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ABSTRACT

Heat shock proteins (hsp) and heat shock transcription factors (HSF) have important roles in the
development of the eye lens. Our lab previously demonstrated that knockdown of hsp70 gene
expression using morpholino antisense technology (MO) resulted in a small lens phenotype in
zebrafish (Danio rerio) embryos. A less severe phenotype was seen with knockdown of hsfl,
suggesting other factors that regulate hsp70 are involved during lens formation. Both HSF1 and
HSF4 are known to play a role in mammalian lens development. An expressed sequence tag
encoding zebrafish HSF4, named hsf4a, has been identified and a second splice variant, hsf4b,
has been predicted in the Ensembl database. The objectives of this thesis were to characterize
the zebrafish HSF4 and compare its expression to other HSFs as well as investigate its role in
lens development. Analysis of zebrafish HSF4 sequence was performed using standard in silico
analytical software. The deduced amino acid sequence of HSF4a shares structural similarities
with mammalian HSF4 including the lack of an HR-C domain. This domain is absent due to a C-
terminal truncation within zebrafish HSF4a relative to the mammalian protein. HSF4b is
identical to the HSF4a sequence with the exception of an additional 155 amino acids at the
carboxyl end of the protein which contains an HR-C domain, unlike mammalian HSF4.
Surprisingly, electrophoretic mobility shift assays (EMSA) demonstrated that the binding affinity
of zebrafish HSF4 to discontinuous HSEs is more similar to HSF1 than to other HSF4 proteins.
The amino acid sequence of zebrafish HSF4 DNA binding domain was also more similar to
HSF1 than other HSF4 proteins. These results, along with a phylogenetic analysis of HSF
proteins from eleven species, suggest that HSF1 was an evolutionary precursor of HSF4 and that
functions of this protein may differ between zebrafish and mammals. The expression level for
each of the three zebrafish HSFs was determined in adult tissues and in developing embryos by
quantitative reverse transcription polymerase chain reaction (QPCR) analysis. Expression of both
hsf4 transcripts was observed predominantly in the eye but only observed in developing
embryonic tissue at 60 hours post fertilization or later. This, together with the lack of an
observable phenotype following MO knockdown of hsf4, suggests that HSF4 likely has a role in
later stages of lens development. Additionally, hsfl and hsf2 expression were detected in all
tissues and in all stages of development as well as being present as maternal transcripts in

zebrafish eggs. The results presented in this thesis demonstrate that while zebrafish HSFs share



some similarity with HSF proteins from other species, they also have structural characteristics

and expression patterns unique to the zebrafish.
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1.0 INTRODUCTION AND BACKGROUND

1.1 Introduction to the heat shock response

Heat shock proteins (hsps) were initially discovered as proteins produced by an organism
in response to heat stress and were therefore named accordingly. Investigations into the heat
shock response began in 1962 when Ferruccio Ritossa discovered an unusual pattern of puffs on
the salivary gland chromosomes of Drosophila (Ritossa 1962). It was not until 1973 that
molecular analysis of these chromosomal puffs revealed that the synthesis of new proteins, later
determined to be heat shock proteins, occurred at the same time as the puffs were observed. By
the late 1970s and early 1980s research on several organisms had shown that this response to
heat stress was conserved in a large variety of organisms from prokaryotes such as Escherichia
coli (E. coli), to all types of plants, Drosophila and in higher eukaryotic animals (Lindquist
1986). It was also demonstrated that these proteins were synthesized in response to other cellular
stresses including exposure to ethanol, heavy metals and inflammation (Lindquist and Craig
1988). Heat shock proteins are one of the most highly conserved families of proteins identified
to date (Lindquist and Craig 1988; Rupik et al. 2011). Hsps have been grouped into gene
families, including Hsp70, Hsp90, Hsp47 and the small hsps, based on their sequence homology
and molecular mass which can range from 10-100 kDa (Rupik et al. 2011).

While expression of several hsp gene families is upregulated in response to stresses, other
members of hsp families, such as heat shock cognate proteins, are also constitutively expressed
in tissues. These proteins act as molecular chaperones which assist with the folding of newly
synthesized proteins within the cells of an organism (Walsh et al. 1997). However, when heat
shock or other stresses occur, cellular proteins begin to denature and misfolding of proteins
causes them to aggregate and become inactive. Under stress conditions the amount of misfolded
proteins that accumulate in cells can overwhelm the constitutive hsps. To overcome this, cells
upregulate the expression of inducible heat shock genes. These hsps can bind to denatured
proteins and prevent aggregation of the protein as well as assist in refolding them back into their
native functional state (Walsh et al. 1997; Mathew and Morimoto 1998; Rupnik et al. 2011). In
addition, hsps are involved in the packaging and transport of damaged proteins which have been
targeted for degradation (Walsh et al. 1997; Rupnik et al. 2011). Binding of hsps to their target
proteins occurs through the C-terminal portion of the chaperone with the assistance of co-

chaperones and other cofactors. The refolding of target proteins requires ATP hydrolysis which,



for several families of hsps, is performed using the ATPase activity at the N-terminal domain of
the hsp (Rupnik et al. 2011).

The genes encoding for hsps are regulated by transcription factors called heat shock factors
(HSFs). These proteins are also highly conserved and have been identified in all plant and
animal species studied. While over 20 HSFs exist in plants, only four have been characterized in
the animal kingdom. Yeast and invertebrates such Caenorhabditis elegans and Drosophila have
only a single HSF while multiple HSFs are found in vertebrates (Pirkkala et al. 2001; Akerfelt et
al. 2007; von Koskull-Déring et al. 2007). The first HSF identified in vertebrates is named
HSF1 and functions as the primary regulator of heat shock genes during the heat shock response
as well as having regulatory roles in development. Another HSF with a role in regulating heat
shock genes in response to stress is HSF3, although so far this protein has only been identified in
two vertebrate species (Bjork and Sistonen 2010). The functions of HSF2 and HSF4 have been
shown to be primarily related to development and do not directly regulate heat shock genes in
response to stress (Pirkkala et al. 2001; Akerfelt et al. 2007). Two other members of the HSF
family have been identified, HSFY and HSF5, however very little is known about the function of
these HSFs. The HSFs activate gene transcription by binding to a conserved DNA binding
domain known as the heat shock response element (HSE) usually located in the 5’ regulatory
regions of the genes (Morimoto 1998; Akerfelt et al. 2007). Several genes including Asp70 have
more than one HSE in the 5 regulatory regions (Akerfelt et al. 2007). Activation of HSFs is
complex, involves several different protein complexes, and requires multiple steps (Voellmy
2004; Bjork and Sistonen 2010). Several of these steps and the proteins involved have yet to be

elucidated. Regulation of HSF activation is discussed in more detail in section 1.3.6.



1.2 Heat shock protein families and development

While the hsp family of proteins was initially identified and characterized based on their
roles during the cellular stress response, hsps also have many housekeeping roles within the cell
that are unrelated to the stress response. These include assisting in the folding of newly
synthesized proteins, protein degradation, cell signaling including steroid hormone activation,
and antigen presentation. Several hsps are involved in mitotic spindle stabilization as well as
cytoskeleton remodeling (Saito et al. 2009). Activation of regulatory proteins such as
transcription factors (including HSFs), replication proteins and kinases involve hsps (Evans and
Krone 2005). Hsps also have important roles in developmental processes such as tissue
formation, growth, and survival. @ Many hsps have elevated expression levels during
embryogenesis and patterns of hsp protein expression have been shown to be stage and tissue
specific during development (Abane and Mezger 2010). The expression pattern of different hsp
proteins during vertebrate development has been found to be very similar in several
developmental models including mouse, Xenopus and zebrafish. During development, the
formation of many embryonic structures, including the neural tube and cardiac tissue, depends
on a regulated series of cell proliferation, differentiation and apoptotic events and the regulation
of these processes has been found to be correlated to distinct expression patterns of hsp families
(Rupik et al. 2011).

The Hsp70 family of proteins has been the most extensively studied and most organisms
have several genes that encode members of this protein family. Hsp70 can be found in almost all
tissue types at various developmental stages after heat stress but it also has clearly defined
developmental roles in vertebrates in the absence of stress. For example, knockdown of Asp70
disrupts blastocyst development in pre-implantation mouse embryos (Dix et al. 1998). Hsp70
has also been demonstrated to be critical for normal mammalian spermatogenesis as Asp70 null
mice lack post-meiotic spermatids and mature sperm (Dix et al. 1996). Other studies have
demonstrated that Hsp70 has roles in apoptosis (Mosser et al. 2000; Awasthi and Wagner 2005),
cell cycle regulation (Walsh et al. 1993) and chondrocyte differentiation (Trichilis and
Wroblewski 1997; Mosser et al. 2000; Marshall and Harley 2001). In zebrafish embryos, Hsp70
is present at high levels specifically in the lens of the eye under non-stress conditions
(Blechinger et al. 2002; Evans and Krone 2005). The high level of Hsp70 expression coincides

with differentiation of fibre cells in the lens after which Asp70 expression decreases (Krone et al.,



2003). Knockdown of Asp70 expression using morpholino-modified antisense oligonucleotides
resulted in fish with a small lens phenotype, demonstrating a requirement for Hsp70 in normal
zebrafish eye development (Evans and Krone 2005).

The Hsp90 family consists of two genes that produce o and 3 forms of the protein in most
vertebrates (Rupik et al. 2011). Like Asp70, they are inducible by heat stress but also have
important roles in physiological processes under non-stress conditions. The role of Hsp90 in
development was initially difficult to discern as complete loss of Hsp90 activity in knockout
studies resulted in a lethal phenotype. Studies that used only a reduction in Asp90 expression or
that employed a specific Hsp90 inhibitor were instrumental in elucidating the roles Hsp90 played
in development (Rupik et al. 2011).

Hsp90 proteins have roles in signal transduction and chromatin organization, functions that
are unique to this family of hsps (Rupik et al. 2011). The involvement of Hsp90 in signal
transduction has been demonstrated in a wide variety of organisms including yeast, Drosophila,
several vertebrates and plants. For example, members of the Hsp90 family associate with steroid
hormone receptors and are part of the mechanism that regulates receptor activity (Voellmy
2004). Hsp90 has been demonstrated to play a critical role in compound eye development as
well as for spermatogenesis in Drosophila (Cutforth and Rubin 1994; van der Straten et al. 1997,
Yue et al. 1999). In mammals, Hsp90p plays an essential role in placenta development (Voss et
al. 2000). Inhibition of Hsp90 in geldanamycin treated zebrafish embryos resulted in a failure to
form early somitic muscles cells called pioneer cells (Krone et al. 2003; Lele et al. 1999), and
more recent studies have identified that the Hsp90a isoform is required for proper myofibril
organization in skeletal muscles of zebrafish (Du et al. 2008; Etard et al. 2008; Hawkins et al.
2008). The protein is also important for neural cell differentiation, heart tissue morphogenesis
and chondrocyte differentiation (Rupik et al. 2011). Another role for Hsp90 is regulating
phenotypic variations in plants (Queitsch et al. 2002) and animals (Rutherford and Lindquist
1998; Sollars et al. 2003) as it has been demonstrated that inhibition of Hsp90 function allows
previously concealed phenotypes to emerge. These phenotypes act as selectable traits that can be
passed on to subsequent generations (Sollars et al. 2003).

Hsp47 is a heat inducible hsp that resides in the endoplasmic reticulum. Like other hsps it
is also constitutively expressed during embryonic development, and is observed mainly in tissues

derived from the mesoderm. Knockout of 4sp47 expression in mice results in a lethal phenotype



as offspring die in utero. The phenotype of knockout embryos includes a lack of mature al(I)-
collagen in mesenchymal tissues as well as disordered epithelia and ruptured blood vessels
(Nagai et al. 2000). In developing chick and mouse embryos, Asp47 is expressed in fibroblasts
of connective tissue and in smooth muscle cells in the gastrointestinal tract, kidney epithelium
and the basal lamina of the epithelium. Further, it has been demonstrated that Hsp47 has a
critical role in the maturation of type I collagen and proper processing of type IV collagen in
mice (Matsuoka et al. 2004; Nagai et al. 2000). Similarly, in early stages of zebrafish
development, Hsp47 has been linked to the expression of type II collagen in the notochord. In
later stages of zebrafish development, Asp47 is also expressed in the otic capsule and fins (Lele
et al. 1997; Krone et al. 2003).

The small heat shock proteins comprise a large family of proteins with varying ranges of
molecular masses up to 45 kDa. One common characteristic of this diverse group of proteins is
the fact that they all contain an a-crystallin domain similar to the crystallin proteins expressed in
the lens of the eye (Mymrikov et al. 2011). While a large number of these proteins are known to
have roles in preventing protein misfolding and aggregation during cell stress, the tightly
regulated and time specific expression of many small hsps suggests an important role in
development as well. The a-crystallins are specialized members of the small heat shock family
and have an important role in the formation of the lens in the eye. Some members of the a-
crystallin gene family have also been shown to be expressed developmentally in several non-
ocular tissues including the muscle, heart and brain (Thonel et al. 2012). Transgenic mice that
overexpressed the HspB8 (an ortholog to human Hsp22) protein showed significant hypertrophy
of the heart (Mymrikov et al. 2011). The Hsp27 protein appears to be important for oogenesis
and development of neural as well as the epidermal tissues (Thonel et al. 2012). The
clarification of specific developmental roles for many small hsps is complicated by the large
number and multiple isoforms that exist in vertebrates, and it has been suggested that the number
of isoforms may be responsible for a certain amount of redundancy in small hsp function

(Morrow and Tanguay 2012).



1.3 Heat shock transcriptions factors

Heat shock protein gene expression is regulated by a family of transcription factors called
heat shock factors. These proteins regulate hsp gene expression in response to cellular stresses
and also during different developmental stages in the absence of stress (Akerfelt et al. 2007;
Abane and Mezger 2010; Bjork and Sistonen 2010; Fujimoto and Nakai 2010). Heat shock
factors also regulate non-hsp genes such as those encoding fibroblast growth factors (fgfs) and c-
fos, as well as having roles in chromatin modification and maintaining proteostasis (Morano and
Thiele 1999; Pirkalla et al. 2001; Xing et al. 2005; Tu et al. 2006; Akerfelt et al. 2007, 2010;
Wilkerson et al. 2007; Fujimoto et al. 2008; Shi et al. 2009; Abane and Mezger 2010). Recently
HSFs have been identified as potential targets for novel therapeutic agents targeting cancer and
autoimmune diseases (Akerfelt et al. 2007, 2010).

The amino acid sequences for HSFs are conserved across a range of organisms from single
celled eukaryotes to mammals. There are several functional domains in HSF proteins that are
also conserved between species (Fig. 1.1A) (Rabindran et al. 1993; Pirkalla et al. 2001). HSFs
exist constitutively within cells in an inactive state as monomers and dimers. These proteins
become active when cellular processes signal the monomers and dimers to trimerize, after which
they localize to specific DNA sequences, HSEs, to activate target genes (Fig. 1.2) (Pirkalla et al.
2001; Bjork and Sistonen 2010). This process of trimerization occurs through the action of
several well characterized protein domains (Fig. 1.1). All HSFs contain a conserved amino-
terminal winged helix-turn-helix DNA binding domain (DBD) capable of recognizing and
binding to HSE DNA sequences consisting of a series of at least three inverted repeats of the
sequence 5’-nGAAn-3’ (Amin et al. 1988; Harrison et al. 1994; Morimoto 1998; Pirkkala et al.
2001).



Figure 1.1 Structure of HSF protein domains. (A) Three important protein domains have been
identified and characterized in HSFs. The DNA binding domain (DBD) interacts with heat
shock response element in the promoter of target genes. The trimerization domain (HR-A/B) is
the region at which HSF monomers and dimers join to form an active HSF trimer. The inhibition
of transactivation or trimerization domain (HR-C) is located in the carboxy portion of the
protein. (B) The HR-C domain inhibits trimerization of the HR-A/B domain through interaction
with a chaperone containing protein complex.
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Figure 1.2 A schematic diagram of the process of HSF activation and attenuation of
transcription. HSFs exist in the cell as inactive monomers or dimers (not shown). Protein
complexes (green circles) which include the Hsp70 and Hsp90 chaperones, are bound to the
inhibition of transactivation (HR-C) domain (blue rectangle) to keep the monomers and dimers
inactive. Stress and non-stress cellular cues initiate the trimerization of HSFs at the trimerization
(HR-A/B) domains (red rectangle) which involves the loss of the protein complex from the HR-
C domain as well post-translational modifications (orange diamond). The trimer is recruited to
the heat shock response element (HSE) DNA binding domain (DBD) where each DBD (yellow
oval) associates with one of the GAA repeat sequences in the HSE. Transcriptional activation of
target genes involved in either the stress response (shown in the blue oval) or non-stress
responses (shown in the pink oval) is then initiated. The attenuation of HSF transcriptional
activation requires the re-association with chaperone containing protein complexes as well as
additional post-translational modifications in the DBD. HSFs then detach from the HSE and
remain in the cell again as inactive monomers and dimers. Diagram is modified from Morimoto
(1998) and Bjork and Sistonen (2010).
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The DBD consists of four antiparallel  sheets, a flexible ‘wing’ or loop of amino acids
that extends outward between two of the B sheets and three helix bundles. The second and third
helix bundles are what make up the helix turn helix motif (Sakurai and Enoki 2010). The nature
of the DBD sequence results in a three dimensional structure where all of the GAA repeats end
up on the same side of the helix motif. Typical HSEs have at least three 5’-nGAAn-3’ repeats
which allow each of the three DBD in an HSF trimer to each bind to a single GAA sequence
(Fig. 1.2). The binding of the DBD to the GAA sequence occurs primarily as two hydrogen
bonds between a single conserved arginine residue in the DBD and the guanine nucleotide of the
GAA sequence (Sakurai and Enoki 2010). The ‘wing’ portion of the DBD does not appear to
make contact with the DNA sequence (Sakurai and Enoki 2010).

The second conserved domain in the amino terminus of HSFs is the transactivation domain
(HR-A/B) which is made up of two sub-domains, HR-A and HR-B, both consisting of
hydrophobic heptad repeats characteristic of coiled coil structures. The HR-A/B domain is
required for the trimerization of HSF monomers and dimers prior to DNA binding (Bjork and
Sistonen 2010; Sakurai and Enoki 2010). A third functional domain found in most HSFs also
consists of a series of hydrophobic heptad repeats (HR-C), and is located at the carboxyl
terminus of the protein. This region has been determined to interact with several other proteins
and molecules, including Hsp70 and Hsp90 chaperones, for the purpose of inhibiting
trimerization at the HR-A/B domain and thereby maintaining HSFs in their inactive form (Fig.
1.1 and 1.2) (Rabindran et al. 1993; Nakai and Morimoto 1993, 1998; Shi et al. 1998; Sakurai
and Enoki 2010).

While only a single HSF gene has been identified in species such as yeast, C. elegans and
Drosophila, four HSFs have been characterized in vertebrates and are named HSF1, HSF2,
HSF3 and HSF4 in the order of their discovery. Two other members of the HSF family, HSFY
and HSFS5, have also been identified but little is known about the function of these proteins.
Different isoforms of mammalian HSF1, HSF2 and HSF4 have been identified and are generated
by alternative splicing of transcripts. Tissue and developmental specific expression patterns
have been observed for some HSF although the regulation of their differential expression is
poorly understood (Pirkkala et al. 2001). What is known to date about each of the HSFs and

their regulation is summarized in the following sections.
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1.3.1 Heat shock factor 1

In vertebrates, HSF1 was the first HSF identified and is known to be the primary
regulator of heat shock genes following stress (Pirkalla et al. 2001; Bjork and Sistonen 2010).
For this reason it has been the most widely studied. Although HSF1 is the primary HSF that
regulates the stress response in vertebrates, it also has several developmental roles including
regulating genes involved in the formation of the brain and sensory placode (Akerfelt et al. 2007,
2010; Abane and Mezger 2010). In zebrafish embryos, HSF1 has a direct role in development of
a functional lens in the eye (Evans et al. 2007). A link between expression of hsfl and
subsequent regulation of Asp25, hsp90 and aB-crystallin expression was identified as being
important for heart and kidney tissue development (Yan et al. 2002, 2005; Bierkamp et al. 2010).

Regulation of different physiological processes, including reproduction and the
immune response, are also dependent on HSF1. For example, HSF1 binds to the promoter
region of the interleukin-6 gene and a lack of HSF1 results in reduced proliferation of spleen
cells in mice. This has an overall effect of impairing the immune response by limiting Ig
production thus decreasing B cell response (Inouye et al. 2004). Several studies have identified
HSFI1 as an essential component for the development of a functional reproductive system in both
male and female mice. In adult Asf7 null mice, females are smaller, infertile, and display poor
placental development while males have impaired spermatogenesis at the pachytene stage as well
as an increased number of apoptotic spermatocytes (Xiao et al. 1999; Nakai et al. 2000; de
Rooija and de Boerb 2003; Izu et al. 2004). As well, the viability of the oocytes appears to be
linked to a reliance on HSF1 as a maternal factor during early cleavage in mammalian
development (Christians et al. 2000). Recently it has also been determined that HSF1, along
with HSF2, regulate X and Y linked multi-copy genes in mouse testis. These HSFs were found
bound to these mutli-copy genes in the heterochromatin of post-meiotic cells during specific
stages of spermatogenesis. This observation is intriguing as most multi-copy genes are silenced
during meiosis at this stage of spermatogenesis. It has been suggested that the presence of HSFs
may allow these specific multi-copy genes to continue to be expressed during meiosis as the
expression of some of these genes are important for proper sperm differentiation and chromatin
packing in male germ cells (Akerfelt et al. 2010; Vihervaara et al. 2013).

The association of HSF1 with the sex chromosomes during a stage of meiosis when

genes are normally silenced suggests that HSF1 could have roles in chromatin modulation.
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Several recent studies have provided evidence for this possibility. HSF1 associates with histone
deacetylase 1 and 2 both in the presence and absence of heat shock in a human cancer cell line
(HeLa) to induce a large scale deacetylation of histone 4. This deacetylation was not observed in
an HSF1 knockout mouse fibroblast cell line (Sakurai and Enoki 2010). Another study in a
human erythroleukemia cell line (K562) showed that the number of DNA sites bound by HSF1
in non-cycling mitotic cells was severely reduced from those observed in cycling cells,
suggesting there is a mechanism that limits the ability of HSF1 to interact with chromatin in non-
cycling cells. However, HSF1 still was present on several DNA sites in non-cycling cells yet no
active transcription from these sites was observed (Vihervaara et al. 2013). Furthermore, other
studies have observed that the HSF1 transcription initiation complex includes the protein
Brahma-related gene 1 (BRG1), a subunit of the chromatin remodeling complex that is required
to allow RNA polymerase II activity at the transactivation site of HSF1 (Bjork and Sistonen
2010).

HSF1 has also been investigated as a potential therapeutic target for cancer
treatments. Cancer cells deprived of HSF1 became apoptotic while non-cancer cells survived
(Akerfelt et al. 2007, 2010). Additionally, mice carrying an oncogenic mutation that were also
deficient in HSF1 developed fewer tumors that the same mouse strain with normal levels of
HSF1 (Dai et al. 2007). The current explanation for these observations is that the dependency of
cancer cells on HSF1 is due to the higher level of stress caused by increased metabolism,
oxidative stress and spontaneous DNA damage that is observed in cancer cells which creates an

increase in frequency of abnormal protein production and the accumulation of protein aggregates

(Akerfelt et al. 2010).
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1.3.2 Heat shock factor 2

Unlike HSF1, HSF2 is maintained in an inactive state within the cells as both a dimer
and a monomer, and it is these two forms that combine to form an active trimer (Akerfelt et al.
2007). Although no studies have demonstrated that HSF2 is activated in response to heat shock,
evidence suggests that when cells are exposed to stresses, HSF2 works cooperatively with HSF1
to regulate the expression of genes by forming herterotrimers with HSF1 (Sistonen et al. 1994,
Morange 2006; Akerfelt et al. 2007; Ostling et al. 2007; Bjork and Sistonen 2010). The
occurrence of HSF1-HSF2 heterotrimers is more prominent during the acute phase of stress, and
fewer heterotrimers are formed during prolonged exposure to heat stress (Akerfelt et al. 2010).

While the activation of HSF2 has not been shown to have a direct link to cell stress,
several studies have demonstrated a role for HSF2 in development. The absence of normal /sf2
expression in mice has been linked to defects in development of the brain and the reproductive
tract (Akerfelt et al. 2007; Ostling et al. 2007; Bjork and Sistonen 2010). HSF2 levels are high
early in mouse brain development (Akerfelt et al. 2010). The discovery that HSF2 regulates p35
gene expression during the development of the cerebral cortex was the first evidence that HSFs
could regulate non-classical heat shock genes during development (Chang et al. 2006). Mice
lacking HSF2 have abnormal neuronal migration patterns, resulting in the formation of large
ventricles and defects in lamination (Abane and Mezger, 2010; Akerfelt et al. 2010). As well,
two separate strains of Asf2 knockout mice developed structural abnormalities in the
hippocampus, vesicles and striatum in adult brains (Kallio et al. 2002; Wang et al. 2003). HSF2
is also expressed in proliferative neural progenitor cells during mouse development (Abane and
Mezger 2010). The importance of HSF2 in brain development is further supported by
observations that the expression of HSF2 in zebrafish is primarily observed in brain tissue of
embryos between 36-84 hpf (Yeh et al. 2006).

