive
mouse L fibroblasts and in human melanoma cells has been found to increase the invasion
of transfected cells through matrigel-coated filters (Chu ef al., 1993; Chu et al., 1996).
Perinuclear re-organisation of the keratin 8/18 network by sphingosylphosphorylcholine
increases cellular elasticity and ability to migrate through limited-sized pores (Beil et al.,
2003). A study by Brock et al. (1996) showed no difference in embryonic wound healing
between keratin 8 null and control animals. The study did, however, reveal that embryonic
wounds assemble a keratin cable at wound edges in addition to the actin “purse-string”
cable (Brock et al., 1996). Nevertheless, the studies on simple epithelial keratins have not
fully addressed the role of intermediate filament networks in the collective migration of

simple epithelial sheets.

Other studies addressing the role of plakins in cell motility have shown that they
mediate profound effects on cell migration. BPAG-1 knockout mice show a wound-healing
defect (Guo ef al., 1995) due to reduced cell migration. Plectin KO fibroblasts display
defects in their ability to reorganize actin microfilaments after activation of rac/rho/cdc42
signalling cascades, which results in reduced motility of plectin deficient cells (Andra et
al., 1998). More recently, generation of isoform-specific knock-outs for plectin have
demonstrated how plectin-1 is involved in migration of fibroblasts and T-lymphocytes and
is required for efficient leukocyte infiltration to wounds (Abrahamsberg et al., 2005). In

addition, another plakin protein, epiplakin, has also been proposed to regulate the speed of
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wound healing. Epiplakin null mice had no apparent phenotypic abnormalities, but the
closure of experimental wounds on their back was slightly accelerated compared to wild-
type animals (Goto et al, 2005). Thus, understanding the role of cytolinkers in cell
migration could lead to new insights into the complex regulation of epithelial wound

healing processes.

This chapter presents the results obtained when the MCF-7 C-PPL cell line was
used to investigate the effect of periplakin linker domain overexpression in wound healing.
During this study, a scratch wound assay was used as a tool to measure wound closure in
epithelial cells. Many aspects of the migratory behaviour of cells can be conveniently
studied by this classic scratch-wound assay. In this model, cells are grown on a flat surface
until they form a confluent monolayer. A strip of cells is then mechanically removed using
a pipette tip and the closure of this open space is observed (Figure 2.1). Normally, cells
respond with cell spreading and migration into the denuded area until the wound is closed.
The width of the wound is measured at regular timeponts, allowing comparison between
different treatments. In addition, the progression of the remaining cells during healing of
the wound can be easily observed by microscopy for different durations, ranging from
hours to several days. In general, most cell types, for example epithelial cells, behave
similarly and, characteristically, enter a lag phase (usually lasting a few hours) after

wounding, followed by a steady healing process at an approximately constant rate.

In addition, the effect of downregulation of endogenous periplakin and plectin by
siRNA transfection was investigated by the scratch wound assay in order to elucidate their
function in cell migration. This chapter will end with data from Hel.a and Panc-1 cells
which extends previously published work suggesting that the keratin 8 intermediate

filament network is essential for epithelial integrity in MCF-7 cells (Long et al., 2006).
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5.2 Results

5.2.1 Cell viability is not affected by either periplakin or keratin 8§ siRNA

transfections

To ensure that any effects on epithelial wound closure are not due to increased cell
death survival after periplakin or keratin 8 down-regulation, cell survival was analysed 48h
after transfection. In comparison to control transfected or untransfected cells, both
periplakin and keratin 8 siRNA transfected cells showed similar, only slightly lower
number of viable cells (Figure 5.1). Overall, cell viability did not change more than 5%
compared to the scrambled control after periplakin or keratin 8 knock-down in these cells.
Since periplakin siRNA transfection of cells had no effect on the integrity of the monolayer
either, it can be concluded that the consequence of keratin 8 downregulation, described

below, were not due to cell death.

