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ABSTRACT

Skin forms the physical boundary between internal and external environment being
the first line of defense against insults. It is composed of variety of cells expressing
specific molecules that maintain the normal structural integrity and function. One
family of molecules includes keratins which are cytoskeletal complex proteins that
form intermediate filaments in the epithelial cells. However, the entire organization
and function of keratin networks can be disrupted because of single mutation in
one of these molecules, leading to the inherited skin disease, epidermolysis bullosa
simplex, an inherited skin disorder characterized by the formation of blisters.
Zebrafish has not been extensively used to model human skin diseases to date.
Hence, the main target of this work is establishing robust models of heritable skin
diseases in zebrafish, focusing mostly on basal keratinocytes bullosa diseases to
understand their molecular pathomechanism in vivo. Here we have generated
transgenic lines overexpressing mutant forms of zebrafish Krttlc19e and human
KRT14 proteins, which are associated with generation of epidermolysis bullosa
simplex in humans. Confocal analysis of immunostained zebrafish larvae
expressing these mutant forms of KRT14 and Krttlc19e showed subtle differences
in keratin distribution in basal cells, but which produce keratin aggregates and
dramatic alterations in keratin architecture upon heat and cold stress, suggesting
that mutant keratins are affecting proper keratin dimerization process. We also
found that there is cell adhesion disruption and keratinocytes detachment in the

epidermolysis bullosa simplex zebrafish model via live imaging of basal

Xl



keratinocytes. In addition, using the CRISPR/Cas9 system, we generated col7al
null zebrafish to establish a dystrophic epidermolysis bullosa zebrafish model. As
of yet, no blistering has been observed under normal condition and proteomics
analysis was carried out to check the status of the protein in the col7al double
knockout fish. We found upregulation of three collagens; Col28a2a, Col6a2 and
Coll4alb. Overall, this study provides new insights into understanding cellular
and molecular defects in vivo and establishes a platform for testing human
epidermolysis bullosa simplex patient genetic lesions and development of

therapeutic screens.
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CHAPTER 1. INTRODUCTION

1. HUMAN SKIN

Skin, the largest organ of the human body, serves as a protective barrier from
different environmental aggressors by creating a physical boundary between the
internal and external environment. It constantly faces external challenges and
serves the first line of defense to combat the insults (Kanitakis, 2002; Proksch,

Brandner, & Jensen, 2008).

Human skin consists of three layers; the epidermis, the dermis and the hypodermis.
The epidermis, outer layer of the skin, is a stratified squamous epithelium sits
above the basement membrane zone (BMZ). It prevents the body from harmful
microorganism causing infections and dehydration via retaining body fluids
(Candi, Schmidt, & Melino, 2005; Fuchs & Raghavan, 2002). The dermis, the
middle layer, is composed of collagens and elastins, and is relatively acellular. The
dermis lies on the hypodermis, innermost layer, mainly consists of adipocytes and

loose connective tissue (Metcalfe & Ferguson, 2007).
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Figure 1: Layers of human skin

Schematic representation of human skin indicating stratified epithelium (epidermis)
consisting of distinct strata from stratum basale to stratum corneum. The upper most layer
is a lipid rich water barrier consisting of dead corneocytes. The red arrow showing
direction of differentiation whereby cells progress from the basal zone outwards towards
the surface. The extracellular basement membrane where the basal stratum sits on, the
dermis with fibroblasts, collagens and elastins, and the hypodermis with adipocytes are

shown (Source: Sketched by Thomas J. Carney).



1.1. Epidermis

The epidermis is a stratified squamous epithelium which progressively
differentiates from the basal layer towards the superficial direction. The epidermis
is composed of five layers such as basal layer, spinous layer, granular layer,

stratum lucidum and stratum corneum (Figure 1) (James, Berger, & Elston, 2006).

The epidermis is composed primarily of cell derived from basal layer called
keratinocytes and other cell populations found in the superficial layer such as
Merkel cells, Langerhans’ cells and melanocytes (Candi et al., 2005; Fuchs &
Raghavan, 2002). Cells in the epidermis are continually dividing and give rise to
new skin cells. The epidermis is a dynamic tissue where the basal cells proliferates
and differentiates to renew the subsequent layer of the epidermis (Haake, Scott, &

Holbrook, 2001).

1.1.1.Keratinocytes

Keratinocytes are the most abundant cell type which accounts for about 95% of the
cells type found in the superficial layer of the skin (J. McGrath, Eady, & Pope,
2004). Keratinocytes found in the basal layer are called basal cells or basal
keratinocytes. From this niche, they differentiate and migrate towards the
outermost layer of the epidermis where they undergo cornification (James et al.,
2006) in which keratinocytes start terminal differentiation. In this process

keratinocytes maintain their integrity via keratin intermediate filaments and linked



to each other by desmosome junctions. Epidermal differentiation complex
expression in the cells of the granular layer generates different proteins such as
profilaggrin, keratohyalin, Involucrin and loricrin which are involved in
keratinization process(Candi et al., 2005; Maestrini et al., 1996). Moreover, many
lipids are synthesized in lamellar granules and form a water proof layer in the
cornified layer. The transition of granular to cornified layer is characterized by a
series of morphological changes. This final step involves a combination of proteins
formed by transglutaminases which is important to cross link proteins and form a
cornified envelop close to the cell surface(Candi et al., 2005). Finally, keratins are
the only kind of proteins present in the cornified cells, providing mechanical

strength(Y. Pan et al., 2016).

In the epidermis, keratinocytes are responsible to form tight junction to maintain
their integrity at different stages of differentiation. Tight junctions play important
role to maintain skin integrity by sealing the intracellular space between epithelial
cells. Those tight junctions connecting keratinocytes are composed of junctional
adhesion molecule, occluding and claudins (Bazzoni & Dejana, 2001; Furuse et al.,

2002).

1.1.2.Basement membrane zone

The basement membrane zone is a porous interface between the epidermis and the
underlying dermis that allows exchange of extracellular matrix (ECM) components

and serves as a bridge in the dermal-epidermal junction (DEJ). The components of



the BMZ are produced by the epidermis and dermis of the skin (Kierszenbaum &

Tres, 2015).

The BMZ consists of two layers, basal lamina which can further be divided into
lamina lucida and lamina densa, and reticular connective tissue (Paulsson, 1992).
The outermost BMZ is formed by the plasma membrane of basal keratinocytes and
their attachments (Figure 2). The protein complexes that connect basal
keratinocytes to the lamina lucida of DEJ are composed of integrins, laminins,
fibronectin, nidogen and bullous pemphigoid antigens which are components of
hemidesmosomes. Components of the lamina lucida are linked to the underlying
lamina densa which contains collagen 1V, V and crosslinking elements. The DEJ is
attached to the underlying dermis via anchoring fibrils, collagen VII (Haschek,

Rousseaux, Wallig, Bolon, & Ochoa, 2013) (See section 1.4.2 and 1.6).
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Figure 2: Dermo-epidermal junctional adhesion of the skin

(A) Junctional adhesion mechanisms of the skin illustrating cell to cell and cell to matrix
adhesion, (B) Desmosomes, protein complexes which connects keratin intermediate
filaments of keratinocytes to the neighboring cell, (C) keratin filaments of basal
keratinocytes to the extracellular matrix proteins via hemidesmosomes (Hertl, Eming, &
Veldman, 2006).

1.2. Dermis

The dermis, the middle layer, is composed of collagens, fibronectin, fibrillin and
elastin which make the skin to be strong and flexible (Figure 1). The dermis is
vascularized; relatively acellular, innervated, and contains hair follicles, sweat and

sebaceous glands.



The two main layers of the dermis are the papillary layer (stratum papillare) and
the reticular layer (stratum reticulare). The superficial layer forms conic projections
alternating with epidermal rete ridges, which enables the dermis and epidermis for
better adhesion by increasing the contact surface area between the layers. This
layer consists of loose bundles of collagen and thin elastic fibres which stretch

perpendicular to the dermal-epidermal junction (James et al., 2006).

The three types of cells in the dermis are fibroblasts, adipocyte and macrophages
among which fibroblasts are the main cell types which are responsible for the

production and secretion of procollagen and elastic fibers (Marks & Miller, 2017).

1.3. Hypodermis

Hypodermis, the subcutaneous tissue, is the lowermost layer right below the
dermis. It is composed of loose connective tissue and contains cell types such as
fibroblasts, macrophages and adipocytes, the main type of cells being adipocytes
which accounts for 50% of the population of the cell types found in the layer. The
role of hypodermis is to connect the dermis with the muscle and bones via septa, a

connective tissue. It contains blood vessel and nerves (Gonzalez, 2013).



1.4. Cell Adhesion Mechanisms

1.4.1. Cell-cell adhesion mechanism

To maintain the normal function and integrity of the skin, layers and cells of the
epidermis are connected to each other by adhesion mechanisms. Keratinocytes are
connected to each other by four main cell-cell junctional adhesion mechanisms
includes the cadherin mediated adherens junctions and desmosomes, tight junctions

and gap junctions (Figure 2).

Adherens junctions connect actin microfilaments of a cell to the neighboring cells
via E-cadherin in the epithelium, whereas desmosomes associate with the keratin
intermediate filaments of keratinocytes and give mechanical flexibility (Perez-
Moreno, Jamora, & Fuchs, 2003; Vasioukhin & Fuchs, 2001; Yonemura, Itoh,
Nagafuchi, & Tsukita, 1995). Gap junctions are important components of cell to
cell adhesion which allows molecules ions and signals to pass via controlled gate

between neighboring cells (Matter & Balda, 2003; Steed, Balda, & Matter, 2010).

The integrity of the epidermis is mainly dependent on desmosomes protein
complexes that connect the keratin intermediate filaments of neighboring
keratinocytes which includes desmogleins, desmocollins, desmoplakin,

plakophilin, plakoglobin, periplakin and envoplakin (J. McGrath et al., 2004).



1.4.2. Cell-matrix adhesion mechanism

The main groups of cell adhesion molecules that primarily mediate cell-matrix
adhesions are integrins. They are heterodimers of o and B subunits which comprise
24 members that are transmembrane cell adhesion receptors connecting the basal
cells to the ECM. In addition to their adhesion functions, integrins play an

important role in signal transductions (Alberts et al., 2002).

At the DEJ, basal keratinocytes adhere to the underlying BM through two types of
integrin dependent junctions called hemidesmosomes and focal adhesions. Both are
found on the basal cell membrane facing the basement membrane, and both utilize
integrins, receptors for ECM. Hemidesmosomes link to keratin intermediate
filaments of the basal keratinocytes and focal adhesion associate to actin
microfilaments (Figure 2 & 3). Hemidesmosomes are multiprotein complexes
which connects the basal keratinocytes to the ECM (Walko, Castafion, & Wiche,

2015).

The main components of hemidesmosome protein complexes are plectin and
integrin o634 which connect to the keratin intermediate filaments and laminin 332,
respectively (Figure 3) and maintain mechanical stability of the protein complexes.
Tetraspanin (CD151), BP 230 and BP 180 (bullous pemphigoid antigens 230 and
180) are other components of hemidesmosomes (Jones, Hopkinson, & Goldfinger,

1998).
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Figure 3: Cell-matrix adhesion of the skin

Illustration showing components of hemidesmosomes comprises plectin, integrin
a6p4, CD151, laminin 332, BPAGL1 and collagen XVI1I, focal adhesion components
which contains nidogen, laminin 311, integrin o381 and perlecan (Bruckner-

Tuderman & Aimee, 2008).

Focal adhesions are integrin containing protein complexes that associate
intracellular actin microfilaments and the ECM components in different cells types.
They are large, dynamic structures through which the cytoskeleton of a cell
connects to the extracellular matrix. Components of focal adhesions include
integrin a3pB1, talin, vinculin, a-actinin and Kindlinl (Wozniak, Modzelewska,

Kwong, & Keely, 2004).
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1.5. Intermediate Filament

Intermediate filaments (IF) are cytoskeletal protein of cells. The main role of IF is
to provide mechanical support for the cell and maintain its normal structure and
function. IF are found in the cytoplasm (keratin intermediate filaments) and the
nucleus (lamins). The diameter of their filament is about 8-12nm which is
intermediate between the actin microfilament (4-6nm) and the microtubules (25nm)
in diameter. Based on their DNA and amino acid sequences, intermediate filaments
protein family is subdivided into six subfamilies. In the human genome,
intermediate filaments are encoded by 70 different genes associated with 119

discrete clinical disorders (http://www.interfil.org/intro.php). Keratin intermediate

filaments, type I (acidic) and type Il (basic) are found in the epithelial cells and are

obligate heterodimers.

In contrast, the type Il intermediate filaments are found in muscle, mesenchyme,
glial cells and neurons consists of desmin, vimentin, glial fibrillary acidic protein,
and peripherin, respectively and form homodimers. The type IV intermediate
filaments include neurofilaments, nestin and a-internexin that are mainly expressed
in neural cells. Type V intermediate filaments constituted of nuclear lamins,
considered to stand apart from the other due to its nuclear localization signal in its
primary sequence, and its ubiquitous expression pattern. Type VI intermediate
filaments includes proteins phakinin and filensin, the two eye lens intermediate

filaments (Eriksson et al., 2009; Fuchs & Weber, 1994).

11


http://www.interfil.org/intro.php

All Intermediate filament share common three domain structures, a central coiled-
coil a-helical conserved domain flanked by amino terminal head (N-terminal )
domain and a carboxyl terminal tail (C-terminal) domains which are non helical

and vary in different IF proteins (Herrmann, Strelkov, Burkhard, & Aebi, 2009).

1.5.1. Keratin intermediate filaments

The largest group of IF family is keratin genes where they encompass 54 different
functional genes out of 70 genes in the human genome coding for IF proteins. The
most abundant proteins in the epithelial cells are keratins and account for 75% of
all IF genes in vertebrates, being found in the epithelia of the body. They are
critical for cellular integrity, cell signaling , protein targeting, apoptosis and
protection against stress (Ku & Omary, 2006; Owens & Lane, 2003; Pallari &
Eriksson, 2006; X. Pan, Hobbs, & Coulombe, 2013; D. Toivola, Strnad, Habtezion,

& Omary, 2010; D. M. Toivola, Tao, Habtezion, Liao, & Omary, 2005).

On the basis of biochemical properties, keratins are divided into type I and type 1l
which are acidic and basic, respectively (Coulombe & Omary, 2002). In humans,
there are 28 type | and 26 type Il keratins. The members of the type | keratins are
KRT9 to KRT20, KRT23 to KRT28 and KRT31 to KRT40 that are partners of the
type Il keratins including KRT1 to KRT8 and KRT71 to KRT86. 27 type | keratins
are located on chromosome 17921.2 and type Il keratins on chromosome 12913 as

clusters (Schweizer et al., 2006).
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Keratins have a conserved molecular structure, a central a-helical rod domain
(Figure 4) of which the coiled-coil o helical domain plays an important role in

facilitating filament formation (Lupas, 1996).

Head o-Helical rod domain Tail
Casp Casp
1A 1B ¢2A
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Vi TR V2 E2

1A 1B 2A 2B
_ W p— W
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E1 Vi E2
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Figure 4: Structural domain of keratin intermediate filaments:

Diagram demonstrating a-helical rod domain, head and tail domains, subdomains, linker
segments which separates the subdomains and molecular size of type | and type Il keratin

proteins

About 310 amino acids form the coiled-coil a-helical domain where it has four
(1A,2A,1B and 2B) helical segments and three (L1,L2 and L12) linkers which are
in between the segments (Figure 4) (North, Steinert, & Parry, 1994; Weber,
Plessmann, Dodemont, & Kossmagk- Stephan, 1988). Helix initiation and
termination regions of keratins located at 1A and 2B helical segments that are
highly conserved domains of which are essential for keratin assembly. In addition
to the coiled-coil a-helical domain, keratins also contains variable, head and tail

domains which are non helical (Herrmann et al., 2009).
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Majority of keratins also contain subdomains in their head and tail region where
end (E1), homologous (H) and variable (V1) and H2, V2 and E2 in their head
region, respectively (Figure 3). These head and tail domains have different
function in which they are responsible for the difference within and between
keratin groups and can serve a substrate for post translational modifications which

in turn regulate functional properties and structural organizations of keratins.

The helix initiation and termination regions located at 1A and 2B helical segments
are known as mutational “hot spots” and give rise to more severe phenotypes in
most genetic diseases as compared to those mutations found in head and tail
domains (Corden & McLean, 1996; Coulombe, Kerns, & Fuchs, 2009) as these

highly conserved regions are essential for keratin assembly.

Keratin intermediate filaments assemble into obligate heterodimers in a parallel
pathway by winding their a-helical rod domain and dimers assemble into tetramers
in an anti-parallel orientation. A number of tetramers arrange end to end to make a
protofilaments and finally form a long and non polar intermediate filament

(Herrmann & Aebi, 2004) as shown in figure 5.
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Figure 5: Keratin intermediate filament assembly

Diagram showing alignment and polymerization process of keratin IF. (A) Keratin
domains, (B) Type | and type Il keratins align in a parallel orientation to form
parallel dimers, (C) Two dimers then associate to make tetramers in an anti-parallel
orientation. (D) The lateral and longitudinal aggregations of tetramers form
protofilaments which eventually make up (E) intermediate filaments (Banerjee,
Wu, Yu, Qi, & Li, 2014).
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Keratin intermediate filament expression varies within different type of epithelial
cells and is dependent on cell and tissue type, and developmental stage, state of
differentiation and disease conditions. Keratins are divided into two clusters based
on their expression pattern in which those keratins expressed in the simple epithelia
are called the “S” type keratins and those Keratins expressed in the stratified

epithelium of the epidermis are the “E” type keratins (Coulombe & Lee, 2012).

Generally, the differential expression of keratin IF proteins describe the type of
epithelium in the body. For example, KRT8 and KRT18 are the main components
of keratin IF of the simple epithelium. They are expressed in a single layered
epithelium and are called primary simple epithelial keratins. Other Kkeratins
expressed in the simple epithelia are KRT7 (gland ducts and internal epithelia),
KRT19 (mammary glands) and KRT20 (gastro intestinal, endocrine and urethral
epithelium) (B. L. Bader, Magin, Hatzfeld, & Franke, 1986; BARTEK, TAYLOR-
PAPADIMITRIOU, MILLER, & MILLIS, 1985; Moll, Lowe, Laufer, & Franke,

1992; Smith et al., 2002).

In the basal layer of the epidermis the basal keratinocytes express pair of keratin IF,
KRT5 and KRT14 as their major keratins (Sun et al., 1983) and keratinocytes
found at the spinous and granular layers predominantly express KRT1 and KRT10.
Other suprabasal keratins include KRT2 and KRT9 believed to have delayed
expression to support KRT1 and KRT10 at sites of high mechanical strain (Candi

et al., 2005; Fuchs & Green, 1980; Simpson, Patel, & Green, 2011). The expression

16



profile and level of keratin intermediate filament is affected by stress conditions

such as tissue injury and disease.

The epidermis keratinocytes express KRT6, KRT16 and KRT17 instead of KRT1
and KRT10 in the suprabasal cells during epidermal injury(Jiang et al., 1993;
Weiss, Eichner, & Sun, 1984). Keratinocytes are the main components of the
epidermis responsible to repair the layer through epithelialization process after
injury (Pastar et al., 2014). Keratinocytes change their morphology from cuboidal
and become flat during re-epithelialization process. This change in morphology
helps them to extend lamellipodia in a polarized mode and migrate to the wound
site. Keratinocytes secret collagenases and proteases such as matrix
metalloproteinases (MMPs) to cleave and dissolve damaged part of the ECM.
When Keratinocytes migrate from their sedentary state during wound healing
process it is called epithelial mesenchymal transition (EMT) (Holmbeck &

Szabova, 2006; Leopold, Vincent, & Wang, 2012).

Keratinocytes proliferate to generate new keratinocytes and replace the lost cells at
a much faster rate than the normal tissue to close the wound edge. The migration
of keratinocytes towards the wound edge is continuous till the cells meet in the
middle and after they meet, migration is prevented by contact inhibition. Finally,
keratinocytes start to retain their original shape to cuboidal, establish cell-cell
adhesion mechanisms and secrete new basement membrane proteins (Gurtner,

Werner, Barrandon, & Longaker, 2008; Martin, 1997).
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The change in behavior of keratinocytes is associated with dramatic changes in
keratin intermediate filaments expression and this could indicate keratins are key

regulators of the epithelial growth and regeneration.

1.5.2. Keratins and inherited skin disorders

The link between keratin mutations and inherited skin blistering disorders is vital to
determine the significance of keratin intermediate filaments and their associated
protein components. The first skin blistering disorder identified is EBS which
occurs because of keratin mutations (Bonifas, Rothman, & Epstein, 1991) and this
started to define the link between keratins and skin disorders. A number of keratin
mutations associated with skin fragility disorders have been found where most of

the mutation autosomal dominant (Szeverenyi et al., 2008).

There is a wide range of disease phenotype depending on where the mutant keratins
are expressed in the skin. For example, defects in KRT5 or KRT14, keratin IF
result in EBS (Bonifas et al., 1991; Pfendner, Sadowski, & Uitto, 2005). Whilst
mutations in KRT1 and/or KRT10, keratins expressed in the suprabasal cells, result
in a disease condition called bullous congenital epidermolytic hyperkeratosis
(Cheng et al., 1992; Virtanen et al., 2001). Ichthyosis and palmoplantar
keratoderma are associated with the mutations of KRT2 and KRT9, respectively,
keratin filaments expressed in the upper spinous layer of the epidermis(Reis et al.,
1994; Rothnagel et al., 1994). White-sponge nevus is an autosomal dominant
condition of the oral mucosa is due to mutations in oral mucosal keratins, KRT4

and KRT13 (Richard, De Laurenzi, Didona, Bale, & Compton, 1995; E. Rugg et
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al., 1995). Pachyonychia congenita is a rare genodermatosis due to mutations in
KRT6, KRT16 and KRT17 (Agarwal et al., 2013; Bowden et al., 1995). Since
basal layer of the epidermis primarily express KRT5 and KRT14, mutations in
these genes are linked with skin blistering disorder called epidermolysis bullosa

simplex. This will be discussed in section 1.7.1.