Experiments studying the lack of HSF2 function in reproductive tissues in female
mice have given conflicting results (Kallio et al. 2002; McMillan et al. 2002; Wang et al. 2003).
Exactly what role HSF2 has in development of reproductive tissues has been the subject of some
controversy in the past as two research groups using Asf2 null mice demonstrated remarkably
different phenotypic results. However, in two separate lines of Asf2 knockout mice, females
exhibited decreased fertility which was linked to several factors affecting normal oocyte

development and ovulation (Kallio et al. 2002; Wang et al. 2003). These results could not be
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confirmed in a third Asf2 null mouse line (McMillan et al. 2002). However, the effects of the
absence of Asf2 on the development of male reproductive tissues have been more fully
characterized. Male Asf2 null mice developed smaller testes which contained abnormal
seminiferous tubules with a resulting reduction in fertility. A double knockout of both Asf7 and
hsf2 in male mice resulted in a more severe phenotype that included complete sterility, abnormal
sperm shape and reduced sperm numbers (Wang et al. 2004; Akerfelt et al. 2010). Gene
expression studies demonstrated that Asf2 is expressed specifically in pachytene spermatocytes
and round spermatids during spermatogenesis (Akerfelt et al. 2010). Further analysis revealed
that /4sf2 expression in these cells is regulated in part by miR-18, a microRNA that binds to the
3> UTR of Asf2 mRNA (Bjork et al. 2010). It has also been suggested that the formation of
HSF1-HSF2 heterotrimers is necessary during spermatogenesis to transform HSF1 into a
transcriptionaly active state (Sandqvist et al. 2009). This suggestion is supported by evidence
that both HSF2 and HSF1 occupy a series of multi copy genes on the X and Y chromosomes in
post-meotic cells during the pachytene stage of spermatogenesis (Akerfelt et al. 2010).

HSF2 also plays a role in chromatin modification as the sumoylated form of HSF2
prevents heterochromatin formation in the region of the chromosome to which it is bound (Hong
and Sarge 1999; Xing et al. 2005). It has been suggested that this is a result of an apparent
ability of HSF2 to interact with the enzymatic condensing complex and prevent it from
inactivating genes during mitosis (Hong and Sarge 1999; Xing et al. 2005). This mechanism is
referred to as gene bookmarking and results in less condensed regions of DNA in the promoter
region of target genes including Asp70 and c-myc (Abane and Mezger 2010). HSF2 occupies the
promoter of Asp70 during all stages of mitosis and may be important for allowing transcriptional
activation of 4sp70 during the G1 phase of the cell cycle (Xing et al. 2005).

HSF2 may also be important for maintaining proteostasis during stress. In mouse
MEEF cell lines, lack of HSF2 caused cells to be more sensitive in response to long term mild heat
shock resulting in increased ubiquitylated and misfolded proteins when compared to wild type
cells (Shinkawa et al. 2011). The Asf2 null MEF cells also had decreased aB-crystallin levels
compared to wild type cells after heat shock. The knockout of 4sf2 in a Huntington’s disease
mouse model caused a similar increase in the accumulation of polyglutamine protein aggregates
in the brain as well as shortening the lifespan of the mice (Shinkawa et al. 2011). Still other
studies have shown that HSF2 constitutively binds to 4sp90, hsp27 and c-fos genes in Jurkat (T-
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lymphocyte) cells suggesting that there are still other roles for HSF2 under non-stress conditions

that need to be further characterized (Wilkerson et al. 2007).

1.3.3 Heat shock factor 3

Heat shock factor 3 was originally identified as an avian specific HSF (Nakai and
Morimoto 1993) but an ortholog has recently been identified in mice (Fujimoto et al. 2010). The
primary role of the HSF3 protein appears to be regulation of the cellular heat shock response
during severe and long-term stresses (Tanabe et al. 1997, 1998; Kawazoe et al. 1999; Fujimoto et
al. 2009). In avian species it is expressed at comparable levels to HSF2 in various tissues, and
like HSF2 it exists as dimers and monomers when in its inactive state (Nakai and Ishikawa 2000;
Pirkkala et al. 2001). However, unlike HSF2, the expression of HSF3 is induced by heat shock
and therefore its function is more similar to HSF1 in this aspect. ~Although both HSF1 and
HSF3 are expressed in response to heat stress, HSF3 is only expressed after severe heat shock
and it appears that it becomes the dominant HSF regulating the cells response to severe and
persistent heat stress (Kawazoe et al. 1999; Tanabe et al. 1997, 1998). Additionally, HSF3 was
unable to induce Asp70 expression in response to heat stress but did upregulate non-classical heat
shock genes such as PROM2, a membrane glycoprotein, in mouse fibroblast cells (Fujimoto et
al. 2010).

Some developmental roles for HSF3 have also been identified (Kanei-Ishii et al.
1997; Tanikawa et al. 2000; Fujimoto and Nakai 2010). HSF3 may have a developmental role in
regulating hematopoiesis and cell proliferation as it has been demonstrated in unstressed cells
that HSF3 binds to c-Myb, a transcription factor involved in these processes (Kanei-Ishii et al.
1997; Tanikawa et al. 2000). As well, the expression of Hsp90a in cultured DT40 chicken B
lymphocytes was shown to be dependent on both HSF1 and HSF3 expression under non-stress

conditions (Nakai and Ishikawa 2001).

1.3.4 Heat shock factor 4

HSF4 is the fourth HSF to be characterized in mammalian systems (Nakai et al.
1997; Tanabe et al. 1999). The structure of HSF4 has a pronounced difference from other HSFs
in that, similar to the yeast HSF, it lacks the inhibition of trimerization domain (HR-C) (shown in

Fig. 1.1), suggesting that HSF4 may be constitutively bound to HSE (Nakai et al. 1997). Two

16



isoforms of this protein have been identified in several mammalian species, both of which lack
the HR-C domain. HSF4 in humans was initially reported to function as a repressor of Asp70,
hsp90 and hsp25 in cultured HeLa cells (Nakai et al. 1997). Further studies revealed that it was
only one isoform of the protein, HSF4a, that acted as a repressor and that the second isoform,
HSF4b was an activator of hsps in a luciferase reporter assay (Tanabe et al. 1999; Frejtag et al.
2001; Zhang et al. 2001).

A role for HSF4 in development was first described by Bu et al. (2002) after studying
three Chinese and one Danish family suffering from congenital cataracts. They identified a
common missense mutation in Asf4 of all the Chinese families that resulted in a conserved
leucine residue being changed to a proline in the DBD of HSF4. A separate missense mutation
was identified in the Asf4 of the Danish family, which also resulted in an amino acid substitution
in the DBD of the protein. An Asf4-null mouse line demonstrated that HSF4 had a tissue specific
function as these mice had no major abnormalities in growth or organ development with the
exception of cataract formation (Fujimoto et al. 2004). The development of the lens in these
mice was normal early in embryogenesis but abnormalities such as inclusion-like bodies could
be observed in lens fibre cells during late embryogenesis and postnatally (Fujimoto et al. 2004).
Both classical and non-classical heat shock genes have been identified as targets for HSF4
regulation in mammalian lenses. Several studies have shown that a disruption of the regulation
of many of these genes results in protein aggregates and inclusions in the lens due to improper
lens fibre development and ultimately resulting in development of a cataract (Fujimoto et al.
2004; Min et al. 2004; Morange 2006; Shi et al. 2009; Abane and Mezger, 2010; Enoki et al.
2010; Zhou et al. 2011; Jing et al. 2013). In Asf4 null mice, increased expression of heat shock
genes hsp60 and hsp70 was observed in lens epithelial cells. As well, another heat shock gene,
hsp27, had decreased expression in mouse lenses of /sf4 knockout mice as well as in cultured
HeLa cells in which Asf4a was overexpressed (Nakai et al. 1997; Fujimoto et al. 2004; Min et al.
2004; Fujimoto and Nakai 2010). However, when Asf4b was overexpressed in HeLa cells,
expression of isp27 increased (Tanabe et al. 1999). Several non-hsp genes are also regulated by
HSF4 in the epithelial cells of the mammalian lens. An increase in expression of several fgf
genes in lens epithelial cells resulting in an increase in cell proliferation was observed in Asf4
null mice (Fujimoto et al. 2004, 2008). HSF4 was also, shown to bind to the promoter region of

SKAP2, a gene important for reorganization of actin filaments and linked to cell proliferation,
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suggesting another possible target gene for HSF4 regulation in lens epithelia (Zhou et al. 2011).
Results from Hu et al. (2013) also strongly suggest that HSF4b is required for lens epithelial
cells to differentiate into lens fibre cells possibly through regulation of RhoA and Racl, two
genes known to be important in lens fibre cell differentiation.

The main target of HSF4 in lens fibre cells appears to be the y-crystallin gene family
but it also regulates other genes important for lens fibre differentiation and organization
including aB-crystallin, fB-crystallin and structural proteins such as Bfsp (lens specific beaded
filament), vimentin and connexins (Cheng et al. 2004; Fujimoto et al. 2004; Min et al. 2004;
Somasundaram and Bhat 2004; Shi et al. 2009; Enoki et al. 2010; Mou et al. 2010; Jing et al.
2013). Recently it has been demonstrated in cell culture that activation of aB-crystallin
expression by HSF4b is, in turn, regulated through the extracellular signal-regulated kinase
(ERK) pathway in response to FGF2 stimulation (Li et al. 2013; Hu et al. 2013). However in the
absence of FGF2, HSF4b was still able to regulate 4sp25 expression in the same cells suggesting
multiple mechanisms for the regulation of HSF4b activation may exist in lens cells (Hu et al.
2013).

Regulation of transcription by HSF4 has also been identified in tissues other than the
developing lens. In developing olfactory epithelium of post-natal mice, HSF4 increases
expression of leukemia inhibitory factor (Lif) a gene which is necessary for normal sensory
neuron development (Takaki et al. 2006). Most recently, microarray analysis of the expression
of heat shock genes in neural lesions taken from multiple sclerosis patients identified a
significant increase in expression of HSF4 but not of other HSFs (Mycko et al. 2013). These
recent studies demonstrate that HSF4 also has a role in regulating developmental processes other
than lens development.

Several studies have demonstrated that HSF4 works with other HSFs to regulate
target genes. While an increase in mRNA expression was observed when HSF4 was bound to
the promoter region of fgf genes in the lens epithelium and the Lif gene in the olfactory
epithelium, a decrease in expression of both of these genes is seen when they are bound by HSF1
(Fujimoto et al. 2004; Takaki et al. 2006). These observations of the opposing effects of HSF4
and HSF1 were some of the earliest evidence that interplay between HSFs exists during
development and also suggested that they play important roles in maintaining sensory organs

(Akerfelt et al. 2007; Morange 2006, Nakai 2010). More recently Kim et al. (2011) have
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demonstrated that HSF4 interacts with HSF2 to modulate the expression of Asp70 in hemin-
treated cell lines as their study demonstrated that overexpression of Asf4a inhibited the
oligimerization and DNA binding capacity of HSF2 in hemin-treated cells..

Recently, a role for HSF4 in regulating DNA repair or degradation has been
identified. HSF4 was able to bind the Rad51 recombinase gene both in human lens epithelial
cells and in zebrafish lens. This enzyme has key roles in DNA repair mechanisms. Damage to
DNA such as spontaneous double strand breaks that occur during cell division and migration,
can disrupt the development of the lens and have been linked to cataract formation (Cui et al.
2012). Similar studies also suggest that HSF4 regulates DNAse 23 (DLAD) expression which is
necessary for proper denucleation of lens fibre cells during lens development (Wride 2011; Cui
et al. 2013). It has been suggested that impaired HSF4 activity would interfere with proper
regulation of DNA repair or degradation. The inhibition of DNA degradation processes during
lens formation in mice results in inclusions in the lens from damaged DNA remnants and
ultimately results in cataract formation (Wride 2011).

There may also be a role for HSF4 in chromatin modulation. Initial studies
conducted in HeLa cells demonstrated that both isoforms of HSF4 could bind to the BRG1
subunit in chromatin remodeling complexes during G1 phase of the cell cycle (Tu et al. 2006).
The authors also suggest that this interaction may be dependent upon ERK 1/2 MAP kinases (Hu
et al. 2006; Tu et al. 2006). He et al. (2010) demonstrated that the interaction of HSF4 with
BRG1 was necessary for proper lens denucleation, possibly through the regulation of DNase IIf3
gene. The interaction of HSF4 with genomic DNA from mouse lenses has been associated with
decreased methylation of residues on histone 3, specifically H3K9 and H3L9 (Fujimoto et al.
2008; Sakurai and Enoki 2010). Methylated H3L9 has been frequently observed to be associated
with non-transcriptionally active chromatin. The role of HSF4 in demethylation of this residue
suggests that HSF4 could be allowing transcription factors including HSF1 to have access to
these genes (Sakurai and Enoki 2010). A microarray analysis of HSF4 binding sites in mouse
lens further support this role of HSF4. Results of the study demonstrated that only 5% of the
sites bound by HSF4 were in the 5° promoter region of target genes while the remaining binding
sites were mapped to introns, exons and DNA sites located more than 10 kb from target genes.
This could suggest that HSF4 has other roles in the cell independent from transcriptional

regulation (Fujimoto et al. 2008).
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1.3.5 Other heat shock factors

1.3.5.1 Heat shock factor Y and heat shock factor X

Two genes encoding HSF family proteins have been identified in the sex
chromosomes of humans. HSFY was identified as a member of the heat shock transcription
factor family due to the high degree of homology it shares with the DBD of other HSFs
(Skaletsky et al. 2003). The HSFY gene has been localized to the Y chromosome, is comprised
of 7 exons, and has been identified in humans, mice, cattle, Rhesus monkey, opossum, kangaroo,
zebu cattle and cats as shown in GenBank (Shinka et al. 2004; Tessari et al. 2004; Benson et al.
2005). An X chromosome homologue to HSFY, referred to as HSFX or LW-1, has been
identified in human and opossum. The HSFX gene has only three exons, however the introns are
present in the same location as those found in the DNA binding domain of HSFY which suggests
that both arose from the same ancestral gene (Shinka et al. 2004). Phylogenic analysis of the
DBD illustrated that HSFY and HSFX belong to a group distinct from other known HSFs
(Shinka et al. 2004). Human HSFY and HSFX share 32% and 49% amino acid identity,
respectively, with the ORF of human HSF1. As well, the DBD of both proteins share 53%
amino acid identity to each other (Shinka et al. 2004).

The most striking difference between these proteins and other HSFs is that they
appear to lack an HR-A/B or trimerization domain. An analysis of the amino acid sequence of
HSFY and HSFX found few heptad repeats and the sequences were not homologous with HR-
A/B or HR-C domains and not typical for a leucine zipper motif found in other HSF proteins
(Shinka et al. 2004). The lack of an HR-A/B domain strongly suggests that these proteins would
not be able to form active trimers and therefore questions whether these proteins can function as
transcription factors in a way similar to other members of the HSF family. Furthermore, human
HSFY proteins were not able to bind to a typical HSE in a gel mobility shift assay (Shinka et al.
2004). The DBDs of other HSFs have a conserved alpha helix 2 and 3 in the helix-turn-helix
structure which is important for DNA recognition (Ahn et al. 2001). The alpha helix 2 and 3
structure is not conserved in the HSFY protein DBD even though the amino acid sequence is
sufficiently similar to other HSFs to group it with this family of proteins (Shinka et al. 2004).
However, a single nuclear localization sequence, similar to the ones found in human HSFI,

HSF2 and HSF4, has been identified near the DBD of HSFY and HSFX, suggesting that the
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protein may be capable of translocating to the nucleus (Sheldon and Kingston 1993; Shinka et al.
2004).

The Y chromosome consists of a short arm (Yp) and a longer arm (Yq). A large
region, comprised of 95% of the total length of the human Y chromosome, has been identified as
unique to the Y chromosome and has been termed the male specific region (MSY). The gene
structure within the Y chromosome is complex with many of the protein coding genes existing in
duplicate copies arranged within eleven large palindromic sequences, all of which are separated
by regions of inverted repeat sequences and tandem arrays (Kichine et al. 2012). To date, eleven
out of twenty seven distinct protein coding gene families have been determined to show testis
specific expression and these testis specific genes families, including HSFY, are all located
within the palindrome regions of the Y chromosome (Skaletsky et al. 2003; Kichine et al. 2012).
The HSFY gene is present in two copies in the fourth palindrome of the Y chromosome, and are
the only protein coding genes within this this region (Tessari et al. 2004). These genes encode
RNA for three transcript variants of HSFY of which only transcript variant 1 contains a
conserved DBD (Shinka et al. 2004). Two clusters of 2 genes each sharing 80% nucleotide
identity to HSFY, arranged as inverted sequences, were also identified in palindrome 1 and
palindrome 3 of the Y chromosome. While these genes maintain the seven exon structure of
HSFY, it is assumed that they are non-functional pseudogenes due to the presence of a stop
codon at the 16™ codon in the predicted amino acid sequence and the lack of an identified EST
(expressed sequence tag) in GenBank (Tessari et al. 2004). Analysis of mRNA expression has
determined that transcript variant one was detected in testis tissue, spermatozoa as well as in the
brain and pancreas. Transcript splice variants 2 and 3 were only detected in testis tissue (Tessari
et al. 2004). Within the testis, HSF'Y was determined to be present in the cytoplasm of Sertoli
cells in all seminiferous tubules as determined by immunohistochemistry (Shinka et al. 2004). In
similar experiments HSFY was also present transiently in the nucleus and perinuclear region of
germ cells during specific phases of spermatogenesis in both humans and mouse, with the
strongest expression being observed in round spermatids (Shinka et al. 2004; Tessari et al. 2004;
Kinoshita et al. 2006). HSFY disappeared in fully mature sperm and could not be detected in
other testicular tissues including Leydig cells or the lamina propria (Shinka et al. 2004).

Most of the research surrounding the function of HSFY has been focused on its

potential role in fertility. Three separate regions of the Y chromosome in which microdeletions
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have been associated with infertility were identified by deletion mapping and termed
azoospermia factor intervals (AZFa, AZFb and AZFc) (Forresta et al. 2001; Skaletsky et al.
2003). Microdeletions occur in 10 to 15% of human males with idiopathic azoospermia and
oligozoospermia, most of which are due to microdeletions in the AZFb region (Tessari et al.
2004; Kichine et al. 2012). It is this region where both copies of the HSFY gene reside (Ferlin et
al. 2003; Skaletsky et al. 2003; Kichine et al. 2012). However most microdeletions in this area
include a loss of multiple genes, in some instances up to as many as 18 genes were removed in a
microdeletion.

The effect on fertility in human males due to the loss of HSFY through
microdeletions within the Y chromosome has been analyzed in two studies. A study by Stahl et
al. (2012) looked at the difference in expression of ten candidate genes in testicular tissue
containing seminiferous tubules from 19 males with idiopathic azoospermia due to maturation
arrest versus 8 males with obstructive azoospermia. They determined that only two genes, CDY2
and HSFY, were consistently under-expressed by 12 and 16 fold respectively, in the patients with
azoospermia. They concluded that both of these genes may be important for sperm maturation
(Stahl et al. 2012). A second study was able to isolate 3 of 1186 infertile men who had a Y
chromosome microdeletion in which both copies of HSFY were the only deleted protein coding
genes and in which no similar microdeletion was found in 1179 control men (Kichine et al.
2012). The second study found that while the three men had reduced fertility, there was no
evidence of azoospermia due to maturation arrest, contradicting the study by Stahl et al. (2012).
The authors noted that while the HSFY deletion resulted in reduced fertility, it was not a severe
enough phenotype to eliminate it from the population and continued to be passed on to future
generations (Kichine et al. 2012). Interestingly, two of the three individuals with this specific
microdeletion also observed a decline is sperm quality over time which may suggest that the
phenotype of HSFY absence may only be of significance in individuals where there are multiple
risk factors for infertility such as age (Kichine et al. 2012). This last point is especially
interesting given recent investigation into the roles HSFs have in regulating protein homeostasis
or proteostasis in cells. As has been previously described, the proteins involved in the HSR act
as chaperones to prevent protein degradation and aggregation in response to cellular stresses.
Aging organisms experience an increase in oxidative stress and corresponding increase in protein

aggregation that can contribute to protein disease such as Parkinson’s and Alzheimer’s disease
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(Akerfelt et al. 2010; Morimoto 2011; Gidalevitz et al. 2011; Barna et al. 2012). It is interesting
then to speculate that HSFY could have a role in regulating proteostasis in testicular cells,
specifically Sertoli cells and spermatids, to maintain fertility. This would support the
observation that while a deletion of the HSFY gene does not cause complete azoospermia, the
loss of this gene may result in an earlier accumulation of stress/age-related protein aggregates
compared to individuals that still maintain the HSFY gene on their chromosome. The ultimate
result of an early accumulation of protein aggregates in the testis may be reduced fertility in
males at an earlier age as suggested by Kichine et al. (2012). The observation that HSFY can not
bind to HSEs makes it unlikely that this protein would protect cells from protein aggregates
through transcriptional regulation of classical heat shock genes (Shinka et al. 2004). Therefore,
the mechanism by which HSFY may protect cells from age related stress and prevent infertility

is likely a novel one.

1.3.5.2 Heat shock factor family member 5

Heat shock factor family member 5 is the most recent HSF gene identified by
sequence analysis of genomes deposited in GenBank (Benson et al. 2005). Homologues for this
gene have been found in more than 30 species including human, mouse, zebrafish, Xenopus and
chicken suggesting that the Asf5 gene, like other HSFs, is conserved across genomes. Expression
of hsf5 in cell culture has been observed in two separate studies. Choi et al. (2010) demonstrated
that the level of Asf5 mRNA in mouse neural stem cells increased in response to ethanol
treatment, similar to the pattern observed for /4sf2 mRNA levels in the same cells. A second
study demonstrated that Asf5 expression was also increased in 3T3-L1 preadipocyte cells
exposed to high glucose levels (Gupta and Tikoo 2012). A third study analyzing gene expression
in the zebrafish swimbladder determined Asf5 to be one of the twenty most abundant
transcription factors expressed in the adult tissue (Zheng et al. 2011).

To date, no characterization of the HSF5 protein sequence has been published.
Alignment of the HSF5 predicted amino acid sequence with sequences from other HSFs using
the BLAST sequence alignment tool confirms that the DBD for HSFS5 is conserved with other
HSFs. The predicted amino acid sequence of HSF5 DBD shares 36-37 % amino acid identities
with the DBD of HSF1, HSF2, and HSF4 in humans. A similar pattern is observed in zebrafish
where the DBD of HSF5 shares 37-38% amino acid identities with the DBD of zebrafish HSF1,
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HSF2 and HSF4. However, no heptad repeat sequences were identified by the SMART analysis
in HSF5 protein sequences from either human or zebrafish indicating that HSFS5, like HSFY,
does not contain an HR-A/B or HR-C domain and therefore would not be able to form active
trimers.

The function of HSF5 is unknown. The predicted protein sequence, like the HSFY
sequence, lacks all heptad repeat sequences typically associated with HSFs. Even though HSF5
does contain a conserved DBD, the lack of an HR-A/B domain suggests that the HSF5 protein
will not be able to bind classical HSE sequences, similar to what was observed for HSFY. The
discovery of the HSFS5 sequence and its similarities to HSFY in the lack of HR domains suggests
that these represent a new category of HSF. More studies are needed to determine how these
HSFs lacking trimerization domains function in the cell. It will also be interesting to determine

if these proteins do act as transcription factors and what regulatory roles, if any, they possess.

1.3.6 Heat shock factor transcriptional regulation

Heat shock factors regulate transcription of a number of genes that are involved in a
large variety of physiological processes (Pirkkala et al. 2001; Akerfelt et al. 2007; Fujimoto and
Nakai 2010; Morimoto 2011). Gene targets include the classical heat shock genes as well as
non-heat shock genes, both of which can be regulated by HSFs in response to stress. The
diversity of genes regulated by HSFs is also highlighted in several studies that have
demonstrated that the gene targets for HSFs can be tissue- or developmentally-specific. For
example, a knockout of 4sf2 using RNAIi techniques in HeLa cells resulted in decreased hsp27
expression while the expression of 4sp27 in fibroblasts from an 4sf2 null mouse was not different
than expression in wild type mice (Wilkerson et al. 2007). In developing mouse lens, HSF4 is
able to repress the expression of several fgf genes in lens epithelial cells but this same inhibition
could not be demonstrated in lens fibre cells (Fujimoto et al. 2004). Recently, Jing et al. (2013)
were able to show that HSF4 bound to the aB-crystallin promoter in established epithelial cell
lines but could not bind to the same gene in fibroblast cell lines. However the inverse was found
to be true for HSF1 which did not bind to aB-crystallin in epithelial cells but did bind this gene
in fibroblasts in response to a heat shock (Jing et al. 2013).

The high degree of similarity shared between protein sequences of all members of

the HSF family suggests that there must be a complex network of processes that can regulate
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HSF activation and differential recruitment of HSFs to specific gene targets as described above.
There is therefore a keen interest in elucidating mechanisms by which HSF trimerization is
regulated and how these HSFs differentially regulate target genes. Investigations into the
regulation of HSFs have primarily been performed in mammalian species and what is currently

understood about regulation of HSF activation is described below.