5.2.2 Periplakin linker domain delays wound closure in MCF-7 cells

Wound closure of the stable cell line overexpressing the conserved linker domain of
periplakin was investigated in comparison to the empty vector transfected control cell line.
Compared to the control cell line, cells expressing periplakin C-terminus showed a
consistent delay in wound closure. Control transfected cells migrated into the empty
wound space to heal the wound in 8 hours, whereas the periplakin linker domain
ekpressing wounds remained largely open at the same time point (Figure 5.2 A).
Quantitative analysis of the wound closure is shown in Figure 5.2 B. After 8 hours, when
about 40% of the control wound width remained open, the MCF-7 PPL-C wounds had only
just started to close and remained still open after 24 hours (Figure 5.2 B). The slower
migration of the epithelial sheets in the case of MCF-7 C-PPL cells corresponds to
abnormal organization of keratin filaments at the wound edge which was demonstrated in
chapter IV. Thus, the overexpression of the periplakin-C domain caused collapse of keratin

intermediate filaments and impaired the normal rate of wound closure.
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Figure 5.2: Wound closure in control and PPL-C cell lines.

A. Confluent MCF-7 C-PPL monolayers were grown in 6-well plates and wounded using
20 pd (white) pipette tips. The wound closure was monitored by phase contrast microscopy
at 15 minutes, 8 hours and 24 hours time points (scale bar equals 100 um). B.
Quantification of the wound closure in empty vector and PPL-C terminus transfected cell
clones. For each wound, the width of the 15 minute time point was designated as 100%
width and subsequent time points in the graph show the mean relative width of the open
wound (n=10). Error bars show standard deviation. As the experiment reached the 24 h

time point, the control wounds were closed.
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5.2.3 In vitro wound closure is impaired by periplakin siRNA transfection in epithelial
MCF-7 and HeLa cells

To investigate the effect of periplakin depletion on epithelial migration, epithelial
sheets transfected with periplakin or control siRNA were subjected to scratch wounding.
Confluent monolayers were wounded in triplicate and the wound closure was monitored
using phase contrast imaging at the same area of the wound at 30 minutes, 10 hours, 20

hours and 40 hours until complete closure.

Delayed wound closure was seen in MCF-7 cells so that even 20 hours after
wounding, periplakin siRNA transfected scratch wounds remained open (Figure 5.3 A)
when compared to control transfected cells. To ensure that changes in the cell migration
were not unique to the MCF-7 cell line, the same experiment was repeated using different
epithelial cell lines. Similar results were found when comparing the migratory changes in
periplakin ablated HeLa cells and MCF-7 cells. Both cell lines showed decreased cell
migration resulting in unhealed wounds (Figure 5.4 A). These data indicate that regulation
of wound closure is a function of periplakin regardless of the epithelial cell type.
Quantification of the wound closure is displayed in Figures 5.3 B and 5.4 B, where bars

represent mean values and standard deviation of three individual measurements.

The periplakin ablated wounds displayed uneven migration characterized by
irregular wound edges that nevertheless retained cell-cell contacts between the wound edge
cells. Thus, it is possible that periplakin-dependent keratin bundling participates in the
maintenance of co-coordinated migration of wound edge cells. The reduced cell migration

in both cases demonstrates the importance of periplakin in wound healing.
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Figure 5.3: Wound migration properties of periplakin depleted MCF- 7 cells.

A. Phase contrast microscopy images of scratch wound closure of control and periplakin
siRNA transfected MCF-7 monolayers (Scale bars equals 100um). B. Quantification of the
wound closure in MCF-7 cells. Open wound distances at the start of the experiment were
designated as 1 OO% and closure of the wounds are shown as a function of that. The width
of the wounds at 20 hours time point were determined using photomicrographic images
and displayed as the percentage of the remaining wound width compared to the width at
Oh time point. Mean and standard deviation of the measurements from three independent

transfections are shown.
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Figure 5.4: Effect of periplakin downregulation on wound healing in HeLa cells.

A. Phase contrast microscopy images of scratch wound closure of control transfected and
periplakin siRNA transfected HeLa monolayers (Scale bars equals 100um). B. The graphs
show the mean value and standard deviation of the wound closure in HeLa cells at 20
hours time point. Quantitative analysis of three independent transfections is indicated. The
widths of the open wound at the start of the experiment were designated as 100% and
closure of the wounds are shown as a function of that. The width of the wounds at 20 hours
time point were determined using photomicrographic images and displayed as the

percentage of the remaining wound width compared to the width at Oh time point.
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S5.24 Depletion of either periplakin or plectin impairs MCF-7 wound closure in a