1.6. Type VII Collagen

Whilst basal keratinocytes adhere to the BM through integrins, the BM itself
anchors to the dermis through anchoring fibrils. This is mediated by collagen VII.
Collagen VII (also called Type VII collagen, COLVII, Col7) is a protein that in
human is coded by COL7AL gene, found in chromosome 3p21.3 which consists of
118 exons (A. M. Christiano et al., 1994; Greenspan, 1993; Ryynénen et al., 1991).
Collagen VII is main structural constituent of the anchoring fibrils of the skin that
connects the basement membrane with the underline dermis (Burgeson et al.,

1985).

Basal keratinocytes and fibroblasts are the source of collagen VII and primarily
synthesized and secreted as procollagens with a molecular weight of 300kDa. The
procollagen polypeptide first form a triple helical trimer of 900kDa and then

undergo a complex polymerization process (Ryynanen et al., 1991).

Individual collagen VII monomers are composed of three identical alpha chains.

These monomers form antiparallel dimers which polymerizes into anchoring fibrils
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(Lunstrum, Sakai, Keene, Morris, & Burgeson, 1986; Sakai, Keene, Morris, &
Burgeson, 1986). The procollagen of collagen VII associate via their C-terminal

and the collagenous domains fold into triple helix (Figure 6).

The triple helix of collagen VII form anti-parallel dimers after being secreted into
the extracellular space and dimerization process is stabilized by disulfide bonds
after proteolytic cleavage of C-terminus. Then, dimers associate laterally to form
anchoring fibrils (Figure 6). These anchoring fibrils are key structural proteins that

connect the BM to the dermis (Varki, Sadowski, Uitto, & Pfendner, 2007).
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Figure 6: Type VII collage assembly

Diagram displaying polymerization of anchoring fibrils: Three identical al (VII)
procollagens forming triple helix in a parallel manner which is called a monomer
and two monomers associate to form anti-parallel dimers. Then the dimers laterally
associate to become anchoring fibrils (Birk & Briickner, 2011).
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Collagen VII is a large collagen with non collagenous domains, N-terminal (NC1)
and C-terminal (NC2), and a central a-helical collagenous domain(Lunstrum et al.,
1986). The non-collagenous domain (NC1) associate to the ECM proteins such as
laminin 332, laminin 311 and type IV collagen and with type 1,111,V collagen fibers
in the dermis (Marks & Miller, 2017; Villone et al., 2008), and stabilizing the

dermal-epidermal junction.

Fibronectin type Il (FN3) repeats are the most common and the largest
subdomains of fibronectin. They are involved in cell morphology, cell adhesion,
cell migration and embryonic differentiation. Furthermore, von Willebrand factor
(VWF) type A (VWA) domains of collagen VII protein are involved in multiprotein
complex formation and many biological activities including cell signal
transduction, cell migration and adhesion. In human, mutations in COL7Al gene
which encodes for collagen VII including VWA or FN3 domains cause skin
blistering disorder, epidermolysis bullosa (Chamcheu et al., 2009; Colombatti,
Bonaldo, & Doliana, 1993; Petersen et al., 1983). This will be discussed in section

1.7.3.

1.7. Epidermolysis Bullosa

Epidermolysis bullosa is a group of hereditary mechanobollus diseases of animals and
human characterized by blister formation and erosion of the skin in response to minor

mechanical trauma (J.-D. Fine et al., 2008). In severe form of EB, blisters and
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erosions are not limited to the epidermis where the symptoms can also arise in

other part of the body like digestive tract, upper airway, bladder and genitals.

Epidermolysis bullosa was first discovered by Koebner in 1886 (J.-D. Fine et al.,
2008). Recent advances have helped to the documentation of different mutations in
variety of genes, which are responsible for the genetic heterogeneity of EB
(Castiglia & Zambruno, 2010; J.-D. Fine et al., 2008; Sawamura, Nakano, &

Matsuzaki, 2010).

Mutations of structural proteins which anchor the basement membrane to the
epidermis results in blister formation where the skin becomes fragile. Minor
mechanical trauma and frictional movement are aggravating factors for the
abnormality. The type of mutation and mode of inheritance determines the severity
of clinical manifestations which is highly variable among individuals. Mutations in
about 20 genes are identified as a cause of EB that encompasses mutations in
keratin intermediate filaments, desmosome and hemidesmosome complexes,
components of the focal adhesions, and dermo-epidermal anchoring complexes are

causative of the disease (J. D. Fine, 2010).

There are about 500,000 international epidermolysis bullosa cases in the world
with the incidence rate of 1 per 17,000 live births (Pohla-Gubo, Cepeda-Valdes, &
Hintner, 2010). Males and females are equally affected without discrimination.
Epidermolysis bullosa is not always apparent following birth and parents can be
carriers of the disease without showing clinical manifestations. It is suspected when

newborns show blisters and/or erosions in the skin and mucus membrane. Milder
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case of epidermolysis bullosa may become apparent following physical activities

(Grando et al., 2003).

Once suspected, EB can be diagnosed easily by dermatologists. Taking skin
biopsy and observing under a microscope helps to identify where the separating of
the skin happens and this helps to define the subtype. Advanced microscopy with
high resolution/magnification power is mostly used as it detects the structural
abnormalities of skin. Molecular techniques are contributing to identify genes
which are defective in epidermolysis bullosa victims (patients and their family

members) (Pulkkinen & Uitto, 1999).
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Figure 7: Types and key proteins involved in the pathogenesis of EB

Schematic illustration of the four main types of EB and the different structural
proteins responsible for the occurrence of the genetic disease condition.
Epidermolysis bullosa simplex (EBS), Junctional epidermolysis bullosa (JEB),
dystrophic epidermolysis bullosa (DEB) and Kindler syndrome (KS) (Boeira et al.,
2013).

Currently, there are four main types of epidermolysis bullosa, defined by site of
cleavage (Figure 7 and Table 2). Epidermolysis bullosa simplex, where cleavage
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occurs within the epidermis, junctional epidermolysis bullosa, where cleavage
occurs in the lamina lucida, dystrophic epidermolysis bullosa, where cleavage
occurs just beneath the lamina densa. The fourth type, Kindler syndrome is caused
due to mutations in Kindlinl and characterized by multiple cleave sites in the

epidermis (J.-D. Fine et al., 2008).

1.7.1. Epidermolysis bullosa simplex

Epidermolysis bullosa simplex (EBS) is the most common type of EB and covers
about 75 to 85% of all cases and resulted mostly from mutations of keratins (KRT5
and KRT14) and plectin (PLEC1) genes. Rupturing of the epidermal basal
keratinocytes leads to a fluid filled blistering of the epidermis (Figure 9). Its
occurrence is mostly related to dominant genetic mutations of KRT5 and KRT14
proteins (Lane et al., 1992). EBS severity ranges from mild to severe which is
dependent on the nature and location of mutation in the responsible genes/proteins

(P. A. Coulombe, M. E. Hutton, A. Letal, et al., 1991) (Figure 8).

However, there are other genetic modifiers not yet identified and environmental
factors such as climate changes and life style, apparently influence the severity of
EBS phenotypes as there are different subtypes associated with the same mutation
(Covello, 1998; E. L. Rugg et al., 2007). Blistering phenotype of all EBS
progressively increase as environmental temperature rises. Hot weather especially
when associated with humidity can aggravate skin blisters and temperature

regulation is important as preventive measures of EBS. Dressing style such as
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sticky dressing is also another factor that worsens disease phenotypes by increasing

frictions and leading to skin blisters in EBS patients(Atherton & Denyer, 2003;

Boeira et al., 2013; Clark, 2003).
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Figure 8: Common mutation sites in keratin protein domains and different
subtypes of EBS

(A) Diagram displaying keratin 14 protein domains and the sites of mutation
causing different subtype of EBS and other Kkeratinization diseases. X-axis
represents domains of keratin 14 protein and Y-axis represents relative frequency
of mutations. EBS with mottled pigmentation (EBS-MP), EBS Dowling-Meara
(EBS-DM), EBS Weber-Cockayne (EBS-WC), EBS Koebner (EBS-K), Recessive
EBS(R-EBS), EBS with migratory circinate erythema, Naegeli_Franceschetti-
Jadassohn syndrome/dermatopathia pigmentosa reticularis (NFJS/DPR) and
Dowling-Degos disease (DDD) (Uitto, Richard, & McGrath, 2007), (B) Common
sites of dominant mutations showing amino acid substitutions of human KRT14
where the X-axis indicates the original amino acids along the protein domain and
the Y-axis displays the number of amino acid changes identified in EBS patients

(http://www.interfil.org/statistics.php).
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Most of the severe forms of EBS are due to point mutations in the helix initiation
(1A domain) or termination (2B domain) domain of either KRT14 or KRT5. In
contrast, mutations in the non-helical head, tail, and linker domains of

KRT5/KRT14 usually give rise to mild form of EBS (Uitto & Richard, 2004).

The severe form of EBS, EBS-Dowling Meara, which is caused by KRT14
mutations that are found in the conserved boundary region of the central a-helical
rod domain and the commonly mutated amino acid in KRT14 is arginine amino
acid at position 125(Argl125) which is found at the helix initiation motif of the
KRT14 and causes severe form of EBS-DM in humans (Figure 8 A & B)

(Szeverenyi et al., 2008)

Table 1: Example of sequence variants associated with epidermolysis bullosa
simplex Dowling-Meara type (EBS-DM)

cDNA Protein Protein Disease Reference
Variant Variant Variant Types | Name

c.373C>T | p.Argl25Cys | Substitution EBS-DM | (Tsurutaetal., 2011)

c.374G>C | p.Argl25Pro | Substitution EBS-DM | (Morley et al.,
2003) (Bchetnia et al.,
2012)

c.373C>A | p.Argl25Ser | Substitution EBS-DM | (Bchetniaetal., 2012

c.374G>A | p.Argl125His | Substitution EBS-DM | (Muller et al., 2006)

c.374G>T | p.Argl25Leu | Substitution EBS-DM | (Otdak et al., 2010)

Many patients with EBS-DM have been found of which 70% of them were
associated with the substitution of arginine residue of the codon 125 (p.Argl25).

As shown in the table 1, the highly conserved helix initiation domain is a
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mutational hotspot where the amino acid arginine can be substituted by different
amino acid residues and give rise to similar EBS-DM phenotypes, the most severe
subtype of epidermolysis bullosa simplex (Table 1) irrespective of the substituted

amino acid.

Basal layer split

Figure 9: Epidermolysis bullosa simplex phenotype

(A)EBS patient with vesicles and bullosa all over the body, (B) separation of the
lower epidermis at the basal layer caused by cytolysis of basal keratinocytes
(Alikhan, Farshidi, & Shwayder, 2009)

Based on the site of mutations in KRT14/KRT5, clinical extent and severity, there
are three main subtypes of EBS namely EBS-Dowling Meara, EBS Waber-

Cockyne and EBS Koebner.

1.7.1.1. EBS Dowling-Meara

The most severe subtype of EBS usually manifested at birth with blistering,
erosions and erythema is EBS Dowling-Meara (EBS-DM) due to pathogenic
defects which comprises heterogeneous missense mutation is in the conserved
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domains of KRT14/KRT5. The phenotypes of EBS-DM spontaneously progress
gradually with age and give rise to diseases like oral ulcers, palmoplantar

keratoderma and nail dystrophy in adult hood.

In EBS-DM patients, most of the keratin mutations are dominant. However, few
patients have been found with recessive mutations in KRT14. Additionally, KRT14
knockout also results in severe form of EBS-DM while in some cases a mild

phenotype have been observed (Pfendner et al., 2005; Uitto et al., 2007).

EBS-DM is diagnosed using immunohistochemistry and/or electron microscopy,
by detecting an intra epidermal cleavage of the stratum basale. Moreover, patients
with this subtype typically shows a number of aggregates in the basal keratinocytes
of the epidermis resulting from non-filamentous keratin proteins (Ishida-Yamamoto

etal., 1991).

1.7.1.2. EBS Koebner

Epidermolysis bullosa simplex Koebner (EBS-K) is generalized form of EBS
characterized by mild blistering elsewhere at birth usually in response to minor
mechanical trauma and occurs more regularly during hot and humid weather.
Mostly affected areas of the body are the extremities such as hands and feet due to
high chance getting mechanical trauma. Mutations in helical and non-helical
KRT5/KRT14 domains may cause this subtype of EBS(Chen, Bonlfas, Matsumura,

Blumenfeld, & Epstein Jr, 1993).
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1.7.1.3. EBS Weber-Cockayne

Waber-Cockayne EBS is considered as the least severe subtype of EBS in which
blister are limited to the hands and feet. Blistering phenotypes in patients with
EBS-WC starts to manifest in early childhood unlike the other EBS subtypes where
blistering starts at birth. Mutations causing EBS-WC are found elsewhere in the
helical and non-helical domain of KRT14/KRT5 proteins. Individuals with
EBS_WC usually suffer from thickening of the skin on the hands and feet,

palmoplantar keratoderma(Chan et al., 1994).

1.7.2. Junctional epidermolysis bullosa

Junctional epidermolysis bullosa (JEB) is a less common type of EB which covers
about 5% of all types. Mostly, JEB is inherited by autosomal recessive manner.
Diagnosis of JEB is based on tissue cleavage of lamina Lucida within dermo-
epidermal junction membrane zone due to hemidosmosomal protein defects (J- D

Fine, Johnson, Weiner, & Suchindran, 2004).

Generalized JEB which is characterized by serious hemorrhagic blisters in areas
exposed to heat, trauma or friction. Three JEB subtypes are identified. The first
subtype Herlitz is a severe form in which patients die at a postnatal period. The
second subtype, non Herlitz is milder subtype where patients aff ected survive to
adulthood carrying skin fragility disorders throughout their life time and the third,

pyloric atresia subtypes which is due to ITGA6 or ITGB4 mutations (McMillan,
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Akiyama, & Shimizu, 2003). The most important causes of the first two subtypes
of junctional epidermolysis bullosa are mutation of genes such as laminin 332 and
collagen XVII (J-D Fine et al., 2004). Laminin 332 is the main component of
anchoring filaments involved in cell-matrix adhesion by interacting with a6p34 and
a3B1 integrins and anchoring fibrils, collagen VII. A transmembrane protein,
collagen XVII is also a component of hemidesmosomes which the intracellular
domain interacts with plectin, BP230 and B4 integrins and to laminin with its
extracellular domain to stabilize dermal-epidermal adhesions. Recently, It has
been reported that successive treatment of JEB in 7 years old boy who lost most of
his skin because of mutation in LAMB3 (beta chain of Laminin 332 ) by taking
skin cells from non blistering area of the body, grow mutation free epidermal grafts
and able to replace 80 % of the lost skin by healthy new epidermis (Hirsch et al.,

2017) .

1.7.3. Dystrophic epidermolysis bullosa

The most severe form of EB is the dystrophic form, where tissue separation is
arises in the dermal layer of the affected patient. The dermal fibroblasts and basal
keratinocytes produce important macromolecules to keep dermal-epidermal
junction integrity among which collagen VII is central as it forms the anchoring

fibrils connecting the BM to dermis (Burgeson & Christiano, 1997).

Loss of function of collagen VII leads to skin fragility where the connection

between the dermis and epidermis become weak. This leads to the formation of
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severe blister beneath the lamina densa, characteristics feature of DEB (Shinkuma,

2015).

Dystrophic epidermolysis bullosa occurs in the form of autosomal dominant or
autosomal recessive mode of inheritance. Mutation in COL7A1 results in all forms
DEB. Dominant DEB and recessive DEB are the two known types of DEB of
which dominant DEB is characterized by reduction in expression of collagen VII
leading to mild blisters, mostly beginning at birth and its severity decreases with
age. Generally, it has a good prognosis (J.-D. Fine et al., 2014). Recessive DEB
shows a more severe phenotype characterized by severe skin, blistering and
wounds (Hamada et al., 2009). Complete absence or very low expression of
collagen VII is seen in recessive DEB. (Bruckner-Tuderman, 2010; J.-D. Fine et

al., 2014).

Extra cutaneous manifestations such as gastro intestinal tract, genitourinary tract,
kidney and heart are common feature of recessive DEB, and patients with this
subtype have high probability of developing glomerulonephritis, renal amyloidosis,
IgA nephropathy, cardiomyopathy and aggressive squamous cell carcinoma which

is the biggest cause of mortality in patients (J.-D. Fine et al., 2008).

1.7.4. Kindler syndrome

Kindler syndrome is very rare, recessively inherited form of epidermolysis bullosa
which has been added recently to the classification EB. It is characterized by mixed

level cleavage where the skin separation can be in intraepidermal and/or sub
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epidermal and it has a general distribution even to other organs. In addition to
cutaneous complications, Kindler syndrome involves esophagitis, colitis and
urethral strictures (J.-D. Fine et al., 2008). Previous reports have also shown that
squamous cell carcinoma patients have developed Kindler syndrome (J. D. Fine,

2010).

Kindler syndrome is autosomal recessive, due to mutations in Kindlin-1 a gene
which encodes kindlinl protein (Jobard et al., 2003). The main role of kindlin-1 in
healthy skin is to associate the actin cytoskeleton via focal adhesion complexes
with the ECM components (Ussar et al., 2008). In contrast, when kindlin-1
expression is reduced, results in a severe disruption of epidermal basal layer which

leads to kindler syndrome (Lai-Cheong, Ussar, Arita, Hart, & McGrath, 2008).
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Table 2: Current classification of Epidermolysis bullosa

Maintypesof EB Modeof  Subtypes of EB Proteins involved
inheritance
EBS
Sub-basal Ar Lethal acanthalytic EB Desmoplakin
Basal Ar Plakophilin Deficency Plakophilin-1
AD Superficial EBS (EBSS) ?
AD Localized EBS (EBSoc)" K5 KH4
AD EBS Dowling-Meara (EBS-DM) K5, K4
AD Other generalized EBS (EBS, gen-nonDM EBS, gen-NDM)' K5, K14
AD EBS with mottled pigmentation (EBS-MF) K5
AD EBS of Ogna (EBS-Og) Plectin
AD EBS with circinate migratory erythema (EBS-Migr) K5
Ar EBS with muscular dystrophy (EBS-MD) Plectin
Ar EBS with pyloric atresia (EBS-PA) Plectin, integrin abfid
Ar Autosomal recessive EBS (EBS-AR) K14
Ar Autosomal recessive EBS (new subtype) BPAGIe
Herlitz JEB-H)  Ar - Laminin332
Other EB] (EBJ-O) Ar JEB non-Herlitz type, generalized (JEB-nH gen) Laminin-332, collagen
Xvil
JEB non-Herlitz type, localized (JEB-nH Joc) t(’m’plth;m type XV
JEB with pvioric atresia (JEB-PA) abjy integrin
JEB reverse (JEBA) Laminin332
Late-onset JEB (JEB-Lo) ?
LOC Synd rome Laminin-332 a3 chain
DEB
DDEB AD Generalized DDEB (ddeb-gen) Collagen type VI
RDEB Ar Acral DDEB (ddeb-ac)
Pretibial DDEB (ddeb-Pt)
DDEB pruriginosa (ddeb-Pr)
DDEB -nails only (ddeb-na)
DDEB of the newborn (ddeb-BDN)
Severe generalized RDEB (RDEBGSY Collagen type XVII
Other generalized RDEB (RDEB-Q)
Inverse RDEB (RDEB-I)
Pretibial RDEB (RDEB-PY)
RDEB pruriginosa (RDEB-Fr)
Centripetal RDEB (RDEB-Ce)
RDEB of the newborn (RDEB-BDN)
Kindler Syndrome  Ar - Kindlin-1

AD, autosomal dominant, AR autosomal recessive, DEB, dystrophic epidermolysis bulksa; DDEB / ddeb, dominant dystrophic epider
molysis bullosa; RDEB, ncessive dystrophic epidermolysis bullos; EBS, epidermolyss bullosa dmplex; JEB, juncgonal epidemolysis
bullosa,

Formerdy called Weber Cockayne EBS;

*Includes BB formerly called Koebrner EBS;

* Fr formerly RDEB called Hallypeau Siemens.

Transkited from the original published in Cinxs in Dermatology, 012.301):70-7, Intong LR & Murrell DF, Inherited Epidermolysis
Bulosx new disgnostic eriterks and clusdfication, Copyright 212, with permission from Ebevier!

(Source: (Uitto, 2012))

Even though treatment options for EB are not available, researchers are trying to

use gene therapy, protein replacement therapy (collagen VII, laminin 332), and
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cellular therapy which have shown promise. Still it is likely that several approaches

should be combined to bring about a cure for the diff erent EB types (Uitto, 2012).

Different animal models have been developed to understand the cellular and
molecular pathomechanism of human diseases to render approaches to develop and
test new therapeutic drugs (Lieschke & Currie, 2007). The preferred animal model
for a long period has been the mouse because of its similarities to humans. In some
cases, development of the mouse model is not feasible because of high cost of
development, relatively long lifespan, limited litter size and absence of the

corresponding genes in the mouse genome.

These limitations have urged scientists to search for alternative animal models
with a short lifespan, low cost to manage and availability of analogous genes with
the human genome. And, the zebrafish has emerged as a useful model for human
diseases. Why zebrafish and advantage over the other animal models will be

discussed in detail below.
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1.8. Zebrafish as an Animal Model

The zebrafish (Danio rerio) is a tropical small freshwater vertebrate native to the
Himalayan region, first developed by George Streisinger in 1970s as an animal
model (Stahl, 1985; Westerfield, 1995). The name zebrafish is given because of
the five horizontal pigmented stripes. In recent years, the zebrafish has become an

important model organism to explore biological processes in vivo.

Zebrafish is easy and cost effective to maintain. Females produce hundreds of
embryos at weekly bases. Thus, enough number of transparent embryos can be
collected and used for research all seasons under appropriate conditions (Laale,
1977). During development all major organs of zebrafish embryos can be seen
within 36 hours of fertilization and at five days post fertilization, organogenesis of

major organs is completed(Scholz et al., 2008).

The average maturation time is 3 to 4 months at 28°C and the adult zebrafish
length varies from 3 to 5cm. Adult females can be identified easily from male fish
by their swollen bellies. Males are slender and have an orange and reddish tint

along the body (Westerfield, 1995).