1.3.6.1 Activation of HSF trimers

The activation of HSFs is a multistep process that includes the trimerization of
inactive HSF monomers and dimers, localization of the trimer to the HSE on target genes, and
activation of gene expression through formation of the transcription initiation complex (Akerfelt
et al 2010; Bjork and Sistonen 2010; de Thonel et al. 2012). Several hsps are involved in
regulating the formation of HSF complexes. Hsp90 and to a lesser extent Hsp70 and Hsp40 have
all been suggested to be involved in protein complexes that, when bound to HSF monomers or
dimers prevent trimerization resulting in HSFs being maintained in an inactive state (Fig. 1.2)
(Morano and Thiele 1999; Voellmy 2004; Bjork and Sistonen 2010). Upon stress they are
recruited away from HSF monomers to be used as chaperones for other proteins (Fig. 1.2).
Depletion of the chaperones from HSF monomers and dimers results in the breakdown of the
inactive heterocomplex allowing unbound HSFs to rapidly trimerize. These active HSF trimers
then migrate to and bind to the HSE resulting in rapid synthesis of hsps. Once all of the
damaged proteins are bound to hsps, excess hsps are once again free to interact with HSF,
thereby dissociating active HSF trimers, and returning HSF to the inactive, heterocomplexed
form creating a feedback loop (Fig. 1.2). A few proteins involved in opposing chaperone
inhibition of the HSF complex have also been identified including the FAS death domain
associated protein (DAXX) which associates with the HSF1 trimer. An Hsp70 co-chaperone,
CHIP, also interacts with HSF1 to facilitate activation of transcription of target genes (Bjork and
Sistonen 2010). The mechanism by which the cell relieves chaperone inhibition in response to
cues other than cellular stress, such as developmental processes, has not been studied to any
large extent.

The cellular signaling events that initiate HSF activation in response to cellular
stresses or developmental cues are not as well understood and the complete signaling pathways

for these processes remain largely unknown. Studies using Drosophila HSF and mammalian
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HSFI1 purified from expression systems demonstrated that application of heat, a decrease in pH
or simulation of oxidative stress using H,O, could directly stimulate HSFs to trimerize,
suggesting a stress sensing mechanism was inherent in the protein (Ahn and Thiele 2003; Bjork
and Sistonen 2010). There is also some evidence that a specific RNA molecule called heat shock
RNA-1 acts as a thermosensor. The interaction of heat shock RNA-1 with elongation factor
eEF1A is able to facilitate HSF1 trimerization in response to heat stress (Bjork and Sistonen
2010). Still other studies have shown that inducing changes in membrane fluidity could increase
HSF1 DNA binding although the cell signaling pathways involved in this process remain to be
elucidated (Bjork and Sistonen 2010).

One of the most widely studied aspects of HSF regulation has been to determine the
role that post-translational modifications (PTMs) play in the regulation of HSF trimer formation.
Most of the PTMs known to be associated with HSF regulation have been identified from studies
where trimerization of HSFs was induced by stress. The nature of PTMs associated with
trimerization of HSFs in response to developmental cues remain mostly unknown (Bjork and
Sistonen 2010). In yeast, different phosphorylation patterns were identified in response to heat
stress versus oxidative stress which strongly suggests that PTMs are integral in the ability of
HSFs to activate specific genes (Bjork and Sistonen 2010; Sakurai and Enoki 2010).

There have been several inducible PTMs identified on mammalian HSFs including
phosphorylation, acetylation, sumoylation, and ubiquitination (Akerfelt et al. 2007; Bjork and
Sistonen 2010; Xu et al. 2012). The majority of the characterization of PTMs and their
regulatory roles have been performed on HSF1. To date, twelve serine residues that undergo
phosphorylation in response to heat shock have been identified on human HSFI1, with the
majority lying within a regulatory domain between the HR-A/B and HR-C domains (Bjork and
Sistonen 2010; Xu et al. 2012). This regulatory domain is responsible for inhibiting
transactivation through the HR-C domain. It is possible that the large number of phophorylation
events triggered in response to heat shock is linked to relieving the HR-C domains ability to
inhibit trimerization (Bjork and Sistonen 2010). Phosphorylation of serine 121 in the regulatory
region also induces inhibition of transactivation by promoting the association of HSF1 with
Hsp90 (Xu et al. 2012). However, phosphorylation modifications can also promote other PTMs
on the HSF1 complex which allow the HR-C to inhibit transactivation. For example,

phosphorylation of serine 303 is necessary for a nearby lysine residue to be modified by
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sumoylation, the result of which is the inhibition of HSF1 transactivation (Bjork and Sistonen
2010; Xu et al. 2012). Phosphorylation of still other residues has additional regulatory roles.
For example the phosphorylation of serine 419 is required for nuclear translocation of the active
trimer while phosphorylation of serine 216 is associated with HSF1 ubiquitination (Xu et al.
2012).

Acetylation of several lysine residues in the DBD is another PTM that has been
identified in HSF1. This modification allows dissociation of HSF from the HSE. It has also
been demonstrated that deacetylation of HSF1, which occurs via longevity factor sirtuin 1
(SIRT1), promotes DNA binding (Bjork and Sistonen 2010). This acetylation modification is
critical in the displacement of HSF1 from DNA given that the binding of hsps to the HR-C
domain of an active HSF1 trimer can not inactivate the complex on its own (Bjork and Sistonen
2010).

The existence and roles of PTMs on other mammalian HSFs is less well
characterized. HSF2 is a short lived protein and therefore the identification of several
ubiquitination sites within HSF2 trimers is not surprising (Bjork and Sistonen 2010; Xu et al.
2012). HSF2 also interacts with subunits of the anaphase promoting complex which could
promote movement of HSF2 to the ubiquitin/proteosome degradation pathway (Bjork and
Sistonen 2010). The abundant sites for ubiquitination in HSF2 trimers suggest that
transcriptional activation of target genes by this protein is under tight regulation. Additionally
two lysine residues with sumoylated modifications have been identified on HSF2. These sites
are associated with the DNA binding capacity of HSF2 and therefore may be involved with its
bookmarking function. However, conflicting results have been found for whether or not the
sumoylation promotes or inhibits DNA binding (Bjork and Sistonen 2010). No acetylation or
phosphorylation sites have been identified in HSF2 trimers to date (Xu et al. 2012).

Only one phosphorylation site and one sumoylation site have been identified on
mammalian HSF4, specifically on the HSF4b isoform. The sumoylation of lysine 293 is directly
preceded by the phosphorylation of the nearby serine 298, the result being a repression of HSF4b
activation. This process is very similar to what was observed for HSF1 with the exception that
sumoylation occurs in HSF1 as a response to stress while HSF4b appears to by constitutively
sumoylated, consistent with the HSF4 complex being constitutively trimerized (Tanabe et al.

1999; Bjork and Sistonen 2010; Xu et al. 2012)
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Only limited investigations have been performed to identify PTM in HSFY and
HSFX proteins. Mass spectroscopy based proteomics analysis has identified two
phosphorylation sites on HSFY isoform 1 and a sumoylation site has been identified on isoform
1 of HSFX (Xu et al. 2012). The function of these PTMs is unknown.

As discussed above, the processes that regulate HSF trimerization and their ability to
transactivate genes are important mechanisms by which the few types of known HSFs
differentially regulate target genes in response to a variety of cellular stimuli including stress and
environmental cues. Another mechanism by which HSFs differentially regulate gene expression
is by working together to co-regulate target genes. It has been shown that several processes such
as brain and lens development are more severely hampered in mice when multiple HSFs are
knocked out as opposed to only a single HSF (Bjork and Sistonen 2010). This may be due in
part to the presence of multiple HSEs in the promoter of some HSF target genes, allowing
different HSFs to bind to their promoters as the same time. There have been several studies
demonstrating that the promoters of HSF target genes are occupied by more than one type of
HSF (Bjork and Sistonen 2010; Akerfelt et al. 2010). These include regulation of genes during
spermatogenesis by both HSF1 and HSF2 and also several genes in the fgf gene family that are
occupied by both HSF4 and either HSF1 or HSF2 during lens development (Fujimoto et al.
2008; Abane and Mezger 2010; Bjork and Sistonen 2010).

Another mechanism by which HSFs can differentially regulate their targets is the
composition of the HSF trimer itself. Initial studies indicated that all HSFs formed as
homotrimers but several studies now suggest that HSFs may also form heterotrimers (Sandvqist
et al 2009; Akerfelt et al. 2010; Bjork and Sistonen 2010). An initial observation was made by
Loison et al. (2006) that the promoter region of the clusterin gene, which contains only a single
HSE, was occupied by both HSF1 and HSF2 after stress. Subsequent studies in K562
erythroleukemia cells demonstrated that monomers from different HSFs can bind to each other
through the HR-A/B domain to form heterotrimers (Ostling et al. 2007; Sandvqist et al. 2009).
Additionally HSF1 and HSF2 were localized to the same binding sites in nuclear stress bodies
(Sandvqist et al. 2009). More recently it has been demonstrated that HSF1 and HSF2
synergistically regulate expression of multi-copy genes on the Y chromosome giving further
evidence for HSF heterotrimer formation (Akerfelt et al. 2010; Vihervaara et al. 2013). The

ability of HSFs to work together to co-regulate gene expression as well as form both hetero and
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homotrimers illustrates the complex number of mechanisms by which so few HSF proteins can

differentially regulate target genes (Bjork and Sistonen 2010).

1.3.6.2 Architecture of the heat shock response element

The architecture of the DNA sequence targeted by HSFs has a role in regulating gene
activation. The HSE sequence that HSFs bind to consists of at least three inverted repeats of the
sequence 5’-nGAAn-3’ in the 5° UTR of target genes. Typically, each DBD of an HSF trimer
associates with one of the GAA subunits in HSEs with three GAA repeats (Fig. 1.2). However
many genes have HSEs that contain more than three HSE repeats. In yeast, an HSE containing
four repeats was found to be occupied by two HSF proteins with one subunit from each trimer
not making contact with the DNA (Sakurai and Enoki 2010). As well, multiple copies of HSEs
have been found in the promoter regions of hsp genes which allow simultaneous binding of
different HSFs. The number of 5’-nGAAn-3’ repeats or length of the HSE may also play a role
in specificity of HSF binding. Kroeger and Morimoto (1994) demonstrated that HSF1 proteins
preferentially bound to long arrays of GAA repeats while HSF2 preferred shorter arrays. The
organization of HSEs in this manner allows for the binding of multiple HSFs to work
cooperatively to regulate gene expression (Akerfelt et al. 2007; Sakurai and Enoki 2010).

Different HSF proteins exhibit different affinities for perfect 5’-nGAAn-3’ versus
discontinuous, or non-perfect, HSE target sequences. Discontinuous HSE sequences are
prevalent in many species and may consist of single nucleotide changes to one or more of the
inverted GAA subunits in an HSE sequence pattern. For example, a study in Xenopus laevis
identified an HSE in the promoter region of /sp70 that contains three inverted GAA repeats with
a single nucleotide change in the second repeat (Ovsenck and Heikkila 1990). Other
discontinuous HSE sequences, referred to as a gap HSE, are characterized by missing a complete
GAA unit in the middle of a series of inverted repeats. Step HSE sequences containing a series
of only GAA subunits separated by 5 nucleotides instead of the expected inverted repeats have
also been identified in yeast (Yamamoto et al. 2009).

Several studies have been performed to determine if discontinuous HSE sequences
affected the way in which different HSFs bound to these sites. Yeast heat shock factor binds
both perfect and discontinuous HSE sequences (Hashikawa et al. 2007). In contrast, human

HSF1 preferentially bound to continuous HSEs, while HSF2 had a higher binding affinity for
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discontinuous HSEs than HSF1, and HSF4 exhibited the highest binding affinity for
discontinuous HSEs (Yamamoto et al. 2009). Studies of HSF binding in mouse lens tissue also
demonstrated that mouse HSF4 was able to bind to discontinuous and more ambiguous HSE
sequences more strongly than HSF1 and HSF2 (Fujimoto et al. 2008; Sakurai and Enoki 2010).
A region of amino acids in the carboxy terminus of HSF proteins near the HR-C domain has
been recently identified as influencing HSFs ability to bind to discontinuous HSEs (Enoki and
Sakurai 2011). Expression of alternatively spliced forms of Drosophila HSF identified two
regions of amino acids flanking the HR-C domain that influenced the proteins ability to form
tight trimers, and also influenced the binding affinity of the protein for different discontinuous
HSEs (Enoki and Sakurai 2011). Similar experiments expressing two isoforms of zebrafish
HSF1 (a and c) also identified a region near the HR-C domain, present in HSFla and not in
HSFlc, that allowed HSF1a to exhibit a higher binding affinity to discontinuous HSEs (Wang et
al. 2001; Enoki and Sakurai 2011). Similarly, a substitution in the human HSF1 HR-C domain
allowed HSF1 to bind discontinuous HSE in yeast cells (Takamori et al. 2009). It has been
suggested that this observed preferential binding of HSFs to continuous and discontinuous HSEs
may be an important part of the mechanism by which HSFs can differentially regulate gene
expression in different tissues, or to regulate different biological functions (Yamamoto et al.
2009; Sakurai and Enoki 2010; Enoki and Sakurai 2011). However, a more recent study using
ChIP sequencing to identify HSF1 and HSF2 binding sites in a human leukemia cell line
demonstrated that the HSE sequences that each HSF bound were very similar across the genome.
They also noted that even though the HSE sequences were very similar, HSF1 and HSF2 still
could preferentially bind certain sites suggesting additional mechanisms are required for
determining target binding sites (Vihervaara et al. 2013). The number of 5’-nGAAn-3’ repeats
or length of the HSE may also play a role in determining target specificity. Kroeger and
Morimoto (1994) demonstrated that HSF1 proteins preferentially bound to long arrays of GAA
repeats while HSF2 preferred shorter arrays.

30



1.4 Zebrafish as a developmental model system

A number of organisms have been used as models for developmental research, each having
specific characteristics that are beneficial for experimental use. The zebrafish, Danio rerio, is a
small, tropical, freshwater fish native to the Ganges River in India and other areas of southern
Asia. There are several advantageous features of zebrafish that have made it an excellent model
system to use for developmental research. Zebrafish eggs are externally fertilized and the
embryos are transparent which allows easy detection of mutations, facilitates manipulative
studies, such as transplanting tissues or injecting dyes, as well as allows for easy visualization of
staining from in situ hybridization procedures. The transparency of zebrafish embryos allows for
live imaging of cell migration, adhesion and differentiation in several tissues which is a
technique that can not be easily done in mammals (Greiling and Clark 2009, 2012). Zebrafish
developmental processes are also similar to those in higher vertebrates. Recently a comparative
study was able to demonstrate that the zebrafish genome contains orthologues for 70% of the
genes in humans (Howe et al. 2013). One obvious difference however, is that zebrafish do not
contain X and Y sex chromosomes (Traut and Winking 2001; Anderson et al. 2012).
Technically, zebrafish are easy to care for and maintain because individuals are inexpensive and
can be housed in large numbers. Zebrafish also produce large numbers of eggs (20-200 per
mating), and develop rapidly allowing experiments to be conducted and repeated quickly. The
availability of a comprehensive zebrafish techniques manual containing valuable references on
embryo care, developmental staging, and common molecular techniques is also an attractive
advantage when using this system (Westerfield 1995). Collectively, these features make the

zebrafish an excellent model system to study vertebrate development.

1.5 Development of the zebrafish eye

The development of functional vision in zebrafish is necessary for prey capture and
avoidance behaviours (Easter and Nicola 1996). The zebrafish display startled avoidance
behaviour in response to light and dark shadows by 69-72 hpf, eye movements indicative of
tracking prey develop between 73-80 hpf and they begin to capture prey at about 4 dpf (Easter
and Nicola 1996; Gestri et al. 2012). This suggests that rapid eye development is occurring prior
to 72 hpf or 3 dpf.
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The two primary components of the eye that facilitate vision are the lens and the retina. In
zebrafish, development of a spherical lens can be observed as early as 20 hpf while the retina
only begins to develop at 28 hpf (Greiling and Clark 2009). Zebrafish larvae have a lens and
retina that are both about 100 uM in thickness and the inner retinal membrane is juxtapositioned
to the epithelial surface of the lens (Easter and Nicola 1996). As the zebrafish develops into an
adult, the lens increases in size to about 10x the thickness of the retina and both of these tissues
become separated by a vitreous space. The three layers of neural and glial cells are
distinguishable in the retina by 3 dpf (Gestri et al. 2012). At the same time, the zebrafish lens
has become spherical and the center of the lens begins to develop a transparent organelle free
zone (OFZ) by 3 dpf (Greiling and Clark 2009). Retinal image formation and the maturation of
the extraocular muscles complete their development simultaneously at about 72 hpf, which
coincides with the time of hatching and onset of visual prey tracking behaviour (Easter and
Nicola 1996). However, many aspects of functional vision are aquired in later stages of
zebrafish development. For example, cone photoreceptor cells in the retina, required for vision
in bright light, do not become fully functional until 5 dpf while the rod photoreceptor, required
for vision in low light, is not functional until 15 dpf (Easter and Nicola 1996; Gestri et al. 2012).
As well, some proteins in the lens, such as yS-crystallins, do not appear until six weeks of age
(Greiling et al. 2009). Both retinal and lens cells proliferate throughout the life of the fish as the
fish and fish eye continue to grow in size (Gestri et al. 2012; Greiling and Clark 2012).

Different developmental mechanisms exist in various species to adapt the eye structure to
adjust the focal point on the retina. As zebrafish develop from larvae into adult fish, the lens
becomes progressively thicker, much more so than the retina. The difference in the focal point
on the retina from a thinner lens to the thicker lens is compensated by a continuing increase in
the vitreous space between the lens and retina and not by any change in the shape of the eye
(Gestri et al. 2012). In mammals, the adjustment for focal point between the juvenile and adult
eye is due to changes in the dimension and shape of the whole eye. In amphibians the change in
lens between the water dwelling juvenile and air dwelling animal occurs rapidly over a day and
is due to changes in lens position and shape without a change in the shape or size of the whole

eye (Easter and Nicola 1996).
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1.5.1 Lens development

The vertebrate lens contains layers of organized, symmetrical, transparent, refractile
cells that are responsible for transmission of light and focusing of images on the retina (Greiling
and Clark 2008; Greiling et al. 2009). The lens develops as concentric layers which ultimately
lose nuclei and organelles to become transparent. Lenses also go through a dehydration process
to achieve a high concentration of proteins with an organized structure and eventually forms a
tissue with the most densely packed protein composition in the body (Greiling and Clark 2009;
Abane and Mezger 2010). For normal vision, the lens cells need to become and remain
transparent for the entire life of the animal. When lens cells lose transparency, the result is the
formation of a cataract which reduces or prevents functional vison due to the presence of
occlusions (Greiling and Clark 2009). Cataracts can develop in aging individuals due to protein
degradation and aggregation in the lens. Age related changes in protein composition due to
oxidation, proteolysis, or disruption of protein-protein interactions can all contribute to the
degradation and aggregation of proteins in the lens (Wride 2011). Cataracts can also be present
in congenital (at birth) or juvenile (post-birth) forms and are responsible for approximately one
third of infant blindness. These cataracts form during lens development as a result of either
improper regulation of gene expression or incomplete organelle degradation and removal (Bu et
al. 2002; Smaoui et al. 2004; Mellersh et al. 2006; Engelhardt et al. 2007; Wride 2011).

The zebrafish lens is morphologically similar to that of other vertebrates, containing
a single layer of epithelial cells surrounding layers of elongated fibre cells throughout the interior
of the lens. The zebrafish lens is more spherical than typical vertebrate lenses, a characteristic
that may be attributed to the fact that the zebrafish eye continues to grow in size throughout life
by adding layers of fibre cells to the lens (Gestri et al. 2012). The initial development of the lens
and cornea in zebrafish is very similar to lens development in other species, with the lens
placode forming from ectoderm. However, unlike mammalian and avian lens development, the
zebrafish lens does not develop a fluid filled vesicle that pinches off from the ectoderm but rather
forms a mass of cells that delaminate inward to form a sphere that eventually detaches from the
ectoderm (Greiling and Clark 2008). This lack of cavity formation during organogenesis is a
common developmental characteristic of zebrafish as the neural tube, otic vesicle and optic
vesicle all initially form from a solid mass of cells (Greiling and Clark 2009, 2012). While some

of the mechanisms driving lens development are different between fish and other species, the end
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result for all is the formation of a symmetrical, transparent, refractile organ with similar
organization and structure (Greiling and Clark 2009).

Development of the zebrafish lens can be divided into three stages, namely
development of the lens placode, delamination of cells forming the lens mass and final
delamination, detachment and maturation into a fully functional lens (Greiling and Clark 2009,
2012). The cranial placodes, which include the lens, olfactory, and otic placodes as well as the
lateral line in aquatic species, develop from the ectoderm that is positioned at the interface where
epithelial cells and neural cells develop, termed the preplacodal region. The lens placode in
zebrafish is evident at 16 hpf as a single layer of elongated cells which overlays the area of the
optic primordium destined to become the retina. The end of the first stage occurs between 16-18
hpf at which point the layer of cells in the lens placode rapidly double in size and take on a
columnar shape. The cells then divide and form a cell mass two to three layers thick with an

appearance resembling a bulging disc by 20 hpf (Fig. 1.3).
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Figure 1.3 Development of the zebrafish lens. (A) shows a schematic representation of lens
development starting from the lens placode at 16 hpf through to the formation of a spherical lens
which has detached from the ectoderm at 28 hpf. At 28 hpf, secondary fibres begin to
differentiate from the anterior proliferative zone (APZ). Cell fates are depicted by different
colours. Cells fated to become cornea are shown in orange, anterior epithelium is shown as blue,
and cells fated to become primary fibres are shown in green. (B) A cross section of a zebrafish
eye at 52 hpf stained with methylene blue-azure II. The single layer of lens epithelial cells
surrounding the lens and the layers of elongated fibre cells in the interior of the lens are
indicated. The organelle free zone (OFZ) has also started to develop in the lens nucleus at this
stage. The cornea is juxtaposed to the anterior lens (AL) while the retina is juxtaposed to the
posterior lens (PL). Histological section is a 5.5 uM thick methacrylate cross section. Scale bar
=50 um. This figure is modified from Evans (2006) and Greiling and Clark (2012).
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The second stage of lens development begins with a reorganization of the cells into
three distinct regions (Greiling and Clark 2009, 2012). A central mass of round cells
delaminates from the center of the lens placode and forms the embryonic lens core or organizing
center. Cells that will define the posterior and lateral borders of the lens become elongated and
are fated to become primary fibre cells surrounding the lens core. Finally, still undifferentiated
cells in the anterior of the lens organize themselves parallel to the surface ectoderm. The second
stage ends with a series of cell delaminations, resulting in a spherical mass of cells that can be
observed by 20 hpf (Fig. 1.3). This mass of cells still remains attached to the layer of ectoderm
that will form the cornea.

The cell mass detaches from the cornea to form a distinct lens by 24 hpf. At this
point the lens has become round with clearly defined borders, and is separated from the cornea
by only a narrow aqueous chamber (Greiling and Clark 2008, 2012). The cells in the posterior-
middle of the mass continue to become round and form an organizing centre. Primary fibre cells
migrate to the posterior of the lens and elongate in a symmetrical manner to surround the nuclear
mass. At 24 hpf, the cluster of cells originating from undifferentiated cells at the point of
detachment in the anterior of the lens begins to divide and by 36 hpf a single layer of epithelial
cells surrounds the spherical mass of primary fibre cells (Greiling and Clark 2009). All lens
epithelial cells are competent to undergo differentiation into secondary lens fibre cells (Wride
2011). By 28 hpf the first secondary fibre cells can be observed (Fig. 1.3). Epithelial cells in the
anterior portion of the lens, termed the anterior proliferative zone, divide inwardly to form
secondary lens fibre cells (Fig. 1.3). These cells migrate towards the lens posterior while
elongating to form semi-circular layers around the primary fibres (Greiling and Clark 2009,
2012). At 48 hpf, the lens has increased in size, more secondary fibre cells are present and
existing elongated fibre cells have become extremely narrow. At 3 dpf (larva stage), the lens is
spherical in all dimensions and individual cells in the lens nucleus can not be distinguished.
Continuing from this point to 4 dpf, the lens diameter increases in size through additional layers
of secondary fibre cells. As the entire zebrafish grows in size, the lens continues to develop and
increase in size by synchronized proliferation, migration and elongation of the epithelial cells
and their subsequent differentiation into fibre cells (Greiling and Clark 2009, 2012).

The final stage of lens fibre differentiation involves the process of degradation and

removal of organelles and DNA from primary and secondary fibre cells, creating the organelle
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free zone (Wride 2011; Greiling and Clark 2012). Organelles such as mitochondria, Golgi
apparatus and nuclei scatter visible light when it passes through the fibre cells and therefore the
process of organelle and DNA degradation is integral to the formation of a functional transparent
lens. This is evidenced by the zebrafish mutant line, bumper, in which fish develop cataracts
during lens development due to retention of nuclei in secondary fibres (Wride 2011). This
process of organelle degradation and denucleation begins at 50 hpf in zebrafish and occurs
simultaneously with the synthesis and organized dense packing of multiple crystallin proteins.
The organelle loss begins initially in the primary fibres at the center of the lens. The loss of
organelles continues progressively from the center outward towards the lens border until the
organelle free zone occupies all but the newest secondary fibres at 72 hpf (Wride 2011; Greiling
and Clark 2012).