similar manner

My earlier observations of disorganized keratin intermediate filaments at the wound
edge following periplakin siRNA knockdown were associated with a reduction in the rate
of normal cell migration in simple epithelia. Furthermore, since the co-
immunoprecipitation experiments had revealed a link between periplakin and plectin, the
effect of single and simultaneous protein downregulation was studied in MCF-7 cells. In
these wound healing experiments, a higher density (50-60%) of cells is needed in order to
form a monolayer at the 72 hour timepoint. As this might affect the efficiency of siRNA
knock-down I first investigated the expression level of periplakin and plectin after the
transfections by immunoblotting and immunocytochemistry. Figure 5.5 shows the amount
of the expressed proteins after transfections. Both single and double siRNA transfections
resulted in a successful downregulation of periplakin and plectin expression (Figure 5.5).
Triplicate samples of confluent MCF-7 epithelial sheets were thereafter subjected to

scratch wounding and wound closure was monitored at 7 hours and 24 hours timeponts.

Comparing the control untransfected and control transfected epithelial wounds to
periplakin and plectin siRNA transfected wounds, it is clear that the lack of plectin, just as
the lack of periplakin, slows down the cell migration. Control wounds were closed 24
hours after wounding, while single transfected epithelial scratches remained invariably
open (Figure 5.6), which was confirmed by measuring the open wounds in all three
independent cases. The result shows that the closure of the cytolinker ablated wounds were
delayed at 7 hours timepoint and strikingly impaired at 24 hours timepoint, when both
control wounds had closed completely (Figure 5.6). Furthermore, epithelial wounds
lacking in both periplakin and plectin cytolinker demonstrated even greater delays in cell

migration, leaving a wider gap between the two epithelial faces (Figure 5.6).
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5.2.5 Ablation of Keratin 8 shows disrupted desmosomes in HeLLa and Panc-1 cell lines

Keratin 8 intermediate filament downregulation by siRNA transfection resulted in
reduced cell-cell contacts, leading to disrupted MCF-7 epithelial sheets (Long ez al., 2006).
It is possible that this could be due to the failure of cells to create and maintain cell—cell
junctions in the absence of keratin intermediate network. Hence, this could suggest that the
cohesive nature of the epithelial sheet migration of MCF-7 cells is regulated by the

cytokeratin 8 network.

To further investigate whether keratin intermediate filaments are required for the
formation and maintenance of desmosomes in other epithelial cell lines, K8 expression in
HeLa and Panc-1 cells was downregulated and the expression and subcellular localisation
of desmoplakin was investigated. It should be noted that both HeLa and Panc-1 cells,
unlike MCF-7 cells, are vimentin positive cells (Figure 5.7). Inmunoblotting of total cell
extracts from the epithelial cell lines mentioned above allowed identification of the
expressed intermediate filament proteins compared to MCF-7 cells. Keratin 8 and 18 were
originally used as a loading control, but it has to be noted that the different cell lines have
slight differences in keratin expression. MCF-7 cells expressed no vimentin and showed
higher amount of keratin 8/18 and desmoplakin compared to Panc-1 and HeLa cells, where

both vimentin and keratin intermediate filaments were expressed simultaneously.

Keratin 8 siRNA transfection was applied to both HeLa and Panc-1 cell lines. After
transfection, whole cell total protein extracts were loaded on a 4-12% Nu-Page Bis-Tris
pre-cast gradient gel in order to verify the knock-down efficiency. The BCA protein assay
(section 2.7.2) was used to quantify protein levels prior to loading of the gel. Equal loading
was further confirmed visually by staining of the filters with Ponceau S, which stains all
proteins red. Immﬁnoblotting confirmed the successful downregulation of K8 expression.
The same level of keratin 8 downregulation as in MCF-7 cells was observed in both Panc-1

and HeLa cells (Figure 5.7).
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Figure 5.7: Expression of cytoskeletal proteins in MCF-7 cells in comparison to Panc-1

and HelLa cell vlines.