Zebrafish embryos develop externally and are readily available for observation and
manipulation right after fertilization. For many diseases, it is difficult to examine
disease progression in other animal models without surgery and postmortem
examination but in zebrafish, transparency enables observation of development
and allows real-time imaging of internal organs (Charles B Kimmel, William W

Ballard, Seth R Kimmel, Bonnie Ullmann, & Thomas F Schilling, 1995; Lele &
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Krone, 1996). Due to these characteristics, the zebrafish has become a major model
in developmental biology (Dooley & Zon, 2000; Lieschke & Currie, 2007). The
application of zebrafish skin to study inherited skin diseases will be discussed here

under section 1.8.1.

1.8.1. Application of zebrafish skin

Zebrafish have certain similarity to humans in genetics and skin development.
About 70% of human genes have a zebrafish counterpart, and 84% of the genes
that cause human diseases have a zebrafish orthologue (Vilella et al., 2008).
Similar to humans, zebrafish skin has three compartments; the epidermis, dermis
and hypodermis (figure 10). Due to its aquatic environment the epidermis has to
protect the fish from physical damage, osmotic pressure stress and infectious

organisms(Hawkes, 1974).

The epidermis of zebrafish embryo consists of two layers namely; the epidermal
basal layer (EBL) and the enveloping layer (EVL). These two surface and inner
layers are the simple epithelium of the zebrafish embryo (Kimmel, Warga, &

Schilling, 1990; M’Boneko & Merker, 1988).

Enveloping layer is morphologically and functionally similar to the periderm of
the mammalian embryo. EVL is generated during blastula period from the surface
blastoderm. Its role is to protect the embryo from external damages and is essential
for blastoderm morphogenesis through a tight connection with yolk syncytial layer

(YSL) and the deep cells (Slanchev et al., 2009). The expression of EVL specific
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genes is dependent on the two main transcription factors, Oct4 and IRF6 (Lachnit,
Kur, & Driever, 2008; Sabel et al., 2009). Protrusion and migration of EVL cells

requires epithelial cell adhesion molecules (EpCAM) (Slanchev et al., 2009).

After the formation of the three germ layers namely, ectoderm, mesoderm and
endoderm, the EBL is generated during gastrulation (Heisenberg & Tada, 2002)
and it covers the whole embryo at the end of gastrulation (Cherdantseva &
Cherdantsev, 2003; Little & Mullins, 2006). Bone morphogenetic protein (BMP)
is a signaling molecule conserved between mammals and fish, and a key regulator
of EBL cells specification. The dorsally expressed BMP is also important to induce
the expression of transcription factor ANp63, which is crucial for the development
of epidermal ectoderm (H. Lee & Kimelman, 2002). ANp63 is the predominant
isoform of p63, specifically expressed in cells of epithelial origin. ANp63 is
specifically expressed in the non- neural ectoderm, a marker of proliferating
epithelial cells and important epidermal cell proliferation (Aberdam et al., 2007;
Bakkers, Hild, Kramer, Furutani-Seiki, & Hammerschmidt, 2002; H. Lee &

Kimelman, 2002).

The adult fish epidermis is a multi-layer composed of basal layer, intermediate
layer and superficial layer separated from the underlying dermis by BMZ (Le
Guellec, Morvan-Dubois, & Sire, 2003). Unlike the terrestrial vertebrate’s
epidermis which is covered by an outer layer of keratinized dead cells, zebrafish

skin surface is composed of living cells wreathed with microridges which helps to
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prevent the fish from infections and osmotic shocks (Concha, Molina, Oyarzun,
Villanueva, & Amthauer, 2003; Fishelson, 1984; Hawkes, 1974; Le Guellec et al.,

2003).

In zebrafish epidermis, all cells are active metabolically and replaced when dead
(Glover, Bucking, & Wood, 2013). The EBL is composed of single cell types,
basal keratinocytes and its main function is to connect the epidermis to the
basement membrane through hemidesmosome protein complexes. The epidermis
of the adult fish is derived from basal keratinocytes and basal cells originally
derived from epidermal progenitors within non-neural ectoderm as in the mouse

(R. T. Lee, Asharani, & Carney, 2014).

The intermediate stratum is composed of a number of cells such as goblet cells that
produce mucus as anti-bacterial and antifungal substances; club cells, produce
alarm substances; and sensory cells (Pfeiffer, 1977; Whitear, 1986). Most of the
cells found in the intermediate stratum remain undifferentiated and used to replace

dead cells (Quilhac & Sire, 1999).

39



Zebrafish Skin Mammalian Skin

Skin, thick trichrome

=
port]

straturi€ormeum
- .

- -

-

n b o
stratum stratum

grantlosum

g ===
== l=l=[=I=T=1

53 [ [lo]] =[] = |= |

Basal keratinocytes

Gegaa /f Zebrafish

eciodarm

Figure 10: Comparison between zebrafish vs mammalian skin

Diagram displaying the similarities between zebrafish and mammalian epidermis,
(A) Adult zebrafish, (B) Immunostained section of adult zebrafish skin showing
expression of ANp63 which is a specific marker of basal keratinocytes (bk) and
suprabasal cells (Sb) and the superficial enveloping layer cells (EVL), (C)
mammalian skin where the stratum basale and spinosum are similar to the zebrafish
epidermis, (D & E) zebrafish and mouse stratification mechanism where in both
cases the basal keratinocytes are originally from non-neural ectoderm and
expressed ANp63.

The dermis of teleost species can be divided in to two; the stratum laxum and the
stratum compactum. Stratum laxum is a superficial region, highly vascularized and
composed of a loose collagenous matrix with abundant fibroblasts, pigment cells,
nerves and scales(Sire, 1989). Stratum compactum is a deep region of the dermis

characterized by a dense collagen matrix with scattered fibrocytes. This layer is
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penetrated with anchoring fibrils. The deep layer of the dermis is separated from
the muscle cells by the hypodermis which is composed of adipocytes (fat storage
cells), loosely organized collagen, chromatophores (xantophores, iridophores and

melanophores), and vasculature(Le Guellec et al., 2003).

Zebrafish skin is advantageous to study skin development and pathology because it
mimics human skin diseases which have been shown by many research findings.
The anatomical and cytological similarities in the basal and suprabasal layers of the
skin (Le Guellec et al., 2003; Sonawane et al., 2005) and genetic similarities
(Amsterdam et al.,, 1999; Van Eeden et al., 1996) involved in epidermal
development between zebrafish and human skin enables the zebrafish skin to be a

good system to study inherited skin diseases.

1.8.2. Zebrafish models of human genetic skin diseases

It is feasible that the zebrafish model is becoming widely recognized as its
convenient and cost effective model system that can be used to explore the
pathomechanism of human genetic skin diseases (Q. Li & Uitto, 2014). Several
zebrafish models have been developed to mimic the feature of heritable skin
diseases. As an example of a blistering phenotype expected in zebrafish skin,
antisnese morpholino knockdown of Frasl exhibited embryonic fin blistering
(Figure 11C) (Carney et al., 2010) which recaptulates human Fraser Syndrome.
Mutations in frasl, freml and frem2 genes, zebrafish orthologues of human
FRAS1, FREM1 and FREM2 mimics the epidermal blistering of distal appendages

seen in Fraser Syndrome (Carney et al., 2010), which is a recessive multisystem
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disorder characterized by embryonic epidermal blistering, cryptophlalmos,
syndactyly, renal defects and a range of other developmental

abnormalities(McGregor et al., 2003).
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Figure 11: Skin blistering in zebrafish mutants and morphants

(A) Uninjected control of 48hpf zebrafish larva fin, (B) pif 2?2 mutant of 48hpf
zebrafish larva fin, (C) frasl morphant showing fin blistering (black arrow) due to
knockdown of Frasl at 48hpf (Carney et al., 2010), (D) 4mm (mismatch) MO injected
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control, (E) At 48hpf ANp63 morphants show strong reduction in cells expressing
zebrafish keratin 8 (zfk8) in the head region (white arrow) and exhibited skin blistering in
the trunk/tail region of the fish (black arrow)(Bakkers et al., 2002), (F) embryos injected
with standard control MO, (G) Embryos injected with coll7ala MO show loss of
coll7ala expression in comparison to the control fish, pericaridal edema (black arrow) and

morphological changes in the skin surface, tail region (white arrow)(Kim et al., 2010).

A previous study demonstrated antisense mediated loss of ANp63 leads to
epidermal defects in which ANp63 morphants displayed as strong reduction of
epidermal keratinocytes, blistering and sloughing the skin (Figure 11 E) (Bakkers
et al., 2002). The effect was most prominent in the head region consistent with the
phenotype of patients suffering Hay-Wells syndrome, characterized by severe
dermatitis in the scalp (J. A. McGrath et al., 2001). A blistering phenotype and
perturbation of the basement memebrane zone was also demonstrated by knocking
down of the expression of coll7ala wich codes for zebrafish type XVII collagen
which is homologous to the human type XVII collagen (Figure 11 G) (Kim et al.,
2010). Summary of the previous studies on skin diseases conducted in zebrafish are

shown in Table 3.
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Table 3: Summary of zebrafish models of human genetic skin related defects

Genes Disease phenotypes Zebrafish | References

gene

EpCAM Skin defects epcam (Slanchev et al., 2009)

FRASI, Fraser Syndrome frasl, freml | (Carney et al., 2010)

FREM1 & & frem?2

FREM2

ITGA3 ECM abnormalities Integrin a3 | (Carney et al., 2010)

LAMAS ECM abnormalities laminin a5 | (Carney et al., 2010)

KIND1 Kindler Syndrome kindlin-1 (Postel et al., 2013)

IRF6 Van der Woude | irf6 (Sabel et al., 2009)
Syndrome/Oral cleft

COL17A1 | Junctional epidermolysis | col7ala (Kim et al., 2010)
bullosa

SPINT1 Loss of epidermal integrity, | spintla (Carney et al., 2007)

AN p63 Ankyloblepharon- ANp63 (Bakkers et al., 2002; H.
ectodermal dysplasia- Lee & Kimelman, 2002)
clefting(AEC)  syndrome,

Hay-Wells syndrome
ABCC6 Psuedoxanthoma abccba (Qiaoli Li et al., 2010)

elasticum(PXE)
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1.8.3. Zebrafish keratins

In zebrafish, the protein expression pattern of keratins is different where they
present in the epithelia and many other cell types of diff erent origin (mesenchymal
cells) unlike birds and mammals where keratins are almost solely expressed in the

epithelia (Conrad, Lemb, Schubert, & Markl, 1998).

There are a total of 23 keratins of which, 16 type | and 7 type Il keratins in
zebrafish genome, suggesting that fewer keratin genes are found in zebrafish than
mammals which contain 54 keratin genes. Approximately equal number of type |
and type Il keratins are found in humans unlike zebrafish where the number of type
Il keratins is about double of the type | keratin genes. This decreased number of
keratins in zebrafish is because they do not have hard keratins. In mammals, the
keratin family comprises hard keratins in addition to the epithelial keratins called
soft keratins (Langbein, Rogers, Praetzel, Winter, & Schweizer, 2003; Langbein,

Rogers, Winter, Praetzel, & Schweizer, 2001).

In contrast to the two clusters of keratin genes in mammals, zebrafish keratins are
partially scattered. The keratin genes in human are located in two different
chromosomes as clusters. Besides KRT18, type | keratins are located on
chromosome 17 and type Il keratins plus KRT18 are clustered on chromosome 12
of the human genome. However, in zebrafish, type I keratin genes are scattered on
nine different chromosomes and type Il keratins are located on five different
chromosomes (Hesse, Zimek, Weber, & Magin, 2004). Except for zebrafish Krt8
and Krt18 which are orthologues of human KRT8 and KRT18, respectively, other
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type | and Il zebrafish keratins have no clear orthology to mammalian keratin
genes. Phylogenetic analysis and chromosomal organization indicated independent
duplication in various teleost lineages. For example, five type | keratins are located
on chromosome 19 of the zebrafish genome namely, krttlc19a, krttlcl19b,
krttlc19c, krttlc19d, and krttlc19e and four type | keratins on chromosome 11,
krttlclla, krttlcllb , krttlcllc and krttlclld suggesting that they evolved from
relatively recent tandem duplication events. The clustered keratin genes have no

direct orthologues in human (Padhi, Akimenko, & Ekker, 2006).

It has been shown that type | keratin of zebrafish had lower molecular weight (48-
50 kDa) as compared to the type Il keratins (52-56 kDa) and they almost had
similar isoelectric point (Markl, Winter, & Franke, 1989). In zebrafish, the first
keratin gene to be expressed in all surface cells is K8 at mid blastula stage. In the
adult zebrafish Keratin8 is expressed in the intestine, superficial cell layers of the

skin and fins.

In zebrafish, krt4 gene is predominantly expressed in the enveloping layer (EVL)
which has been used a strong promoter to label EVL cells(Gong et al., 2002).
Another important type | keratin, krttlc19e gene is strongly and predominantly
expressed in the basal keratinocytes which can be used as a specific marker for

basal cells of the epidermis (R. T. Lee et al., 2014).
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1.9. Hypothesis and Approach

The main hypothesis of my project is that zebrafish can serve as a relevant model
of epidermolysis bullosa. I aim to do this using CRISPR/Cas9 mutations or a novel
epidermis promoter (zebrafish krtt1c19e). | hypothesise that; epidermolysis bullosa
can be generated in zebrafish by transgenic overexpression of dominant negative
keratins (human KRT14 or zebrafish Krttlc19e) or through mutation of type VII

(Col7al) collagen using CRISPR/Cas9 system.

1.9.1. Significance of the study

Missense mutation of Arginine amino acid at position 125 to different amino acids,
such as Cysteine and Proline, is the most frequent mutation in KRT14 which leads
to the most severe form of epidermolysis bullosa simplex (Dowling-Meara
subtype)(http://www.interfil.org/). The behaviour of basal keratinocytes harbouring
keratin mutations is not explored yet in real life and this EBS zebrafish model will
help understand how the cells really behave in vivo and provide opportunity to
image the real time cellular and subcellular defects at high resolution. The most
severe type of EB, DEB is caused by mutations in collagen VII gene, COL7A1.
Exploring how collagen VII is required across species is essential. Despite the
presence of many different mutations in human patients, viable animal model that
recapitulates DEB is required for practical application of new therapies. Thus,

generating epidermolysis bullosa zebrafish model will provide further
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understanding of the pathophysiology of EB at both genetic and phenotypic levels

which can be used as a drug screening platform for developing therapeutic targets.

1.9.2. Objectives

Therefore, the main purpose of this project is to generate zebrafish models of
epidermolysis bullosa so as to understand pathomechanism and aetiology.
+ To establish zebrafish as a robust model of human epidermolysis bullosa
simplex by overexpressing dominant negative zebrafish and human keratins
+ To generate collagen VII knockout zebrafish so as to establish dystrophic
epidermolysis bullosa zebrafish model
+ To assess cellular and subcellular defects related to epidermolysis bullosa
phenotypes
+ To establish a platform for testing human epidermolysis bullosa patient

genetic lesions and therapeutic screens.
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2. CHAPTER 2. MATERIALS AND METHODS

2.1.Animal Husbandry

Zebrafish (Danio rerio) were housed in the zebrafish facility, Institute of Molecular
and Cell biology (IMCB), Agency for Science, Research and Technology
(A*STAR), Singapore. Zebrafish embryos used for experiment were obtained by
natural breeding, incubated at 28.5°C and embryo staged as per (C. B. Kimmel, W.
W. Ballard, S. R. Kimmel, B. Ullmann, & T. F. Schilling, 1995). Embryos were
exposed to 0.003% 1-phenyl-2-thiourea (PTU) from 22 hours post fertilization
(hpf) to block pigmentation for whole mount in situ hybridization analysis. Animal
management was carried out according to the guidelines of Agri Food and

Veterinary Association (AVA), Singapore.

2.2. Transgenesis

To generate transgenes, we employed the gateway cloning method, and the Tol2Kit
(Koichi Kawakami, 2004). Middle entry clones were generated in pDONR221
(Invitrogen). A  forward primer containing an attBl  site
(GGGGACAAGTTTGTACAAAAAAGCAGGCTNN plus gene specific DNA
oligos) and a reverse primer containing a reverse attB2 site
(GGGGACCACTTTGTACAAGAAAGCTGGGTN plus gene specific DNA
oligos) were used to clone transgenes. One or two nucleotide bases were included

in place of N/NN to keep the reading frame of the protein sequence. For all the
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transgene constructs by gateway, p5E krttlc19e prom as promoter, p3E polyA as 3
clones and pDestTol2pA2 as destination vector containing Tol2 sequences were

used.

Human KRT14 (KRT14 WT and KRT14_R125P) cloned in an entry vector,
pEGFP-C1 was obtained from Institute of Medical Biology, Agency for Science,
Research and Technology (A*STAR) of Singapore. Overexpression of eGFP
tagged dominant negative zebrafish keratin 19 (krttlc19e R124C) and human
KRT14 (KRT14_R125P) under the zebrafish keratin 19 (krttlc19e) promoter was

used to establish epidermolysis bullosa simplex in zebrafish.

Tol2 technology enables the generation of transgenic lines by transposase mediated
insertion of a plasmid into the genome of zebrafish embryos (K. Kawakami et al.,
2004). In order to create a vector system allowing spatial control of gene activation
in zebrafish, | inserted human KRT14 and zebrafish krttlc19e into a destination
vector with Tol2 which allows the integration of a gene to the zebrafish genome.
Accordingly, transposase mRNA is injected together with the DNA construct

containing our gene.

Needles (Borosilicate Glass with filament 10 cm in length) were pulled on a P97-
4870 aming/Brown Micropipette Puller (Slutter Instrument). 2% agarose plate was
prepared with embryo medium. Injection of transgene was performed by loading

the DNA mix into a needle using microloader tip while waiting for the fish to
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laying eggs. Eggs were collected in a plate with embryo medium and arranged in
the groove of agarose plate and injected using IM 300 Microinjector
(NARISHIGE, Japan) or PL-100 microinjector (Harvard Apparatus). pT3Ts-Tol2
plasmid was used as a template to generate Tol2 mMRNA. Smal restriction enzyme
was used to linearize pT3Ts-Tol2 DNA and gel extraction kit (Qiagen) was used
for purification. mMessage mMachine T3 transcription kit(Ambion) was used to
synthesis Tol2 mRNA choosing Lithium chloride precipitation to remove unbound
nucleotides and proteins. The DNA constructs were co-injected with transposase
mMRNA at 30 ng/ul each in to the yolk or cell at the one cell stage. Injected embryos
of zebrafish were incubated at 28.5 °C for three days and those with best
expression of the construct were selected using a fluorescent dissecting microscope
and raised. After three months, founders were identified and in crossed or
outcrossed with AB (wild type) to establish stable lines (F1). F1 embryos were
genotyped using primers for zebrafish krttlc19e R124C; F:
CACCTTCTCCAGCGGAAGC and R: ACTTAACAAGGGACGTGGA, human
KRT14_R125P; F: AGTTCACCTCCTCCAGCTCC and reverse:

TCAGTTCTTGGTGCGAAG GAC and sequenced.

2.3. CRISPR/Cas9 System

Clustered regularly interspaced short palindromic repeats (CRISPR) associated
Cas9 system was employed for zebrafish mutagenesis (Blackburn, Campbell,
Clark, & Ekker, 2013). CRISPR target sites were designed from col7ala Exonl0,

col7ala Exon29, col7alb Exon2 and col7alb Exon36 using ZiFiT Targeter
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Version 4.2 software. The CRISPR target sites used for col7ala Exonl0, col7ala

Exon29, col7alb Exon2 and col7alb Exon36 are,
GGAGGAGCAGTCTGTGGGGG, GGAGGTCTGCCAGGTCGGGG,
GGAGGACGTGCCGTATGAGG and GGAGGTATGGAGGTTCTTCC,

respectively. To generate single guide RNA (sgRNA) for col7ala ExonlO,
col7ala Exon29, col7alb Exon2 and col7alb Exon36, PCR performed using a
common reverse primer, CRISPR SgR:
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCT
TATTTAACTTGCTATTTCTAGCTCTAAAAC and gene specific forward
primers; CRISPR gspF: GAAATTAATACGACTCACTATAGGAGGAGCA
GTCTGTGGGGGGTTTTAGAGCTAGAAATAGC, GAAATTAATACGACT
CACTATAGGAGGTCTGCCAGGTCGGGGGTTTTAGAGCTAGAAATAGLC,
GAAATTAATACGACTCACTATAGGAGGACGTGCC GTATGAGGGTTTTA
GAGCTAGAAATAGC and GAAATTAATACGACTCACTATAGGAGGTA
TGGAGGTTCTTCCGTTTTAGAGCTAGAAATAGC were used col7ala Exonl0
col7ala Exon29, col7alb Exon2 and col7alb Exon36, respectively. PCR products
were purified by PCR purification kit (Zymogen) and checked by gel
electrophoresis and nanodrop. RNA transcription was performed using
MEGAshortscript T7 kit (Roche). And, Cas9 RNA was prepared by digesting
pCS2-nCas9n with Notl and transcribed by MMESSAGEmM-MACHINESP6

transcription kit (Roche).
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Cas9 RNA and gRNA were mixed at a concentration of 150-250ng/ul and
100ng/pl, respectively. Phenol red (0.5%) was added to the mixture and injected
together into one cell stage of zebrafish embryo. Injected embryos were checked at
24hpf for mutagenesis efficiency by genotyping. Eight injected embryos per plate
were taken as a representative sample, lysed by lysis buffer which contains(10mM
Tris, 50mM KCI, 0.3% Tween20, 0.3%Nonidet 40; pH 8.3, 0.5mg/ml proteinase
K) in a PCR tube at 55 °C for at least three hours and genomic DNA is denatured at
98 °C for 10 minutes. Short genomic PCR was done using gene specific primers
across CRISPR target sites (Table 3). The PCR product was sequenced to check for

the Indels in the CRISPR target site.

Table 4: Summary of CRISPR target sites and primers used to knockout
zebrafish type VII collagen

Gene Exon CRISPR target site Primers

col7ala | Exon1l0 | GGAGGAGCAGTCT | F:5- CAGCAAGTCTATTGTTGTTG-3’

GTGGGGG R: 5’- CTTCAGTTTTCATTAAAAGC-3’

Exon29 | GGAGGTCTGCCAG | F: 5’- GTGTGACAGTGTTGGCGGTAG-3’

GTCGGGG R: 5’- GCCTAGCCCTACTTGCTTGTG-3”

col7alb | Exon2 | GGAGGACGTGCCG | F:5’- GCCTTCCAGGGAAATGTGTTCGG-3’

TATGAGG R: 5’- CTCTGCCACCTATGAATGCACTG-3’

Exon36 | GGAGGTATGGAGG | F: 5°- GACAAGTCTTTAACAGAAATTGAC -3’

TTCTTCC R:5’- CTATGTTAACCAGGGGTGTCC -3°
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2.4. Morpholino Injection

Antisense morpholino oligonucleotide (MO) for col7al genes were designed and

purchased from Gene tools (http://www.gene-tools.com/) as displayed in table 4

and microinjected to one cell stage zebrafish embryos.