Currently, very little is known about the molecular process involved in achieving
lens transparency yet retaining cell viability. This process is even more intriguing considering
the clearance of organelles occurs without vasculature or lymphatics (Greiling et al. 2009). Two
different pathways have been implicated in the unique process of organelle breakdown in the
lens, one being an attenuated apoptosis pathway and the other being through the ubiquitin
proteosome pathway (Wride 2011; Greiling and Clark 2012). The first hypothesis designed to
explain the clearance of organelles suggested that it was the result of an attenuated apoptosis
pathway. The process of clearing the lens of organelles involves similar processes to those
observed for apoptosis including the condensation of chromatin and disintegration of the nucleus
with a similar DNA fragmentation pattern. Several apoptosis related genes are also implicated in
lens organelle degradation. Expression of members of the B-cell lymphoma family, cytokines
such as tumour necrosis factors and members of the p53 family of tumour suppressor proteins
have been detected in developing mammalian lenses. As well, mice with knockouts for either
caspase-3 or caspase-6, while showing no difference in organelle breakdown, did develop
cataracts (Wride 2011). The knockdown of Asp70 in zebrafish embryos resulted in a small lens
phenotype as well as an increase in the duration of apoptosis during lens fibre differentiation
(Blechinger et al. 2002; Krone et al. 2003; Evans et al. 2005, 2007; Evans 2006). Chaperones
such as Hsp70 have been shown to protect against stresses that lead to apoptosis in many cell
types and therefore it has been proposed that Hsp70 may play a role in the attenuated apoptosis

process during lens fibre maturation (Evans et al. 2005; Evans 2006).
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Even though some of the mechanisms involved in degradation of organelles in the
lens resemble classic apoptosis, several other key aspects of classical apoptosis do not occur
during lens formation. Lens cells still retain their structure after organelle degradation as they do
not undergo cytoskeleton breakdown or membrane blebbing. While numerous apoptosis related
genes are expressed in the lens it still remains unclear whether the mechanisms facilitating
organelle loss in the lens are truly an attenuated form of apoptosis or another signaling process
that overlaps or shares redundancy with classical cellular apoptosis (Wride 2011). For these
reasons the process has been referred to as attenuated apoptosis.

More recent studies have identified that the ubiquitin-protesome pathway also has an
essential role in lens fibre differentiation and transparency (Greiling and Clark 2012). Ubiquitin
was identified as the fourth most abundant protein in the mouse lens fibre proteome. Inhibition
of the proteosome pathway in chick lenses resulted in retention of mitochondrial protein and
occlusion of the lens. As well, a fully functional ubiquitin-proteosome pathway has been
characterized in bovine lenses (Greiling and Clark 2012). In zebrafish, the vol/vox mutant, which
is deficient in a subunit of the 26S proteosome, has a small lens phenotype with disorganized cell
structure, improper nuclei placement and insufficient elongation of secondary lens fibres (Imai et
al. 2010). Volvox mutants had higher levels of ubiquitinated proteins than did wild type fish and
it is presumed that in these cells the mechanisms required to tag proteins with ubiquitin are still
present but the defective proteosome could not degrade the tagged proteins (Imai et al. 2010). In
kidney fibroblasts Grune et al. (2011) demonstrated that Hsp70 was necessary for disassociation
and re-association of the 19S regulators and 20S proteosome to form a functional 26S
proteosome. They were also able to demonstrate that inhibitors of Hsp70 resulted in an inactive
26S proteosome. These observation suggest that the small lens phenotype observed by Evans et
al. (2005) in Asp70 knockdown zebrafish could also be due in part to a disrupted ubiquitin-
proteosome pathway instead of or as well as having a role in an attenuated apoptosis pathway.
While further investigation is required to fully elucidate the roles of both attenuated apoptosis
and the ubiquitin-proteosome pathways in lens development, current evidence strongly suggests
both processes, and possibly others, are important for the development of a functionally
transparent lens (Wride 2011; Greiling and Clark 2012).

Lens function depends on a smooth gradient of refractive index that facilitates the

passage of light from outside of the fish through the transparent lens to focus on the retina
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(Greiling et al. 2009). The lens has the most densely packed protein composition of any tissue in
the body. The densely packed, organized protein structure allows for the high index of light
refraction. The lenses of aquatic animals adjust for light refraction differently than terrestrial
animals because in terrestrial animals the majority of light refraction occurs between the air and
the cornea. However, in zebrafish and other aquatic species, the index of refraction is very
similar between water and the cornea and little light refraction occurs here, leaving most of the
refraction to occur while passing through the lens (Greiling and Clark 2012). The most abundant
group of proteins found in the lens is the family of proteins called crystallins. There are three
subclasses of crystallins, a, B and y, with each group consisting of several different protein
isoforms identified alphabetically based on structural similarities. It is the high level of
structural organization in which these proteins are packed into the fibre cells that is primarily
responsible for the refraction of light through the lens. Maintaining tightly controlled ratios in
the crystallin complement of the lens is necessary to ensure the formation of a transparent lens.
The importance of this is highlighted by the cataract phenotype observed in the zebrafish cloche
mutant. The development of cataracts in the lenses of cloche mutants between 2-4 dpf has been
attributed to reduced solubility of y-crystallin proteins resulting from reduced levels of aA-
crystallin chaperones (Goishi et al. 2006). Mapping of the zebrafish lens proteome demonstrated
that the crystallin complement of the adult zebrafish lens is similar to that observed in the
mammal but the amounts and subclasses of crystallins present in the lens differ between these
species (Greiling and Clark 2008; Posner et al. 2008; Greiling et al. 2009). The zebrafish has an
extra aB-crystallin isoform and a series of y M and y N-crystallins which have been identified
only in lenses of aquatic species (Posner et al. 2008). The levels of a-crystallins are lower in
zebrafish but the ratio of aA to a B-crystallins are the same compared to humans (Greiling and
Clark 2008). B-crystallins are the earliest detected crystallins in zebrafish lenses and remain the
most abundant through the larval stage of zebrafish. As the fish ages both o and y-crystallins
increase in abundance while the levels of B-crystallins remain the same (Greiling et al. 2009).
This is different from mammals where -crystallins are not detected in the mouse embryonic lens
until after birth. Zebrafish lenses, like those of many other fish species, contain higher levels and
more diverse y-crystallins proteins than mammals. The high level of y-crystallins, which are
smaller than a-crystallins, allows for tighter packing of the proteins, creating a harder lens and

providing a high refractive index of light required for underwater vison (Posner et al. 2008). The
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unique YM-crystallins, which are only found in aquatic lens, are the most abundant y-crystallin
and it has been suggested their role is to facilitate cold tolerance in the lens (Posner et al. 2008).
Cytoskeleton proteins in the lens are important for maintaining cellular processes
such as cell division, migration and elongation. Disruption in the expression of cytoskeleton
proteins, such as Bfsp, vimentin and connexins, results in reduced lens opacity and cataract
formation (Fujimoto et al. 1999; Cheng et al. 2004; Shi et al. 2009; Mou et al. 2010; Greiling and
Clark 2012). Intermediate filament proteins, Bfsp, are the most abundant non-crystallin protein
in the lens (Greiling and Clark 2012). These proteins function to connect crystallins as well as
form lens specific beaded filament networks that connect lens fibre cells to each other (Shi et al.
2009; Greiling and Clark 2012). While bfsps have been identified in zebrafish lenses, little work
has been done looking at the function of this protein in zebrafish (Greiling and Clark 2012). In
mouse lenses, expression of Bfsp is regulated by HSF4. Lens fibre cells in an Asf4 knockout
mouse line were disordered, and irregularly shaped with protein inclusions all of which were
attributed to decreased expression of Bfsp (Shi et al. 2009).  Vimentin is another protein that
forms intermediate filament networks between the nucleus and plasma membrane in lens cells.
Vimentin filament assembly was characterized in zebrafish lenses but most of what is known
about the function of this protein in the lens has been determined in mammalian models
(Greiling and Clark 2012). While vimentin can be seen in the epithelial cells of mature lenses, it
is only present in fibre cells prior to denucleation (Mou et al. 2010). Vimentin is upregulated in
the lenses of Asf4 knockout mice, resulting in disruption of the denucleation process.
Overexpression of vimentin in mouse lens fibre cells mimicked the phenotype observed in Asf4
knockout mice. Disruption of lens fibre denucleation resulted in retained DNA fragments,
contributing to cataract formation in these Asf4 knockout mice (Mou et al. 2010). Connexin
proteins are vital for the formation of intercellular channels and gap junctions, which are
important for intracellular communication and fluid transport in the lens (Cheng et al. 2004;
Greiling and Clark 2012). The four isoforms of connexins identified in zebrafish are expressed
in a developmentally and cell specific manner with all but one isoform being exclusively
expressed in the epithelial cells of mature lenses. Connexins are also important for normal
development of lenses as knockdown of only a single isoform of this protein in zebrafish and

mice resulted in the formation of a cataract (Cheng et al. 2004).
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2.0 HYPOTHESES AND OBJECTVES

Recent studies by our group have shown that regulation of 4sp70 gene expression by HSF1
is important for development of the zebrafish eye (Blechinger et al. 2002; Evans et al. 2005,
2007; Evans 2006). The knockdown of Asfl and hsp70 by antisense morpholino-modified
oligonucleotides resulted in a consistent and reproducible small eye phenotype in microinjected
embryos due primarily to a reduction in lens size. The number of animals exhibiting the small
lens phenotype following Asf1 knockdown was similar to that seen in Asp70 knockdowns but the
small lens phenotype was less severe in Asfl knockdowns (Evans et al. 2007). The reduced
severity of the small lens phenotype in the Asf1 knockdowns suggested that there are likely other
factors involved in regulating hsp70 expression in the zebrafish lens. However, similar
experiments using morpholino knockdowns for zebrafish hsf2 showed no effect on eye
development (Evans et al. 2007).

The zebrafish genome contains genes encoding at least three heat shock factors; two
isoforms of HSF1 (Rabergh et al. 2000), HSF2 (Yeh et al. 2006) and a novel, uncharacterized
orthologue of HSF4. Several studies have demonstrated that multiple HSFs work together to
stimulate gene expression. Many genes that are targets for HSFs contain multiple HSE in their
promoters and it appears that different combinations of HSFs may simultaneously bind to the
promoters of target genes to produce specific responses (Akerfelt et al. 2007; Ostling et al.
2007). Both HSF1 and HSF4 are required for mammalian lens development and have been
shown to both co-regulate and independently regulate several genes involved in this process
(Fujimoto et al. 2004, 2008; Min et al. 2004; Smaoui et al. 2004; Mellersh et al. 2006; Shi et al.
2009; Abane and Mezger 2010). This suggests that the novel zebrafish HSF4 could play a
similar role and work with HSF1 to regulate the process of lens development in zebrafish.
Therefore, the overall focus of the work presented in this thesis was to characterize the novel
zebrafish HSF4 and compare its expression to that of other HSFs with a focus on identifying the
roles of these proteins in zebrafish lens development. Three hypotheses were developed for the

purpose of this investigation.
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Hypothesis 1: Zebrafish HSF4 represents a novel subfamily of vertebrate HSFs.

The zebrafish hsf4 identified in an expressed sequence tag (EST) library codes for a
severely truncated form of HSF4 and is much shorter in length than any other known vertebrate
HSF. The first objective was to determine how similar this truncated protein was to known
members of the HSF family both in structure and function and to confirm this putative protein is
an ortholog of mammalian HSF4. An extensive in silico analysis of both the gene and protein
sequences of zebrafish HSF4 was performed to determine the homology of this protein to other
HSF proteins. As a second objective, the ability of HSF4 to bind to HSE sequences was
determined by EMSA.

Hypothesis 2: Zebrafish HSFs are expressed in distinct developmental patterns in

zebrafish embryos.

Different expression patterns of HSFs have been identified in mammals. A basal level of
HSF1 expression is observed in most tissues during mammalian development while HSF2 and
HSF4 show tissue and developmentally specific patterns of expression (Abane and Mezger 2010;
Bjork and Sistonen 2010). Studies investigating the expression of HSFs in zebrafish are limited
and to date, a comprehensive analysis of zebrafish HSF expression in developing embryos and
adult tissues has not been performed (Rabergh et al. 2000; Yeh et al. 2006). Therefore, to test
this hypothesis, the first objective was to characterize the expression of all three zebrafish HSF
genes across several developmental stages as well as in adult tissues using quantitative PCR and
in situ hybridization techniques. A second objective was to characterize the abundance of HSF
proteins in developing zebrafish by Western blot analysis using custom designed antibodies for

zebrafish HSFs.
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Hypothesis 3.  Zebrafish HSF4 is involved in lens development and also works

cooperatively with other HSFs to regulate lens-specific gene expression.

The transcriptional regulation of target genes by HSF4 is crucial to lens development in
mammals (Fujimoto et al. 2004, 2008; Min et al. 2004; Smaoui et al. 2004; Mellersh et al. 2006).
As well, HSF4 co-regulates the expression of certain genes in the lens with other HSFs (Shi et al.
2009; Abane and Mezger 2010). In zebrafish, no HSF4 target genes have been identified for lens
development. Therefore, to test this hypothesis, the effect of a knockdown of Asf4 expression
using MO antisense technology on lens development in zebrafish embryos was investigated. The
first objective was to determine if knockdown of 4sf4 produced a small lens phenotype, similar
to that observed for Asfl and hsp70 knockdowns. A second objective was to investigate the
effect of a knockdown of either Asf4 or Asfl on the expression of Asp70 and fgf1, two potential

gene targets required for lens development using qPCR.
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3.0 MATERIALS AND METHODS

3.1 Zebrafish maintenance and embryo collection

Procedures and protocols followed for maintaining and breeding zebrafish (Danio rerio)
are established and detailed in “The Zebrafish Book” (Westerfield 1995). Adult wild-type
zebrafish stocks were obtained through local pet stores and housed in an Aquatic Habitat™,
system (Aquatic Eco-Systems, Apopka, FL) at a density of 15-25 fish per five gallon tank with
an approximately equal female to male ratio. Tanks were filled with charcoal filtered potable
water (fishwater) and maintained at a temperature between 26-28°C, with a constant photoperiod
of 14 hours of light followed by 10 hours of darkness. Adult fish were fed once per day with a
mixture of frozen bloodworms (San Francisco Bay Brand, Newark, CA), dried flake food
(Nutrifin, Rolf C. Hagen (USA) Corp., Mansfield, MA; Tetra United Pet Group, Blacksburg,
VA), brine shrimp (Hikari, Hayward, CA) or floating pellets (Aquatic Eco-Systems, Apopka,
FL).

One gallon breeding tanks maintained at 26-28°C were used for embryo collection. The
bottoms of the tanks were lined with marbles and contained a single artificial plant. The constant
photoperiod, described above, kept the fish in a breeding state and the fish began spawning in the
morning when the light cycle began. A total of six to eight male and female adult zebrafish were
moved from the stock tanks into each of the breeding tanks the afternoon prior to breeding. Eggs
were siphoned from between the marbles after spawning the following morning. The number of
eggs collected from each tank was variable ranging from 50-1000 eggs.

Embryos were cleaned by removing debris and then transferring into 25 mm Petri dishes
containing fishwater supplemented with 0.05% methylene blue (used as a fungicide). Methylene
blue was not used when embryos were maintained for periods longer than 72 hours. Embryos
were maintained in an incubator (Revco Scientific, Asheville, NC) set to 28°C under the same
photoperiod described above for adult zebrafish. The water was changed daily and embryos
were monitored under a dissecting microscope to remove any unfertilized eggs or dead embryos.
All surviving embryos were staged using the published staging guide by Kimmel et al. (1995).
Developmental stages are described as hours post fertilization (hpf) at 28°C.

Embryos were dechorionated either manually under a low powered dissecting microscope
using fine forceps or by enzymatic reaction with pronase. The procedure for dechorionating

embryos with pronase was performed by replacing the fish water in a petri dish with a solution of
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0.5 mg/mL pronase in fishwater and incubating for 12 minutes at 28°C. The pronase was
removed and embryos were washed five times in fishwater to remove the chorions and residual

pronase (Westerfield 1995; Evans 2006).

3.2 Embryonic heat shock

Embryos were heat shock treated by transferring them to a 25 mm Petri dish in fishwater
and incubating at 36°C for one hour (heat shock was started one hour prior to the developmental
stage desired for analysis). Samples were either snap frozen immediately on dry ice for RNA
extraction or returned to the 28°C incubator for 5 hours prior to collection for protein extraction.
Samples requiring a recovery period after heat shock prior to analysis were returned to the 28°C

incubator for 15 hours prior to collection for RNA analysis as described above.

3.3 Imaging zebrafish embryos

Whole embryos were placed in a depression slide for microscopy. Images of whole
embryos were captured using a Nikon Coolpix digital camera mounted on a Nikon Eclipse E600
photomicroscope (Nikon Instruments Inc., Melville, NY). Embryos and larvae from whole
mount in situ hybridization treatments were screened and imaged using either bright field or
fluorescent microscopy on a Nikon Y-FL epifluorescence attachment.  All images were
processed using Adobe Photoshop Elements (version 6) and arranged in Powerpoint (Microsoft

Office 2003, Microsoft Corporation, Redmond, WA).

3.4 Analysis of hsf4 sequences in silico

Heat shock factor sequences for genomic DNA, cDNA and proteins were identified and
obtained from both the GenBank and Ensembl sequence databases. Alignments of heat shock
factor nucleic acid and amino acid sequences were performed using the ClustalW alignment
program (Larkin et al. 2007). Boxshade software was used to outline similarities between the
aligned sequences (Hofmann and Baron 2008;

http://www.ch.embnet.org/software/BOX _form.html). Structural domains within the zebrafish

HSF2 and HSF4 protein sequences were identified using NCBI’s Conserved Domain Database
(Marchler-Bauer et al. 2009) as well as the SMART protein analysis software (Ponting et al.

1999). The location of the protein domains identified using the above software was confirmed
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by alignment of zebrafish protein sequences with HSF proteins from other species deposited in
Genbank. The amino acid identity of protein domains was determined by comparing the amino
acid sequence of only the DBD, HR-A/B and HR-C from each of the three zebrafish HSFs to
HSF protein sequences from 9 other species found in GenBank using BLAST software available
on the NCBI website (Altschul et al. 1990). The Coils software version 2.2 (ch.EMBnet.org)
was used to predict the probability of amino acid sequences within HSF proteins to adopt a
coiled-coil conformation. The software compares the target sequence to a database of known
sequences that produce coiled-coil structures by scanning amino acid sequence in a 14, 21 and 28
amino acid windows and generating a comparative score. Sequences with a score closer to 1
have a higher probability of adopting a coiled-coil conformation. ~ Phylogenetic analysis was
performed for the three zebrafish HSF sequences and 24 other HSF sequences that were
identified in GenBank and Ensembl using the Phylogeny.fr software (Dereeper et al. 2008,
2010). Species and gene accession numbers used for sequence alignments and phylogenetic

analysis are shown in Table A1l of the Appendix.

3.5 Molecular biology techniques

3.5.1 Plasmid preparation

The procedure outlined in this section for isolating and maintaining plasmid stocks
was performed following standard molecular biology protocols from Sambrook and Russell
(2001).  Single bacterial colonies were isolated by streaking glycerol stocks or newly
transformed E. coli on Luria-Bertaini (LB) plates (10 g tryptone, 5 g yeast extract, 10 g NaCl,
pH 7.0 solution plus 15 g of agar per litre of deionized water, sterilized by autoclaving, and
stored at 4°C) containing appropriate antibiotic selection at 37°C overnight. Single colonies
isolated from the plates were grown overnight at 37°C with agitation in LB media (same as
above without the agar) under appropriate antibiotic selection. Glycerol stocks (400 pL of
bacterial culture plus 100 pL of sterile 80% glycerol) were prepared from cultures and stored at -
80°C.

Plasmids were isolated from bacterial cultures using the alkaline lysis miniprep
procedure (Sambrook and Russell 2001). Briefly, inoculated cultures of E. coli containing the
desired plasmid were incubated in LB media under appropriate antibiotic selection with vigorous

shaking overnight at 37°C. Following incubation, cultures were placed on ice for 10 minutes to
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stop further growth. Three to five mL of culture were transferred to a 15 mL centrifuge tube and
centrifuged for 5 minutes at 3000 rpm in a swinging bucket centrifuge (Damon IEC -
ThermoFisher Scientific, Waltham, MA) after which the supernatant from each sample was
discarded. The cell pellet was resuspended in 200 pL of Solution I (50 mM glucose, 25 mM Tris
pH 8.0, 10 mM EDTA pH 8.0), mixed gently by pipetting and incubated at room temperature for
5 minutes. Cells were then lysed in 400 uL of freshly made Solution II (1% SDS w/v, 0.2 M
NaOH) by vigorous mixing then placing the tube on ice for 5 minutes. The lysis solution was
neutralized using 300 pL of ice cold Solution III (3M potassium acetate pH 6.0), mixed by
inversion and placed on ice for 5 minutes. The resulting mixture was then centrifuged at 4°C in
a Sorvall microfuge (model Mc12) for 5 minutes at maximum speed (Sorvall, ThermoFisher
Scientific, Waltham, MA). The supernatant was transferred to a sterile 1.5 mL microfuge tube
and 20 pg of RNase A (Fermentas; ThermoFisher Scientific, Waltham, MA) was added followed
by incubation for 1 hour at room temperature. Proteins were removed from the retained
supernatant with a 200 pL phenol extraction (Tris buffered phenol, pH 8.0) followed by the
addition of 200 pL of chloroform. DNA was precipitated by adding 1 mL of 95% EtOH (v/v) to
the supernatant and incubating at -20°C for 20 minutes or overnight. Samples were centrifuged
in a microfuge (Sorvall) at 4°C for 10 minutes at maximum speed, and ethanol was removed by
aspiration. The pellet was then washed with 500 pL of ice cold 70% EtOH (v/v) and centrifuged
at 4°C again for 5 minutes at maximum speed. The 70% EtOH (v/v) was removed by aspiration
and the DNA pellet was allowed to air dry for 20 minutes at room temperature before dissolving
it in 50-100 uL of triple distilled water. Isolated plasmids were stored at -20°C until use or at -

80°C for long term storage.

3.5.2 Restriction enzyme digestion of plasmids

Purified plasmids (section 3.5.1) were digested with appropriate restriction enzymes
following manufacturer’s instructions for the specific enzymes to obtain DNA fragments
required for cloning. Restriction enzyme analysis was also used to confirm the successful
ligation of DNA into a vector. Analysis of restriction enzyme digestion was performed by

agarose gel electrophoresis (section 3.5.3).
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3.5.3 DNA gel electrophoresis

Concentration and DNA integrity was analysed by agarose gel electrophoresis as
described in Sambrook and Russell (2001). Briefly, an agarose gel was prepared by melting
agarose (Fermentas) in 1x TAE buffer (40 mM Tris-acetate, ]| mM EDTA) and adding 1 pL of
ethidium bromide (10 mg/mL). An agarose gel with a concentration of 1% (w/v) was used to
resolve DNA fragments with an expected size larger than 500 base pairs (bp). For smaller DNA
fragments, a 1.5% (w/v) agarose gel was used. A commercially prepared DNA ladder
(GeneRuler™ 1kb DNA ladder Plus, Fermentas) was loaded onto each gel as a standard. DNA
standards and samples in 5x loading buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol FF, 30% (v/v) glycerol) were loaded directly into the gel. Gels electrophoresis was
performed in 1x TAE buffer run at approximately 125 volts using an Owl electrophoresis
apparatus (ThermoFisher Scientific, Waltham, MA). The size and concentration of
electrophoresed DNA samples was estimated by visual comparison of the sample DNA band to

the bands on the DNA ladder.

3.5.4 Purification of DNA from agarose gel

DNA fragments to be purified were identified using an ultraviolet transilluminator
and specific bands were excised from the agarose gel using a razor blade. The DNA was
purified from the agarose gel using a GeneJET™ gel extraction kit or DNA extraction kit as per
manufacturer’s instructions (both Fermentas). DNA was eluted by adding 20-30 uL nuclease
free water to the purification column, centrifuged for 30 seconds at maximum speed in an
microfuge (model 5418; Eppendorf Canada, Mississauga, ON) and eluant was stored at -20°C

until use.

3.5.5 DNA sequencing
The identity of both purified DNA fragments and DNA inserts within purified
plasmid were confirmed by both forward and reverse sequencing using T7, SP6 or M13 primers

at the NRC Plant Biotechnology Institute (Saskatoon, SK).
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3.5.6 RNA extraction

Embryos/larvae were collected in 1.5 mL microfuge tubes, fishwater was aspirated
and discarded, and the sample was snap frozen in powdered dry ice and stored at -80°C. RNA
was extracted from these samples using the RNeasy RNA extraction kit (Qiagen Inc., Toronto,
ON). Briefly, embryos were resuspended in 600 pL of RLT buffer (containing guanidine
thiocyanate) and homogenized using a pestle. Samples were processed following the
instructions from the RNeasy kit including the on-column DNase treatment. RNA was eluted
from the column in 30 pL of RNase free water and stored at -80°C until use.