A. Immunoblot analysis of three different epithelial cell lines. 20 ug of total cell extracts
were immunoblotted with vimentin (3052, 1:2000 dilution), desmoplakin (AHP320, 1:100
dilution, Serotec) and cytokeratin 8/18 (Ab-2, 1:1000 dilution, Oncogene) antibodies.
MCEF-7 cells are vimentin negative cells, which is in contrast to HeLa and Panc-1 cell lines
where vimentin is expressed. Cytokeratins 8 and 18 and desmoplakin are expressed in all
three cell clones showing highest expression in MCF-7 cells. B. & C. Keratin 8
downregulation in HeLa and Panc-1 cell line. Vimentin immunoblot was used as a loading
control. The graphs show the mean expression level and standard deviation of three

independent experiments (p>0.05).
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Following transfection, cells were allowed to establish junctional complexes before
scratch wounding of the monolayer. Indirect immunofluorescence and confocal
microscopy confirmed that keratin 8 expression was uniformly dowpregulated in scratch-
wound migration experiments of both HeLa and Panc-1 cells. Control siRNA transfected
HeLa cells developed desmosome contacts with neighbouring cells, showing punctuate
desmoplakin staining at cell borders with keratin 8 intermediate filaments expanding from
the cytoskeleton to the desmosomes (demonstrated in Figure 5.8 A). However, siRNA
knockdown of keratin 8 intermediate filament abolished cell-border localization of
desmoplakin to a large extent (Figure 5.8 B), the cells showing evenly distributed
desmoplakin staining throughout the cytoplasm. Cells in the control transfected HeLa
monolayers were immunolabelled for desmoplakin and counted 30 minutes after scratch
wounding. Ninety-five percent of the control cell borders (n=73) retained desmosomal
localization of desmoplakin. In contrast in keratin 8 siRNA transfected monolayers, the
corresponding percentage was only 6% (n=107). Interestingly, in a transfection where a
small island of HeLa cells had remained untransfected and retained prominent K8
expression, punctate desmosomal staining was established only between keratin-positive
cells but not between two knock-down cells or a knock-down cell and a keratin positive
cell (Figure 5.8 C). Higher magnification of keratin positive cells maintaining
desmosomal contacts and keratin negative cells with no cell-cell contacts are displayed in

Figure 5.8 D.

The loss of desmoplakin localization at cell borders was also observed in Panc-1
cells transfected with K8 siRNA. Punctate desmosomal staining was seen only between K8
positive cells, whereas almost no desmoplakin staining was found at cell borders of K8

knockdown cells (Figure 5.8 D).
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Figure 5.8: The effect of keratin 8 knock-down in HeLa and Panc-1 cells.

A. Control transfected Hela monolayers. Red channel shows keratin 8
immunofluorescence (LE41, 1:2 dilution), green channel displays desmoplakin staining
(AHP320, 1:100 dilution, Serotec). B. Keratin 8 and desmoplakin staining in keratin 8
siRNA transfected cells. C. The image displays an area of the siRNA transfected Hela
monolayer, where a small island of cells have retained their keratin 8 expression next to
cells with no keratin 8 expression. Note that cells with no keratin 8 expression do not
display desmoplakin staining at the cell borders. D. Higher magnification of desmoplakin
(green) staining at HeLa cell borders shows desmosomal staining between keratin positive
cells in contrast to keratin 8 negative cells (top row). Panc-1 cells (bottom row)
transfected with keratin 8 siRNA were stained for keratin 8 (red) and desmoplakin (green).
The desmoplakin staining at Panc-1 cells shows punctate desmosomal staining between

K8-positive (red) but not between K8 knock-down cells (scale bars equals 20 um for A, B,
C and 5 um for D).
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In addition, the scratch wound edges of both cell lines were irregular after K8
siRNA transfection and frequently contained cells that were atterhpting to migrate
individually without any connection to other cells (Figure 5.9). Notably, K8 knockdown
increased the wound closure rate due to individual cell separation in both HeL.a and Panc-1
cell lines (Figure 5.9). Wound closure was followed at time points up to 20 hours after
wounding, which confirmed this effect of keratin 8 downregulation. Both untransfected
and control transfected wounds remained open, with cells in the two bordering epithelial
sheets maintaining their cohesion. In contrast, epithelia lacking keratin 8 showed
individual cells migrating into the denuded area without maintaining cell-cell contacts.
This observation suggests that the lack of desmosomes leads to escape of individual

keratin-negative cells from the wound edge.
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5.3 Discussion
5.3.1 Effect of ablation of periplakin and plectin on cell migration

The data presented in chapter [V demonstrated that not only plectin, but also its co-
immunoprecipitating partner periplakin, is likely to be involved in the re-organization of
the keratin intermediate filaments at the wound edge during the course of wound healing.
In the present chapter, the ébility of periplakin and plectin in the regulation of cell
migration in simple epithelia was studied. Initially the effect of expression of periplakin C-
terminus on wound closure was investigated. The clones expressing the periplakin C-
terminus showed a consistent delay in wound healing which was associated with the
abnormal organization of keratin intermediate filaments at the free wound edges.
Subsequently, the effect of periplakin ablation in MCF-7 and HeLa cells was studied. Both
cell lines showed identical results, which indicated that the loss of periplakin impaired
wound closure. Therefore, the role of periplakin in regulating keratin re-organization and
epithelial wound closure is not only evident in MCF-7 cells but likely to be seen in many

epithelial cell lines.