Table 5: Morpholino antisense oligonucleotides of zebrafish col7al genes

Gene MO site Target Sequence
col7ala col7ala_e29i29 ATGGATTTGATCTGACCGTGACACC
col7alb col7alb- €20i20 GTACATAAGGTGTTCACCAGTTGCT

e=exon, i=intron

2.5. RNA Extraction, Reverse Transcription and Polymerase Chain
Reaction

Larvae at different developmental stage were used for total RNA extraction using
trizol (Invitrogen) where 700ul of trizol/10 fish was added and kept at -80 °C.
After thawing embryos were homogenized by homogenizer, incubated at room
temperature for about 5 minutes and 140ul chloroform was added, shaken
rigorously for about 10 seconds, and centrifuged 12,000xg at 4 °C for 15 minutes.
Top phase was removed and added into a new microfuge tube and then 350ul of
isopropanol added and kept for 10 minutes at room temperature, centrifuged at
12,000xg at 4 °C for 10 minutes, washed with 1ml of 70% ethanol per ml of trizol.
Mixture was centrifuged at 7500xg at 4 °C for 5 minutes. Finally, 20pl RNase free

water was used to resuspend the pellet.
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After extraction, the purity and concentration of the RNA was evaluated using
spectrophotometry  (nanodrop) (Thermo Scientific, ND1000) and gel
electrophoresis. Total RNA was stored at -80 °C to be used whenever is needed.
cDNA was synthesized using Superscript Il Reverse Transcriptase (Invitrogen).
Expression level of col7ala and col7alb was determined with Reverse
Transcriptase Polymerase chain reaction (RT-PCR) using the following
oligonucleotides (Table 5). The reference gene used in this experiment was f3-

actin.

Table 6: Primers used for Reverse Transcription Polymerase chain reaction
(RT-PCR) of col7al genes

Gene Primers

col7ala F:5°- TGTGGTCGTCATTATCGCAG -3’

R: 5’- CCGTAGAGCTGATTTGCGTC -3’

col7alb F: 5’- AAGAATCTGGTTCACGACAC -3’

R: 5’- CTCCAGGTGAGTTTGTATTC -3’

B-actin F:5-CTCTTCCAGCCTTCCTTCCT -3°

R: 5’- CACCGATCCAGACGGACTAT -3’

Polymerase chain reaction (PCR) was performed using GoTaq Green Master Mix
(Promega), The thermal cycler was set according the type of polymerase and
primers. For GoTaq Green, Initial denaturing to 95 °C for 2 minutes, subsequent
denaturing to 95°C for 30 seconds, annealing 54 °C (depends on the melting

temperature of primers) for 30 seconds, extension at 72 °C for 1 minute/kb
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(depends on size of DNA to be amplified), final extension step at 72 °C for 5
minutes and the cycling reaction was programmed to end by holding the tubes at
4°C. Generally, 25 to 34 cycles were performed to amplify desired DNA templates.
To confirm a single band of the correct size was amplified. 1ul of the PCR product
was mixed with loading dye and loaded onto a 1% or 2% agarose gel depending on

the size of the template.

2.6. Protein Preparation for Mass Spectrometry

To extract protein for mass spectrometry from 30hpf zebrafish embryos a total of
500 embryos were collected in a 90mm petri dish plate. Embryo medium was
replaced with embryo medium supplemented with mg/ml pronase (Sigma Cat# P-
6911; dissolved in water and aliquoted -20°C). Embryos were swirled on shaker for
10min at room temperature. Embryo medium was removed and washed out
residual pronase with 5 quick washes with fresh Embryo medium. 1000ul Calcium-
free Ringers was added. Yolk was dissociated by pipetting through glass pasteur
pipette with tip narrowed by flame polishing. Embryos were shacked at 1100rpm
on Eppendorf Thermomixer for 5min at room temperature and spinned at 310xg for
2mins at 4°C. Supernatant was discarded without disturbing the soft pellet. 1000ul
Calcium-free Ringers was added and pellet was resuspended. Washing was
repeated for a total of five times. After final deyolking wash, spin down and
remove Ringers, 500ul (1ul:1embryo) fresh 1x C2SDC lysis buffer was added to

deyolked pellet, and short vortexed for 10 seconds. We used a bit different protocol
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to extract protein for mass spectrometry from 5dpf and adult fin. Adult zebrafish
fin or 5dpf larvae were washed in ice cold PBS twice. PBS was removed and 100ul
of lysis buffer was added per fin or 1lul per embryo. Adult fin or larvae were
homogenized with homogenizer on ice until tissue fully dissociate. Pellet from
30dpf embryo and homogenized sample from 5dpf larvae and adult fin were
incubated on ice for 5min and again short vortexed for 10 seconds then sonicated at
4°C (mid-setting, 6 seconds). After incubating it on ice for 15 min, 0.1ul (25u)
benzonase per 100ul of lysate was added and incubated again at RT for 15 mins
with shaking (900rpm on thermomixer. It was spinned at 4°C for 60mins and
supernatant was taken to fresh tube and snap freezed in Liquid Nitrogen. Finally

stored at -80°C for further use.

To prepare MS sample, equal amounts of protein from wild type and knockout
samples were first reduced with 5mM dithiothreitol and alkylated with 10 mM
iodoacetamide. Proteins were digested with lysyl endopeptidase (1:100 enzyme-to-
protein) at 37 °C for 16 hours, followed by trypsin (1:50 enzyme-to-protein) for 8
hours. The digested peptides were cleaned-up using Empore C18-SD Extraction
Disk Cartridge (3M), vacuum-dried and reconstituted in 0.1% formic acid for MS

analysis.

To generate spectral library, equal aliquots from wild type biological replicates
were pooled together and injected into ekspert nanoLC-425 system (Eksigent)
coupled to TripleTOF 6600 system (SCIEX) as three technical replicates. Online
reversed-phase separation was performed using buffer A (2% acetonitrile, 0.1%

formic acid) and buffer B (95% acetonitrile, 0.1% formic acid). Peptides were first
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trapped on a trap column (350 pm x 0.5 mm, ChromXP C18CL 3 pm 120A), then
separated on an analytical column (75 pm x 15 cm). Peptides were gradient eluted
at 10-18% solvent B over 55 min, followed by 18-30% solvent B over 60 min at a
flow rate of 300 nL/min. Eluted peptides were analyzed in the information
dependent mode on the MS, with precursor mass range from 400-1600 m/z, 250 ms
accumulation time, and maximum 50 precursors selected for fragmentation. MSMS
fragmentation analysis was performed in high sensitivity mode, with mass range
100-1800 m/z, 50ms accumulation time, dynamic exclusion 15s and rolling
collision energy enabled. Protein identification was performed by searching
generated spectra in the ProteinPilot 5.0 software (SCIEX) against the zebrafish
UniProt Reference Proteome, with search parameters for adjusted for cysteine
alkylation by iodoacetamide and biological modifications specified by the
algorithm. False discovery rate (FDR) was determined by searching against decoy

reversed protein sequences generated from the zebrafish UniProt database.

MS analysis for individual wild type and knockout samples were performed as
above, except that the MS was running on SWATH-MS mode, specifying for 120
variable windows across 400-1200 m/z with 1 m/z overlap, minimum window
width of 3 m/z and rolling collision energy enabled. Fragmentation information
was collected for 25ms across 100-1800 m/z in high sensitivity mode. Generated
SWATH data were analyzed against the reference spectral library using the SCIEX
OneOmics workflow on the BaseSpace cloud analysis platform (Illumina). Up to
ten peptides with six transitions each were selected for each protein with 75 ppm

ion tolerance, 10 min extracted-ion-chromatogram (XI1C) window, considering only
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peptides with > 99% confidence and excluding those which were shared. Retention
time calibration was performed using the indexed retention time (iRT, Biognosys)
synthetic peptides. (Done by Larry Wai Leong LOW and Qifeng LIN from

Institute of Molecular and Cell Biology, A*STAR, Singapore).

2.7. Immunostaining

Immunostaining of wild type and transgenic zebrafish larvae at different stages
(3dpf and 6dpf) for eGFP tagged keratins (human KRT14 and zebrafish Krttlc19e)
at (3dpf and 6dpf) was performed. Embryos were dechorionated by adding 400ul
pronase per plate and kept at room temperature for about 20 minutes. Embryos
were transferred into microfuge tube and fixed in 4% PFA at room temperature for

about two to three hours or overnight at 4 °C shaker incubator.

After fixation, Embryos were washed using PBS Tween 20(0.5% PBT) three times
for five minutes, followed by a methanol series wash (25% MeOH, 50% MeOH,
and 75% MeOH) and then washed extensively in 100% MeOH (at least 3x 100%

MeOH). Embryos were stored at -20°C for at least two hours.

Embryos were removed from methanol by gradual replacement by PBT. Embryos
were pre incubated in 0.75ml blocking buffer (0.01% DMSO and 0.05% sheep
serum in PBT) for at least two hours at room temperature. Pre blocking solution

was removed and (rabbit anti-eGFP (1:400, Abcam) , mouse anti E-cadherin
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(1:250, BD Bioscience), rabbit anti DsRed (1:250, BD Bioscience) and (mouse
anti- p63(1:200; Santa Cruz)), primary antibodies were added in 0.75ml blocking

buffer and incubated at 4°C overnight.

Embryos were washed with PBT (1x fast, 3x 1lhr) and Secondary antibodies
(Invitrogen) of donkey anti rabbit (488nm) and anti-mouse (546nm) were used at a
dilution of 1:400 and added in 0.75ml blocking buffer and incubated at 4 °C
overnight on shaker incubator. Unbound antibodies were washed with PBT (1x
fast, 3x 30 minutes) and counter staining of the nuclei was performed using DAPI
(5mg/ml, Invitrogen). Stained embryos were kept in 50% glycerol and incubated
on shaker incubator for 15 minutes. Embryos were screened using epifluorescence

and stored in 80% glycerol diluted in 1xXPBS.

2.8. Whole Mount In Situ Hybridization

To show expression pattern of col7al gene, in situ hybridization was performed as
previously described (Thisse & Thisse, 2008). Antisense RNA probes for col7ala,
col7alb and col6a2a were synthesized from cDNA of a wild type fish using
primers shown in table 6. pGEM-T easy vector (promega) was used to clone PCR
products in which cloned circular DNA was linearized by Spel restriction enzyme.
Antisense DIG labelled RNA were prepared and transcribed with T3 RNA

polymerase (Roche). Alkaline phosphatase (AP) coupled anti digoxigenin fab
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fragment antibody for detection and NBT/BCIP for development of the probe was

used as stated (Thisse & Thisse, 2008).

Table 7: Primers used for probe preparation

Gene Primers

col7ala F: 5°- CAGGGCAGCCAGGTGTCCCAG -3’

R: 5’- CAGCGCAGGGTATAGCGGGA -3’

col7alb F:5°- CTTCCCGGGACTGATGGTATTC -3’

R: 5’- GAGGTGCCTGGTAAACCGATC -3’

col6a2a F: 5°- GATGCGGTGCCCTGGATATTG -3°

R: 5’- CCAGATCAGCGAAACGCCTC -3’

2.9. Cryosectioning

To identify the layer of the epidermis with the expression of eGFP tagged keratins,
we performed cryosectioning of immunostained zebrafish larvae at 5dpf and 16dpf.
Embryos in 80% glycerol were washed with PBT (3x wash in 5 minutes) and
incubated overnight in 30% sucrose which is a cryoprotectant and partial dehydrant
that prevents the formation of ice crystal artefact in frozen tissue sections.
Embryos were removed from sucrose and embedded in the embedding molds in an
embedding medium optical cutting temperature (OCT), orientated and frozen on
dry ice. Frozen blocks were wrapped in aluminum foil and incubated at -80 °C.

Sectioning of the frozen blocks was conducted at 30pm.
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2.10. Histology

Four months old adult zebrafish were anaesthetized, euthanized with tricaine and
fixed in 4% PFA overnight and submitted for histopathology. Fish were processed
through graded alcohol, xylene and wax to dehydrate the tissue for paraffin
embedding. Paraffin blocks were made with the required orientation and transverse
sectioning was performed at 4-6um thickness. The sections were placed into
microscope slides and dried. The slides were then hydrated through xylene
followed by graded alcohol to hydrate the section for Hematoxylin and Eosin
staining. The slides were stained in Hematoxylin for 5min, followed by acid
alcohol and finally Eosin for 2min. The slides were once again dehydrated with
graded alcohol and xylene for cover slipping with xylene based mountant. (Done
by Marcus Wai Yean YONG from Institute of Molecular and Cell Biology,

A*STAR, Singapore).

2.11. Imaging

For imaging live larvae, tricaine buffered to pH 7.0 at 0.02% was used for
anesthesia and mounted in 0.8-2% low melting agarose. Immunostained embryos
were mounted in 80 to 100% glycerol and cryosectioned samples were mounted
with Vectashield. Images were taken using Leica MZ16FA, Zeiss Axiolmager M2,

Olympus Fluoview Confocal (Multi-photon) and Zeiss LSM700 Confocal
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(Environmental Chamber). TEM Images were acquired with SIA model 12C high

resolution full-frame CCD camera.

2.12. Statistical Analysis

Data analysis was carried out using Matlab software. Two sample t-test was
employed to compare two independent populations and determine whether there is
statistical evidence that the associated population means are significantly different.
Significance level was set at a default value of 5%. (Done by Kok Haur ONG and
Dr. Weimio YU from Institute of Molecular and Cell Biology, A*STAR,

Singapore).
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CHAPTER 3. RESULTS

3. GENERATION OF EPIDERMOLYSIS BULLOSA
ZEBRAFISH MODEL

3.1. Epidermolysis Bullosa Simplex (EBS) Zebrafish Model

Epidermolysis bullosa is a heterogeneous group of genetic diseases characterized
by blistering of the skin for which there is no cure. It is mostly caused by
dominant-negative mutations in either KRT5 or KRT14 genes. In human EBS, the
most commonly mutated amino acid residue in keratins is arginine at position
125(R125) which is located at the helix initiation motif of human KRT14 (Figure
11). This mutation perturbs duplex formation and results in epidermolysis bullosa
simplex in humans, characterized by aggregates in the cytoplasm of the cell

(Szeverenyi et al., 2008).

3.1.1. Human KRT14 and Zebrafish Krttlc19e have conserved
domains in the helix initiation motif

To establish a zebrafish model of EB, | looked to introduce the KRT14 (R125)
mutant gene into the basal keratinocytes. | also attempted to make the equivalent
mutation in an endogenous basally expressed keratin, Krttlc19e. The sequence
alignment between human KRT14 and zebrafish Krttlc19e shows a conserved
region where arginine is located at position 124 (Argl124) in zebrafish Krttlc19e

(Figure 12).
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hKRT14 VGSEKVTMQNLND IDKVRALEEANADLEVKIRDWYQRQR--PAEIKDYSPYFKTI 169
ZFkrttlcl9e IGNEKFTLQNLNDRLASYLDKVRSLEKANAELELKIREFLENKISPTGAARNYSAFETW 170

Figure 12: Diagram of intermediate filament protein domain structure

Diagram illustrating sequences of the conserved domain at the helix initiation motif of
human KRT14 and Zebrafish Krttlc19e, the helix initiation motif is conserved, as is the
arginine at position 125 in human KRT14 and 124 in zebrafish Krttlc19e.

In this present study, to generate epidermolysis bullosa simplex (EBS) zebrafish
model, zebrafish krttlc19e was used as a promoter which is predominantly
expressed in the basal keratinocytes (R. T. Lee et al., 2014). A point mutation was
introduced to human KRT14 (KRT14_R125P) and zebrafish Krttlc19e
(Krttlc19e R124C), where the amino acid arginine is changed to proline and

cysteine, respectively (Figures 13 A).
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3.1.2. Generating transgenes and transgenic zebrafish lines
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Figure 13: Generating transgenes to establish epidermolysis bullosa simplex in
zebrafish:

(A) Zebrafish krttlc19e promoter driving expression of human keratins (KRT14
_WT and KRT14 _R125P) and zebrafish keratins Krttlc19e WT and
Krttlc19e R124C) tagged with enhanced green fluorescent protein. (B) Sequence
of human KRT14 WT and KRT14 R125P, the point mutation indicated was
checked by sequencing where Guanine (G) is replaced by cytosine(C) and results
the change in amino acid residue, arginine(R) to proline (P). (C) Sequence of
zebrafish krttlc19e WT and krttlc19e_R124C, the point mutation indicated was
checked by sequencing where cytosine(C) is replaced by thymine (T) and results

the change in amino acid residue, arginine(R) to cysteine(C).
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All the transgenes used were tagged with enhanced green fluorescent protein
(eGFP) at their N-terminus region as indicated (Figure 13A). Expression of eGFP
on the skin of zebrafish larvae was used for screening founders and F1 generations
after 3dpf (Figure 14). To confirm that the expression of eGFP is in the basal
keratinocytes, | performed a co-immunostain for eGFP and ANp63 at 3dpf. eGFP
positive cells showed nuclear expression of ANp63 (specific to basal keratinocytes)

(Figures 15 B & C).

Screened at 3dpf

3dpf

= larva injected with krttlc19e:eGFP-KRT14 RI125P
DNA injected into 1 cell stage embryo

3 to 4 months
C = > - 4__.)
B — - R P e,
—_— X . -
o — -
founder wild tvna

Tg(krtt1c19e:eGFP-krtt1c19e_R124C) Tg(krtt1c19e:eGFP-KRT14_R125P)

Figure 14: Injection of transgenes into zebrafish to generate epidermolysis
bullosa simplex (EBS) zebrafish model

(A) Image showing injection of plasmid construct at one cell stage. (B) eGFP expression
in epidermis of 3dpf zebrafish larva injected with krttlc19e:eGFP-KRT14_R125P, (C) At

3 to 4 months of age, potential founders were out crossed with wild type to screen for
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stable transgenic lines. (D) Image of transgenic larvae indicating eGFP expression in the
basal keratinocytes Krttlc19e R124C at 3dpf. (E) Image of transgenic larva indicating
eGFP expression in the basal keratinocytes KRT14_R125P at 3dpf.

To establish epidermolysis bullosa simplex zebrafish model, 30ng/ul DNA
construct and 30 ng/ul transposase mMRNA (Tol2) were mixed and co-injected into
one cell stage zebrafish embryos using a micro injector. About 0.5nl of the mixture
was injected directly into the yolk or cell. Three days after injection, embryos were
examined for eGFP expression by fluorescent dissecting microscopy. In each
transgene, | observed variable number of injected embryos showing eGFP
expression in the epidermis and | screed embryos with a broad eGFP expression.

These are raised to adulthood.

After three months, these were screened for founders (FO) by incrossing and
examining offspring again for broad eGFP expression. F1 embryos were screened
by fluorescent expression (eGFP). In some of the transgenics, | noticed that eGFP
expression was in the EVL cells as well as basal keratinocytes, and | was able to
identify founders with specific eGFP expression in the basal keratinocytes and

these were raised and used as stable transgenic lines for each transgene.

The stable transgenic lines were named as; Tg(krttlc19e:eGFP-KRT14 _WT) and

Tg(krttlc19e:eGFP-KRT14 R125P), and zebrafish transgenic lines

Tg(krttlc19e:eGFP-krttlcl9e WT) and Tg(krttlc19e:eGFP-krttlc19e R124C)
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(Figure 14). Thereafter, these are referred to as KRT14 WT, KRT14 R125P,

Krttlc19e WT and Krttlcl9e R124C.

3.1.3. Confocal analysis of transgenic lines generated by
overexpression of zebrafish and human keratins

To examine our stable transgenic fish lines, | used immunofluorescent staining and
confocal imaging. Three regions of the transgenic larva were assessed at different
stages of development for any epidermolysis bullosa simplex phenotype. As
shown below (Figure 15 A) | used the head, trunk and tail area to obtain images for
comparison. All three regions expressed similar levels of eGFP. The images
shown (Figure 15 B & C) were taken from the head region for cellular and

subcellular level comparison.

A Head Trunk

KRT14 R125P
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=

Krttlc19e WT

A Krttlc19¢ R124C

KRTI14 R125P KRTI14 WT

Figure 15: Confocal analysis on transgenic lines generated by overexpression
of zebrafish and human keratins:

(A) Examining transgenic zebrafish expressing human KRT14 R125P for possible
blistering phenotype at different parts of the body. Images taken with 10x objective lens,
(B & C) Immunofluorescence image of Krttlcl9e WT, Krttlc19e R124C, KRT14 WT
and KRT14_R125P under normal/unstressed condition: DAPI (blue nucleus), eGFP
(Green cytoplasm) and ANp63 (Red staining the nucleus) positive basal keratinocytes
captured together at 16dpf. All images displayed Images shown (B and C) were obtained
with a 100xQil objective lens (Olympus). Bars = 100um (A), 10um (B, C).

I used immunofluorescent staining of ANp63 and eGFP to demonstrate that the

keratins are expressed in the basal cells and indicating that all eGFP positive cells
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are ANp63 positive basal keratinocytes (Figure 15 B & C). In order to compare any
difference in cell organization, all images in figure 15 were taken at the same

confocal plane using the center of the nucleus a reference point.

For all zebrafish transgenic lines, | checked for any cellular phenotype of the basal
keratinocytes from 3dpf to adult stage and | used 5dpf and 16dpf. Here | presented
immunofluorescent images taken from zebrafish larvae at 16dpf. Confocal analysis
of the immunostained zebrafish line for Tg(krttlc19e:eGFP- krttlc19e WT and
KRT14_WT) revealed that the basal keratinocytes expressing eGFP tagged wild
type zebrafish and human keratins showed no global visible defects in keratin

architecture (Figure 15 B & C).