Adult zebrafish tissues were collected as described by Gupta and Mullens (2010).
Tissues were immediately placed in RNAlater (Qiagen) solution, incubated at 4°C overnight and
then stored at -20°C until RNA extraction. Immediately prior to RNA extraction, the adult
tissues were removed from the RNAlater solution, frozen in liquid nitrogen and ground to a
powder using a pestle. Tissue was then immediately resuspended in 600 L. RLT buffer from an
RNeasy RNA extraction kit (Qiagen), disrupted using a 2 mL Potter-Elvehjem mortar and pestle
homogenizer (WHEATON, Millville, NJ, USA) and collected into a 1.5 mL microfuge tube.
Isolation of RNA from these samples was then performed following the instructions from the
RNeasy RNA extraction kit including the on-column DNase treatment (Qiagen). RNA was

eluted from the column in 30 uLL of RNase free water and stored at -80°C until use.

3.5.7 RNA guantification and gel electrophoresis

The concentration of RNA was quantified using a SmartSpec Plus spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA). A sample of RNA was diluted into 10 mM Tris-HCl
(pH 7.0) and dispensed into trUView cuvettes (Bio-Rad Laboratories) and absorbance was
measured at 260 nm wavelength. The concentration of RNA in each sample was determined
using the following equation: 40 pg/mL x Ajeo x dilution factor = pg/mL RNA. The purity of
RNA samples was determined by calculating the ratio of the absorbance at 260 nm to the
absorbance at 280 nm. A ratio between 1.6 and 2.1 was accepted as sufficiently pure RNA for
use in subsequent experiments.

The quality of RNA was analyzed by formaldehyde gel electrophoresis. Solutions
and buffers were prepared according to the RNeasy RNA extraction kit (Qiagen). A 10x MOPS
buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA, in nuclease free water and pH
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adjusted to 7.0) was prepared for use in RNA analysis. Four microlitres of RNA was denatured
in RNA loading buffer (4 mM EDTA pH 8.0, 2.7% (v/v) of 12.3 M formaldehyde, 20% (v/v)
glycerol, 30.8% formamide, 0.16% saturated bromophenol blue, 40% (v/v) 10x MOPS buffer),
at 70°C for 10 minutes and placed on ice. Two microlitres of 0.5 mg/mL ethidium bromide was
added to each sample, mixed by pipette, and loaded into a 1.2% (w/v) formaldehyde denaturing
agarose gel (agarose dissolved in 1x MOPS buffer containing 2.7% of 12.3 M formaldehyde).
Samples were electrophoresed at 120 volts for 1 hour in 1x MOPS buffer and RNA bands were
visualized under ultraviolet light. The RNA was accepted as adequate quality for use in
subsequent analysis if the 28S and 18S bands appeared to be at least a 1:1 ratio by visual

inspection.

3.5.8 cDNA synthesis

Synthesis of cDNA was performed using the RevertAid H minus first strand cDNA
synthesis kit (Fermentas). Each reaction was performed using 2 pg of RNA extracted from an
embryo/larvae sample or 0.5-2 pg of RNA from adult tissue samples. Reactions were performed
as per kit instructions using only oligo(dT) primers and RevertAid H minus M-MuLV reverse

transcriptase. Samples were stored at -20°C until use.

3.6 Generating heat shock proteins in a bacterial expression system
3.6.1 Plasmid stocks
Bacterial glycerol stocks of plasmids containing full length cDNA clones for Asf1,
hsf2, and hsf4 were purchased from the LM.A.G.E. consortium. The [.M.A.G.E. clone numbers
and vectors are summarized in Table 3.1 below. Plasmids were isolated from bacterial stocks as

described in section 3.5.1.

Table 3.1. Summary of LM.A.G.E. cDNA clones.

Name GenBank Accession # I.LM.A.G.E. clone ID | Vector Selectable Marker
hsf1 NM 131600 8754667 pExpress1 Ampicillin

hsf2 NM 131867 7002403 pExpress1 Ampicillin

hsf4 NM 001013317 7143689 pDNR-LIB Chloramphenicol
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3.6.2 Preparation of the pRSET expression vector

The pRSET bacterial expression system (provided by Dr. Ovsenek, Department of
Anatomy and Cell Biology, University of Saskatchewan) was used to generate heat shock
transcription factor proteins in vitro. Expression of DNA fragments inserted in the multiple
cloning site of pRSET is regulated by a T7 promoter site upstream of an ATG translation
initiation codon (pRSET user manual, Invitrogen, Life Technologies, Carlsbad, CA).  The
pRSET vector is designed to generate the protein of interest as a fusion protein attached to a 6
histidine (His) tag at the amino terminus of the protein. The pRSET vector is used in conjuction
with the BL21(DE3)pLysS cell line which contain a “helper” DE3 bacteriophage lambda lysogen
(E. coli genotype F-, ompT hsdSB (rB-mB-) gal dcm (DE3) pLysS (CamR)). The lambda
lysogen contains the gene for T7 RNA polymerase under control of the lacUVS5 promoter as well
as a small portion of the lacZ gene. The lac repression of the T7 RNA polymerase gene is lifted
with the addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to the growth media thereby
allowing the DNA insert from the pRSET plasmid to be transcribed (Anonymous 2010a).

Polymerase chain reaction (PCR) was used to amplify the open reading frame from
each of the full length cDNA clones identified in Table 3.1. Primers were designed to
incorporate an Xhol restriction enzyme site on the 5° end and a BstBI restriction enzyme site on
the 3’ end of the PCR product to facilitate directional cloning of the PCR product into the
pRSET-A expression vector. An additional four nucleotides were added to the 5 ends of each
primer to act as an anchor and facilitate restriction enzyme binding to the PCR product. Primer
sequences used to amplify hsf sequences were as follows:
hsfl forward 5’-CGGGCTCGAGATGGAGTATCACAG-3’ and
reverse 5’-GCCCTTCGAACTATGATAGTTTGG-3;
hsf2 forward 5’-CGGGCTCGAGATGAAACACAGCTCG-3’ and
reverse 5’-GCCCTTCGAATCAGATATCAAGCGG-37;
hsf4 forward 5’-CGGGCTCGAGATGCAGGAGAACCC-3’ and
reverse 5’-GCCCTTCGAATCACCTTGATTCC-3’.  All reactions contained PCR buffer
(Invitrogen), 0.2 mM dNTPs (Invitrogen), 3 mM MgCl, (Invitrogen), 9-15 ng of plasmid
template, 0.5 puM primers (Sigma-Aldrich Corporation, St. Louis, MO), and 1 pL of Tagq
polymerase (in house). Polymerase chain reactions were all performed using an MJ Research

Inc. PTC-100™ programmable thermocycler (MJ Research, Waltham, MA) with the following
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reaction conditions: initial denaturing at 95°C for 2 minutes, 40 cycles of (95°C for 30 seconds,
annealing at 55°C for Asf2 and hsf4, 50°C for hsfl for 30 seconds, 72°C elongation for 2
minutes), followed by a final elongation cycle of 15 minutes at 72°C. PCR products were
purified as per section 3.5.4 and stored at -80°C until use.

Products from the PCR reactions were initially cloned into the pCR*4-TOPO vector
using the TOPO TA Cloning” Kit for Sequencing following the manufacturer’s instructions
(TOPO TA cloning manual, Invitrogen). The pCR®4-TOPO vector is supplied as a linearized
plasmid with single deoxythymidine residues on the 3’ ends the vector. These deoxythymidine
residues can then ligate to the 3’ deoxyadenosine residues present on PCR products generated
with Taq polymerase. The Topoisomerase I enzyme, which is covalently bound to the vector,
then facilitates the final incorporation of the PCR product into the vector.

Briefly, the cloning procedure was performed by combining commercially prepared
pCR®4-TOPO vector with 8-15 ng of purified PCR product and incubating for one hour at room
temperature then placed on ice. Chemically competent DHS5a™ (E. coli genotype F-
@80lacZAM15 A(lacZY A-argF)U169 recAl endAl hsdR17(rk-, mk+) phoA supE44thi-1
gyrA96 relAl )') (Invitrogen) were then transformed with 2 pL of the TOPO/HSF vector using a
heat shock at 42°C as per manufacturer’s instructions. Transformed cells were streaked on LB
plates containing 50 pg/mL kanamyacin (section 3.5.1). Plasmids were isolated from single
colonies (section 3.5.1) and were then analysed by restriction digestion (section 3.5.2) and
sequencing (section 3.5.5) to confirm the identity and orientation of the DNA insert. Glycerol
stocks of bacterial colonies that contained the insert were prepared (section 3.5.1) and stored at -
80°C.

The HSF DNA inserts were subcloned from the pCR®4-TOPO vector into the
pRSET expression vector. Both the isolated TOPO/HSF plasmids and empty pRSET vector
were digested with Xhol and BstBI restriction enzymes, and then gel purified as per sections
3.5.2 and 3.5.4. The purified DNA insert was subsequently ligated into the pRSET-A vector (5’
to 3’) using T4 DNA ligase (Invitrogen) as per manufacturer’s instructions. Briefly, the purified
inserts and pRSET plasmid were combined (6:1 insert to vector ratio, both heated to 55°C before
combining) with 0.1 units of T4 DNA ligase in a 20 pL reaction containing ligase buffer and
incubated overnight at 4°C. Chemically competent DH50™- E. coli (see genotype above) were

transformed using a 42°C heat shock with 4 uL of the ligated products as per manufacturer’s
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instructions. Bacterial were then streaked on LB plates containing 50 pg/mL ampicillin.
Plasmids were isolated from single colonies (section 3.5.1) and analysed by restriction enzyme
digestion (section 3.5.2) and sequencing (section 3.5.5) to confirm the identity and orientation of
the DNA insert. Glycerol stocks of bacterial colonies that contained the insert were prepared

(section 3.5.1) and stored at -80°C.

3.6.3 Purifying HSF proteins from a bacterial expression system

Expression of proteins was performed as per manufacturer’s instructions (pRSET
user manual, Invitrogen) using Super Optimal Broth (SOB; 20 g tryptone, 5 g yeast extract, 0.5
g NacCl, 0.186 g KClI per litre of deionized water, pH to 7.0 and sterilized by autoclaving). After
autoclaving, 10 mL of 1 M sterile MgCl, solution was added and the final solution was stored at
4°C. Plates of SOB were prepared by adding 15 g of agar per litre of media and autoclaving.

Chemically competent BL21(DE3)pLysS cells were transformed with purified
pRSET plasmid containing an HSF DNA insert (section 3.6.2) and the resulting transformations
were plated on SOB agar plates containing 50 pg/mL ampicillin and 35 pg/mL chloramphenicol.
One colony was selected to inoculate a starter culture of 5 mL of SOB media containing the
above antibiotics and then incubated at 37°C. Approximately eighteen hours later, 25 mL of
SOB media containing no antibiotics was inoculated with 2-3 mL of the starter culture. The
newly inoculated culture was incubated at 28°C until the culture had an ODggy of 0.4-0.6
(approximately 4 hours) at which time protein expression was induced with a final concentration
of 1 mM IPTG. Bacteria were pelleted by centrifugation and the supernatant removed. Pellets
were disrupted in 4 mL of phosphate buffered saline (PBS; 137 mM NacCl, 2.7 mM KCI, 10 mM
Na,HPO4, 2 mM KH,PO4, pH to 7.4) by vortexing, a 30 second sonication and a single
freeze/thaw event at -80°C after which the cell debris was pelleted by centrifugation. Both the
supernatant and pellet were retained and stored at -80°C.

Proteins were purified by adding 200-250 pL of Profinity™ IMAC Ni-Charged
Resin (Bio-Rad Laboratories) suspended in PBS plus 3 M NaCl and10 mM imidazole to 2-4 mL
of the retained supernatant. The mixture was incubated overnight at 4°C with gentle rocking to
maintain the resin in suspension. The resin was then allowed to precipitate by gravity and

washed a total of three times in fresh buffer (above). The purified protein was eluted from the
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resin with 250 pL of PBS plus 3 M NaCl and 250 mM imidazole. Glycerol was added to the
purified proteins at a final concentration of 5% and the total solution was stored at -80°C.

The protein concentration for each sample was determined using a Pierce 660 nm
Protein Assay kit with the associated Ionic Detergent Compatibility Reagent (ThermoFisher
Scientific, Waltham, MA) as per manufacturer’s instructions. Briefly, protein was assayed using
a dye based colorimetric analysis to determine unknown protein concentrations by extrapolating

the absorbance of the sample from a standard curve of known concentrations of bovine serum

album (BSA).

3.7 Western blot analysis of proteins

3.7.1 Antibodies

Zebrafish specific polyclonal antibodies were custom designed and synthesized
commercially by ABR Affinity BioReagents™ (Colorado, U.S.A.). Briefly, rabbits were
immunized against protein-specific peptides consisting of 13-15 amino acids (shown in brackets)
designed specifically for zebrafish proteins HSF1 (SPDPVKETESGVD), HSF2
(HQEAEPKTTPDVS) and HSF4 (SSSMALQMQAEESR). Animal sera were purified by
affinity chromatography to produce antibody stocks. Upon receipt, purified antibodies were
thawed on ice, dispensed into microcentrifuge tubes in 5 pL aliquots and stored at -80°C until
use.

The appropriate dilution to use for each antibody was determined experimentally
using protein extracted from zebrafish embryos and the results are summarized in Table 3.2. The
specificity of the antibodies was confirmed experimentally. Briefly, this was achieved by using
HSF proteins purified from a bacterial expression vector (section 3.6.3) to determine specificity
of antibodies to each of these proteins using the Western blot technique (section 3.7.3). As well,
a commercially prepared HIS-tag antibody was used at a dilution of 1:10,000, to confirm
detection of proteins purified from the pRSET expression vector (Invitrogen, supplied by Dr.

Troy Harkness, Department of Anatonmy and Cell Biology, University of Saskatchewan).
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Table 3.2. Expected molecular masses of proteins targeted by custom designed zebrafish
specific antibodies. Peptide sequences used to generate the antibodies were common to multiple
isoforms of the HSF1 and HSF4 proteins and therefore detection of more than one band is
expected.

Protein Accession Amino Acid | Molecular Primary
Designation Number Number Mass (kDa) Antibody
Dilution
HSFla AAF72750 512 57 1:3,000
HSF1b NP 571675.1 538 59
HSF2 NP 571942.1 489 55 1:10,000
HSF4a NP 001013335.1 | 286 32 1:5,000
HSF4b N/A 441 50

3.7.2 Isolation and quantification of protein from embryos

Zebrafish embryos were first dechorionated with pronase as described in section 3.1.
Next, embryos younger than 80 hpf were deyolked prior to protein extraction. Deyolking was
performed by first collecting 35-70 dechorinoated embryos in a 1.5 mL centrifuge tube. Water
was removed and the embryos were resuspended in approximately 100 pL of ice cold PBS
containing 300 uM PMSF, 2 uM leupeptin, 0.15 uM aprotinin, | mM EDTA and 1 mM EGTA.
The embryos were pipetted gently up and down through a p200 pipet tip (Eppendorf) to break
the yolk membrane. The volume of buffer in each sample was made up to 1 mL with the
PBS/protease inhibitor solution (above) and the embryos were washed by gently inverting the
tube 2-4 times. The embryos were pelleted at 800 xg in an microfuge (Eppendorf) at room
temperature, the wash buffer was removed and embryos were homogenized manually with a
pestle in 100 puL 2x Laemmli buffer (0.125 Tris-HCI pH 6.8, 4% w/v SDS, 20% (v/v) glycerol,
10% 2-mercaptoethanol, 0.02% bromophenol blue; Laemmli et al. 1970). Protein extracts were
stored at -80°C until use.

The protein concentration for each sample was determined using a Pierce 660 nm
Protein Assay kit with the associated Ionic Detergent Compatibility Reagent (ThermoFisher

Scientific) as described in section 3.6.3.
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3.7.3 SDS-PAGE and blotting technique

Analysis of protein by SDS-PAGE and Western blotting techniques was performed
following standard molecular biology protocols (Sambrook and Russell 2001). Proteins were
separated on a 10% SDS-polyacrylamide denaturing resolving gel (29:1 acrylamide:bis-
acrylamide in 0.375 M Tris-HCI pH 8.8, 0.1 5 (w/v) SDS with 0.025% (w/v) of each of TEMED
and ammonium persulfate) overlayed with a 4% SDS-polyacrylamide stacking gel (29:1
acrylamide:bis-acrylamide in 0.125 M Tris-HCI pH 6.8, 0.1 5 w/v SDS with 0.025% w/v each of
TEMED and ammonium persulfate) using a Mini-Protean® III electrophoresis apparatus (Bio-
Rad Laboratories) as per manufacturer’s instructions.

Protein samples were prepared for analysis by heating the samples at 95°C for 5
minutes then cooling on ice for two minutes immediately prior to loading samples onto the gel
on an equal protein basis. A commercially prepared protein ladder (Fermentas) was also loaded
on every gel to be used for molecular mass comparison. The gel was then electrophoresed in 1x
running buffer (0.025 M Tris-HCI, 0.192 M glycine and 0.1% SDS, buffer pH 8.3) at 150 volts
for approximately 2 hours. After electrophoresis the resolving gel was placed in cold Towbin
transfer buffer (0.025 M Tris-HCI, 0.192 M glycine at pH 8.3 plus 0.0375% SDS and 20%
MeOH; Towbin et al. 1979) for 25 minutes. Gels were either stained with Coomassie blue
(0.25% (w/v) Coomassie brilliant blue R-250, 50% (v/v) MeOH, 10% (v/v) glacial acetic acid) to
detect protein bands or transferred to a PVDF membrane for Western blotting. Transfer of the
protein bands from the acrylamide gel to the PVDF membrane was performed with Towbin
buffer using the Trans-Blot® Semi-Dry transfer apparatus as per manufacturer’s instructions
(Bio-Rad Laboratories). Transfer was performed at 25 volts for 60 minutes.

Immunodetection was performed by first incubating the membrane in a blocking
solution of 5% (w/v) blotting grade blocker non-fat dry milk (Bio-Rad Laboratories) in TTBS
buffer (20 mM Tris-HCL, 137 mM NacCl, 0.1% v/v Tween 20, pH 7.4) for at least 1 hour to
prevent non-specific binding. The blot was removed from the blocking solution and incubated
with primary antibody diluted in fresh blocking solution (dilutions shown in Table 3.2) overnight
at 4°C with mild agitation. The antibody was then removed and the blot was washed 4 x 5
minutes in TTBS solution with mild agitation. A goat anit-rabbit IgG secondary antibody
conjugated to horseradish peroxidase (Bio-Rad Laboratories) diluted 1:20,000 in TTBS was

added to the blot and incubated at room temperature for 1 hour. After the second incubation, the

57



blot was washed 4 x 5 minutes with TTBS. Western Lightning™ Chemiluminescence Reagent
Plus (PerkinElmer Inc., Waltham, MA) was added to the membrane to detect the secondary
antibody as per manufacturer’s instructions. Finally the chemiluminescence was detected using

HyBlot CL™ autoradiography film (Denville Scientific Inc., South Plainfield, NJ).

3.8 Electrophoretic mobility shift assays

3.8.1 Preparation of *2P-labelled oligonucleotide probes

Sequences of HSE oligos used in experiments are listed in Table 3.3. An
oligonucleotide sequence containing a CCAAT box (CBF) was used for competition assays to
determine HSF specificity. Single stranded DNA oligos were purchased from Sigma-Aldrich
Corporation (St. Louis, MO) and were annealed in house to create double stranded DNA with a
five base pair overhang at both the 5° and 3’ ends. The annealing reaction was performed by
combining 1 nmol each of the sense and antisense oligos with annealing buffer (10 mM Tris-HCI
pH 7.5, 0.1 M NaCl, ] mM EDTA) in a 100 pL reaction. The annealing mixture was allowed to
incubate at 92°C for 10 minutes and then allowed to slowly anneal at room temperature. The
resulting double stranded (ds) DNA oligos were stored at -20°C.

Twenty-five pmol of the dsSDNA sequence (above) was radio-labelled using a reverse
transcriptase fill-in reaction. Five units of mouse leukemia virus (MmluV) reverse transcriptase
(Fermentas), 2 pg BSA, 2 mM each dATP, dGTP, and dTTP and 20 pCi o*?P-dCTP
(PerkinElmer Inc.) in a final volume of 20 pL were incubated at 37°C for 30 minutes. Reactions
were then diluted to 100 pL with distilled water, extracted once with phenol/chloroform (1:1)
and precipitated with 1/3 volume of 7.5 M ammonium acetate and 2.5x volume of 100% ethanol
at -20°C overnight. The labeled dsDNA oligo was pelleted by centrifugation at maximum speed
for 10 minutes at 4°C. The pellet was then allowed to air dry and finally resuspended in 20 pL
of DEPC-water.
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Table 3.3. Sequence of HSE oligonucleotides used for EMSA. Nucleotides altered from the
perfect inverted 5°-nGAAn-3’ sequence are underlined. Over-hanging nucleotides used for end-
fill labeling are indicated by lower case letters.

Oligonucleotide Nucleotide Sequence

Name

HSE 5’ ctaggGAA ATG GAA GC TTC GG GAA AC TTC GG GTCGG 3’
HSEsn 5’ ctaggGAA ATG GAA GC CTC GG GAA AC TTC GG GTCGG 3°
HSEmodl 5’ ctaggGAA ATG GAG GC GTC GG GAG AC GTC GG GTCGG 3°
HSEmod2 5’ ctaggGAA ATG GCA GC TCC GG GCA AC TCC GG GTCGG 3’
HSEmod3 5’ ctaggGAA ATG GTC GC AGC GG GTC AC AGC GG GTCGG 3’
HSEmod4 5’ ctaggGAA ATG CAA GC TTA GG CAA AC TTA GG GTCGG ¥’
CBF 5’ ctaggGAG CCA ATC ACC GAG CTCG 3°

3.8.2 Sample preparation and electrophoresis

DNA binding reactions contained 750 ng of purified HSF in PBS/250 mM imidazole
combined with 100 cps labeled HSE or CBF dsDNA probe (approximately 1 pmol of labeled
DNA), 0.5 png poly deoxy-inosine-deoxy-cytosine (dI-dC), 25 mM Tris-HCl pH 7.8, 1 mM
EDTA, 1 mM DTT, and 5% (v/v) glycerol in a final volume of 25 uL. Reactions were incubated
for 20 minutes at room temperature, and then mixed with 2 puL. of 5% loading dye (0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol, 50% (v/v) glycerol). The reactions and dye were
immediately loaded onto a 4% (w/v) non-denaturing polyacrylamide gel (44:0.8 acrylamide to
bis-acrymamide) and electrophoresed in 1x Tris/glycine buffer (25 mM Tris-HCI, 192 mM
glycine) at 4°C for 2 hours at 175 volts. The gel was dried on filter paper at 80°C for 50 minutes
and then exposed to HyBlot CL™ autoradiography film (Denville Scientific Inc., South

Plainfield, NJ) at -80°C overnight with an intensifying screen.
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3.9 Whole mount in situ hybridization

3.9.1 Generating DIG-labeled probes

3.9.1.1 In vitro transcription

In situ hybridization experiments were performed using antisense RNA probes that
hybridize to specific mRNA sequences. Probes were prepared by in vitro transcription and were
labeled by incorporating digoxigenin (DIG) labeled UTP nucleotides (Roche Diagnostics
Corporation, Indianapolis, IN) into the antisense RNA probe during the in vitro transcription
procedure.

Linearized plasmids containing the desired DNA sequences were used as templates
for the in vitro transcription procedure. Plasmids were isolated as per section 3.5.1 under
ampicillin selection (20 pg/mL). Zebrafish alpha-tropomyosin in Bluescript KS+ plasmid
(Ohara et al. 1989; accession # NM_131105) and Asf4 in pCR*4-TOPO plasmid (refer to section
3.6.2) were linearized with EcoRl and Nofl respectively as per the enzyme manufacturer’s
instructions (Fermentas). Linearized plasmids were extracted with phenol/chloroform (1:1)
followed by a second chloroform extraction. DNA was precipitated in 100% EtOH containing
0.15 M NaAc overnight at -80°C. Samples were centrifuged at maximum speed in a microfuge
(Sorvall) at 4°C for 10 minutes after which the ethanol was removed from the pellet by
aspiration. The pellet was washed with ice cold 70% (v/v) EtOH, centrifuged again as above, the
EtOH was again removed and the DNA pellet was allowed to air dry before dissolving it in 100
uL of DEPC treated triple distilled water. A sample of linearized plasmid was analysed by gel
electrophoresis to determine the concentration of the plasmid sample (refer to section 3.5.3) and
to confirm that the reaction resulted in complete digestion of the plasmid. Linearized plasmids
were stored at -20°C until use.

Alpha-tropomyosin and hsf4 antisense RNA probes, 860 nt and 866 nt in length
respectively, were synthesized using T3 RNA polymerase according to manufacturer’s
instructions (Fermentas). Each 20 pL reaction was prepared by adding 1 ng DNA template, T3
RNA polymerase buffer, 40 units of T3 RNA polymerase, DIG labeled nucleotide mix (ImM
ATP, CTP, GTP, plus 0.65 mM UTP and 0.35 mM DIG-UTP) to DEPC treated triple distilled
H,O. The reaction was thoroughly mixed and incubated for 2 hours at 37°C. Following the
incubation, 2 units of RNase-free DNase (Fermentas) were added to the reaction and incubated at

37°C for 2 hours after which the reaction was stopped by adding 0.02 M EDTA (pH 8.0). The in
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vitro transcribed RNA was precipitated by adding 2.5 pL of 4 M LiCl, and 75 pL of 100% EtOH
to the reaction and incubating overnight at -80°C. RNA was then pelleted by centrifuging at
12,000 xg for 25 minutes at 4°C in a microfuge (Sorvall), followed by a wash in ice cold 70%
(v/v) EtOH and finally centrifuged again at 4°C. Ethanol was removed and the RNA pellet was
allowed to air dry at room temperature. Finally, RNA was dissolved in 50 pL triple distilled
DEPC water and stored at -80°C until use.