In addition to appearing as part of the same protein complex, periplakin and plectin
have been shown to regulate the architecture of the keratin filament cytoskeleton. To
investigate their role in wound closure, periplakin and plectin were downregulated by
siRNA transfection. Lack of periplakin and plectin in simple epithelia resulted in delayed
migration compared to controls. Furthermore, epithelial sheets that had both cytolinker
proteins simultaneously ablated showed even more impaired migration, suggesting a
possible co-operation between these proteins in MCF-7 cells. Although periplakin knock-
out mice had developed normally (Aho et al., 2004), the data presented above suggest that -
periplakin ablation may lead to decreased cell migration in simple epithelia, although the
effects within the embryo may not be evident, perhaps because of functional redundancy.
The consequence of plectin ablation in cell migration has been studied more extensively in
different cell types in vitro. In keeping with these results, cultured fibroblasts with plectin
deficiency displayed prominent stress fibres and increased focal adhesion complexes,
consequently demonstrating decreased cell motility (Andra et al., 1998). Targeted deletion

of plectin 1 isoform, which is the major plectin isoform expressed in mesenchymal tissues,
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resulted in reduced recruitment of leukocytes to the location of the wound (Abrahamsberg
et al., 2005). However, loss of all plectin isoforms in keratinocytes resulted in larger
keratin meshwork with fewer keratin filaments attached to the hemidesmosomes leading to
increased vulnerability and faster collective migration (Osmanagic-Myers et al., 2006).
The opposite effects of plectin deficiency on cell migration in different cell lines might
result from cell specific expression pattern of plectin N-terminal splice isoforms. For
instance, plectin-la is a major isoform expressed in keratinocytes, where the primary
function of plectin is in the construction of hemidesmosomes. In contrast, in fibroblasts, it
is likely that plectin isoforms have a much more important role in focal adhesion

complexes and they may also be associated with actin stress fibres.

5.3.2 Collective migration of epithelial sheets

To investigate the role of the intermediate filament protein keratin 8 in epithelial
cell migration, HeLa and Panc-1 cells were studied. My results show that knockdown of
keratin 8 network in migrating epithelia results in a loss of epithelial integrity and affects
wound closure similarly to that observed in keratin 8 downregulated MCF-7 cells (Long et
al., 2006). The role of keratin in collective epithelial migration has previously been
studied, but mainly in the context of epidermal keratinocytes and skin wound healing.
Studies indicate that gene targeting of both keratin 6a and keratin 6b results in impaired
wound healing in vivo due to increased fragility of mutant keratinocytes (Wong &
Coulombe, 2003). Similarly to our results in MCF-7 cells, low level of keratin 8 expression
in HeLa and Panc-1 cells appeared to allow cells to escape from the migrating cell front
and invade the denuded surface without any collective movement. Consequently, liberated
cells migrated faster than control cells. Likewise, epidermolysis bullosa sirﬁplex cell lines
can"ying keratin 14 mutations display fast migration in vivo (Morley et al., 2003). Keratin
8 ablation resulted in similar effect in vimentin negative (MCF-7) and positive (Panc-1,
HeLa) cells indicating that has a role in cell migration regardless of the presence of other

IF proteins.
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In the light of these findings it is possible that the keratin cytoskeleton could
regulate the collective motility of epidermal sheets to maintain epithelial integrity. There is
an interesting difference between the results reported here and the outcome of embryonic
wound healing in keratin 8 deficient mice. When embryonic wound healing was
investigated in K8-/- mice in FVB/N background, no difference in the wound closure was
observed between gene targeted and wild type embryos, even when both mesodermal
contraction and actual re-epithelialisation were taken separately into account (Brock et al.,
1996). In spite of this, Xenopus embryos depleted of maternal keratins fail to undergo
normal morphogenetic tissue movements and have a defect in epithelial wound healing
(Torpey et al., 1992; Klymkowsky et al., 1992). It is possible that there are subtle species
or cell-type specific differences in the requirement for keratins in epithelial migration. It is
also notable that the study by Brock ef al. (1996) only investigated embryonic wound
healing in the genetic background that supports the survival of K8-/- embryos. In C57/BL6
genetic background K8 deficiency leads to embryonic lethality between 12 and 13 days of
development, apparently due to structural fragility of the foetal liver (Baribault et al,
1993), whereas the same mutation in FVB/N background results in viable animals that later

on develop gastrointestinal hyperplasia and other related problems (Baribault et al., 1994).