However, basal cells expressing mutant Kkeratins (Krttlcl9e R124C and
KRT14_R125P) displayed a smoother keratin network than that of the wild type
keratins which appeared more diffuse, with less evidence of keratin bundles.
Additionally, the basal cells in the transgenic fish expressing wild type zebrafish
and human keratins seems tightly connected to each other, while in the transgenic
fish expressing mutant zebrafish and human keratins, visible gap among cells was

observed (Figure 15).
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Cryosection of transgenic zebrafish expressing wild type and

mutant zebrafish and human keratins
& p63 , P63 & DAPI

Krttlc19¢ WT

Krttlc19¢e R124C

KRT14 WT

KRT14 R125P

Figure 16: Cryosection of zebrafish skin overexpressing zebrafish and human
keratins

Cryosections of basal keratinocytes overexpressing eGFP tagged wild type and mutant
zebrafish Krttlc19e and human KRT14. In all cases, eGFP positive cells have ANp63
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positive nuclei captured at 16dpf (white arrow). All images shown here were obtained with

a 100xQil objective lens (Olympus). Bars= 25um

| performed cryosection to confirm our overexpression of eGFP tagged wild type
and mutant keratins was specific to basal cells (Figure 16). eGFP expressing cells
had ANp63 positive nuclei, and this can be considered basal. In addition, |
examined cryosections for any blistering phenotype between the dermis and the
epidermis of the zebrafish skin in the mutant expressing transgenics. As shown in
figure 16, no visible defect was observed in which this section was done at normal

condition.

3.1.4. Cellular and subcellular characterization of epidermolysis
bullosa simplex zebrafish model
Given that we suspected a mild change in keratin architecture in the mutant
keratins as visualized by eGFP tag, we employed computational method to quantify
the difference in keratin architecture, shape of basal cells and cell adhesion defects
between the wild type and mutant keratins. Representative images were segmented

using ImageJ and analyzed using Matlab software.
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Two sample t-test : 0.092591 does not rejact the null hypethesis at the default 5% significance level, R124C (292 thickness profiles,Jstack images): 10.5768 & WT (1885 thickness profiles dstack images): 9.6208
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Figure 17: Cellular and subcellular characterization of EBS zebrafish model

(A) Transgenic zebrafish expressing Krttlc19e WT at 16dpf, (B) Transgenic zebrafish
expressing Krttlc19e R124C at 16dpf, (C) Transgenic zebrafish expressing human
KRT14_WT at 16dpf and (D) Transgenic zebrafish expressing human KRT14_R125P at
16dpf: eGFP (Green cytoplasm) and ANp63 (Red staining the nucleus) positive basal
keratinocytes captured together at 16dpf. White arrow indicating a gap between eGFP
signal of basal cells. The X-axis represents gap distance between basal keratinocytes and

calculated using a pixel value. The size of the original image is 0.124 pum/pixel. All
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images shown here were obtained with a 100xQil objective lens (Olympus). (E) Wild
type keratin expressing transgenic line (WT) and ES zebrafish model (arginine
mutant), each red line is a profile measuring a distance from the eGFP signal of cell
to the neighboring cell. (F) Quantitative analysis of probability of basal
keratinocytes gap between eGFP signal of neighboring basal keratinocytes where
in wild type keratins (red) is smaller than the mutant Kkeratins (green). (G)
Quantitative analysis of probability of basal keratinocytes gap between eGFP
signal of adjacent cells where there is a statistically significance difference between
the wild type and mutant keratins (p <0.001). All images shown here were

obtained with a 100xOil objective lens (Olympus). Bars = 25um.

In this experiment, we compared a number of basal keratinocytes from zebrafish
expressing both zebrafish and human keratins. 47 and 32 basal keratinocytes
overexpressing Krttlcl9e WT and Krttlc19e R124C, and 50 and 71 cells
overexpressing human KRT14 WT and KRT14 R125P, respectively, were

analyzed to determine the gap between basal keratinocytes.

The gap between eGFP signal cells is computed by the number of profiles created
using Matlab software (Figure 17 E (red lines)). The difference in cell-cell
adhesion (a gap between eGFP signal of neighboring cells) of the wild type keratin
expressing transgenics and the EBS zebrafish model is highly statistically

significant with a p<0.0001 (Figure 17 F & G).
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3.1.4.1.  Cell adhesion defect in epidermolysis bullosa simplex
zebrafish model
In human, EB simplex is characterized by blistering of the epidermis where the site
of cleavage is above the basement membrane involving lysis of basal keratinocytes
that arises from cell-cell and/or cell-matrix adhesion defects. For example, basal
keratinocytes from EBS patient carrying KRT14 R125P revealed weak
intercellular adhesion from down regulation of desmosome protein complexes,
important to associate neighboring basal cells (Liovic et al., 2009). The keratin
intermediate filament network attaches to the intracellular component of
hemidesmosomes and stabilizes the connection of basal keratinocytes to the
underlying basement membrane (Litjens, de Pereda, & Sonnenberg, 2006).
However, mutation in keratin proteins and failure in intermediate filament

assembly can give rise to epidermolysis bullosa simplex.

Here in this study, from the confocal images, | noticed that mutant protein
expressing cells, had a gap between cells, compared to cells expressing wild type
keratins, where the eGFP signal was contiguous from one cell to another. This can
be seen in Figure 17 comparing the separation of eGFP signal between cells in the
mutant keratin expressing transgenics (Figure 17 B & D) and the wild type keratin

expressing transgenics (17 A&C).

If there is a gap between the eGFP signals of neighboring cells, it could mean that
cells are detaching from each other or that the keratin network is detaching from
the cell junction, or both. To evaluate if the overexpressed dominant negative
keratin is causing cell adhesion defects, we used transgenic fish expressing lyn-
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tdTomato on the cell membrane of basal keratinocytes and E-cadherin, a

component of cell-cell junction to label cell membrane.

3.1.4.2. Examining basal keratinocytes behavior in EBS zebrafish model

The observation that the transgenic fish overexpressing mutant human Keratin
exhibited a gap between basal keratinocytes led us to examine whether it is due to
retraction of keratin intermediate filament networks from the edge of the cell to the

center or detachment of cells from each other, or both.

To demonstrate how the gap is formed between eGFP signal of basal cells, |
crossed both Tg(krttlcl9e: eGFP-KRT14 WT) and Tg(krttlcl9e: eGFP-
KRT14_R125P), with Tg(krttlc19e:lyn-tdtomato) zebrafish to obtain a double
transgenic fish in which keratin intermediate filaments of basal keratinocytes are
labeled by eGFP (Green) and cell membrane of basal keratinocytes are labeled by

tdTomato (Red).

In order to examine the behavior of basal keratinocytes and determine the gap
noticed in EBS zebrafish model, | incubated 5dpf double transgenic larva at 18 °C
for one hour. Immediately after incubation (cold treatment), the double transgenic
larva was fixed and immunofluorescent staining was performed using antibodies

against eGFP and DsRed.
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Figure 18: EBS zebrafish model subjected to cold shock showing adhesion
defects in basal keratinocytes

Confocal image of basal keratinocytes obtained from the head region of double transgenic
zebrafish Tg(krttlc19e:lyn-tdtomato;krttlc19e:eGFP-KRT14_WT) and Tg(krttlc19e:lyn-
tdtomato;krtt1c19e:eGFP-KRT14_R125P) at 5dpf. In both transgenic zebrafish expressing
wild type and mutant human keratins, (A & B) Immunostaining was performed using
antibody DsRed against lyn-tdTomato (white arrow) and the live image was taken from a
z-stack of multiple planes and projected into a single image for better visualization and
comparison of the gap. (C & D) Live Images showing keratin intermediate filaments of
basal keratinocytes expressing eGFP (Green cytoplasm) and basal keratinocytes expressing
lyn-tdTomato which is a membrane protein as indicated (violet). Cell membrane labeled
by tdTomato (white arrow) and edge of eGFP signal of basal cells (yellow arrow). In the
EBS zebrafish model detachment of basal keratinocytes and eGFP retraction from the

membrane was observed when subjected to cold shock stress. Bars = 25um.

The fluorescent staining showed that the eGFP and lyn-tdTomato signal of the

basal cells of the double transgenic larva expressing wild type human Kkeratin
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remained contiguous, however a gap between neighboring basal keratinocytes
expressing mutant human keratin was observed as indicated in figure 17,

suggesting that the detachment of basal cells in EBS zebrafish model.

Whilst, the live image of the double transgenic larva overexpressing wild type
human keratin, showed tightly connected basal keratinocytes and no gap between
eGFP signal of basal cells and from eGFP to lyn-tdTomato within cells was
observed before and after cold treatment. In contrast, the double transgenic line
overexpressing mutant human keratin exhibited change in cell morphology and
notable gap between and within the basal cells after cold stress. Thus, detachment
of neighboring basal keratinocytes and gap between eGFP signal and lyn-tdTomato

of basal cells was observed in EBS zebrafish model (Figure 18 D).

E- Cadherin

E-cadherin is a membrane protein involved in cell-cell adhesion mechanism.
Intracellularly, E-cadherin interacts with the actin microfilaments and associate
neighboring cells (Takeichi, 1988). To assess the cell adhesion of basal
keratinocytes of the transgenic lines overexpressing wild type and mutant zebrafish
and human keratins, | performed E-cadherin staining and performed quantification

analysis.
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Figure 19: Analysis of immunofluorescent images of E-cadherin expression in
wild type and mutant keratin expressing zebrafish transgenic lines

eGFP (green) cytoplasm, E-cadherin and ANp63 (red) staining the membrane (white
arrow) and nucleus (yellow arrow) of basal keratinocytes, respectively. (A, B & C)

Transgenic line expressing Krttlc19e WT immunostained against eGFP, E-cad and
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ANp63 at 16dpf, (D, E & F) Transgenic line expressing Krttlc19e R125C immunostained
against eGFP, E-cad and ANp63 at 16dpf, (G) Quantification analysis of E-cad signal,
showing no statistical difference between the wild type (red) and the mutant keratin
(green) (p>0.05). All images shown here were obtained with a 100xQil objective lens

(Olympus). Bars = 25um.

As shown in figure 19, basal keratinocytes overexpressing Krttlcl9e WT are
contiguous to each other as compared to the basal cells overexpressing
Krttlc19e R124C. To determine E-cadherin signal of the basal keratinocytes, we
compared 29 and 22 cells overexpressing wild type and mutant zebrafish keratins,
respectively. No statistically significant difference in E-cadherin signal was found

between the basal cells overexpressing wild type and mutant zebrafish keratin.

E-cad & p63 Merged

KRT14 WT

KRT14 R125P
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Figure 20: Analysis of immunofluorescent images of E-cadherin expression in
wild type and mutant human keratin expressing zebrafish transgenic lines

eGFP (Green) cytoplasm, E-cadherin and ANp63 (red) staining membrane (white arrow)
and nucleus (yellow arrow) of basal keratinocytes, respectively. (A, B & C) Transgenic
line expressing human KRT14_WT immunostained against eGFP and E-cadherin at 16dpf,
(D, E & F) Transgenic line expressing human KRT14_R125P immunostained against
eGFP and E-cad at 16dpf, (G) Quantification analysis of E-cad signal, describing the
intensity of E-cadherin on the boundary of the basal cells, showing E-cadherin signal is
higher in the mutant keratin (Green) than the wild type (red) with a statistically significant
difference (p<0.05). All images shown here were obtained with a 100xOil objective lens

(Olympus). Bars = 25um.

Conversely in the transgenic lines expressing human keratins, basal keratinocytes
are again tightly connected to each other in the transgenic line overexpressing wild
type human KRT14 as compared to the transgenic line overexpressing human

KRT14_R125P which seem to have a gap between the adjacent cells (Figure 20).

To determine E-cadherin signal, we compared 179 and 166 cells from zebrafish

expressing wild type and mutant human Keratin, respectively. Accordingly, basal
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cells overexpressing mutant human KRT14 have high E-cadherin signal as
compared to basal cells overexpressing wild type human KRT14 with statistically

significant difference (p<0.05) as indicated in figure 20 G.

3.1.4.3. Shape of basal cells

Our imaging indicated that in addition to separation between the cells, cells of
mutant transgenics had a less polygonal shape and were more rounded. We
analyzed the area, curvature and circularity of cells in the wild type and mutant fish

using Matlab as shown (Figure 20 and 21).

Circularity

To appreciate the difference in shape resulted by the overexpression of dominant
negative keratins, circularity and curvature of the basal keratinocytes of the head
area were compared. Circularity is used in image analysis to sort or identify
objects. A useful measure of circularity compares two objects so that the outcome
does not depend on size or units. Circularity is calculated as four times pi times the
area divided by the perimeter squared: C = 4nA/P? where C is the circularity, A is
the area and P is the perimeter. A circle will have a C value of 1, whilst less

circular shapes will be less than 1.
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Figure 21: Circularity of basal keratinocytes overexpressing zebrafish and
human keratins

Cells circumscribed by red path in both wild type and mutant transgenics, and zebrafish
and human keratins are examples to compare and showing how we segmented them for
computing circularity.(A) transgenic line expressing Krttlcl9e WT at 16dpf, (B)
transgenic line expressing Krttlc19e R124C at 16dpf, (C) transgenic line expressing
KRT14_WT at 16dpf, (D) transgenic line expressing KRT14_R125P at 16dpf, (E)
Quantitative analysis of probability of basal cells circularity expressing Krttlc19e WT
(Red) and Krttlc19e R124C (Green) showing no difference. (F) Quantitative analysis of
the probability of basal keratinocytes circularity expressing KRT14 WT (Red) and
KRT14 R125P (Green) indicating statistically significant difference (p<0.05).

Circularity of 29 wild type and 22 mutant keratin expressing basal cells,
respectively, were compared for the zebrafish transgenic lines overexpressing
zebrafish keratins. No statistical significant difference was found (p>0.05) (Figure
21 AB & E). In contrast, a statistical significant difference (p<0.05) was found
when we compare 179 basal cells from transgenic zebrafish expressing wild type

human keratin and 166 basal cells from EBS zebrafish model, with the basal cells
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expressing mutant human keratin more rounded or circular than those basal cells

expressing wild type human keratin as shown (Figure 21 C, D & F).

Curvature

The curvature is used to describe how sensitive its tangent line is to moving one
point to a nearby point. A straight line is defined as zero curvature. To determine
the curvature of the perimeter of basal cells from transgenic zebrafish expressing
wild type and mutant keratin proteins from human and zebrafish, we used a

mathematical formula as follows

2D plane curve with Cartesian coordinate, y(t) = (x(t),y(t)),

K= Ix'y" — y’X’3’|

&2 +y)2
Where k sign > 0 represent the counterclockwise and < O represent the clockwise.
The primes indicate the derivative with respect to the parameter t. The standard of
curvature is used to describe the standard deviation of curvature in each cell. In the

final results, mean of standard of curvature (CurvatureStd) and their distribution for

wild type and mutant fish was computed respectively.
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Two sample t-test : 0.0072627 reject the null hypothesis at the default 5% significance level, R125P (166 cells, 24stack images): 0.017762 & WT (179 cells, 25stack images): 0.017872

250
F ' ‘ ‘ ‘ ‘ R125P
e W T

N

o

o
T

-

a

o
T

100~

Probability density function
(&)
(=]

. ‘ ‘ )
obos 001 0012 0014 0016 0018 002 0022 0024 0026
CurvatureStd

Figure 22: Curvature of basal keratinocytes overexpressing zebrafish and
human keratins

Cells bounded by different colors in both wild type and mutant, and zebrafish and human
keratins showing measurement of the curvature of individual basal keratinocytes. (A & B)
Curvature of transgenic lines expressing zebrafish Krttlc19e WT and Krttlc19e R124C,
respectively, (C& D) Curvature of transgenic lines expressing human KRT14 WT and
KRT14 R125P, (E) Quantitative analysis of the probability of basal keratinocytes
curvature expressing zebrafish keratins showing no statistically significant difference
(p>0.05), and (F) Quantitative analysis of the probability of basal keratinocytes curvature
expressing human keratins showing statistical significant difference between the wild type

and mutant human expressing fish lines (p<0.05). Bars = 25um.

We determined the curvature of basal keratinocytes on the head area. Curvature of
basal cells (same cells and numbers assed for circularity) were compared for the
transgenic lines overexpressing zebrafish keratins and found no difference. In
contrast, a statistical significant difference (p<0.05) was found when we compare
curvature of basal cells of the zebrafish expressing wild type versus mutant human

keratins, meaning that the mutant keratin expressing cells are less curved where
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they appear circular and rounded than the wild type keratin expressing cells as

shown (Figure 22).

3.1.5. Transmission electron microscope analysis of zebrafish skin
overexpressing dominant negative zebrafish and human keratins
Wild type and mutant zebrafish and human keratin expressing transgenic lines were
analyzed for possible detachment of the epidermis from the basement membrane
resulting from the defects in the integrity of keratin networks in the basal
keratinocytes. Any defect in the attachment of basal cells to the basement
membrane via hemidesmosomes, or in the attachment between adjacent basal cells
via desmosomes caused by keratin mutation (Krttlcl19e R124C and

KRT14_R125P) was analyzed.

Ultrathin transverse cross sections were taken from approximately the same area in
the mid tail region of transgenic zebrafish embryos overexpressing wild type and
mutant human and zebrafish keratins (Figure 23). Electron micrographs of the
epidermis, basement membrane and dermis were captured at 4,000X, 10,000X and

40,000X magnifications for transmission electron microscope analysis.
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Figure 23: Electron micrograph of zebrafish skin at 16dpf

Detailed ultrastructure of zebrafish skin at original magnification of 4kx (B, F, J, and N
&R), 10kx (C, G, K, and O & S), 40kx (D, H, L, P &T), Bar =5 pum, 2 um and 0.5um.
Ultrathin transverse cross sections were taken from the mid tail region of zebrafish
embryos at 16dpf. (A-D) TEM images of wild type fish, (E-H) transgenic zebrafish
expressing Krttlc19e WT, (I-L) transgenic zebrafish expressing Krttlc19e R124C, (M-P)
transgenic zebrafish expressing human KRT14_WT and (Q-T) transgenic zebrafish
expressing KRT14_R125P, (D’) detailed ultrastructure of the zebrafish skin displaying
desmosome (Des), hemidesmosomes (Hd), basement membrane zone(BMZ), adepidermal
granules (Adg), lamina lucida (LL) and lamina densa (LD).(Done by Qiaohui Yang and
Dr. David Liebl from IMB-IMCB joint electron microscopy suite, A*STAR, Singapore)

Electron micrographs taken at 4000x, 10,000x and 40,000x magnification showed

the presence of all skin structures including desmosomes between adjacent basal
cells, as well as hemidesmosomes. No major difference in the prevalence of these
two types of cell junctions in both the wild type and keratin mutants were found.
Results of the transmission electron microscope analyses showed no visible defects

in the integrity of the attachment of the basement membrane to the epidermis
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attributed to overexpression of mutant keratin. No evidence of microblisters was

found in all the transgenic zebrafish expressing zebrafish and human keratins.

In an unstressed condition, no obvious difference was noted between transgenic
lines expressing zebrafish keratins. However, the transgenic fish harboring
mutations in KRT14_R125P showed differences in keratin network distribution,
cell adhesion defects and shape of basal keratinocytes as compared to the wild type
human keratin expressing transgenic line. To understand the behavior of the basal
cells expressing dominant negative keratins and to induce blister formation in the
transgenic fish, | exposed them to different stressors known to induce blistering of

the skin in EBS patients.

3.1.6. Effect of osmotic stress on keratin intermediate filaments of
epidermolysis bullosa simplex zebrafish model
Osmotic shock is physiological stressor due to change in solute concentration
around the cell and causes movement of water across the cell membrane. This
causes cells to rapidly shrink on hyperosmotic stress or swell on hypoosmotic

stress.

To determine the effect of osmotic stress on basal keratinocytes overexpressing
both wild type and mutant zebrafish and human keratins, | used E3 medium (5mM
NaCl, 0.17mM KClI, 0.33mM MgCl,.6H,0, 0.33mM CaCl2.2H,0, and pH 7.2) at
different dilutions. For this reason, transgenic fish lines of 16dpf were transferred
from 1XE3 medium ( standard embryo medium) into 0.1X, 0,5X, 2X, 4X, 10X or
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20X E3 medium to expose them to hypo-osmotic and hyper-osmotic stress

conditions.

Arginine mutant

A

Control

1hr Osmotic shock

Figure 24: Effect of osmotic shock in epidermolysis bullosa simplex zebrafish
model

All transgenic zebrafish lines were subjected to hyper-osmotic shock (4X E3
medium) and immunostained for eGFP after 1 hour incubation. (A) controls
zebrafish model overexpressing human KRT14_WT at 16dpf in 1X E3, (B) controls EBS
zebrafish model overexpressing human KRT14 R125P at 16dpf in 1X E3, (C) Osmotic
shock treated zebrafish overexpressing human KRT14_WT at 16dpf, (D) Osmotic shock
treated EBS zebrafish overexpressing human KRT14_R125P at 16dpf. | presented only
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basal keratinocytes exposed to 4X E3 medium as a representative image for the reason
that, no difference was observed in all the dilutions used and cells analyzed. All images

shown here were obtained with a 100xQil objective lens (Olympus). Bars = 25um.

With the hypothesis that osmotic shock might induce defects in Kkeratin
intermediate filament organization or cell shape changes, 16dpf larvae of both

transgenic lines were incubated for an hour.

Immediately after osmotic shock, the fish were examined under dissecting scope
for global skin phenotypes, then fixed and immunostained against eGFP. No
evidence of keratin aggregates or changes in cell structure in all basal keratinocytes
overexpressing the wild type or mutant zebrafish or human keratins (Figure 24)

was observed.

3.1.7. Heat shock treatment induces keratin aggregate formation in
epidermolysis bullosa simplex zebrafish model

In EBS patients, basal keratinocytes breakdown in response to different stress
factors. The cells with mutant keratins are susceptible to cytolysis upon mechanical
trauma or thermal changes(Coulombe & Omary, 2002) which results in blistering
of the skin epidermal layer. | attempted to recapitulate this in the EBS zebrafish
model where | incubated the transgenic fish at 40 °C for an hour to stress the fish
and induce EBS related phenotypes. | used two different age groups to perform this
experiment; zebrafish at 5dpf and 16dpf for transgenic lines overexpressing both
wild type and mutant zebrafish and human keratins. | examined the whole fish
larva immediately after treatment (heat shock) using a dissecting scope to visualize

any global skin defects. No visible changes were observed in any fish lines. |
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employed immunofluorescent to evaluate whether there is any change at cellular
and subcellular level in the heat treated fish and respective controls (Figure 25). In
both line expressing zebrafish keratins, there was no obvious difference in the
keratin intermediate filament network in both transgenic lines expressing
Krttlc19e WT and Krttlc19e R124C after heat shock. The basal cells appear

quite similar to the untreated fish line (data not shown).