Each sample was analysed using a denaturing agarose gel electrophoresis to
determine if the in vitro transcription procedure was successful (section 3.5.7). The amount of

RNA probe was quantified as described in section 3.5.7.

3.9.1.2 One-sided oligonucleotide PCR

A one-sided PCR technique was developed in collaboration with Dr. Bill Kulyk
(Department of Anatomy and Cell Biology, University of Saskatchewan) to generate antisense
single stranded (ss) DNA probes for use for in situ hybridization experiments as a more stable
alternative to antisense RNA probes. This method was used to generate ssDNA probes to detect
zebrafish alpha-tropomyosin and hsf4 mRNA (section 3.9.1.1 and Table 3.1 for accession
numbers).

Existing methods (Emanuel 1991; Konat 1996; Condon 1999) were modified to use a
commercially synthesized oligonucleotide as a PCR template for the purpose of generating DIG
labeled, ssDNA probes. The oligonucleotides templates were designed to a unique sequence of
their respective target mRNA as follows:
alpha-tropomyosin (100 bp) 5’-TTGGACAGAGCAGAGCAGGCGAGACCGACAAGAAA
GCAGCTGAGGAGAGGAGCAAGCAGCTCGAGGATGACCTGGTCGCCCTGCAGAAGA
AGCTGAA-3’ and hsf4 (90 bp) 5’-AGACGGAGAGAGGAACAGCTTCAGCAGCGCACAT
CCTAAGAGAACATCAATTTGGAAATGGACTAAAATACCACAGGATTAAGGAGACTC-
3’. Primer sequences used to amplify the above templates were for alpha-tropomyosin, forward
5’-TTGGACAGAG CAGAGCAGGC-3’ and reverse 5’-TTCAGCTTCT TCTGCAGGGC-3’;
and for Asf4 were forward 5’~AGACGGAGAGAGGAACAGCT-3’ and
reverse 5’-CCACAGGATTAAGGAGACTC-3".

One-sided PCR reactions were prepared by adding 500 ng of the appropriate

oligonucleotide template, reverse primer at a final concentration of 1 uM, 5 uL of 10x DIG
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labeled nucleotide mix (10 mM dATP, dCTP, dGTP, plus 5 mM dTTP and 5 mM DIG-dTTP
(Roche Diagnostics Corporation)) and 5 units of 7Tag polymerase (Fementas) to 1x PCR buffer
containing 2 mM MgCl,. This mix was designed to incorporate the DIG label at a rate of 50% of
the dTTP nucleotides. Control reactions using a 10x nucleotide mix with only unlabeled dNTPs;
a reaction without a DNA template; one without 7ag polymerase; and a positive control using a
symmetric reaction that included both forward and reverse primers were also performed.
Reactions were run under the following conditions: initial denaturation at 94°C for 2 minutes;
followed by 40 cycles of 94°C for 1 minute, 55°C for 1 minute, 72°C for 2 minutes, followed by
a final elongation of 72°C for 10 minutes. The labeled ssDNA probes were stored at -20°C until
use.

A sample of each reaction was analysed by gel electrophoresis using a commercially
prepared DNA ladder (as per section 3.5.5). The expected size of the PCR product was
confirmed by comparing the relative mobility of the unlabelled control reaction to a commercial
ladder. The DIG labeled reaction migrated slower on the gel than the unlabelled product due to
the incorporation of the DIG residues (Roche Diagnostic GmbH 2008).

3.9.2 Embryo preparation and assay

Embryos were manually dechorionated as described in section 3.1. Between five and
twenty embryos or larvae were collected in 1.5 mL microfuge tubes and fixed in 4% PFA
(paraformaldehyde dissolved in PBS) for 2 hours at room temperature or at 4°C overnight.
Embryos were dehydrated for storage prior to in situ hybridization through a series of graded
(25%, 50%, 75%) methanol (MeOH) in PBST (PBS containing 0.01% Tween-20) solutions, and
stored at -20°C in a final solution of 100% MeOH. Immediately prior to in situ hybridization,
these samples were rehydrated with MeOH/PBST using concentrations in the reverse order of
that described above.

The in situ hybridization protocol was performed as follows. Staged embryos were
permeabilized using 10 pg/mL proteinase K (Boehringer-Manheim, Roche Diagnostics
Corporation) in PBST at room temperature for the following lengths of time: 24 hpf or less are
not exposed to proteinase K, 30-50 hpf incubated for 10 minutes; 60-72 hpf incubated for 15
minutes. Samples were then washed 2% 5 minutes in PBST, and post-fixed in 4% PFA in PBS at

room temperature for 30 minutes. Following the fixing, samples were incubated in pre-
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hybridization buffer (50% formamide in 5% SSC (750 mM NaCl, 75 mM trisodium citrate, pH
7.0), 5 mM EDTA, 0.1% v/v Tween-20, 50 pg/mL heparin, and 100 pg/mL tRNA in triple
distilled water) at 65°C for RNA probes and at 50°C for ssDNA probes for 4 to 6 hours.
Following pre-hybridization, heat denatured probe (90 sec at 85°C followed by ice for 2 minutes)
was added to fresh pre-hybridization buffer. RNA probes were added at a concentration of 100
ng probe per 1 mL of pre-hybridization buffer. Single stranded DNA probes were added at a
volume of 5 pL (from 50 pL reaction) to 1 mL of pre-hybridization buffer.

Following an overnight hybridization at 65°C (RNA)/ 50°C (ssDNA), embryos were
washed several times to prevent non-specific binding of the probe. Washes were performed at
65°C (RNA)/50°C (ssDNA) for 10 minutes each in the following order: 75% hybridization
solution /25% 2x SSC; 50% hybridization solution /50% 2x SSC; 25% hybridization solution
/75% 2x SSC; 100% 2x SSC (all v/v) respectively. This series of washes was followed by two,
30 minutes washes in 0.2x SSC. Samples were then washed at room temperature for 5 minutes
in each of the following: 75% 0.2x SSC/25% PBST; 50% 0.2x SSC/50% PBST; 25% 0.2%
SSC/75% PBST; 100% PBST (all v/v) respectively.

Embryos were incubated in a blocking solution (2% (w/v) fetal calf serum and 2
mg/mL BSA in PBST) with mild agitation for 4 hours. Immunodetection of either RNA or
ssDNA DIG-labeled probes was performed by incubating the samples with an anti-DIG antibody
(Roche Diagnostics Corporation) diluted 1:5,000 in blocking solution for 3-4 hours at room
temperature and mild agitation. Excess antibody was removed by washing the embryos 3% 15
minutes in PBST at 4°C, followed by an overnight wash in PBST at 4°C all with mild agitation.
Embryos were then washed once in PBST for 15 minutes followed by one 5 minute wash in
triple distilled water and 2x 5 minute washes in staining buffer (100 mM Tris-HCI pH 9.5, 0.1 M
NacCl, 0.1% (v/v) Tween-20) all at room temperature. Staining was performed by incubating the
embryos in staining solution (250 pg/mL BCIP, 250 pg/mL NBT and 4 uM levamisol diluted in
staining buffer) at room temperature with mild agitation until colour was visualized within the
embryos (usually 1-2 hours). This was followed by two 5 minute washes in PBST and a post-fix
in 4% PFA in PBS (v/v), all at room temperature. Following post-fixation, embryos were
washed two times in PBST at room temperature and stored in PBS with 0.02% sodium azide at

4°C.
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The in situ stained whole mount embryos/larvae were prepared for visualization
under the microscope using the following procedure. Whole mount samples were dehydrated by
a series of graded washes in PBST:MeOH as described above (25% MeOH to 100% v/v MeOH).
The dehydrated samples were placed in a clearing solution containing 2:1 benzyl alcohol: benzyl
benzoate immediately prior to imaging. Samples were placed in a depression slide and viewed
using a Nikon Eclipse E600 photomicroscope. Results were observed and recorded using light

microscopy described in section 3.3.

3.10 Real-time quantitative reverse transcription PCR

The level of mRNA transcripts for Asf1b, hsfla+b, hsf2 and both hsf4a and hsf4b isoforms
were analysed by quantitative real time reverse transcription polymerase chain reaction (QPCR)
using the primers (Sigma-Aldrich) listed in Table 3.4. Elongation factor alpha (Elfa) and beta-
actin (Pactin) were used as reference genes to normalize data. Amplification and quantification
of reference genes was always performed in conjunction with the analysis of target genes. The
extraction and quantification of RNA was performed as per sections 3.5.6 and 3.5.7, cDNA
prepared as per section 3.5.8 and primer sets were optimized as per section 3.10.1 to comply with
qPCR quality control measures outlined in the MIQE guidelines (Bustin 2000; Bustin et al.
2009).
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Table 3.4. Summary of primers used for gPCR. Reaction efficiencies (E) for each primer set
used in qPCR reactions described in section 3.10, were calculated as described in section 3.10.1.
Reaction efficiencies (E) were considered to be within acceptable parameters if the percent
reaction efficiency was between 80-120% which corresponds to E between 1.8 and 2.2.
Therefore primers with calculated E values between 1.8 and 2.2 were considered acceptable for
use in qPCR reactions. Note: a reaction efficiency for the Asf4 splice-MO was not determined

(ND).

Gene Name Forward Primer Reverse Primer E
(Accession #)

Elfo 5" CAAGGAAGTCAGCGCATACA 3’ 5’ TCTTCCATCCCTTGAACCAG 3’ 2.2 Ssofast
(NM_131263.1) 2.0 SYBR
Pactin 5 CGAGCAGGAGATGGGAACC 3’ 5’ CAACGGAAACGCTCATTGC 3° 2.1 Ssofast
(NM_131031) 2.0 SYBR
hsp70 5> ATCAACGAGCCCACGGCTGC 3’ 5> ACATGCGGTTCGCAGCCTCC 3’ 2.0
(NM_131397.2)

hsfla+b 5> TGTGGACACGCCCCTTTCGC 3’ 5> GCAGGCGACGCTCAAGCACT 3’ 2.2
(NM_131600.1)

hsf1b 5> GGCTTCTCCACCTCATCTCT 3’ 5> TGTCGATGGACTCCAGATG 3’ 2.0
(NM_131600.1)

hsf2 5> GGATGAGTCCCTGGAGATGA 3’ 5> GATAGAAGAGCGTGGCTTCG 3’ 2.1
(NM_131867)

hsf4 5> GGTCCAGGTGTTGCGGAGCC 3’ 5> AGGGGTGGAGCAGCCGTCAT 3’ 2.0

(both transcripts)

hsf4a 5" GCCAAGGAAGTTCTGCCCAA 3’ 5 GCTAAAAGTGGTCTCGCCCC 3° 2.1
(NM_001013317)

hsf4b 5> GGTCCAGGTGTTGCGGAGCC 3° 5> AGCCAGCGGTGGGGTACAGC 3’ 1.9
(Ensemble HSF4-201)

hsf4 splice-MO 5" GGTGTTGCGGAGCCAACAGG 3’ 5> GTGACACCACTTCCCTCCACA 3’ ND

(both transcripts)
fefl 5" GCCGTAGGTAAGCAGCTCGCT 3’ 5 GTCGCGCGGGCTGGACTTTA 3° 2.2
(NM_200760.1)
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For individual PCR reactions, cDNA from each sample was diluted five fold in water and 2
uL of the diluted cDNA was added to each reaction. Reactions to detect Asf4a and hsf4b mRNA
were performed by adding cDNA to a 20 uL reaction mixture containing 10 pL of 2% Sso-Fast™
EvaGreen® Supermix (Bio-Rad Laboratories) and 300 nM final concentration of each primer.
Reactions for all other genes of interest were performed by adding cDNA to a 25 pL reaction
mixture containing 12.5 pL of 2x Maxima SYBR green/ROX qPCR Master Mix (Fermentas)
and 300 nM of each primer. All PCR reactions were performed using triplicate technical
samples and a single non-template control (NTC) for each biological sample to be tested and
were performed in a MiniOpticon thermocycler (Bio-Rad Laboratories). Reactions were
performed using the following conditions: denaturing reaction at 95°C for 10 minutes followed
by 50 cycles of (95°C for 15 seconds, 62°C for 30 seconds, 72°C for 45 seconds). A melting
curve of the amplified DNA product was also generated for all samples after the completion of
the PCR reactions. Critical threshold values (Ct) and melting curve analysis was performed
using the CFX Manager software with default settings (Bio-Rad Laboratories). Samples with Cr
values that were within 1 Cr of the value of the corresponding non-template control (NTC) were
determined to be below the limit of detection and assigned a value of O for the purposes of
graphing results. Reactions that resulted in products with multiple melting peaks or melting
peaks that did not cross the programs default threshold were also classified as below the limit of

detection.

3.10.1 Primer optimization

All primers designed for qPCR analysis (Table 3.4 and A2) were optimized for
reaction conditions (described below) using cDNA generated from zebrafish embryos at 80 hpf.
An optimal range of annealing temperatures was determined for each primer set by running PCR
reactions using a temperature gradient from 55-70°C. Optimal primer concentrations were
determined from a series of experiments using 100 pM-1 mM primer concentrations in order to
minimize the occurrence of primer dimers. The reaction efficiency (E) of each primer set was

-Uslope] 504 the percentage efficiency

calculated from a standard curve using the equation E=10!
was calculated as %E = (E-1)*100 (Rasmussen 2001). Standard curves for each primer set were
generated using a three fold dilution series of cDNA with one exception being the primers for

hsf4a which used a sequential dilution series from 1 to 7 fold dilutions of cDNA. It is important
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to note that while calculating efficiency from serial dilutions is highly reproducible, this method
of calculation frequently results in efficiencies greater than two which is theoretically impossible
suggesting a limitation in the accuracy of this calculation method (Pfaffl 2006). Therefore, for
the purposes of this study, primers that had a calculated efficiency value between 80-120%,
corresponding to an E between 1.8 and 2.2, were considered to have acceptable reaction
efficiency and an optimal efficiency of 2 was assumed in subsequent calculations. Calculated

efficiencies are shown in table 3.4.

3.10.2 Analysis of gPCR data

All gPCR data obtained from the CFX Manager software were analysed using the
Relative Expresstion Software Tool (REST) 2009 (Pfaffl et al. 2002). The Ct values for the
Bactin reference gene were used to normalize Cr values obtained for the genes of interest. The
normalized values were then compared to a control treatment or tissue and expressed as a ratio or
fold increase relative to that control. The REST software calculated the resulting relative
expression ratios using the following equation (Livak and Schmittgen 2001; Pfaff] et al. 2002):
Ratio = [(Eqarger) €t et (mean control ~mean sample)y . [ o ACtrefetence (mean control - mean sample))

The calculated relative expression ratios were further analysed for statistical
significance using the REST software. This software algorithm uses a Pair-wise Fixed
Reallocation Randomization Test (Pfaffl et al. 2002) which is a non-parametric test designed to
analyse data in a robust way without making assumptions about the distribution of the data. The
randomization calculations are subjected to a hypothesis test to determine the probability that the
samples are significantly different at p < 0.05 (Pfaffl et al. 2002). For the purpose of this study,
the REST software was set to perform 2000 randomizations of each data set. The REST
program also employs bootstrapping techniques to determine 95% confidence intervals for data
sets. For the purposes of this study, calculated fold difference over control values with a p <
0.05 were determined to have a significant difference in mRNA levels and fold difference values
with a p > 0.05 but < 0.15 were considered to be showing a trend to an increase or decrease in

mRNA levels.
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3.11 Sequence identification of hsf4 transcripts from zebrafish embryos

Polymerase chain reaction was used to amplify each of Asf4 transcripts a and b from
zebrafish embryos at 80 hpf for the purpose of identifying the sequence of the amplified product.
Ribonucleic acid was extracted from zebrafish embryos as per section 3.5.6 and 3.5.7 and cDNA
was generated from each of these samples as per section 3.5.8. Amplification of the Asf4a
transcript was performed with Sso-Fast™ EvaGreen® Supermix and the Asf4b transcript was
amplified using with 2x Maxima SYBR green/ROX as described in section 3.10 using the
primers listed in Table 3.4. An additional reaction was performed to amplify Asf4b without the
use of the SYBR green dye and instead used an in house PCR mix consisting of 1x PCR reaction
buffer, 3 mM MgCl,, 300 nM of each primer, 200 uM dNTPs and 5 U Tag DNA polymerase
(primers from Sigma-Aldrich; remaining reagents from Invitrogen). Polymerase chain reactions
were performed as follows: denaturing reaction at 95°C for 10 minutes followed by 50 cycles of
(95°C for 15 seconds, 60°C for 30 seconds, 72°C for 45 seconds) and a final extension time of 5
minutes at 72°C was added to ensure adequate adenosine overhang residues were present to
facilitate TOPO cloning.

All PCR products were sequenced as per section 3.5.5 and identity of the PCR products
was confirmed by comparing the obtained sequences to those deposited in GenBank and

Ensembl using BLAST (section 3.5.5).

3.12 Morpholino knockdown of hsfl and hsf4 expression

Morpholino modified antisense oligonucleotides (MO) are synthetic DNA sequences
modified with a morpholino ring and a neutral phosphate backbone (Ekker and Larson, 2001).
They have a high affinity for RNA and low cellular toxicity which makes them ideal for use as
an in vivo gene targeting tool that cause the knockdown of expression of a particular gene
(Summerton 1999). Morpholinos were purchased from Gene Tools, LLC (Philomath, OR) as a
25 base oligo complementary to a target mRNA. Knockdown of zebrafish Asf expression was
performed using MO tagged with either 3’-carboxyfluorescein or 3’-lissamine. The 3’-
carboxyfluorescein is a green emitting fluorescent tag (excitation peak at 501 nm; emission peak
at 524 nm) and adds a mass of 490 Da to the MO while the lissamine tag, also known as
sulforhodamine B, is a red-emitting fluorescent tag (excitation peak at 575 nm; emission peak at

593 nm) and adds a mass of 785 Da to the MO. Morpholino sequences used to knockdown /sf1
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gene expression contained a lissamine tag and were designed to do so by binding to a sequence
spanning the start codon of the mRNA, thereby preventing the binding of the ribosomal subunit
and inhibiting translation (Summerton 1999). Initial experiments designed to look at the
phenotypic effect of hsf4 knockdown used MO sequences that contained a carboxyfluorescein
tag and were also designed to bind DNA sequences spanning the start codon. Morpholino
sequences used to knockdown hsf4 gene expression for analysis of effect on potential
downstream gene targets, were designed to an hsf4 sequence that spanned the intron/exon
junction at the 5 end of the 5™ exon in Asf4 pre-mRNA sequences. This type of MO is referred
to as a splice-MO and results in the exon targeted by the MO being co-spliced out with the
adjoining intron during pre-mRNA processing (Draper et al. 2001). The 5™ exon that was
targeted by the Asf4 splice-MO is the coding region for approximately one third of the
transactivation domain of the HSF4 protein. Embryos injected with a splice-MO that targets and
removes a portion of the coding region for this essential protein domain should result in the
synthesis of proteins that are not active unlike embryos injected with MO sequences that block
translation which results in a decrease in synthesis of the target protein.

Morpholinos were designed to be complementary to a specific Asfl or hsf4 mRNA
sequence based on mRNA sequence obtained from Genbank. The following sequences were
used as MO targets and the overlap with the ATG start codon is underlined where applicable:
hsf4 MO (5’-TATAGAGCCTGGGTTCTCCTGCATG-3’) and hsf4 splice-MO (5°-
TCTGCCTGCAAGATAGATAGATAGA-3") - Accession # NMO001013317; hsfl MO (5°-
CACGGAGAGTTTAGTGATGATTTCT-3’) - Accession # NM 131600. For both genes, the
morpholinos sequences chosen were able to bind both known transcripts of hsfl and hsf4.
Morpholinos with a five base pair mismatch were injected as a control for non-specific
phenotypic effects (mismatched base pairs are indicated by lower case letters);
hsf4 Spbmm MO (5’-TATtGAGgCTGGcTTCaCCTGgATG-3’);
hsf4 Sbpmm splice-MO (5’-TCTcCCTGgAAcCATAcCATAcCATAGA-3’);
hsfl  Sbpmm-MO (5’-CAgGGAcAGTaTAGaGATcATTTCT-3’). Morpholino mismatch
sequences were designed to have no significant sequence similarity to any part of the zebrafish
genome while still being as similar as possible to the original MO sequence (differing from the

original MO by only five to six base pairs).
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Morpholino stock solutions for each of the Asf1 MO, hsfl Spbmm-MO, hsf4 MO and hsf4
Sbpmm-MO were prepared in triple distilled water to a final concentration of 8.33 pg/uL,
aliquoted and stored at -20°C until use. Stock MO were further diluted in Danieau solution (58
mM NaCl, 0.7 mM KCI, 0.4 mM MgSO,, 0.6 mM Ca(NOs).H,O, 5 mM HEPES (pH 7.6);
Nasevicius and Ekker 2000) to a concentration of 3.46 pg/uL immediately prior to embryo
injection. Needles used for microinjection (glass tubes 100 mm in length and 0.02 mm in
diameter sourced from Drummond Scientific Co., (Broomall, PA) were made in house using a
model 700C vertical pipette puller (David Kopf Instruments, Tujunga, CA). Needles were
calibrated to deliver a constant volume of 3.14 nL per injection using a Narashige IM-300
microinjector (Drummond Science Co). This was achieved by marking off 1 mm increments on
each needle and adjusting the injection psi so that 10 injections dropped the meniscus of the
injection fluid by 1 mm. The microinjector used human grade compressed nitrogen (Praxair,
Saskatoon, SK) to pressurize the injection system and needle pressure was maintained at 80-85
psi for the duration of the injections.

Newly fertilized embryos were lined up along a glass slide placed at the bottom of a petri
dish. An absorbent tissue was used to remove most of the water surrounding the embryos to
assure that the embryos did not move during the injection procedure. The petri dish was placed
under a dissecting microscope (Leica Microsystems Inc., Concord, ON) and illuminated with an
Intralux 5000-1 fiber optic light source (Volpi USA, Auburn, NY). A needle was inserted into
the microinjector and filled with MO solution. Embryos were injected by passing the needle
through the chorion and into the yolk of the embryos. Needles were washed a minimum of five
times with Danieau solution between injections of different solutions. All embryos were injected
prior to the 32 cell stage. Following injection, embryos were maintained in 25 mL petri dishes as
described in section 3.1. Embryo mortality was monitored daily and non-viable embryos were
removed. Treatment groups consisted of embryos injected with MO, Sbpmm-MO or Danieau
solution both of which were compared to an uninjected treatment group for the analysis
described below (n > 80 embryos for all treatments).

Embryos analysed for phenotypic effects of Asf4 knockdown were screened for the
presence and distribution of fluorescein at 48 hpf using a Nikon 41002C HQ:G filter as described
in section 3.3. The diameter of the eye as well as the length of the body was measured in

embryos with intense fluorescein distribution throughout the embryo at 48 hours post
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fertilization (hpf). The effect of the MO on lens phenotype was determined by calculating the
ratio of eye and lens diameter and eye surface area to total body length similar to that previously
described (Evans et al. 2007).

Embryos to be analysed by qPCR were screened for the presence and distribution of
lissamine at 48 hpf using using a Nikon 41002C HQ:R filter as described in section 3.3. Only
embryos observed to have intense lissamine distribution throughout the embryo were considered
to be successful injections and these embryos were retained for further analysis. Embryos were
screened again prior to 60 hpf to remove embryos that were dead or had severe developmental
abnormalities (example: stubby tail, crooked spine or missing fins or eyes). The remaining
embryos were screened for a small eye phenotype using bright field microscopy (section 3.3).
Finally embryos were collected at 60 hpf and frozen for RNA extraction (sections 3.5.6-3.5.7)
and subsequent qPCR analysis (n > 30 embryos for all treatments in each biological replicate).

Quantitative PCR was performed on the MO-injected and uninjected embryos to analyse
mRNA levels for fgfl, hsp70, hsf4 splice-MO and hsfla+b using the primers outlined in Table
3.4. Reactions were prepared using Sso-Fast™ EvaGreen® Supermix (Bio-Rad Laboratories)
and PCR analysis was performed exactly as described for Asf4a and hsf4b analysis in section

3.10.
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4.0 RESULTS
4.1 In silico analysis of zebrafish heat shock factors

4.1.1 Nucleic acid sequence analysis of two zebrafish hsf4 transcripts

A novel zebrafish HSF (hsf4) was previously identified in an EST screen of an
embryonic cDNA library derived from zebrafish embryos spanning stages from fertilization to
72 hpf (Strausberg et al. 2002). The identified clone consists of a 1650 bp full length cDNA
sequence, (Genbank accession # NM 001013317), corresponds to Mammalian Genome
Collection (MGC)/zgc:113344, and is referenced in the ZFIN library as ZDB-GENE-050306-18
(Sprague et al. 2006). Sequence analysis of the cloned cDNA reveals a high degree of identity to
previously characterized zebrafish Asf1 and Asf2 nucleotide sequences (Rabergh et al. 2000; Yeh
et al. 2006), and to mammalian Asf4. The identified mRNA sequence is encoded by a single Asf4
gene that has been mapped to zebrafish chromosome 18, with the genomic sequence spanning
7103 bp (Genbank accession # BX088710.16) and consisting of 8 exons and 7 introns (Fig.
4.1A). My analysis of the genomic sequence identified a TATA box in the 5° end of the gene,
214 bp upstream of the putative ATG translation initiation site. There were also three additional
in frame ATG sites identified in the 5’ region of the gene located at 57 bp, 165 bp and 205 bp
upstream of this site. My analysis of the 3’ untranslated region identified two ATTAAA
sequences that may act as a poly adenylation signals. The sequences are located 154 bp and 456
bp downstream of the TGA stop codon. The second ATTAAA sequence is also 163 bp
upstream of the previously identified poly A tail.