Adherens junctions are not the only junctions that are essential for collective cell
migration, as this behaviour is also seen in fibroblasts. These cells can heal scratch wounds
as a collective sheet without forming adherens junctions in culture (Bindschadler &
McGrath, 2007). As the adhesiveness of desmosomes changes during wound healing from
Ca® independent to dependent (Garrod et al., 2005), it is likely that they play a major role
in collective migration. It remains to be investigated whether the reinforcement of
desmosomes to Ca’'-independent junctions, which is mediated by protein kinase Ca
(Wallis et al., 2000; Garrod et al., 2005), can occur without intermediate filaments. The
data presented above also supports the concept that intermediate filaments are involved in
correct subcellular targeting of desmosomal proteins as siRNA mediated depletion of
keratin 8 resulted in apparent breakdown of cell-cell adhesions and re-distribution of
desmoplakin and periplakin from cell borders to the cytosol (Long et al., 2006). Specific
desmoplakin mutants that either increase or abolish the association of desmoplakin with

keratins have been shown to delay incorporation of desmoplakin particles into junctions
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(Godsel et al., 2005). Likewise, desmosomal cadherins are targeted to cell membranes in
particles that are at least partially attached to keratins (Sato et al., 2000). Earlier studies
have shown that compromised tissue integrity can also be achieved by disturbance of either
intermediate filament or desmosome anchoring counterparts (Hennies et al., 1995; Fuchs -
& Cleveland, 1998; McMillan & Shimizu, 2001). The requirement of intermediate
filaments for intercellular adhesion during epithelial migration is also supported by the
work of Green and co-workers with dominant-negative desmoplakin constructs. In A431
epithelial cells, the overexpression of a desmoplakin N-terminal domain that retains
plakoglobin and plakophilin binding sites, but lacks the central rod and COOH-domain
results in dissociation of epithelial sheets when subjected to mechanical stress (Huen ez al.,
2002). The role of keratins in the maintenance of desmosomes is also supported by
findings of a careful histological characterisation of liver lesions in both K8 and K18 null
mice (Toivola et al., 2001). Livers of keratin null mice showed large areas that were
devoid of both desmoplakin and filamentous actin staining (Toivola et al., 2001). This is
supported by the recent finding that keratin 8 is involved in the modulation of desmoplakin
deposition at desmosomes through a phosphoserine dependent process (Loranger er al.,

2006).

Together these data suggest that maintaining epithelial integrity involves not only
the presence of all desmosomal proteins building up desmosomal junctions but also it

requires intact keratin cytoskeleton.

240



In summary, my results suggest that the cytoskeletal linker function of periplakin,
allows it to act as an organiser of intermediate filament architecture and to regulate cell
migration in cooperation with plectin. Furthermore, the present study supports the view'
that intermediate filaments can serve a structural role in epithelial cells by contributing to

the maintenance of the epithelial integrity during collective migration.
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CHAPTER VI

GENERAL DISCUSSION



6.1 Implications of current work

Cytolinker proteins have been extensively investigated over recent years to
determine their structure, localization, regulation and function. In this thesis, I studied the
function of periplakin through investigation of its binding partners in simple epithelial

cells. The main findings were as follows:

A, In my first result chapter (III), I investigated the interacting partners of the
periplakin head domain in the MCF-7 breast adenocarcinoma cell line. I found that
periplakin is able to interact, either directly or indirectly, with another cytolinker protein,
plectin. This interaction occurs not only in simple epithelia, but also in keratinocytes.
Annexin A9 is another co-immunoprecipitating partner of periplakin in MCF-7 cells that

colocalises with periplakin in both simple epithelial cells and in the epidermis.