S5dpf WT 5dpf Arginine Mutant 16dpf WT

.
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lhr heat Shock

Figure 25: EBS zebrafish model displaying eGFP aggregates and detachment
of basal keratinocytes from each other upon heat shock

EBS zebrafish model was treated with heat shock at 40 °C for one hour to induce EBS
related phenotypes. (A) Untreated control of transgenic zebrafish overexpressing human
KRT14_WT at 5dpf, (B) Untreated EBS zebrafish overexpressing human KRT14_R125P
at 5dpf, (C) Untreated control of transgenic zebrafish overexpressing human KRT14 WT
at 16dpf, (D) Untreated EBS zebrafish overexpressing human KRT14_R125P at 16dpf, (E)
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Heat treated transgenic zebrafish overexpressing human KRT14 WT at 5dpf, (F) Heat
treated EBS zebrafish overexpressing human KRT14 R125P at 5dpf revealing aggregates
(red arrow) and detachment of basal keratinocytes from each other (white arrow), (G)
Heat treated transgenic zebrafish overexpressing human KRT14 WT at 16dpf, (H & H’)
Heat treated EBS zebrafish overexpressing human KRT14 R125P at 16dpf showing
aggregates in the basal keratinocytes predominantly in the nucleus (red arrows). All
images shown here were obtained with a 100xQil objective lens (Olympus). Bars = 10um
(A-H), 50pm (H”).

However, following heat shock at 40 °C for 1 hour a striking phenotype was
observed in the zebrafish line overexpressing mutant human keratin (eGFP-
KRT14_R125P) proteins in basal keratinocyte, which displayed numerous small
eGFP positive aggregates and detachment of basal cells from each other (Figure
25, compare F with B and H & H’ with D). At 16dpf, after 30 minutes of heat
shock, basal keratinocytes started to show tiny aggregates and the phenotype
become increasingly evident after one hour heat treatment. The keratin aggregates
in the 16dpf EBS zebrafish model become pronounced within the nucleus (Figure
25 H&H’). Similarly, heat treated basal cells from the 5dpf EBS zebrafish model
showed tiny aggregates which was dispersed throughout the cytoplasm (Figure
25D). A total of 65 (at 5dpf) and 159 (at 16dpf) EBS zebrafish model were
analyzed using confocal microscopy following heat treatment and antibody
staining, 89% (5dpf) and 84% (16dpf) fish were found with mild to severe

phenotype.
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3.1.8. Cold shock disrupts intermediate filament organization in
epidermolysis bullosa simplex zebrafish model
The observation that the humanized fish overexpressing mutant human Kkeratin
displayed formation of aggregates and detachment of basal cells upon heat shock in
our EBS zebrafish model, led us to use the opposite stressor factor, cold shock. To
elucidate whether the mutant keratins are also sensitive to cold temperature, both
transgenic  fish lines, overexpressing eGFP tagged zebrafish Kkeratins
(Krttlc19e WT and Krttlc19e R124C) and human keratins (KRT14 WT and
KRT14 R125P) were incubated at 18 °C for one hour with the hypothesis that cold

shock might have an effect of cytoskeletal protein organization.

No global blistering of the skin was observed following examination via dissecting
scope immediately after cold shock in either zebrafish lines and | assessed for any
change at cellular and subcellular level through immunofluorescence as | did for
the heat treated EBS fish. There was no visible effect of cold shock on the
zebrafish transgenic lines overexpressing either wild type or mutant zebrafish

keratins where both appeared similar at 5dpf and 16dpf (data not shown).
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Figure 26: Humanized zebrafish overexpressing mutant human KRT14
showed dramatic alterations in keratin architecture upon cold shock

EBS zebrafish model was treated with cold shock at 18 °C for one hour to induce EBS
related phenotypes. (A) Untreated control of transgenic zebrafish overexpressing human
KRT14_WT at 5dpf, (B) Untreated EBS zebrafish overexpressing human KRT14_R125P
at 5dpf, (C) Cold treated transgenic zebrafish overexpressing human KRT14_WT at 5dpf,
(D) Cold treated EBS zebrafish overexpressing human KRT14_R125P at 5dpf showing a
gap between eGFP signal of cells (indicated in white arrow), (E) Untreated control of
transgenic zebrafish overexpressing human KRT14 WT at 16dpf, (F) Untreated EBS
zebrafish overexpressing human KRT14 R125P at 16dpf, (G) Cold treated transgenic
zebrafish overexpressing human KRT14 WT at 16dpf, (H) Cold treated EBS zebrafish
overexpressing human KRT14_R125P at 16dpf demonstrating a gap between eGFP signal
of basal keratinocytes (indicated in white arrow), (1) Cryosection of cold treated transgenic
zebrafish overexpressing human KRT14_WT at 5dpf, (J) Cryosection of cold treated EBS
zebrafish overexpressing human KRT14_R125P at 5dpf presenting a gap between eGFP
signal of cells (indicted in white arrow), (K) Cryosection of cold treated transgenic

zebrafish overexpressing human KRT14_WT at 16dpf, (L) Cryosection of cold treated
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EBS zebrafish overexpressing human KRT14 R125P at 16dpf showing a gap between
eGFP signal of basal keratinocytes (indicated in white arrow). Basal keratinocytes were
fluorescently stained for eGFP (anti-eGFP) (Green) and DAPI (Blue). All images shown

here were obtained with a 100xQil objective lens (Olympus). Bars = 25um.

Similar to the observation we had upon heat shock (Figure 25); cold shock had no
effect on the zebrafish line expressing wild type human keratin (Figure 26C&G).
Interestingly, the humanized fish overexpressing mutant human KRT14 exhibited a
remarkable phenotype in response to cold shock. After one hour of cold shock the
EBS zebrafish model revealed alteration in Kkeratin intermediate filament
distribution in both 5dpf (Figure 26D) and 16dpf (Figure 26H). The Kkeratin
network appeared to be retracted from the edge of the cell towards the center and
tiny keratin aggregates were observed at the edge of the cells (Figure 26D & H). In
some cases, we have also observed empty spaces between basal keratinocytes

(Figure 26H), potentially due to complete detachment of cells or cytolysis.

To determine whether the eGFP signal is detached from the dermis as well from
neighboring keratinocytes upon cold shock, | performed cryosection of the cold
treated fish at 5dpf and 16dpf. The gap between cells was evident in sections
(Figure 26J & L), although there was no visible separation of the epidermis from
the underlying dermis. This confocal analysis enable us to suggest that after cold
shock, the basal cells from transgenic expressing mutant human KRT14 appeared
more rounded and may have lost cell-cell adhesion, whilst eGFP of the basal cells
from the wild type remained contiguous between cells (Figure 26). In the
transgenic fish expressing mutant human KRT14, we noted differences in severity

of phenotype upon on exposure to cold treatment whereby out of 96 EBS zebrafish
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larva examined at 5dpf, 10 (~10%) fish were with no obvious phenotype and 86

(~90%) fish had a mild to severe phenotype.

3.1.9. Cold shock affects cell-cell adhesion between basal keratinocytes

in epidermolysis bullosa simplex zebrafish model
Because we could not distinguish if the phenotype of EBS keratins under cold
shock was due to the retraction of keratin intermediate filaments or detachment of
cells from each other, we used immunofluorescent analysis, examining E-cadherin
distribution following cold shock to observe cell-cell adhesions. Unfortunately

there are no antibodies readily available for imaging fish desmosome components.
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Figure 27: Cold shock causes cell adhesion disruption in EBS zebrafish model

Confocal image of EBS or wild type transgenic zebrafish treated with cold shock at 18 °C
for one hour and stained for E-cadherin (Red), eGFP (Green) and DAPI (Blue). (A&A”)
Untreated KRT14_WT transgenic zebrafish at 16dpf, (B &B’) Cold treated transgenic
zebrafish overexpressing human KRT14_WT at 16dpf, (C&C’) Untreated EBS zebrafish
overexpressing human KRT14 RI125P at 16dpf, (D&D’) Cold treated EBS zebrafish
overexpressing human KRT14_R125P at 16dpf showing a gap between eGFP signal of
cells and punctuated E-cadherin staining (indicated in white arrow), (E&E’) Untreated
transgenic zebrafish overexpressing human KRT14 WT at 5dpf, (F &F”) Cold treated
transgenic zebrafish overexpressing human KRT14_WT at 5dpf, (G&G’) Untreated EBS
zebrafish overexpressing human KRT14_R125P at 5dpf, (H & H’) Cold treated EBS
zebrafish overexpressing human KRT14 R125P at 5dpf demonstrating a gap between
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eGFP signal of adjacent cells and diffuse or no staining of E-cadherin observed (indicated
in yellow arrow). The white arrows indicates a normal staining of E-cadherin (A’, B’, C’,
E’, F° &G’). All images shown here were obtained with a 100xQil objective lens

(Olympus). Bars = 25um

Both transgenic fish expressing wild type and mutant human keratin were
subjected to cold shock at 18 °C for one hour. Fish were fixed immediately and
immunostained using antibodies against eGFP and E-cadherin. First, we examined
the morphology of the basal keratinocytes by imaging eGFP positive cells captured
from the head area at 5dpf and 16dpf zebrafish larvae (Figure 27). Upon cold
shock, unlike the basal cells from KRT14 WT fish which were quite similar in
shape, the basal keratinocytes from the KRT14 R125P transgenic fish were very
different in their morphology. The size and shape of the cells expressing mutant
human keratins was uneven of which we observed small, large, narrow, shrunk and
elongated basal cells, with most losing polygonal appearances (Figure 27 D & H).
As before, immunofluorescent staining revealed that tiny aggregates of eGFP
positive intermediate filaments dispersed at the cell edge with retraction of eGFP

signal from neighboring cells (Figure 27H).

E-cadherin staining was similar in the wild type fish before and after cold shock
(Figure 27A°, B’, E’& F’), and was similar in the KRT14 R125P transgenic fish
before cold shock (Figure 27C, C’, G & G’) where E-cadherin was seen
predominantly around the periphery of the cells (Figure 27C” & G’). However,

after cold shock the E-cadherin localization in mutant humanized fish was highly
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punctuated, with diffuse staining at the cell periphery (Figure 27D’) and almost no

staining of E-cadherin was observed at 5dpf (Figure 27H”).

The striking difference in cell morphology and E-cadherin expression between the
wild type and mutant human keratin expressing basal cells, upon cold shock
indicated the transgenic fish overexpressing the mutant human KRT14 exhibited a
notable defect in cell-cell adhesion, where there was loss of close adhesion between
the basal keratinocytes and dispersed localization of E-cadherin unlike the
transgenic fish expressing KRT14 WT where the basal cells retained tight

connection to each other under the same stress condition(Figure 27 B & F).

Accordingly, we hypothesize that basal keratinocytes overexpressing mutant
human Kkeratins display dramatic alteration in keratin intermediate filament
networks, and are more susceptible to temperature stress, showing major alterations

in intermediate filament distribution, cell adhesion and formation of aggregates.

3.1.10. Histology of epidermolysis bullosa simplex zebrafish model

Whilst there were cellular defects in the 5dpf and 16dpf KRT14_R125P transgenic
larvae after temperature shock, we wanted to see if there were tissue level defects

in the adult zebrafish (4 months) upon similar perturbations.

For the analysis of the epidermolysis bullosa simplex zebrafish model, transverse
sections were performed in the trunk region of the transgenic adult zebrafish

expressing wild type and mutant human keratin. The histological sections were
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stained using hematoxylin (nuclear stain) and eosin (cytoplasmic stain) (Done by

Marcus Wai Yean YONG from Institute of Molecular and Cell Biology, A*STAR,

Singapore).

Figure 28: Transverse sections and hematoxylin and eosin staining of adult
zebrafish skin

(A) Transverse section of untreated control of transgenic adult zebrafish overexpressing
wild type human keratin (KRT14_WT), (B) Transverse section of untreated EBS adult
zebrafish overexpressing mutant human keratin (KRT14_R125P), (C) Transverse section
of heat treated transgenic adult zebrafish overexpressing wild type human Kkeratin
(KRT14_WT), (D) Transverse section of heat treated EBS adult zebrafish overexpressing
mutant human keratin (KRT14_R125P) exhibiting disruption of the superficial layer of the
epidermis (red arrows). All images shown here were obtained with a 63xQil objective lens
(Zeiss). Bars = 25um.
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To investigate the histological changes of epidermolysis bullosa simplex zebrafish
model, two adult fish were taken from each transgenic line overexpressing wild
type and mutant human keratin and were kept at 40 °C for two hours. Fish were
examined immediately for any blistering phenotype using dissecting scope and

fixed overnight for histological sectioning.

In all the sectioned and H& E stained zebrafish no visible defects in the basal
layer/basal keratinocytes were observed. Interestingly, in the histological section
of humanized fish overexpressing mutant keratin, evidence of cellular
disintegration and blistering at the superficial layer of the epidermis was revealed
only following heat shock (Figure 28D). This phenotype at the superficial layer of
the skin of the EBS zebrafish model was observed in 72% of the images taken from

the H & E stained slides.

3.1.11. Live imaging analysis of epidermolysis bullosa simplex zebrafish

model
In zebrafish live imaging studies using reporter transgenic lines have enabled
understanding of cell behavior in vivo. | used this opportunity to understand the
behavior of basal keratinocytes and keratin intermediate filament networks in the

EBS zebrafish model.

It has not been previously reported how basal keratinocytes behave in
epidermolysis bullosa simplex patients in vivo. Zebrafish provides the ability to

image in vivo with cellular and subcellular resolutions.
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My investigations began by comparing basal keratinocytes overexpressing
wildtype versus the mutant human keratins based on their response to stress (heat

and cold shock) in vivo at 5dpf and 16dpf (Figure 29 & 30).

3.1.11.1. Heat shock reveals aggregate formation and detachment of
basal keratinocytes in vivo in EBS zebrafish model

To visualize the effect of heat on EBS keratins in vivo, both 5dpf and 16dpf EBS
zebrafish larvae were subjected to a heat chamber which was set to 40 °C for one

hour and time-lapse confocal recording was conducted.
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Figure 29: Time-lapse analysis of basal keratinocytes of epidermolysis bullosa
simplex zebrafish model in response to heat shock

(A) Time-lapse recordings of the basal keratinocytes of the transgenic zebrafish
overexpressing wild type human Kkeratin at 5dpf (top row) and EBS zebrafish
overexpressing mutant human keratin at 5dpf (bottom row), (A’) tiny aggregates and
detachment of cells (white arrow), (B) Time-lapse recording of the basal keratinocytes of
the transgenic zebrafish overexpressing wild type human keratin at 16dpf (top row) and
EBS zebrafish overexpressing mutant human keratin at 16dpf (bottom row), (B’)
detachment cells (white arrow). In both A&B, representative images were taken every
10minutes. White arrows on the EBS zebrafish expressing mutant human keratin
indicating the detachment and tiny aggregate formation in response to heat shock. All
images shown here were obtained with a 40xOil objective lens (Zeiss). Bars = 25um (A,
B), 100um (A’, B).

After one hour incubation, the KRT14_WT transgenic fish displayed no change in
keratin intermediate filament network and hardly any basal cells deformation of
either 5dpf(A) or 16dpf (B) (Figure 29 A & B). In contrast, in the Arginine mutant
transgenic fish, detachment of the basal keratinocytes was observed. This resulted
in the formation of small aggregates visible in the periphery of basal cells and
started to appear after 30min heat treatment. In addition, morphological changes,
partial disruption and sliding of the basal keratinocytes over the dermis were

observed (Figure 29 A & B).
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3.1.11.2. Cold shock reveals aggregate formation and detachment of
basal keratinocytes in vivo in EBS zebrafish model

Similar to the heat shock stress, I used cold shock as stress factor to gain an insight
into characterization of Kkeratin intermediate filament networks in the EBS
zebrafish model. Transgenic fish at 5dpf and 16dpf were cold treated. | could not
find a microscope with a cooling chamber and 1 added a cold E2 medium at 18 °C
as a means of stressing the fish. In this case, E2 medium at 18 °C was added for the
first 20minutes and replaced every 20 minutes for an hour and time-lapse recording

was performed.
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Figure 30: Time lapse analysis of basal keratinocytes of epidermolysis bullosa
simplex zebrafish model in response to cold shock

(A) Time-lapse recordings of the basal keratinocytes of the transgenic zebrafish
overexpressing wild type human keratin at 5dpf following cold shock and basal
keratinocytes of the EBS zebrafish overexpressing mutant human keratin at 5dpf following
cold shock (B) Time-lapse recordings of the basal keratinocytes of the transgenic
zebrafish overexpressing wild type human keratin at 16dpf following cold shock and basal
keratinocytes of the EBS zebrafish overexpressing mutant human keratin at 16dpf
following cold shock. In both A&B, representative images were taken every 10 minutes.
Red arrows in the EBS zebrafish model (A&B) indicating sliding of basal keratinocytes
over the underlying dermis. All images shown here were obtained with a 40xOil objective

lens (Zeiss). Bars = 25um.

In the transgenic zebrafish expressing wild type human keratin, no visible sign of
keratin intermediate filament fragmentation or deformity of basal keratinocytes
morphology was identified during the cold shock treatment. The basal
keratinocytes appeared, tightly connected to each other and their morphology was
similar throughout time-lapse recording. In contrast, in the EBS zebrafish,
alterations in keratin intermediate filament architecture, changes in basal cell
morphology and sliding of basal keratinocytes over underlying tissue was detected

(Figure 30).
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3.2. Generation of Dystrophic Epidermolysis Bullosa-Like Zebrafish
Model

3.2.1. ldentification and characterization of zebrafish col7al genes

In addition to a zebrafish EBS model | attempt to establish a DEB zebrafish model.
To do this, I first identified zebrafish col7al orthologous genes by BLAST search
using human COL7Al protein sequences and cross checked ZFIN
(https://zfin.org/) and Ensembl (https://asia.ensembl.org/index.html). The human
COL7A1 gene is located in chromosome 3 and has 118 exons which encodes for a
protein of 2944 amino acids. Accordingly, we found two paralogues of zebrafish
col7al genes namely col7ala and col7alb in chromosome 6 and 4, respectively
(Figure 31). The zebrafish col7ala and col7alb genes have 118 and 90 exons
which encodes for a protein of 3093 and 2302 amino acids that have 49.32% and
37.61% identity at amino acid level to their human counterpart, respectively

(Figure 31).
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Figure 31: Domains comparing the genes coding for type VII collagen between
human and zebrafish

The protein domains were obtained using Simple Modular Architecture Research Tool

(SMART) and the protein sequence was based on the Ensembl database. (A) Human type
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VIl collagen domain located on chromosome 3. (B &C) Zebrafish type VII collagen

located on chromosome 6 & 4, respectively.

Protein sequence of Col7ala and Col7alb was taken from Ensembl and the
domains of both genes were identified using Simple Modular Architecture
Research Tool (SMART), a biological database that is used in the identification of
protein domains and analysis of protein sequences (Letunic, Doerks, & Bork, 2008;

Schultz, Milpetz, Bork, & Ponting, 1998).

In human, DEB arises from dominant negative or loss of function mutations in the
gene encoding type VII collagen (COL7A1) which leads to dominant DEB (DDEB)
or recessive DEB (RDEB), respectively (Titeux et al., 2006). Recessive DEB is
generally the most severe form of DEB where the skin is extremely fragile, often
with extensive blistering and wounds (Varki et al., 2007). There is no animal viable
model for this yet as the disease condition is severe and lethal shortly after birth.
To mimic DEB in zebrafish, | started by characterizing the two col7al genes as

follows.

| evaluated the spatio-temporal expression pattern of the two zebrafish col7al
genes; the expression of both zebrafish col7al genes was detected by RT-PCR
from 15 somite stages (16hpf) to adult stage of zebrafish which was similar (Figure
32). The RT-PCR result indicated that RNA of neither col7ala nor col7alb is

maternally deposited. B-actin was used as a reference gene (Figure 32).
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col7alb

Figure 32: Zebrafish col7al genes are expressed in the basal keratinocytes

(A) RT-PCR of col7ala, col7alb and g-actin (reference gene), where both of col7ala and
col7alb expression starts from 15 somatic stage (after about 16hpf) indicating type VII
collagen is not maternally deposited. (B) Whole mount in situ hybridization of col7ala and
col7alb at 24hpf, 48hpf and 72hpf showing expression of both col7al genes in the
zebrafish epidermis (ep), pectoral fin (pf), pharyngeal arch(pa), hindbrain (hb) and
forebrain (fb) (e’) In situ hybridization of col7ala at 72hpf and the white arrows showing
expression of col7ala in the basal keratinocytes(bk) where it is beneath the enveloping
layer (EVL) cells (f) In situ hybridization of col7alb at 72hpf showing strong expression

of col7alb in the basal keratinocytes of the zebrafish epidermis.

To further assess the spatio-temporal expression pattern of zebrafish col7al genes,
| performed whole mount in situ hybridization (WISH). Based on this, expression
of both transcripts of col7al, col7ala and col7alb is shown to be expressed in
zebrafish epidermal basal keratinocytes at different developmental stages of
zebrafish larvae (24hpf, 48hpf and 72hpf) (Figure 32B). According to my in situ

hybridization images, the expression level of col7ala gene is much weaker than
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the expression level of col7alb which is strongly expressed in the epidermal basal

keratinocytes as displayed in (Figure 32 B).

3.2.2. Generation of dystrophic epidermolysis bullosa zebrafish model

In order to knockdown col7al genes and generate dystrophic epidermolysis
bullosa-like model in zebrafish, I injected morpholino designed against col7ala
and col7alb genes into wildtype zebrafish embryos. Gross examination of
morpholino injected and uninjected wild type embryos as a control were performed
using dissecting scope at different stages of development. However, no phenotype
was noted. This lack of phenotype up on morpholino knockdown leads us to

knockout the col7al genes using targeted nucleases.