The open reading frame of a second, longer putative Asf4 transcript has also been
predicted in the Ensembl database, and originates from the same gene on chromosome 18 that
encodes for the shorter transcript (Ensembl Zv9, release 71; transcript ID
ENSDART00000130961). My analysis determined that nucleic acid sequence in the first 8
exons of the longer transcript is identical to the shorter transcript but also includes an additional
4 exons derived from genomic sequence that spans an additional 3266 bp downstream from the
end of the shorter transcript (Fig. 4.1A). The open reading frame of this transcript is predicted to
contain 1326 bp from the total 12 exons. Since the longer sequence is predicted, no 5 or 3’
UTR was identified in Ensembl. However, my analysis of the genomic sequence in the 3’ region
downstream of the 12™ exon identified an ATTTAA poly adenlyation signal sequence 482 bp
downstream of the TAA stop codon.
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Figure 4.1 Sequence comparison of two splice variants of zebrafish Asf4.

(A) The genomic sequence of the zebrafish Asf4 gene contains twelve exons and eleven introns.
Exons are numbered sequentially in the figure from the 5° end to the 3’ end. Two splice variants
that are transcribed from this gene have been identified and are named Asf4a and hsf4b. The
sequence of Asf4a (identified from an EST screen of zebrafish embryos) contains the entire
sequence from exons 1 through 8 terminating at a TGA stop codon located at 859 bp from the
ATG start site (depicted with green letters and underlined). Additionally, a full 5* and 3> UTR
has been sequenced for this transcript. The sequence predicted for Asf4b also contains exons 1
through 8 plus additional sequence from exons 9 through 12. The Asf4b transcript contains a
splice site which splits the AGG codon (depicted with blue letters) 858 bp from the ATG start
codon allowing the spliceosome to bypass the TGA stop codon (underlined) and read through the
entire 12 exons of the gene. No UTR regions have been sequenced for the Asf4b transcript. The
arrows shown above represent primer binding sites (Table 3.4) which flank specific mRNA
sequence used for qPCR analysis of the two Asf4 transcripts. Arrows in green flank the region
specific for hsf4a, blue arrows flank the region specific for Asf4b, in black flanks a region
common in both transcripts and the dashed line flanks the region amplified for analysis of Asf4
splice-MO knockdown experiments. (B) A sequence alignment of hsf4a transcript from
GenBank, the predicted Asf4b from Ensembl and the portion of Asf4b sequence from an in house
PCR product. Residues that are identical between the three sequences are shaded in black. The
red square highlights the position of the TGA stop codon that occurs in the Asf4a transcript
which is absent from the Asf4b transcript.
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ATGCAGGAGAACCCAGGCTCTATAGGTGTGGATGGGGGATATGCTAGCAATGTGCCCGC
IATGCAGGAGAACCCAGGCTCTATAGGTGTGGATGGGGGATATGCTAGCAATGTGCCCGC

[TTCCTCACTAAACTCTGGACTCTGGT CGAGGACCCGGAGACTAATCATCTGATCTGCTG
[TTCCTCACTAAACTCTGGACTCTGGT CGAGGACCCGGAGACTAATCATCTGATCTGCTG

AGTGCTACCGGGACCAGCTTTCATGTTTTCGACCAAGGCAGATTTGCCAAGGAAGTTCT
IAGTGCTACCGGGACCAGCTTTCATGTTTTCGACCAAGGCAGATTTGCCAAGGAAGTTCT

CCCAAATACTTCAAACACAACAACATGGCGAGTTTCGTACGCCAGCTCAACATGTACGGQ
CCCAAATACTTCAAACACAACAACATGGCGAGT TTCGTACGCCAGCTCAACATGTACGGQ

[TTCAGAAAAGT GGTGAATAT TGAGCAGAGTGGGCTGGTGAAGCCAGAGCGAGACGACAC
[TTCAGAAAAGT GGTGAATAT TGAGCAGAGTGGGCTGG TGAAGCCAGAGCGAGACGACAC

GAGTTCCAGCACCTCTATTTTCTCCAGGGCCACGAGCATCTGCTGGAGCACATTAAACG(
GAGTTCCAGCACCTCTATTTTCTCCAGGGCCACGAGCATCTGCTGGAGCACATTAAACG(

AAAGT GTCAATAGTAAAAAGCGAGGAGACTAAAGTGCGACAGGAGGACTTGAGTAAGCT
AAAGT GTCAATAGTAAAAAGCGAGGAGACTAAAGT GCGACAGGAGGACTTGAGTAAGCT

[TTGTATGAGGTCCAGGTGTTGCGGAGCCAACAGGAAAACATGGAGATGCAGATGCAGGA
[TTGTATGAGGTCCAGGTGTTGCGGAGCCAACAGGAAAACATGGAGATGCAGATGCAGGA
———————— GGTCCAGGTGTTGCGGAGCCAACAGGAAAACATGGAGATGCAGATGCAGGA

ATGAAACAGCAGAATGATGTTCTGTGGAGGGAAGTGGTGTCACTGAGACAGAATCACACA
ATGAAACAGCAGAATGATGTTCTGTGGAGGGAAGTGGTGTCACTGAGACAGAATCACACA
ATGAAACAGCAGAATGATGT TCTGTGGAGGGAAGTGGTGT CACTGAGACAGAATCACACA

CAGCAGCAGAAAGTCATGAACAAGCTGATTCAGTTCCTGTTCAGCCAGATGCAATCCAAQ
CAGCAGCAGAAAGTCATGAACAAGCTGATTCAGTTCCTGTTCAGCCAGATGCAATCCAAQ
CAGCAGCAGAAAGTCATGAACAAGCTGATTCAGTTCCTGTTCAGCCAGATGCAATCCAAQ

[TCTCCAAGCACTGTGGGAATGAAGAGAAAGCTTCCTCTGATGCTGGATGACGGCTGCTCG
[TCTCCAAGCACTGTGGGAATGAAGAGAAAGCTTCCTCTGATGCTGGATGACGGCTGCTCG
[TCTCCAAGCACTGTGGGAATGAAGAGAAAGCTTCCTCTGATGCTGGATGACGGCTGCTCG

[ACCCCTCCTGCCTCCAAATTCAGCCATAACCACTCCATGGAGTCTTTACAGGAATCATTG
[ACCCCTCCTGCCTCCAAATTCAGCCATAACCACTCCATGGAGTCTTTACAGGAATCATTG
[ACCCCTCCTGCCTCCAAATTCAGCCATAACCACTCCATGGAGTCTTTACAGGAATCATTG

TATATCCAATCGCCATCCACAGAAAGTGCTTCCTGCTCGACTAGCAGCGTGATGACAGGA
TATATCCAATCGCCATCCACAGAAAGTGCTTCCTGCTCGACTAGCAGCGTGATGACAGGA
[TATATCCAATCGCCATCCACAGAAAGTGCTTCCTGCTCGACTAGCAGCGTGATGACAGGA
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I named these two transcripts in accordance with the ZFIN zebrafish gene
nomenclature guidelines in which new genes are named sequentially and using similar identifiers
as those used for human and mouse orthologs but without the use of capital letters (Mullins
1995). The shorter transcript was designated Asf4a and the longer transcript Asf4b.

I confirmed the presence of both the Asf4a and hsf4b transcripts in zebrafish embryos
by sequencing the products from two or more independent reverse transcription PCR
amplifications from zebrafish embryos at 80 hpf as described in section 3.11. Two sets of
primers specific to hs4fa were designed. The first set was designed to amplify a 680 bp portion
of the mRNA sequence which spanned the region from within the 3™ exon through the stop
codon and into the 3> UTR. The second set was designed to amplify a 968 bp portion which
spanned from within the 2" exon through the stop codon and into the 3> UTR. A primer set
specific to hsf4b was designed to amplify an 866 bp portion of the ORF which spanned from
within the 4™ exon to within the 12" exon. I performed a sequence alignment of the hsf4b
sequencing results compared to the known Asf4a ORF and the predicted Asf4b ORF are shown in
Fig. 4.1B. The sequence alignment indicates that the PCR products for both transcripts matched
the previously identified and predicted sequences for their respective ORFs. The amplified
sequence of Asf4a was identical to the sequence deposited in Genbank (NM_001013317) and
sequence analysis confirmed the existence of a TGA stop codon. The sequence of hsf4b was
identical to both that of Asf4a and the predicted sequence up to 858 bp position where it appears
to lack the TGA stop codon (Fig. 4.1B). The remainder of the /4s4fb sequence is identical to its
predicted sequence with the exception of a thymine base sequenced at position 487 of the PCR
product instead of an adenine in the predicted sequence as well as two cytosine bases sequenced

at positions 735 and 736 of the PCR product instead of two adenine bases (Fig. 4.1B).

4.1.2 Amino acid sequence analysis of two isoforms of zebrafish HSF4
The zebrafish Asf4 sequence is similar to other zebrafish and mammalian HSF sequences in
that exons 1-3 encode for the DBD and exons 4-6 encode for the HR-A/B domain of the
predicted protein (Pirkkala et al. 2001; Sprague et al. 2006). Both Asf4 transcripts are identical
in sequence up to the end of the 8" exon of the gene while the /sf4b transcript contains sequence
from four additional downstream exons. Therefore, the DBD and HR-A/B domains predicted for

both HSF4 isoforms are identical in amino acid sequence composition.
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Sequence alignment (Fig. 4.2A and B) of the predicted amino acid sequences for
both HSF4s demonstrates the high degree of amino acid sequence conservation between the
zebratish HSF4 proteins and zebrafish HSF1 and HSF2. My analysis of the predicted amino acid
sequence of both HSF4 isoforms using SMART and Pfam protein analysis tools (UniProtKB)
indicates that amino acids 19-123 in both HSF4 sequences comprise a region with a high degree
of identity to the highly conserved DBD of proteins in the HSF superfamily. I also identified an
HR-A/B trimerization domain, similar to the domain present in other zebrafish HSF proteins, in
both HSF4 isoforms spanning amino acid sequence 133-220 (Fig. 4.2A and B) by sequence
alignment. The HR-A/B domain corresponds to a predicted coiled coil structure, characteristic
of a leucine zipper domain, identified in the HSF4 sequence by the UniProtKB and Coils version
2.2 software shown in Fig. 4.3C (Parry 1982; Lupas et al. 1991).

I was not able to identify a second coiled-coil structure or leucine zipper
characteristic of an HR-C domain in the carboxy terminus of the HSF4a isoform using software
analysis or with a sequence alignment. The lack of an HR-C trimerization inhibition domain in
the carboxy terminus of the protein is consistent with what has been reported for mammalian
HSF4 protein sequences (Nakai et al. 1997; Pirkkala 2001). However, the predicted protein
sequence for this novel HSF4a is only 286 amino acid residues in length. This is effectively 177-
250 amino acids shorter than any other HSF identified in a vertebrate species and is unique
within the HSF family among the animal kingdom. Thus, the lack of an HR-C domain in the
carboxy terminus is not due to the lack of a heptad repeat sequence in the amino acids spanning
that region of the protein as is the case for mammalian HSF4s, but instead to the fact that this

region is completely absent in the zebrafish HSF4a protein.
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Figure 4.2 Comparison of zebrafish heat shock factors protein sequences.

(A) Zebrafish HSF1, HSF2, and HSF4 proteins are compared with each other by protein
sequence alignment. Residues that are identical between the three sequences are shaded in black
while positions with conserved amino acid substitutions are shaded in grey. The DNA binding
domain (DBD), trimerization domain (HR-A/B) and inhibition of trimerization domain (HR-C)
are indicated above the HSF1 sequence. The arrow indicates the final amino acid in the HSF4a
isoform sequence. (B) A diagrammatic representation of zebrafish HSF proteins and the
corresponding human ortholog comparing the location of specific protein domains within each
sequence. The range of amino acids comprising each domain is indicated above each domain and
the total number of amino acids in each protein is shown at the end of each line.

79



HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

HSF1
HSF2
HSF4

58
47
58

118
107
118

178
164
175

236
219
235

292
271
295

349
309
346

409
369
373

459
404
429

512
455

! DBD

RNV EPCeVAY\ EERIGINN VP AF L TKLWTL VEDPDTb3 MN[GTSFHVFDQGRFAS]
-------------- IGRISNVPAFLTKLWTLVEDFD TN QEENSIZL YL E QR
L 0)=) PG eV DA SN VPAFLTKLWTLVEDPETNZ YIGTSFHVFDQGRFA

EVLPKYFKHNNMASFVRQLNMY GFRKVVH IEQGGL VKPEKDD TE FQHP YRERGQE|
EllL PKEFKHNNMASFVRQLNMY GFRKVIH 1 DEG[IVICIEMERYE FoHP YHEHG QD
EVLPKYFKHNNMASFVRQLNMYGFRKV VY 1EQSGLVKPERDD TE FQHEYFLOGRERL LER

} ! HR-A/B
IKRKV IUVERLIK I EDM K ESYIDDVS KMESD VQEMKEINQ ESMDSKIS T LKHEN EMLWRE VAT
IKRKV SSEERIEFFSKIRQDD LS KL TSVQSMHEQQENVDAREAT LKREN EQL WIE ES]Y]
IKRKV S| IVERSKSEETKVRQED LSKEL MEVQIYERS0Q ENVEYISMeBIN K QENBV L WRE YS!
v

LRQINHSQQQKVNMNKL I QF LI TLIARSENR ML GMKRKMPLMLN DSESIERIIZK F SEON
LREYHYQQQEV IEGELVQFF TLMONERNR EL NEKRKFIPLAL N NI | FE
LRQ H

NHEQQQKVMNKL I QF L FSEIMQ SNSRIV GMKR KEPLM LBJDele S
PA - -AFIGIEVFESESPYK TERIERIRE A SESP AT DEWI [E-DR T SPIYH
DHSKY------ TVNGLKNN DDVIRICBIRJPEDPEVID PD[=E- -DAEL\ELT
QESFY 1QSPSIESIASCE €GP1 1SDYTENZ QAEESREKClL
RN AHS PEVEEYCPVEVEVGAGSEIIP VI TRESETRF -IeESEzVFRPES- -|P
=S VQ TAHeJ=A

S| KTTHYVSTTN
By VRO GRAEGYPLGSC-- —— ——[FYCAEPRVILEV

GRGSNLGERR--J}K
! HR-C

EQKCLSVASEDNYPQESE[ITREFEGFSTSYLHIRPHSGTERHEH 5SCEENR)
ALQLNKPS/QlSLEDPIK LIYDS[ILEENGA 1SN INIMGV/SHM D®SLED[FQ
--------------------------------- RP\[ME;PE P NVDYSLEDLQ

¥
NMQSlﬁSS-PLF? --------- = SSMASEVOIBELAS[IQDLESEDPYKETESGVDTD
NEKL

OFNBPD I IEETLJSE ---TKN- NKE EN-—— == — e
RS@QS|IENNAAAMBQFTFSLP EMEPNEK- -SE[FANAMI FAANSQYM--FQGQ

SEKQ- - M)A RIZSFSPIPFS -- ——- BDISSSTRLEMMNELQDREYFSSEPTEDETI
--TDK QN OMNICIZL MAFEDGCTPLTPERPQPERP gDl - =81 - - --EMKT[gRS
EHEELYPTAGNEE®R-———————= == === e e e e

NFQRYPEDPSRT-—-——-———————- R IGDFCFKMKKESKR
RLE[g N THAEANEATLFYLCELNSDLPNADTgPLD[l--————

80



o-yH [
a/v-dH A
aga #

s 77

88E- 8V Glz-9ck  €ch-6L 1

| o 77 |

982 Glc-96k  ech-6b 1

| e 77774

£6¥ Zlc-9el  geb-6L 1

| LY 77777) |

£9¥ Zic-9ek  gek-6L 1

| | s 7777 |

68% 286~ 25e \0z-GZb  Zbb-8 &
[ B 07777 |

g1s 26€ - 008 l0c-92k  chb-8 1
] kel 77777 |

ofs €66 - 098 102-92k  cbb-8 1
[EE 7/

8cg Iy 188 Glc-6cF  €ch-6L 1
| [E] S 7777
zis 16€ - 298 Glc-66F  €cb-6L |

| E L 7777 |
108 oLy - veE Zic- 16 €cb-9L |

| [ ksl 7777 |
625 L1y~ 8E Zig- 160 €cb-oL  §

avdSHz

ey4SHZ

av4dSHY

ey4SHY

¢4SHz

gz4SHY

PDZ4ASHY

qlL4SHz

el4SHZ

gL4SHY

PL4SHY

81



Figure 4.3 Prediction of the occurrence of coiled-coil structures in heat shock factors from
several species. The Coils software version 2.2 (ch.EMBnet.org ) was used to predict the
probability of amino acid sequences within HSF proteins to adopt a coiled-coil conformation.
The software compares the target sequence to a database of known sequences that produce
coiled-coil structures by scanning amino acid sequence in 14, 21, or 28 amino acid windows (as
indicated) and generating a comparative score. Sequences with a score closer to 1 (y-axis) have
a higher probability of adopting a coiled-coil conformation. The number of amino acids in each
sequence is indicated on the x-axis. The graph in each panel illustrates the potential for the HSF
sequences to adopt a coiled-coil conformation and the region of amino acids where they could
occur. Zebrafish HSF1 (A), HSF2 (B) and HSF4 (C) were analyzed to identify regions of
possible coiled-coil conformation. The probability of the existence of coiled-coil structures was
also assessed in human (D), dog (E), horse (F), chicken (G), and zebrafinch (H) HSF4 protein
sequences.
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The protein sequence of the putative HSF4b is predicted to contain 441 amino acid
residues which is 155 amino acids longer than the HSF4a protein. The amino acid length of
HSF4b is similar in amino acid length to other members of the heat shock factor family (Fig.
4.2B). Surprisingly, I was able to identify a putative HR/C domain in the HSF4b sequence
spanning the 9™ and 10™ exon by analyzing an alignment of all three zebrafish HSF sequences
identified a (Fig. 4.2A). This was also a unique discovery as all mammalian HSF4s identified to
date are characterized as lacking this domain (Nakai et al. 1997; Akerfelt et al. 2007; Abane and
Mezger 2010). Analysis of the HSF4b amino acid sequence by SMART and Pfam software
identified a vertebrate heat shock transcription factor domain between amino acids 245-422.
Further my analysis of this region with UniProtKB and Coils software identified a potential
coiled coil structure in this region comprised of amino acids 348-388 which would constitute a
putative HR-C domain (Fig. 4.3C). Closer inspection of this region revealed the putative HR-C
domain contains 15 hydrophobic amino acids, 10 and 13 of which are conserved in the zebrafish
HSF1 and HSF2 protein sequences respectively. Similar coiled coil structures were identified
using the Coils program in predicted chicken and in zebrafinch HSF4 proteins (Fig. 4.3G-H). As
previously reported, no similar structures could be identified in mammalian HSF4 protein

sequences using Pfam or the Coils software (Fig. 4.3D-F).

4.1.3 Phylogenetic analysis of zebrafish heat shock factors protein

sequences

There is a substantial difference in amino acid length of the zebrafish HSF4a protein
when compared to known HSF sequences, and the zebrafish HSF4b protein, unlike mammalian
HSF4 proteins, appears to contain a putative HR-C domain. These unique characteristics
observed in the novel zebrafish proteins led to a thorough in silico analysis of the predicted
amino acid composition. I performed an extensive phylogenetic comparison of HSF1, HSF2,
HSF3 and HSF4 protein sequences from eleven species to identify to which HSF group the novel
zebrafish HSF4 protein was most closely related. Phylogenetic analysis shown in Fig. 4.4 was
derived by comparing a single isoform of each of the HSF families from each species for
simplicity. Preliminary alignments demonstrated that protein isoforms from the same species
always clustered together and branching distances between species or HSF families were not

different from those shown in Fig. 4.4. The zebrafish HSF4 protein clusters in a distinct group

84



with the chicken and zebrafinch HSF4 proteins near the mammalian HSF4 sequence cluster (Fig.
4.4). However, the branch for the zebrafish HSF4 protein occurs sooner and is closer to the
HSF1 group than the mammalian HSF4 cluster. Additionally, the distance between the zebrafish
HSF4 protein and the mammalian HSF4 cluster is greater than that observed between the fish
and mammalian proteins for either HSF1 or HSF2. Another interesting observation from this
analysis is that the zebrafish HSF4 protein clusters with two avian HSF4 protein sequences, the
chicken and zebrafinch. While the chicken and zebrafinch branches are close to each other,
similar to what is observed for the HSF2 protein from these same species (Fig. 4.4), the close
grouping of the avian proteins to zebrafish proteins appears to be unique to the HSF4 group. In
contrast, the grouping of chicken and zebrafinch HSF2 proteins is much closer to that of the
mammalian HSF2 while the zebrafish and trout HSF2 branch occurs more distant from the
mammalian HSF2 proteins. Similarly, the chicken HSF1 protein is more closely grouped with
the mammalian HSF1 proteins while the trout and zebrafish HSF1 proteins branch is closer to

the single Drosophila HSF than to the mammalian HSF1.

4.1.4 Comparison of zebrafish HSF4 protein domains to other zebrafish

and non-zebrafish heat shock factor proteins

The early branching and distinct clustering of the zebrafish HSF4 proteins observed
in the phylogenetic analysis (Fig. 4.4) led me to perform a more thorough comparison of the
amino acid sequences comprising the HSF4 proteins to other members of the HSF protein family
(Tables 4.1-4.4). The putative amino acid sequences of the DBD, HR-A/B and HR-C protein
domains of the three zebrafish HSFs were compared between themselves, and to HSF protein
sequences from other species (species and accession numbers in Appendix 1). The comparative
analysis of these three domains was performed using sequence from a single isoform of each
HSF from each animal species as the amino acid sequence of these domains does not vary
between isoforms within a species. However, sequences from both isoforms of the zebrafish

HSF4 proteins were analyzed as HSF4b contains the HR-C domain which is absent in HSF4a.
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Figure 4.4 Phylogenetic analysis of HSF4 protein sequences. An unanchored phylogenic tree of
HSF protein sequences from 11 species deposited in Genbank was generated using the
Phylogeny.fr software. These sequences include those identified for zebrafish (z), rainbow trout
(t), human (h), mouse (m), dog (d), equine (e), Xenopus laevis (x), Xenopus tropicalis (xt),
Saccharomyces cerevisiae (sc), Drosophila (dr), zebrafinch (f), and chicken (c¢). Tree branch
lengths depict relative evolutionary distances between proteins.
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Comparative analysis of domain amino acid sequences revealed that both isoforms of
the zebrafish HSF4 protein share a high degree of amino acid identity with the DBD of zebrafish
HSF1 (85%) and HSF2 (73%) (Fig. 4.2A and Table 4.1). Interestingly, the DBD of the predicted
HSF4 proteins also shares 84-85% identity with the DBD of HSF1 proteins from seven other
vertebrate species (Table 4.2) but, surprisingly, only a 72% amino acid identity with four
mammalian HSF4 proteins (Table 4.1) and a maximum of 73% identity to HSF2 proteins from
eight other species (Table 4.3). The HSF3 family is the least similar, sharing only 53-63%
amino acid identities in the DBD with any of the zebrafish HSFs (Table 4.4). Of particular
interest is the degree of the amino acid sequence identity observed between the zebrafish HSF4
proteins and those predicted for two avian species, the chicken and the zebrafinch (Table 4.1).
The zebrafish HSF4a and HSF4b protein sequences had a total amino acid identity of 77% and
70% with the chicken respectively, and 79% and 73% with the zebrafinch respectively, which is
higher than what was calculated for either of the HSF4 isoforms in comparison to other zebrafish
HSFs (53-57% for HSF1 and 41-47% for HSF2) as well as being higher than that observed for
comparisons to any mammalian HSF4 sequence, (52-54%) (Table 4.1). When only the DBD and
HR-A/B protein domains are compared between zebrafish and the two avian species, the
similarity becomes even more striking.

The DBD of the zebrafish HSF4 protein has a 94% amino acid identity with chicken
and a 96% identity with the zebrafinch while the HR-A/B domain has an 82% and 83% identity,
respectively. The similarities observed for these protein domains from both avian species and
zebrafish HSF4 represent the highest level of amino acid conservation between the HSF4 protein
domains in all species compared (Tables 4.1-4.4). Closer analysis of the two avian sequences
revealed that the amino acid composition of the avian HSF4 DBD domains also shares a greater
degree of identity with HSF1 DBDs than with mammalian HSF4 DBDs (data not shown).