B, Secondly, I describe the functional relationship between periplakin and plectin.
In chapters IV and V, using siRNA techniques and scratch wound assays, I found that
periplakin localisation is regulated by plectin in keratinocytes, and that periplakin and
plectin together regulate keratin organization at the wound edge. Moreover, both proteins

participate in the control of cell migration and wound healing processes in simple epithelia.

C, Finally, I gathered information on epithelial sheet migration. siRNA experiments
revealed that keratin 8 is essential for epithelial integrity, as ablation of keratin 8
intermediate filaments leads to disrupted desmosomes and impaired epithelial sheet

migration in several epithelial cell lines.
6.2 Periplakin functions

More than 20 years ago, periplakin was first identified as a constituent of the
cornified envelope in terminally differentiated keratinocytes (Simon & Green, 1984; Ma &

Sun, 1986). With the aim of revealing its function, periplakin knock-out mice were
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generated but no apparent phenotype was found (Aho et al., 2004). Recently, gene
targeting of periplakin and two other CE proteins, envoplakin and involucrin, showed
defects in the cornified layer including delayed barrier acquisition during embryonic
development, decreased protease activity causing excessive accumulation of cornified
layers during postnatal life and accumulation of CD3 *, CD4 * T cells in the skin with a
decrease in dendritic epidermal T cells (DETCs) (Sevilla et al., 2007). The fact that these
phenotypes were not observed in single knockout animals (Dijan et al., 2000; Méittd ez al.,
2001; Aho et al., 2004) supports the idea of compensatory redundancy of CE scaffold
proteins. Thus, no single CE protein has been found to be indispensable for barrier

formation.

Periplakin expression has also been demonstrated in other tissues with a prominent
epithelial component including pituitary, thyroid, salivary and mammary glands (Aho er «
al., 1998; Kazerounian et al., 2002). To date, the initial role of periplakin in these tissues
remains elusive. In this study, I discovered two functions of periplakin in simple epithelial
cells. The first of these is periplakin-dependent keratin IF organisation during wound
healing in epithelial cells. Secondly, periplakin forms a protein complex with plectin which

influences cell migration processes.

6.3 General outlook on epithelial cell migration

Injury to the surface of the epithelial monolayers in the gut could occur in many
ways, including infectious colitis and inflammatory bowel disease. In order to re-establish
epithelial barrier function, the epithelium must efﬁciently reseal the mucosal defects. A
major mechanism by which wound healing is achieved involves epithelial cell migration
(Nobes & Hall, 1999). Rapid resealing of the epithelial barrier following injuries is
accomplished by a process termed epithelial restitution, which occurs when epithelial cells
migrate and spread rapidly, prior to cell division (Fenteany et al., 2000). This is followed

by more delayed mechanisms of epithelial wound healing, including increased epithelial
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cell proliferation and cell differentiation. The cytoskeletal networks, along with the various
cytoskeletal associated proteins, are intrinsically involved in cell migration.

A central event in epithelial wound healing is the reorganization of the actin
cytoskeleton, followed by the appearance of the keratin cable at the wound edge (Long et
al., 2006). These keratin cables have been previously reported at the free wound edge of
embryonic tissues, which also showed an actin purse-string (Brock ef al., 1996). The results
presented in this thesis demonstrate that two cytolinker proteins, namely periplakin and
plectin, form a protein complex that affects the organization of the keratin cytoskeleton and
regulates cell migration in simple epithelial cells. The lack of each plakin in isolation
resulted in decreased cell migration, while simultaneous ablation slowed down the wound
healing even more. Emerging data suggest that plakin proteins play roles in signal
transduction, being large modular proteins, they can interact with a variety of signalling
molecules and have an impact on various signalling processes (Sonnenberg & Liem, 2007).
It has to be noted that this involvement in signalling procésses could be achieved indirectly,
via their effect on stabilizing the cytoskeleton (Sonnenberg & Liem, 2007). I demonstrated
that simultaneous periplakin and plectin downregulation in MCF-7 cells resulted in
alterations in the keratin cytoskeleton, which might lead to downstream modifications in
the signalling pathways invoived in epithelial cell migration. Interestingly, in keratinocytes,
plectin deficiency results in an altered keratin network, which affects ERK 1/2 MAP
kinases leading to faster in vifro migration (Osmanagic-Myers et al., 2006). Not only
plectin and periplakin, but also other cytolinker proteins, such as BPAG-1 and epiplakin,
have been associated with epithelial migration. Loss of BPAG-1 in mice disrupted the
connection of keratin IFs to hemidesmosomes and led to reduced cell rhigration (Guo et al.,
1995). Epiplakin has also been shown to regulate the intermediate filament network, as
epiplakin depletion in HeLa cells resulted in a disorganized keratin and vimentin network
(Jang et al., 2005). Surprisingly, epiplakin knock-out mice have a similar phenotype to that
observed in plectin downregulation, with accelerated keratinocyte migration (Goto ef al,
2006). Thus, cytolinkers may have an impact on signalling processes that regulate cell