To knockout both zebrafish col7al genes | employed the CRISPR/Cas9 system
with an intention of generating dystrophic epidermolysis bullosa in zebrafish. To
introduce indels in both col7al zebrafish genes, | identified a target sequence for
each of the genes. The CRISPR target site for col7ala and col7alb were designed
against Exon10 (Figure 33A) and Exon2 (Figure 33B), respectively. col7ala and
col7alb are located in the FN3 repeats and von Willebrand factor (VWF) type A

(VWA) domain of zebrafish type VII collagen, respectively.

Thus, | designed single guide RNAs (sgRNA) able to direct Cas9 nuclease to exons
of both genes. | injected the sgRNA together with Cas9 RNA into one cell stage
zebrafish embryo to introduce mutations. | have generated founder fish with 2bp

deletions in col7ala Exonl0 and founder with 2bp deletion in col7alb Exon2
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(Figures 33 A&B). Whilst these do not show a phenotype when in the individual
homozygous phase, | have generated col7ala; col7alb double heterozygotes. This

again didn’t show phenotype, where adult fish viable and fertile.
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Figure 33: Generation of dystrophic epidermolysis bullosa targeting zebrafish
col7al genes using CRISPR/Cas9 system
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Domain of collagen VII, CRISPR target site of col7ala and col7alb showing an example
of deleted nucleotide bases right in the CRISPR target sites in both genes. (a) Is indicating
the location of col7ala Exonl0 CRISPR site with a deletion of 2bp and resulting in
premature stop codon after 27 amino acids, (b) is illustrating the location of col7alb
Exon2 with a deletion of 2bp resulting in frameshift mutation which led to premature stop

codon after 33 amino acids.

As illustrated in figure 33A and B, col7ala and col7alb homozygous founders
were generated with 2bp deletion each where the deletion caused a frameshift
mutation. In col7ala, the mutation resulted in amino acid change from Alanine
(A) to Glycine (G) at position 371 led to a premature stop codon after 27
subsequent amino acids (Figure 33A). Similarly, in col7alb, the mutation caused
in amino acid change from Serine (S) to Glutamine (Q) at position 87 which
resulted in premature stop codon after 33 subsequent amino acids (Figure 33B).
This premature stop codon hypothetically results in truncated, incomplete, and

nonfunctional protein product.

| examined the double knockout fish from embryological stage to adult stage for
any defect, especially skin related phenotypes. However, no obvious sign of
blistering of the skin was observed. | further continued to explore if any micro-
blisters in the dermal-epidermal layer of the double knockout fish using

transmission electron microscope analysis.
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3.2.2.1.  Transmission electron microscope analysis of col7al
double knockout

Ultrathin transverse cross sections were taken from the mid tail region of zebrafish
larvae at 16dpf. Electron micrographs of the epidermis, basement membrane and
dermis were captured at 4,000x and 10,000x magnification for transmission
electron microscope (TEM) analysis. Wild type zebrafish embryo and col7al
double knockout mutant were analyzed for possible detachment of the underlying
dermis from the basement membrane resulting from the absence of collagen VII in
the double mutants. Results of the TEM analyses showed no visible defects in the
integrity of the attachment of the basement membrane to the dermis attributed to

col7al double knockout (Figure 34).

Wild type

col7al dbl KO




Figure 34: Transmission electron microscope analysis of col7al double
knockout fish

Detailed ultrastructure of zebrafish skin, wild type fish (A-D &D’) and col7al double
knockout (E-H&H”), at original magnification of 4kx, 10kx and 40kx, Bar =5 pm, 2 um
and 0.5um. Ultrathin transverse cross sections were taken from the mid tail region of
zebrafish embryos at 16dpf. In both wild type (D’) and col7al double knockout (col7al
dbl KO) (H’) fish, similar structures of the skin were noted such as, Adepidermal granules
(Adg), Lamina lucida (LL), Lamina densa (LD), hemidesmosomes(Hd) and basement
membrane zone(BMZ). (Done by Qiachui Yang and Dr. David Liebl from IMB-IMCB

joint electron microscopy suite, A*STAR, Singapore).

Lack of phenotype of the double knockout fish could be due to at least three main
reasons:

1) col7al genes knockout may be compensated by endogenous paralogues or other
extracellular proteins of basement membrane.

2) The presence of a transcription or translation start site after the site of mutation.
3) Type VII collagen may not be totally knocked out due to exon skipping

Thus, in an effort to determine the status of type VII collagen in the double
knockout zebrafish, we performed different evaluations at RNA and protein level
where the total RNA and protein was harvested form the double knockout fish and

wild type control.

3.2.2.2.  Detecting alternative splices using reverse transcription
polymerase chain reaction
Alternative splicing is an important cell process when a single gene codes for
multiple proteins during gene expression whereby certain combination of exons in
a transcribed pre-mRNA are included or excluded to form different splice isoform

transcripts (Black, 2000; Blencowe, 2006; Graveley, 2001).
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Figure 35: Detection of alternative splice isoforms in col7al double knockout
fish using reverse transcription polymerase chain reaction

cDNA from wild type fish was used as a control in each case as labeled (Wild Type).
Alternative splices which might be resulted due to the introduction of deletion in both

col7al genes (col7ala and col7alb) is indicated by the white arrow.

To assess the availability of RNA splicing that might be introduced due to the 2bp
deletion, | extracted total RNA from col7al double knockout fish and prepared
cDNA. According to RT-PCR analysis other bands were identified in the mutants
for both col7ala and col7alb, but only single bands in wild type control (Figure
35). This suggest that the deletion might lead to exon skipping (most common form
of alternative splicing), where one or more variable exons are either included or
skipped from the final transcript to make up the array of spliced isoforms of a gene
(Anderson et al., 2017; Keren, Lev-Maor, & Ast, 2010) and thereby possibly
maintaining type VII collagen function. Alternatively, cryptic splice sites might

have been employed.
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3.2.2.3.  Proteomics analysis

As there are no antibodies available against zebrafish collagen VII, global
proteome analysis was conducted using sequential window acquisition of all
theoretical fragment ion spectra mass spectrometry (SWATH MS), to determine
whether type VII collagen is efficiently knocked out using CRISPR/cas9 system
and explore how the loss of collagen VII expression may change cellular protein

homeostasis.

First, we looked for how many peptides of zebrafish col7al genes could be
detected using MS analysis from a spectral library derived from wild type fish as a

control, we could not find collagen VII peptides from the spectral library.

To assess the status of collagen VII in the double knockout fish, we harvested
protein from 30hpf embryo, 5dpf larvae and adult fin of the double knockout fish
and performed MS analysis to assess the status of type VII collagen in comparison

to the wild type control.

According to the proteomics analysis, we found different evidence at the three age
stages of our double knockout fish whereby we could not draw a conclusion on the

status of collagen VII.

The first information we obtained from 30hpf embryo, no collagen V11 peptide was
detected, consistent with loss of protein. In addition, the only significant change in
the double knockout fish compared to the wild type control was spectrin beta chain,
a protein that in zebrafish is encoded by sptbnl gene, was upregulated (~2 fold)

(Annex 1). This is a key cytoskeleton protein important for membrane integrity,
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cell morphology, organelle transport, and cell polarity of varied cell types during

development (Liao et al., 2000).

Secondly, in the 5dpf double knockout zebrafish, a total of 10019 proteins were
found and no CollagenVII was detected. 26 proteins were found upregulated with
the cut value of fold change greater than 1.5. Most importantly, we found three
collagens upregulated from the SWATH MS data namely, Col28a2, Col6a2 and
Coll4alb, which might potentially be compensating the function of CollagenVII.
Upregulation of the three collagens was not statistically significant (p>0.5),
however the fold change confidence was relatively high (Table 8). Other

upregulated and down regulated proteins are stipulated in Annex 2.

Table 8: List of upregulated collagens in col7al double knockout zebrafish

Gene
names

Protein
names

Fold
Change

log2 Fold
Change

Fold Change
confidence

p-value

No of
peptides

col28a2a

13.99

3.81

0.99

0.1068

2

Collagen,
type
XXVIII,
alpha 2a

col6a2 Collagen, 10.40 3.38 0.70 0.8075 1

type VI,
alpha 2

coll4alb | Collagen, 16.29 4.02 0.71 0.07 4

type XIV,
alpha 1b

To evaluate the presence of collagen VII in the adult double knockout zebrafish,
protein was harvested from the fin for the reason that Type VII collagen is
expressed in the fin like the other parts of the skin (see RT_PCR figure 32) and the

fin is more convenient to collect without sacrificing the fish. A total of 9499
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proteins were found in adult knockout fish out of which 15 proteins were found
upregulated with fold change value greater than 1.5. We also detected a single
peptide from the SWATH MS data. The peptide “ALSDFGIEVR” was found
from type VII collagen encoded by col7ala at exon 72 to 73 after 1699 subsequent
amino acids from the CRISPR target site as indicated below (Figure 36). Though
we did detect the single peptide from the adult fin data, the quantification was not
confident. Therefore, we still cannot conclude anything regarding the status of
collagen VII. (Done by Larry Wai Leong LOW and Qi Feng LIN from Institute of
Molecular and Cell Biology, A*STAR, Singapore).

>tr|X1WE19 |X1WE19 DANRE Collagen, type VII, alpha 1 0OS=Danio
rerio GN=col7al PE=1 SV=1

CRISPR target site
of col7ala Exon 10

..PAEQVQOGYRITYGPTGQPAARLEEQSVGAESTSLNLLGL

KSNTEY---TPGIPGVPGAGGARGERGLPGLKGDVGDPGED

GKPGTSADVKRALSDFGIEVRELKQLVDEKSVLMSRMSEL

Peptide detected at Exon
72 - 73 of col7ala

Figure 36: Detection of type VII collagen peptides encoded by zebrafish
col7ala gene

Partial protein sequence of zebrafish type VII collagen encoded by col7ala illustrating the
CRISPR target site in Exon 10 of col7ala (highlighted in Red) and the peptide found at
Exon 72 to 73 of col7ala (highlighted in Blue).

Taken together, the proteomics analysis to some extent suggested that the type VII

collagen is knocked out where no peptide was detected at 30hpf and 5dpf of our
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double knockout fish; however, a single peptide was found in the adult. The other
possibility is genetic compensation (upregulation of other collagens) and/or

retained function in the collagen VII in our adult double knockout fish.

In an effort to knock down any possible presence of type VII collagen in our
knockout fish, I injected morpholino designed against col7al genes, col7ala and
col7alb into double mutant and wild type fish. I performed a gross examination of
morpholino injected embryos of our double knockout and wild type fish using
dissecting scope at different stages of development. However, no gross skin defect

was noted in both double knockout fish and wild type control up to adult stage.

In order to evaluate and confirm whether the loss of zebrafish type VII collagen
function resulted in upregulation of the collagens found in our proteomics analysis,
| tend to assess their temporal and spatial expression using whole mount in situ
hybridization in our double knockout fish and wild type as a control. Among the
three collagens (col28a2a, col6a2a and coll4alb), the spatiotemporal expression
of col6a2a is presented below (Figure 37). | could not manage to get the
spatiotemporal expression of the other two genes due to failure of the in situ or

extremely low expression levels.
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Figure 37: Comparison of spatiotemporal expression of col6a2a in wild type
and col7al double knockout fish

Whole mount in situ hybridization of col6a2a at 24hpf, 48hpf and 72hpf in AB (wild type
fish) and in type VII collagen double knockout fish showing expression of in the
epidermis, somites (smt), pectoral fin(pf), eye (ey), gut (gt), pharyngeal arch (pa) and tail
(th. (E) In situ hybridization of col6a2a at 72hpf showing weak expression in the gut of
the wild type fish (red arrow) and (F) strong expression of col6a2a in the gut of type VII
collagen double knocked out fish at 72hpf (red arrow).

The whole mount in situ hybridization demonstrated that col6a2a is expressed in a
variety of tissues skin epidermis, as well as the somites, tail, gut and pharyngeal
arch of zebrafish (Figure 37). We observed similar expression pattern of col6a2a in
the wild type fish and the double knockout fish in all stages, however stronger
expression was noted in the gut of 72hpf double knockout fish as compared to the

wild type control (Figure 37 Red arrow).
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Since exonl0 and exon2 are early exons of col7ala and col7alb, respectively the
2bp deletion introduced in each gene may lead to another transcription start site
after the deletion site and produce functional protein which may be enough to
maintain the structural integrity of the skin. Thus, | designed new gRNAs targeting

more 3’ exons (Figure 38).
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Figure 38: Generation of zebrafish model of dystrophic epidermolysis bullosa

Arrows indicating CRISPR target sites of zebrafish col7al genes, col7ala Exon29 and

col7alb Exon36, respectively.

SgRNA col7ala Exon29 was injected into col7alb Exon2 homozygous embryos
and sgRNA col7alb Exon 36 was injected into col7ala Exonl0 homozygous
embryos. | have generated col7ala Exon29 and col7alb Exon36 heterozygotes on
col7alb Exon2 and col7ala Exonl0 homozygote background, respectively. Upon
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sequence analysis, embryos from col7ala Exon29 heterozygotes contained a 5bp
deletion (Figure 38A) and col7alb Exon36 heterozygotes containing a 13bp
deletion were found (Figure 38B). | have generated col7ala Exon29;
col7albExon2”, col7ala Exon29” ; col7alb Exon36™ and col7ala Exonl0™;
col7alb Exon36™ and could not see skin related phenotype. | have now double
knockout of col7ala Exon29™; col7alb Exon36” fish. The adult double knockout

fish were examined on dissecting scope and didn’t show evidence of skin defects.
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CHAPTER 4. DISCUSSION, CONCLUSIONS AND FUTURE
DIRECTIONS

4.1. Epidermolysis Bullosa Simplex

As a first line of defense of the body, the skin must accommodate continuous
challenges and must be strong enough to bear physical trauma to allow a large
range of movement. The intermediate filaments expressed by epidermal skin cells
are crucial to maintain the physical resilience of the basal cells and mutations in
keratins of the epidermis leads to inherited skin fragility disorder such as
epidermolysis bullosa simplex in which the basal keratinocytes of patients exhibit
fragility and keratin aggregates upon mechanical trauma (Anton-Lamprecht &
Schnyder, 1982; Bonifas et al., 1991; Coulombe, Hutton, Vassar, & Fuchs, 1991;

Lane et al., 1992).

Epidermolysis bullosa simplex is mostly due to dominant negative mutations in
either KRT5 or KRT14 genes, which affects the keratin intermediate filament
assembly, causes cytolysis and blistering of the skin (Coulombe et al., 2009) for

which effective treatment is still lacking.

The complex and specific regulation of keratin intermediate filaments reflect their
indispensable role in maintaining the structure of epithelia. Evidence for these
functions was first discovered by expressing cDNA of KRT14 deletion mutants in
cells (Albers & Fuchs, 1987, 1989; Coulombe, Chan, Albers, & Fuchs, 1990). The
protein products of these cDNAs were shown to have a dominant negative effect

on the endogenous keratin intermediate filament networks in keratinocytes (Albers
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& Fuchs, 1987, 1989; Coulombe et al., 1990). We used this approach to mimic
human epidermolysis bullosa simplex in zebrafish by overexpressing dominant
negative proteins of zebrafish Krttlc19e and human KRT14 and equivalent

mutations in Krttlc19e.

Animal models have been developed to help improve our knowledge on the
pathomechanism of epidermolysis bullosa simplex (Bruckner-Tuderman, McGrath,
Robinson, & Uitto, 2010; Q.-J. Jiang & Uitto, 2005). Transgenic animal models for
EBS by expression of mutant form of KRT14 or its absence were developed in
mice (Arin & Roop, 2004; Cao, Longley, Wang, & Roop, 2001; Lloyd et al., 1995;
Vassar, Coulombe, Degenstein, Albers, & Fuchs, 1991). The first two mouse
models generated for EBS (Lloyd et al., 1995; Vassar et al., 1991) exhibited
abnormalities in epidermal architecture, alteration in keratin intermediate filament
formation, cytolysis of basal cells, and blistering of the epidermis which resembles
EBS, but neither of them survived for long as they died immediately after birth
which were not helpful in leading to therapeutic approaches. Inducible mouse
models have been developed for epidermolysis bullosa simplex (Arin & Roop,
2004; Cao et al., 2001) that mimics EBS at both genetic and phenotypic levels.
These inducible mouse models have provided a tool to study the molecular and
cellular basis of inherited skin disorders and have shown implications for gene
therapy approaches for EBS and other dominantly inherited diseases. Another
interesting model of EBS has been developed by co-overexpression of human KRT5
and KRT14_R125C which resulted in a blistering phenotype in Drosophila and this

model was useful to investigate the effect of different keratin mutations, their
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cellular consequences and provide opportunity for rapid genetic and therapeutic
screens (Bohnekamp et al., 2015). However, these animal models have not
provided the opportunity of direct in vivo imaging of basal keratinocytes which
express mutant keratins to understand their behavior. Regardless of the incredible
progress made in understanding the molecular basis of different forms of
epidermolysis bullosa, there is no cure for this disease. Generating alternative
model that recapitulates human EBS is necessary and zebrafish will play a role in
further dissecting the molecular mechanisms, cellular and subcellular aspects of the
disease in vivo, but also establishing commonalities, converging and diverging

mechanisms and realize a cure.

In the present study, | created transgenic lines of zebrafish by overexpressing
dominant negative zebrafish and human keratins, Tg(krttlc19e:eGFP-
krttlc19e R124C) and Tg(krttlc19e:eGFP-KRT14 R125P), and their wild type
forms, driven by a 3.9kb basal cell promoter type | keratin, zebrafish krtt1c19e (R.
T. Lee et al., 2014). | demonstrated that both zebrafish and human keratins are

specifically expressed in the basal keratinocytes by this promoter activity.

To my knowledge, this is the first epidermolysis bullosa simplex zebrafish model,
and | have examined the EBS zebrafish model for any abnormalities including skin
defect from embryo to adult stage. | used zebrafish larva at 5dpf and 16dpf to
characterize basal keratinocyte behavior and to look for possible epidermolysis
bullosa simplex phenotypes. These time points were selected for the following
reasons. (1) During development, basally localized cytokeratin becomes apparent

in basal epidermal cells by 3dpf in which the zebrafish larval epidermis consists of
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an outermost periderm called enveloping layer (EVL) and the basal epidermis
(Sonawane et al., 2005). (2) The formation of important cell adhesion protein
complexes such as hemidesmosome starts at 4 to 5dpf (Sonawane et al., 2005).
This is the time when the basal layer become more flattened and their cytoplasm is
more electro dense than earlier developmental stages and the BM facing the basal
keratinocytes is thicker (Le Guellec et al., 2003). (3) The krttlc19e promoter is
strongly active by this point (R. T. Lee et al.,, 2014). (4) Zebrafish basal
keratinocytes starts to stratify beyond 16dpf. At this stage the epidermis is thick
because of a third layer formation and specialized mucous goblet cells start to
differentiate (Le Guellec et al., 2003), these extra cells make imaging difficult as
they also express krttlc19e. In the EBS zebrafish model, | have been able to image
basal keratinocytes expressing dominant negative zebrafish and human keratins in

vivo in an attempt to understand their behavior.

| found that overexpression of the zebrafish Krttlc19e R124C protein does not
appear to have an effect on the assembly of keratin intermediate filaments in basal
keratinocytes either at normal condition or upon stress. The keratin intermediate
filament networks formed in transgenic fish overexpressing mutant zebrafish
keratin do not differ from the transgenic line overexpressing the wild type form.
And, | observed no evidence of blistering, aggregate production, and keratin bundle
or network rupture even when the transgenic fish were subjected to stress such as
temperature. This could be because of the presence of highly adapted chaperones.

Protein folding disorders of type | and type Il keratin intermediate filaments can be
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stabilized by interacting with associated proteins including small chaperones

(Coulombe & Wong, 2004).

Likewise, transgenic zebrafish overexpressing dominant negative human keratins
were healthy, refractory to blisters and showed no gross alterations in phenotype
under normal condition, confirmed by immunofluorescent, histological and
ultrastructural analysis, similar to the previous observations in inducible mouse
model developed for epidermolysis bullosa simplex (Arin & Roop, 2004; Cao,
Longley, Wang, & Roop, 2001). However, subtle cellular phenotypes such as
changes in keratin distribution in the basal keratinocytes, cell shape and cell
adhesion defects between neighboring basal cells was observed, only in the EBS
zebrafish model harboring the mutation, KRT14 _R125P. These cellular
phenotypes observed under normal condition in our epidermolysis bullosa simplex
zebrafish model were not reported in previous studies, potentially because of the
experimentally inaccessibility of the animal models to visualize cellular and

subcellular behavior in vivo.

In the unstressed EBS zebrafish model, | noticed a slight yet reproducible gap
between neighboring basal cells expressing mutant human keratin. Potentially the
overexpression of dominant negative human Keratin is affecting proper
polymerization processes with the endogenous partner protein and impairs
formation of keratin intermediate filaments leading to dysfunction of desmosomes.
The perturbation in connection between the IF and desmosomes  and
hemidesmosomes may underlie detachment between the basal cells and cytolysis

(Uttam et al., 1996). Previous studies have demonstrated that overexpression of
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mutant keratins and loss of keratins caused cell-cell adhesion defects due to
destabilization of desmosome protein complexes (Bar et al., 2014; Kroger et al.,
2013; Seltmann et al., 2013). For example, a study on human keratinocytes cell
lines, derived from KRT14_R125P mutation carrying EBS patients, have shown
down regulation of desmosome protein complexes such as desmoplakin,
plakoglobin and desmoglein 3 (Liovic et al., 2009). In this study, immunostaining
analysis showed high E-cadherin signal in basal keratinocytes of the mutant fish
under normal condition suggesting that E-cadherin might be compensating for the
function of desmosomes. However, E-cadherin expression become diffuse and
punctuated when subjected to thermal stress. Keratin- hemidesmosome (cell-
matrix) adhesion is essential in maintaining the structural integrity of the skin
(Ridley et al., 2003). Mutations in keratin-hemidesmosome protein complex leads
to disruption of the adhesion complex and causes skin blistering disorder such as
epidermolysis bullosa (J. D. Fine, 2010). Nevertheless, no defect in cell-matrix
adhesion was noted in our unstressed EBS zebrafish model according to

cryosection and TEM analysis.

| employed the physiologically relevant stressors that have been previously used to
test the behavior of keratinocytes in vitro from epidermolysis bullosa simplex
patients such as osmotic stress and thermal stress. To induce epidermolysis bullosa
simplex phenotypes in our transgenic fish, | tested osmotic shock (different dilution
of E3 medium) and thermal shocks (heat shock at 40 °C and cold shock at 18 °C),

and treated them for an hour.
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| found that osmotic stress had no effect on the transgenic zebrafish overexpressing
mutant zebrafish or human keratins. In contrast, previous in vitro studies revealed
keratin filament fragmentation and keratin aggregates at the edge of the cells
following osmotic shock in cells expressing KRT14_R125P (considered a severe
mutation of the keratin protein as the position of the mutations in the keratin
protein is generally correlated with the severity of the disease phenotype)
(D'Alessandro, Russell, Morley, Davies, & Lane, 2002). In the same in vitro study,
no aggregates were present in less severe mutations (e.g. KRT14_V270M) when

subjected to osmotic shock.

| demonstrated that the production of keratin aggregates and detachment of basal
keratinocytes in epidermolysis bullosa zebrafish model overexpressing mutant
human keratin through immunofluorescent and live imaging upon heat and cold
stress. This finding is in agreement with previous studies which have shown the
same phenotype in vitro using epidermolysis bullosa simplex cell lines where they
used heat stress at 43 °C for 30 minutes to induce keratin aggregate production
where most of the cytoskeletal network was affected and keratin aggregates mostly
confined to the cell periphery (Chamcheu et al., 2009). In our case, the keratin
aggregates were more pronounced in the nucleus of the basal cells. This might be
because keratins traffic to the nucleus during stress (Hobbs, Jacob, & Coulombe,
2016). Although experimental evidence is lacking on the effect of cold shock in

keratin intermediate filaments of EBS patients, | showed here in this study that the
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basal keratinocytes from the EBS zebrafish model exhibited a dramatic alterations

in keratin intermediate filament networks when subjected to cold stress.