migration.
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In recent years, the term “collective migration” has gained use to describe the type
of migration in which cells maintain intercellular junctions (Friedl et al., 2004). Several
groups have shown previously that the modification of intermediate filaments or
intracellular junctions can alter the cohesiveness of cell sheets using dissociation assay
(Huen et al., 2002; Setzer et al., 2004; Yin et al., 2005). In this study, I confirmed that the
loss of keratin 8 caused desmosome disruption and led to a disturbance in cohesive
epithelial sheet migration in breast carcinoma cells. Understanding collective cell migration
is important in cancer cell research, as some metastatic cells migrate as a group (Hegerfeldt
et al., 2002) and are able to invade surrounding tissues as multicellular aggregates (Friedl &
Wolf, 2003). This type of migration has also been observed among colorectal and breast
tumour cells, which can migrate as protruding sheets and tubules connected to the primary
tumour (Nabeshima et al., 2000). 90% of cancers originate from epithelial tissues and show
characteristics of epithelial to mesenchymal transition (Christofori, 2006), although recent
studies suggest that loss of epithelial morphology is not required for invasion and metastasis
of the carcinoma cells (Christiansen & Rajasekaran, 2006). Primary metastatic tissue
samples taken from patients suffering from mammary ductal carcinoma, contained tight
junctions, adherens junctions, and desmosomes, that were abundantly evident by electron
microscopy (Ng, 2002). More recently, alterations in cell-cell adhesion have been shown to
have a central role in facilitating tumour cell migration (Kartenbeck et al., 2005; Lyons &
Jones, 2007).

In conclusion, understanding the role of cytolinkers in the regulation of the keratin
intermediate filament network, and their influence on collective cell migration, is
important. Together, these findings might lead to a better understanding of diseases

involving simple epithelial injury and carcinoma cell migration.
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6.4 Pdssible future directions

There are several aspects of this study which merit future investigation.

e To continue the co-immunoprecipitation experiments that revealed periplakin and
plectin protein complexes, it would be of great interest to investigate the molecular
interactions of periplakin with each alternative N-terminal plectin isoform, study the

effect of these interactions, and map the exact binding sites.

e siRNA mediated ablation of either periplakin or plectin caused disorganization of
the cytoskeleton and impairment of simple epithelial cell migration in vitro. With
the emerging data implicating periplakin and plectin in various signal transduction
pathways, it would be interesting to study whether there is any co-operation

between these proteins in the previously identified signalling functions.

o Isoform specific antibodies against plectin isoforms demonstrated that plectin is not
only localized in the basal layer of the skin, but at least two isoforms (plectin-1f and
plectin-1k) were present and co-localised with periplakin in the spinous and
granular layers as well. Studying their specific roles in the assembly of the

epidermal barrier would provide a better understanding of barrier formation.

¢ An in-depth study of the function of keratin 8 intermediate filaments in desmosome
formation and maintenance could be carried out by investigating other protein
members of the desmosome complex following keratin 8 depletion. This could be
complemented by phosphorylation studies, as desmoplakin deposition in
hepatocytes is dependent on the phosphorylation of keratin 8 at the Ser24 residue
(Loranger et al., 2006).

e With regard to my results showing annexin A9 and periplakin co-
immunoprecipitation, it would be interesting to show whether this is a direct or

indirect interaction by yeast-two-hybrid analyses and/or by carrying out functional
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studies including siRNA transfections in simple epithelial cells and keratinocytes.
Simultaneous periplakin — annexin A9 depletion could further reveal a functional

role for these proteins.

Studies should be continued to investigate whether periplakin, plectin and annexin
A9 are part of the same protein complex, as all three proteins are found to be
localized in the suprébasal layer of the skin and located at the plasma membrane in
MCF-7 cells.
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