In addition, morphological changes, partial disruption and sliding of the basal
keratinocytes over the dermis were observed through time-lapse imaging. This
might be due to the lack of connection between the keratin intermediate filament
network of the basal layer and hemidesmosomes connecting to the underlying
basement membrane. This may cause microblisters in the basal layer of the
epidermis (Coulombe et al., 2009). In addition, histological sections of heat treated
EBS adult zebrafish model overexpressing mutant human keratin (KRT14_R125P)

showed disruption of the superficial layer of the epidermis.

| have demonstrated that the overexpression of dominant negative human keratin
can interfere with keratin filament assembly in vivo and perturb proper keratin
network formation in zebrafish upon exposure to stress factors. Thus, this mirrors
aspects of epidermolysis bullosa simplex as an inherited skin blistering disorder
characterized by blistering of skin in response to mild mechanical trauma due to
rupture of basal keratinocytes (Bonifas et al., 1991; M. Coulombe et al., 1991;

Lane et al., 1992).

Skin fragility may result in bacterial infection which is one of the major problems
of EB patients (Arnold, Bruckner-Tuderman, Zuger, & Itin, 2009). The EBS
zebrafish model is well suited for infection analysis via live imaging which could
help to look for any difference in immune response between wild type and mutant.

This EBS zebrafish model could also be used to study wound healing and evaluate
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the effect of mutant keratins on the re-epithelization process. It will allow in vivo
visualization of the recovery process and mimicking and viewing relapses and
healing, through controlling temperature the mutants are exposed to. This is

unprecedented as an in vivo tool in the EB field.

4.2. Dystrophic Epidermolysis Bullosa

Dystrophic epidermolysis bullosa is the most severe and lethal form of EB due to
loss of function in type VII collagen in human (Webber et al., 2017). The gene
(COL7A1) coding for collagen VII is produced by basal keratinocytes and
fibroblasts and associates the lamina densa with the underlying papillary dermal
collagen fibrils (Burgeson, 1993). Different mutations in COL7A1 gene result in a
variety of phenotypes. Identical COL7A1 mutations often result in disease
variability even in monozygotic twins, suggesting that additional modifiers
contribute to DEB (Odorisio et al., 2014). Col7al knockout mice have been
generated to understand the molecular mechanism of dystrophic epidermolysis
bullosa (Heinonen et al., 1999). However, the Col7al null mice, born with
extensive skin blistering, died during the first two weeks of life. Another collagen
VII hypomorphic mouse model for DEB was generated which expressed one tenth
of the normal level of collagen VII and developed phenotypes similar to human
DEB (Fritsch et al., 2008) and this mouse model have suggested that fibroblast
based therapy can be used to treat DEB. Despite the presence of more than 700
different mutations in DEB patients (Wertheim- Tysarowska et al., 2012), no

effective treatment is available at the moment. because of lack of aminal models
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that recapitulates the disease condition at both phenotypic and genotypic levels

which will be valuable to further understand the pathophysiology of the disease.

In order to establish a dystrophic epidermolysis bullosa model in zebrafish, | have
identified zebrafish col7al genes from ensembl genome browser and I found two
paralogues, col7ala and col7alb, at chromosome 6 and 4, respectively. |
characterized their spatio-temporal expression by RT_PCR and whole mount in
situ hybridization whereby both zebrafish col7al genes were not maternally
deposited but were expressed zygotically in the basal keratinocytes, suggesting that
type VII collagens encoded by the two genes may have similar function to that in

humans.

Subsequently, | generated col7al double knockout zebrafish using CRISPR/Cas9
system. Genotypically, the fish developed in this study were col7al null to mimic
the absence of COL7A1 in human. However, | observed no evidence of dystrophic
epidermolysis bullosa phenotype. Transmission electron microscopy confirmed
that there was no difference in the ultrastructure of the skin in the double knockout
and wild type fish. This was surprising as loss of function of type VII collagen in
human has been associated with blistering of the skin and patients die within a few
days after birth(A. Christiano, Crollick, Pincus, & Uitto, 1999; A. M. Christiano,
McGrath, Tan, & Uitto, 1996; J.-D. Fine et al., 2008; Shimizu, Suzumori, &

Nishikawa, 1996).

In previous studies, it has also been demonstrated that a col7al knockout mice

developed blisters of the skin and mucous membrane of the oral cavity, erosions on
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the feet, resulting in death within the first two weeks of life from complications of
the disease (Heinonen et al., 1999). Specifically, no type VII collagen peptide
could be detected by proteomics analysis using SWATH MS analysis at 30hpf and
5dpf. However, significant increase of three collagens namely, col28a2, co6a2a
and coll4alb was detected. The findings presented here may also that upregulation
of these collagens in double knockout fish may be compensating the function of

type VII collagen and help maintain the structural integrity of the skin.

Collagen VI is ubiquitously expressed in connective tissue and important for
structural integrity, cell adhesion and migration. In human and mouse, defects in
Collagen VI causes a heterogeneous group of neuromuscular disorders (Bethlem &
Wijngaarden, 1976; Merlini et al., 2008; Ullrich, 1930). Likewise, It has been
shown that Col6a2 deficiency leads to muscle defect in zebrafish (Ramanoudjame
et al., 2015). Collagen XIV null mice showed dysfunction fibrillogenesis in tendon
and skin (Ansorge et al., 2009) in which the protein is involved as a regulator of
fibrillogenesis. It has also been shown that coll4alb is expressed after 32hpf in
zebrafish (H. L. Bader et al., 2013), but its spatio temporal expression and function
is not yet explored. Little is known about Collagen XXVIII. This genetic
compensation could help to identify the potential targets for therapeutic approaches

against dystrophic epidermolysis bullosa.

On the other hand, we detected only one putative type VII collagen peptide using
SWATH MS analysis in the adult double knockout fish. This could suggest that the
presence of a transcription or translation start site after the site of mutation or exon

skipping leading to a functional but N-terminally truncated type VII collagen. It
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has been shown that alternative splicing through exon skipping, non-sense
associated splicing or using cryptic splicing sites provides multicellular organisms
with an extended proteome, the possibility of cell type and species specific protein
isoforms without increasing the gene number, and the possibility of regulating the
production of different proteins through specific signaling pathways (Anderson et
al., 2017; Keren et al., 2010; Kornblihtt et al., 2013; Modrek & Lee, 2002). | am
currently generating another double knockout to double confirm the status of type
VI collagen targeting a more 3’ exons to see if | can mimic DEB phenotype in

zebrafish.

According to our proteomics analysis, we found upregulation of three collagens
form the SWATH MS data namely, Col28a2, Col6a2a and Col14alb, which might
potentially be compensating the function of collagen VII. Further experiment could
be performed to characterize or inhibit these upregulated collagens to understand
their function in maintaining integrity of the skin. Generating epidermolysis
bullosa zebrafish model will provide insights into molecular mechanism of
heritable skin diseases and demonstrate zebrafish epidermis in modelling human
diseases which can be used a fast drug screening platform for developing
therapeutic targets. The drugs could alter expression of keratins, target unfolded
keratin proteins and upregulate molecular chaperones responsible for directing
protein folding and maintaining proper protein confirmation that could rescue

structural defects of EB.
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ANNEXES

Annex 1: Proteomics data of upregulated and down regulated proteins of col7al double knockout fish at 30hpf.

Fold No.
Change log2 peptides
Gene Col7alvs | Fold
names Protein names Gene ontology (biological process) WT change | p-value
sptbnl Spectrin beta chain actin filament capping 2.29 1.19 0.0343 9
animal organ morphogenesis ; bleb assembly ; cell 10
morphogenesis ; convergent extension involved in
axis elongation ; muscle cell development ;
negative regulation of Rho protein signal
transduction ; positive regulation of protein kinase
A signaling ; protein targeting ; regulation of
A kinase (PRKA) anchor protein kinase C signaling ; signal transduction ;
akap12b protein 12b slow muscle cell migration 1.82 0.87 0.2470
2gc:171967 | Zgc:171967 carbohydrate metabolic process 1.51 0.60 0.3565 7
Gnb1l protein (Guanine 6
nucleotide binding protein
(G protein), beta polypeptide
1, like) (Guanine nucleotide-
gnblb binding protein (G protein), posterior lateral line neuromast primordium
gnbll beta polypeptide 1b) migration ; signal transduction 0.68 -0.56 0.3285
bract development ; brain development ; brain 10
Sodium/potassium- morphogenesis ; cardiocyte differentiation ; cell
atplala.l | transporting ATPase subunit | migration involved in heart formation ;
atplal alpha (EC 3.6.3.-) determination of left/right symmetry ; embryonic 0.60 -0.74 0.4797
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body morphogenesis ; embryonic heart tube
development ; embryonic heart tube
morphogenesis ; extracellular matrix organization
; heart development ; midbrain-hindbrain
boundary development ; otic vesicle development
; otic vesicle formation ; otolith development ;
ventricular system development

api5 Apoptosis inhibitor 5 0.54 -0.88 0.1389 6
si:ch73- 6
2447 .4 Si:ch73-244f7.4 0.54 -0.88 0.06601
Genes highlighted in light orange are upregulated and those heighted in light green are down regulated genes, p-value is set at 5% and fold change cut value is 1.5
Annex 2: Proteomics data of upregulated and down regulated proteins of col7a1 double knockout fish at 5dpf
Fold No. of
Change peptide
Gene Gene ontology (biological Col7alvsW | log2 fold s
names Protein names process) T change | p-value
coll4alb Collagen, type XIV, alpha 1b 16.29 4.03 0.0708 2
tpd5212a Tumor protein D52-like 2a 15.36 3.94 0.0040
si:ch211-
202f3.3
im:715484
2 Si:ch211-202f3.3 (Fragment) 14.03 3.81 0.9999
pgls 6-phosphogluconolactonase 13.52 3.76 0.0200
pon2
zgc:77556 Paraoxonase 2 (Zgc:77556) 11.17 3.48 0.0157
Ube2h protein (Ubiquitin-conjugating
ube2h enzyme E2H (UBC8 homolog, yeast)) 11.14 3.48 0.1442
col28a2a Collagen, type XXVIII, alpha 2a 10.93 3.45 0.1013 2
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col6a2 Collagen, type VI, alpha 2 10.40 3.38 0.8075
Coagulation factor C homolog, cochlin
coch (Limulus polyphemus) 10.27 3.36 0.0027
Uncharacterized protein 7.96 2.99 0.1724
Acyl-CoA dehydrogenase, C-2 to C-3 short
chain (Acyl-Coenzyme A dehydrogenase, C-
acads 2 to C-3 short chain) 7.16 2.84 0.0152
hsd17bl2a | Very-long-chain 3-oxoacyl-CoA reductase-A 6.93 2.79 0.1062
dpp9 Dipeptidyl-peptidase 9 6.61 2.72 0.8140
Troponin | type 2b (skeletal, fast), tandem
tnni2b.1 duplicate 1 4.75 2.25 0.0293
Cellular retinoic acid binding protein 1b
(Cellular retinoic acid-binding protein 1b)
(Cellular retinoic acid-binding protein type
crabplb ) 4.00 2.00 0.2613
trnaulapb | tRNA selenocysteine 1-associated protein
trnaulapl 1b 3.55 1.83 0.0171
eeal Early endosome antigen 1 2.23 1.16 0.0900
Surfdl protein (Surfeit gene 4, like) (Surfeit
surfél gene 4,-like) 2.17 1.12 0.0486
slc27a2a Solute carrier family 27 (fatty acid
slc27a2 transporter), member 2a 2.08 1.06 0.0156
Myosin, light chain 6, alkali, smooth muscle
myl6 and non-muscle 2.08 1.06 0.0789
zgc:114181 | Zgc:114181 1.95 0.96 0.1055
vig3 Vitellogenin 3, phosvitinless 1.90 0.93 0.0151
vtgb
si:rp71- Vitellogenin 6 (Fragment) 1.88 0.91 0.1487
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23d18.1

phb2b Prohibitin 2b 1.64 0.71 0.1773

vtgl Vitellogenin 1 1.55 0.63 0.6706

crygn2 Crystallin, gamma N2 (Fragment) 0.66 -0.59 0.0031

si:dkey-

261m9.19 Histone H2B 0.66 -0.60 0.0137
S-(hydroxymethyl)glutathione

adh5 dehydrogenase (EC 1.1.1.284) ethanol oxidation 0.65 -0.62 0.0688

ahcy AHCY | Adenosylhomocysteinase (EC 3.3.1.1) 0.65 -0.63 0.0533

hemoglobin biosynthetic process ;
iron ion homeostasis ; iron ion

tfa Serotransferrin transport ; response to bacterium 0.63 -0.68 0.3036
Heat shock protein 90, alpha (cytosolic),

hsp90aal.2 | class A member 1, tandem duplicate 2

hsp90a.2 (Heat shock protein 90-alpha 2) 0.57 -0.81 0.0853

pvalb2

pvalb

pvalbl Parvalbumin-2 (Parvalbumin beta) 0.50 -1.00 0.4071

crygm2d15 | Crystallin, gamma M2d15 0.47 -1.09 0.0073

zgc:153405 | Zgc:153405 0.44 -1.20 0.1841
Parvalbumin 3 (Parvalbumin isoform 1b)

pvalb3 (Pvalb3 protein) 0.35 -1.50 0.0331
Chromobox homolog 1b (HP1 beta

cbx1b homolog Drosophila) 0.32 -1.65 0.0367

si:dkey-

65b12.6 Si:dkey-65b12.6 0.30 -1.74 0.0016

rpl19

zgc:77733 | 60S ribosomal protein L19 0.28 -1.84 0.0985
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epiboly involved in gastrulation 2
with mouth forming second ; liver
development ; morphogenesis of
an epithelium ; single organismal
epcam Epithelial cell adhesion molecule cell-cell adhesion 0.27 -1.92 0.0057
pvalb8 Parvalbumin 8 (Pvalb8 protein) 0.16 -2.64 0.0007
nol10 Nucleolar protein 10 0.14 -2.83 0.4097
Complement component c3a, duplicate 2
c3a.2 (Fragment) 0.11 -3.13 0.0220
ppa2 Pyrophosphatase (inorganic) 2 0.10 -3.28 0.7372
decr2
si:ch211-
153¢20.5 Peroxisomal 2,4-dienoyl-CoA reductase (EC
2gC:85626 1.3.1.34) (2,4-dienoyl-CoA reductase 2) 0.09 -3.55 0.0086
Genes highlighted in light orange are upregulated and those heighted in light green are down regulated genes, p-value is set at 5% and fold change cut value is 1.5
Annex 3: Proteomics data of upregulated and down regulated proteins of col7al double knockout of adult fish
Fold change No of
Col7al vs log2 fold peptides
Gene names | Protein names Gene ontology (biological process) WT change p-value
acat2 Acetyl-CoA acetyltransferase 2 | fatty acid beta-oxidation 2.74 1.46 0.0039
2gc:92161 Zgc:92161 2.32 1.21 0.0004
Inter-alpha-trypsin inhibitor
itih3a heavy chain 3a hyaluronan metabolic process 2.25 1.17 0.0292
10-formyltetrahydrofolate catabolic process ;
biosynthetic process ; embryonic viscerocranium
10-formyltetrahydrofolate morphogenesis ; gastrulation ; heart development ;
aldhlll dehydrogenase (EC 1.5.1.6) neural crest cell migration ; neuromast deposition ; 2.25 1.17 0.0059
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one-carbon metabolic process

Peptidyl arginine deiminase,

padi2 type Il histone citrullination 2.23 1.16 0.0414
3'-phosphoadenosine 5'- 3'-phosphoadenosine 5'-phosphosulfate biosynthetic
papss2a phosphosulfate synthase 2a process ; sulfate assimilation 2.07 1.05 0.0270
fasn Fatty acid synthase biosynthetic process 1.96 0.97 0.0019
ATP-citrate synthase (EC
2.3.3.8) (ATP-citrate (pro-S-)-
lyase) (Citrate cleavage acetyl-CoA biosynthetic process ; citrate metabolic
aclya enzyme) process ; fatty acid biosynthetic process 1.93 0.95 0.0219
bpntl Bisphosphate nucleotidase 1 phosphatidylinositol phosphorylation 1.89 0.92 0.0066
zgc:152945 | Zgc:152945 1.88 0.91 0.0037
Phosphoribosylaminoimidazole | de novo' IMP biosynthetic process ; camera-type eye
carboxylase, development ; chordate embryonic development ;
phosphoribosylaminoimidazole | pigmentation ; retina development in camera-type
paics succinocarboxamide synthetase | eye 1.72 0.78 0.0286
Inter-alpha-trypsin inhibitor
itih2 heavy chain 2 hyaluronan metabolic process 1.71 0.77 0.0051
Xrn2 5'-3' exoribonuclease 2 1.60 0.68 0.0175
Betaine--homocysteine S-
bhmt methyltransferase 1 methionine biosynthetic process 1.55 0.63 0.0382
mdhlaa
MDH1 carbohydrate metabolic process ; malate metabolic
mdhla Malate dehydrogenase (EC process ; NADH metabolic process ; oxaloacetate
mdhA 1.1.1.37) metabolic process ; tricarboxylic acid cycle 1.53 0.62 0.0076
Ubiquitin-like modifier- cellular response to DNA damage stimulus ;
uba7 activating enzyme 7 ubiquitin-dependent protein catabolic process 0.70 -0.52 0.0190
wu:fj29h11 | Wu:fj29h11 0.70 -0.52 0.0493
serpinhla Serpin peptidase inhibitor,
zgc:171630 | clade H (heat shock protein collagen fibril organization 0.67 -0.57 0.0329
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47), member la (Zgc:171630
protein)

LOC795887 | Uncharacterized protein 0.59 -0.76 0.0361
leading strand elongation ; mismatch repair ;
Proliferating cell nuclear regulation of DNA replication ; response to activity ;
pcna antigen (PCNA) response to bacterium ; translesion synthesis 0.59 -0.77 0.0253
fetub Fetuin B 0.55 -0.85 0.0096
legla Protein legla (Legl-A) (Liver- | digestive system development ; embryonic liver
zgc:172246 | enriched gene protein 1-A) development ; liver development 0.54 -0.88 0.0004
apobb.2
si:dkeyp- Apolipoprotein Bb, tandem
88f5.1 duplicate 2 0.50 -1.01 0.0046
Interferon-induced GTP-
mxb binding protein MxB 0.48 -1.06 0.0213
wu:fc34e06 | Wu:fc34e06 0.43 -1.21 0.0049
cholesterol biosynthetic process ; cholesterol efflux ;
cholesterol homeostasis ; high-density lipoprotein
particle assembly ; lipoprotein metabolic process ;
neuron projection regeneration ; phosphatidylcholine
metabolic process ; phospholipid efflux ; positive
regulation of cholesterol esterification ; positive
regulation of fatty acid biosynthetic process ; positive
regulation of lipoprotein lipase activity ; positive
Apolipoprotein A-1 (Apo-Al) regulation of triglyceride catabolic process ;
(ApoA-I) (Apolipoprotein A1) | regulation of intestinal cholesterol absorption ;
[Cleaved into: reverse cholesterol transport ; triglyceride catabolic
apoal apoa Proapolipoprotein A-I process ; triglyceride homeostasis ; very-low-density
zgc:103718 | (ProapoA-I)] lipoprotein particle remodeling 0.41 -1.27 0.0273
si:dkeyp-
9d4.2 Si:dkeyp-9d4.2 0.41 -1.30 0.0043
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apobb.1

Apolipoprotein Bb, tandem

apobl duplicate 1 cellular response to xenaobiotic stimulus 0.40 -1.32 0.0123
Heat shock protein 90, alpha
(cytosolic), class A member 1,

hsp90aal.2 tandem duplicate 2 (Heat shock | protein folding ; response to antibiotic ; response to

hsp90a.2 protein 90-alpha 2) cold ; response to heat 0.39 -1.35 0.0128

zgc:153654 | Zgc:153654 0.37 -1.43 0.0225
Glutathione S-transferase mu

gstm.2 tandem duplicate 2

zgc:173994 | (Zgc:173994 protein) metabolic process 0.31 -1.71 0.0241

anxalc Annexin 0.27 -1.89 0.0429

isgl5

si:rp71-

1c23.2 ISG15 ubiquitin-like modifier 0.20 -2.35 0.0052
Serpin peptidase inhibitor,

serpinhlb clade H (heat shock protein

hsp47 47), member 1b collagen fibril organization ; fin regeneration 0.18 -2.49 0.0078

Genes highlighted in light orange are upregulated and those heighted in light green are down regulated genes, p-value is set at 5% and fold change cut value is 1.5
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