There is a 49% similar amino acid identity between the predicted HR-C domain of
the zebrafish HSF4 and the HSF4 sequence from chicken and zebrafinch. Once again, the
highest number of amino acid similarities occurs between the zebrafish and avian species, similar
to what was observed for the DBD and the HR-A/B domain comparisons. The HSF4b putative
HR-C sequence has 24-37% amino acid similarity with the HR-C domains of HSF1, HSF2 and
HSF3 in all species analysed.
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An interesting observation is that the HR-C domain from the zebrafish shares greater
amino acid identitiy with HR-C domains in mammalian and Xenopus HSF1 and HSF2 proteins
(29-37%) than it does with either the zebrafish HSF1 or HSF2 proteins (27%). During the
comparative sequence analysis it was observed that the zebrafish HSF2 protein actually has two
coiled-coil domains containing a total of 20 hydrophobic amino acids in HR-C region. This is
also a unique characteristic of the zebrafish HSF2 protein as only one coiled coil domain has
been characterized in other HSF2 proteins in vertebrates.

Mammalian HSF4 proteins are characterized as HSFs that do not possess a heptad
repeat sequence (HR-C) coiled coil domain in the carboxy end of their protein. Analysis of
several mammalian HSF4 sequences with both Pfam and the Coils software confirmed that the
mammalian HSF4 sequences do not contain the same vertebrate heat shock factor domain or
predicted coiled coil domain as observed in the zebrafish HSF4b sequence (section 4.1.2).
However, even though a coiled-coil domain does not exist in mammalian HSF4, the HR-C
domain of the zebrafish HSF4b still shares 24-32% amino acid identities within the same
carboxy region of the mammalian HSF4 sequences which is similar to the percentage identities

calculated for HSF1 and HSF2 proteins above.

4.2 Binding affinities of zebrafish HSF1a, HSF2 and HSF4a for heat shock

response elements

The data presented in sections 4.1.2, 4.1.3 and 4.1.4 strongly suggest that the amino acid
sequence of the HSF4 DNA binding domain more closely resembles that of zebrafish and
mammalian HSF1 proteins than it does mammalian HSF4. The ability of the HSF4 protein to
bind to HSE DNA binding sites was therefore investigated by electrophoretic mobility shift
assay (EMSA) using purified HSF4 protein. The purified HSF4 protein was generated and
isolated from a pRSET bacterial expression system using the ORF sequence from the Asf4a gene
as described in section 3.6. Protein purified from cells containing an empty pRSET vector and
subjected to IPTG induction was used as a negative control for protein expression. Conditions
for the bacterial expression system were optimized to determine the optimal growth temperature
for the culture as well as the optimal concentration of IPTG needed for induction of maximal

protein expression. Purification of the protein from bacterial culture was also optimized by
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determining the concentration of imidizole required for maximum elution of proteins from the
protein purification resin.

A dsDNA oligonucleotide designed to be a perfect continuous inverted repeat sequence of
nGAAn was used as the HSE target (Table 3.3). The consensus HSE oligonucleotide and other
oligonucleotides used for competition assays were labeled with **P for use as assay probes as
described in section 3.8.1. Conditions for the HSE binding reaction were optimized by
determining the appropriate dI-dC and protein concentrations required for the EMSA.
Preliminary experiments also confirmed that performing the binding reactions at room
temperature did not produce different results from those conducted at 4°C. As well, binding
reactions performed with protein in buffer containing imidizole did not differ from those
obtained using proteins in buffer without imidizole.

Purified HSF4 protein (750 ng) was added to 1 pmol of labeled HSE in a series of EMSA
reactions containing increasing concentrations of either an HSE or CCAAT box (CBF)
competitor and analysed as described in section 3.8.2. The results shown in Fig. 4.5 demonstrate
that the HSF4 protein bound to HSE in a specific manner. The long, extended band produced by
the HSF4 bound to HSE is typical of the banding pattern seen in most HSF shift assays. The
long band is actually a compilation of several bands likely resulting from several different HSE-
HSF4 complexes which migrate at different rates. The in vitro nature of the EMSA combined
with the lack of post-translational modifications on the HSF4, such as phophorylation, provides
an environment where HSFs have been shown to combine into sextamers instead of monomers.
The truncated nature of the HSF4 protien suggests that the conformation of the trimer bound to
the HSE will be different from that of longer HSF proteins which will likely affect the migration
of this complex through the gel. It has also been demonstrated that HSEs containing more than
three 5’-nGAAn-3’ sequences are capable of binding two HSF trimers instead of one.
Additionally, the nature of the inverted repeat sequence that comprises any HSE allows for
potential folding of the HSE on itself. All of these factors together create an environment that
allows for several different HSE-HSF complexes with different conformations to exist in the
EMSA reaction, all of which would migrate at slightly different rates in the non-denaturing gel

(Takemori et al. 2009; Yamamoto et al. 2009).
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Figure 4.5 Zebrafish HSF4 protein binds to an HSE sequence in a specific manner. Binding
reactions for EMSA analysis were prepared containing 1 pmol of **Plabeled HSE
oligonucleotide and 750 ng of either HSF4 protein purified from a bacterial expression system
or protein control purified from the same expression system containing an empty pRSET vector
(VC). An unlabeled HSE oligonucleotide or CBF oligonucleotide competitor was added (0-100
pmol of competitor per reaction) to binding reactions containing zHSF4 protein. Shifted bands
of HSF4 bound to HSE as well as unbound or free HSE are shown with arrows.
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The addition of unlabelled HSE to the reaction at a concentration of 50 times the amount of
labeled HSE was sufficient to completely compete the protein away from the **P-labeled HSE
while addition of the same concentration of the CBF oligonucleotide was unable to displace the
HSF4 protein from the HSE oligonucleotide.

Recent studies have demonstrated that heat shock factors can have different binding
affinities for discontinuous HSE sequences. For example, mammalian HSF1 preferentially binds
HSE sites with perfect nGAAn inverted sequences while mammalian HSF4 has similar binding
affinities for perfect and discontinuous nGAAn sequences (Fujimoto et al. 2008; Yamamoto et
al. 2009; Sakurai and Enoki 2010). Therefore, a comparison of the ability of all three zebrafish
HSF proteins to bind to discontinuous HSEs was determined using EMSA. The consensus HSE
and five discontinuous HSE sequences, each designed with a different nucleic acid modification
(Table 3.3) were used for the analysis. Purified HSF1 and HSF2 proteins were similarly
generated as per section 3.6. Reactions were performed by adding 1 pmol of **P labeled HSE
oligonucleotide or modified HSE oligonucleotide to 750 ng of purified protein. As expected,
zebratish HSF4 bound specifically to the perfect HSE, and little difference was observed
between the abilities of the three zebrafish HSFs to bind to the perfect HSE (Fig. 4.6). All HSFs
were able to bind HSEsn, an HSE containing a single nucleotide change in the consensus HSE
sequence (Table 3.3). A relatively small amount of each HSF1 and HSF4 bound the HSEmod1
oligonucleotide while no protein binding was observed for three other modified HSE
oligonucleotides. Further analysis of the relative binding affinity of all three zebrafish HSFs was
performed by competition assay with unlabelled HSEsn, HSEmod1l and HSEmod2. Addition of
50-100 pmol of HSEsn was able to effectively displace zebrafish HSF2 from the labeled HSE
oligonucleotide while a concentration of 300 pmol was required to effectively displace the HSF1
and HSF4 proteins (Fig. 4.7). Further, HSF2 was partially displaced from the labeled
oligonucleotide when 1000 pmol of HSEmodl or HSEmod2 was added to the reaction; the same
concentrations of this competamer did not displace any of the HSF1 or HSF4 proteins (Fig. 4.7).
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Figure 4.6 Zebrafish HSF proteins can bind to certain discontinuous HSEs. Zebrafish HSF1,
HSF2 and HSF4 protein purified from a bacterial expression system (750 pg per reaction) were
added to EMSA binding reactions containing either 1 pmol of **P labeled HSE oligonucleotides
or modified discontinuous HSE oligonucleotide (listed in Table 3.3).
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Figure 4.7 Zebrafish HSF proteins have different binding affinities for discontinuous HSEs.
Purified HSF1, HSF2, and HSF4 proteins (750 ng per reaction) were added to EMSA binding
reactions containing 1 pmol of **P-labeled HSE oligonucleotide. An unlabeled modified HSE
oligonucleotide was added to the binding reactions as a competitor as indicated. HSEsn
oligonucleotide was added to each reaction in quantities ranging from 0 to 300 pmol of
competitor per reaction. HSEmodl or HSEmod2 was added to each reaction in quantities
ranging from 0 to 1,000 pmol.
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Recombinant Protein

HSF1 HSF2 HSF4

HSEsn (pmol) 0 10 50 100 300 [ O 10 50 100 300| O 10 50 100 300
Competitor

HSEmod1 (pmol) 0 100 300 500 1000
Competitor

0 100 300 500 1000| 0 100 300 500 1000

HSEmod2 (pmol) 0 100 300 500 1000|0 100 300 500 1000/ 0 100 300 500 1000
Competitor
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4.3 Analysis of heat shock factor protein abundance in developing zebrafish

4.3.1 Characterization of zebrafish antibodies for HSF1, HSF2 and HSF4

Polyclonal antibodies specific to zebrafish heat shock transcription factors and
proteins were custom designed and generated commercially by Affinity BioReagents™
(Colorado). The specificity of the antibodies was determined by SDS-PAGE and Western blot
analysis using zebrafish HSF1, HSF2 and HSF4 purified from a bacterial expression system
(section 3.6.2). Protein purified from cells containing an empty expression vector and subjected
to IPTG induction was used as a negative control for protein expression. The antibodies were
characterized by determining the optimal antibody dilution, incubation times and stringency of
membrane washes to use for Western blot analysis of the proteins described above.

One microgram of purified protein for each of the three HSFs was loaded into
separate lanes on each of four individual SDS-PAGE gels (10% acrylamide). One microgram of
purified proteins from the vector control were loaded as a fourth sample on each gel for use as a
negative control. Proteins separated by SDS-PAGE electrophoresis were transferred to PVDF
membranes. Each blot was then incubated with a primary antibody for one of HSF1, HSF2,
HSF4 or the HIS fusion-tag. A fifth SDS-PAGE gel containing 0.5 ng of purified protein was
prepared and stained with Coomassie blue to visualize total protein (section 3.7).

The antibody for each of the HSF proteins detected multiple protein bands from the
purified proteins including a band of approximately the expected size for each; 60k Da for HSF1,
58 kDa for HSF2 and 35 kDa for HSF4 (Fig. 4.8A-C). The antibody for the HIS tag also
detected protein bands of the expected sizes (Fig. 4.8D). None of the four antibodies detected
any protein bands in the pRSET negative control confirming that the antibodies are specifically
detecting the purified HSF targets. The results were interpreted to suggest that each antibody is
specific for its own target since each antibody only detected protein bands in the lane specific for
its target (Fig. 4.8A-D) although there may be a small amount of cross-reactivity of the HSF1
antibody with the HSF2 protein (Fig. 4.8A).

Taken together these results demonstrate that each of the custom-made zebrafish
specific antibodies can specifically detect its target protein purified from a bacterial expression
system. Therefore, the antibodies were determined to be appropriate for use in the analysis of

zebrafish HSF proteins.
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Figure 4.8 Zebrafish HSF antibodies detect purified target proteins in a specific manner as
determined by Western blot analysis. One pg each of purified HSF1, HSF2, HSF4 and 10 pL of
pRSET negative control were electrophoresed through four identical 10% SDS-PAGE gels
(panels A-D). Separated proteins were transferred to PVDF membranes and incubated with
primary antibody for HSF1 (A, 1:3000 dilution), HSF2 (B, 1:10,000 dilution), HSF4 (C, 1:5000
dilution) and HIS-tag antibody (D, 1:10,000). Protein bands were detected by a secondary
antibody conjugated to horseradish peroxidase and visualized by chemiluminescence as
described in section 3.7.3. For all panels, a rectangular box was placed around the band of
expected size. A fifth gel with 0.5 pg of each HSF protein and 10 pL of pRSET negative control
eletrophoresed through a 10% SDS-PAGE gel was used to visualize the proteins with Coomassie
blue (E).
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4.3.2 Western blot analysis of HSF1, HSF2 and HSF4 abundance in

developing zebrafish

Preliminary experiments were performed to optimize the types and concentrations of
protease inhibitors required to successfully deyolk and extract proteins from zebrafish embryos.
The abundance of HSF proteins in zebrafish embryos was determined by performing Western
blot analysis on total protein extracts from zebrafish embryos collected at six different
developmental time points between 10 and 82 hpf (Fig. 4.9). Three SDS-PAGE gels containing
10 pg of total embryo protein from each of the time points were prepared, transferred to three
separate PVDF membranes and analysed by Western blot (section 3.7.3) using polyclonal
antibodies for HSF1, HSF2 and HSF4 described in section 4.3.1.as per section 3.7.3. A fourth
identical SDS-PAGE gel was stained with Coomassie blue to visualize total protein content as
per section 3.7.3.

Western blot analysis of embryo total protein demonstrated that a protein band
corresponding to the expected molecular mass was detected for the HSF1 antibody (Fig. 4.9A).
However, the most prominent band for the HSF2 antibody was observed between 40 and 55 kDa,
below the expected 55 kDa (Fig. 4.9B). Each of these HSF antibodies also detected other protein
bands in addition to the band at the expected molecular mass. The HSF4 antibody in particular
detected multiple protein bands in the 30-40 kDa range of the target 35 kDa molecular mass
suggesting that the HSF4 antibody may not be specific for the zebrafish HSF4 protein in an in
vivo sample (Fig. 4.9C). The Western blots could be loosely interpreted to suggest that HSF1
and HSF2 can be detected at all developmental stages analyzed. However, it is difficult to
ascertain if HSF4 is present due to the lack of certainty over which band of the several detected
by the antibody actually corresponds to HSF4. 1t is also difficult to make any other definitive
conclusions about the abundance of HSF proteins in zebrafish embryos due to lack of specificity

of the antibodies.
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Figure 4.9 Western blot analysis of zebrafish HSF protein expression during several
developmental stages. Protein was extracted from zebrafish embryos at seven different stages of
development. Ten pg of total protein from each time point were electrophoresed through four
identical 10% SDS-PAGE gels. The proteins from the gels were transferred to PVDF membrane
and incubated with the desired antibody: (A) HSF1 (1:3000 dilution) to detect HSF1b at 59 kDa
and HSF1a at 57 kDa, (B) HSF2 (1:10,000 dilution) to detect the protein band at 55 kDa, and (C)
HSF4 (1:5000 dilution) to detect HSF4b at 50 kDa and HSF4a at 32 kDa. Protein bands were
detected by a secondary antibody conjugated to horseradish peroxidase and visualized by
chemiluminescence as described in section 3.7.3. The sizes of the expected mass bands for each
protein as described in section 3.7.1 are indicated with arrows. An identical gel was stained with
Coomassie blue to visualize the protein bands (D).
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4.4 Analysis of heat shock factor mRNA expression

4.4.1 In situ hybridization fails to detect hsf4

Whole mount in situ hybridization of zebrafish embryos was used in an attempt to
localize the expression pattern of the Asf4 gene during development. Initial experiments were
performed using a DIG-labeled antisense RNA probe generated by in vitro transcription (section
3.9.1.1). Similarly an antisense probe for the zebrafish alpha-tropomyosin gene was generated
and used as an assay control (section 3.9.1.1). The expression of hsf4 was assayed in embryos
fixed at 24 and 36 hpf using the method described in section 3.9.2. No observable staining of
mRNA was detected in any of these developmental stages even when the colorimetric reaction
was allowed to develop for 3 hours (data not shown). The control alpha-tropomyosin probe,
however, could be visualized in the above mentioned stages after 25-30 minutes (Fig. 4.10A and
O).

The method of generating antisense RNA probes by in vitro transcription for use in
situ hybridization is lengthy and can be inconsistent in producing good quality RNA probes.
Once generated, the RNA probes are susceptible to degradation and have a short half life. These
factors influence the quality of experimental results. For these reasons, additional in situ
hybridization experiments were performed using a DIG-labeled single stranded DNA (ssDNA)
probe prepared as described in section 3.9.1.2, to try and detect Asf4 mRNA in developing
embryos.

A comparison of results obtained for alpha-tropomyosin control mRNA expression
using RNA probes (generated by in vitro transcription) to those obtained using ssDNA probes
(generated by PCR) in embryos fixed at 24 and 36 hpf is shown in Fig. 4.10B and D
respectively. Alpha-tropomyosin mRNA was clearly detected in somitic muscle with RNA
probes (panels A and C) and with ssDNA probes (panels B and D). The embryo staining at 24
hpf with the ssDNA probe (panel B) was less intense than that visualized with the RNA probe
(panel A). However, at 36 hpf the staining intensity appeared to be equivalent between the two
types of probe (panels C and D). These results were interpreted to suggest that both types of

probes were suitable to use for detection of mRNA by in situ hybridization technique.
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Figure 4.10 Comparison of DIG labeled antisense RNA to DIG labeled ssDNA as probes for use
in zebrafish whole mount in situ hybridization. Antisense RNA probes labeled with DIG
residues were used to detect a-tropomyosin mRNA expression in embryos fixed at 24 hpf (A)
and 36 hpf (C) as described in section 3.9. Similarily, DIG labeled ssDNA probe was used to
detect a-tropomyosin mRNA expression at 24 hpf (B) and 36 hpf (D) as described in section 3.9.
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Whole mount in situ hybridization, using ssDNA for Asf4 expression, was performed
in embryos fixed at 24, 36, and 72 hours. A faint staining throughout the neural tissue was seen
after 4.5 hours of colour reaction in the 24 hpf stages (Fig. 4.11A). The staining appears to be
mainly localized in the brain region of the embryos. One in situ hybridization experiment
performed at 36 hpf did produce embryos with colour visible in the lens of the eye although the
mRNA staining was limited to only a few embryos in this experiment (Fig. 4.11D). No staining
was evident in the lenses at any other developmental stage analysed (Fig. 4.11B-C). A large
amount of dark pigment surrounding the lens can be observed in the eyes at 36 and 72 hpf due to
the normal pigmentation that occurs in the eyes at these developmental stages.

In summary, while one experiment suggested that 4sf4 mRNA was present in the lens
of the zebrafish embryo at 36 hpf, this was not seen consistently. As well the result could not be
repeated in subsequent experiments. These results suggest that 4sf4 mRNA expression is lower

than the detection limit for the in situ hybridization technique used in these experiments.

4.4.2 Validation of qPCR methodology for analysis of heat shock factor

MRNA expression

The results in section 4.4.1 suggested that the levels of 4sf4 mRNA transcripts were
too low to be detected by the in sifu hybridization method. Therefore qPCR, a more sensitive
method of detecting mRNA levels, was utilized to detect mRNA for all three HSFs in adult
zebrafish tissues as well as in embryonic tissues from several developmental stages during the
first four days of development. Initial experiments were performed to validate this method to
analyze genes involved in the heat shock response. The validity of two candidate reference

genes was also confirmed.
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Figure 4.11 Detection of hsf4 expression in zebrafish embryos by whole mount in situ
hybridization. Zebrafish embryos fixed at 24 hpf (A), 36 hpf (B, D) and 72 hpf (C) were
hybridized with a DIG labeled ssDNA probe specific for Asf4. Embryos were screened for the
presence of DIG using an Eclipse E600 photomicroscope. Arrow shows colour that was detected

in the lens of the eye (D).
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4.4.2.1 Determining reference gene stability

Reference genes are genes that have been determined to have relatively stable
expression levels across experimental treatments. These genes are typically used to normalize
the expression data for genes of interest generated from experiments using qPCR. The genes for
elongation factor alpha (Elfa ) and beta-actin (factin) were selected as the best choice for gPCR
reference genes based on previous literature that analysed several zebrafish genes for use as
possible reference genes (Tang et al. 2007; McCurley et al. 2008). In order to validate that these
genes were suitable reference genes for the current work, they were analysed by qPCR using
cDNA prepared from a series of adult zebrafish tissues and from embryos at different
developmental stages. The average Cr values were plotted in Fig. 4.12 to compare the
expression of these genes. Both Elfa and factin have a similar expression pattern within embryo
treatments (Fig. 4.12A) and in each tissue (Fig. 4.12B) with the exception that factin appears to
be higher than Elfa in liver and squeezed eggs.

The range of mRNA levels for each gene were also similar between tissues,
developmental time points and HS treatments in embryos with all the Cr values for both genes in
all tissues falling between 16 and 24 (Table 4.5). A small amount of variation can be seen across
tissues and embryonic stages which is consistent with observations from other research groups
(Tang et al. 2007; McCurley et al. 2008). In adult tissues the Ct values observed for the ovaries
and testis were lower those observed for the other tissues. The Cr values for all adult tissues
were similar in expression range, mean and percent coefficient of variation (% CV) for both Elfa
and Pactin (Table 4.5). The Cr values in embryonic tissue across all developmental stages were
also similar in expression range, mean and % CV for the two genes. There was also no
difference observed for Ct values of either gene in embryos that were treated with or without
heat shock. It can be concluded from these results that both Elfa and pactin are appropriate
reference genes to use in the analysis presented in this thesis. Due to the similarity in the
expression patterns of the two genes, only factin was used to normalize gene expression data in

qPCR experiments.
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Figure 4.12 Analysis of factin and Elfo. expression in zebrafish adult tissues and developing
embryos for use as qPCR reference genes. Average critical threshold values (Cr) for both genes
were compared in (A) zebrafish embryos from several developmental stages ranging from 10 hpf
-105 hpf both with (n=5) or without (n=5) heat shock and (B) adult zebrafish tissues; where
EggsD refers to a group of eggs dissected from ovarian follicles at various stages of maturity and
EggsS refers to mature eggs that were squeezed from a live female (n=4 for each tissue).
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Table 4.5 Consistency of factin and Elfa mRNA expression in zebrafish adult tissues and
developing embryos. Analysis of Cr values obtained by qPCR analysis of each potential
reference gene was performed to determine which gene had a more consistent level of
expression. The range and mean of Cr values was calculated for each of factin and Elfa
expression from Crp values obtained for all adult tissues (n=44) and for embryos from all
developmental stages both with (n=25) and without heat shock (n=25) to determine the
consistency of mRNA expression. The percent coefficient of variation (%CV) was also
calculated for each gene in each group as a measurement of variation of mRNA expression.

Elfa Bactin
Range of Ct Range of Ct
values Mean Ct % CV values Mean Ct % CV
Adult Tissues | 16.77-23.79 20.30 4.69 15.97-24.53 19.63 9.32
Embryos | 17.16-23.12 19.83 4.74 17.18-23.86 20.31 567
Embryos | 16 5792 66 19.83 5.39 17.48-23.18 20.86 6.44
after HS

4.4.2.2 Analysis of hsp70 expression as an internal control

Hsp70 is a chaperone that functions to prevent protein aggregation in the cells of an
organism under non-stress conditions but also in response to a variety of cellular stresses
including heat shock. The Asp70 gene is expressed in a wide range of tissues and is upregulated
dramatically in response to cellular stresses including heat shock. It was therefore exploited as
an internal control in qPCR experiments examining tissue specificity and embryo development.

The expression level of the Asp70 gene was determined in eleven different adult
tissues. In all experiments, expression levels of hsp70 were normalized to factin (section
3.10.2). Relative differences in Asp70 expression between adult tissues were determined by
comparing the normalized Asp70 expression levels from each tissue to levels of expression in the
heart where relative expression of Asp70 was set equal to 1 (section 3.10.2). Any significant
difference between relative expression levels was calculated by the REST analytical software at
a significance level of p < 0.05. Expression of Asp70 was detected in all eleven adult tissues
(Fig. 4.13A). While some variation in Asp70 expression was observed in different tissues, only
mature unfertilized eggs, squeezed from females, had significantly more /sp70 expression than

any of the other tissues.

117



The expression level of Asp70 in zebrafish embryos at five different developmental
stages, both in the presence and absence of heat shock was also determined by qPCR. The five
developmental stages assayed span from late gastrulation (10 hpf), through the early stages of
organogenesis including eye development (30 hpf), embryo hatching and later organogenesis (60
hpf), young larvae (80 hpf) and larvae that are beginning to feed (105 hpf). Relative differences
in Asp70 expression between embryos at these developmental stages in the absence of heat shock
were determined by comparing the normalized Asp70 expression levels at each time point to
levels of expression at 105 hpf where Asp70 relative expression was set equal to 1. Any
significant difference between relative expression levels was calculated by the REST analytical
software at a significance level of p < 0.05. While the data presented in the graph give the
appearance of variation in Asp70 expression across development, the mRNA levels are not
significantly different between developmental time points (Fig. 4.13B).

The expression levels of Asp70 in developing embryos that had been exposed to a
37°C heat shock were also determined. For this analysis, normalized Asp70 expression levels in
heat shocked embryos from each time point were compared relative to the expression levels
determined in non-heat shocked embryos at the corresponding time point in which Asp70
expression was set equal to 1. Any significant difference between relative expression levels was
calculated by the REST analytical software at a significance level of p < 0.05. Expression of
hsp70 was significantly increased in heat shocked embryos at all developmental time points
except 30 hpf (Fig. 4.13C). However, the relative expression of 4sp70 in heat shocked embryos
at 30 hpf had significance at p = 0.064 which is defined as showing a trend to increased
expression (section 3.10.2).

The similarity of Asp70 expression in zebrafish adult tissues and the increase in
hsp70 expression in embryos exposed to heat determined by qPCR analysis was consistent with
expected results (Lindquist 1988; Krone et al. 1997, 2003; Lele et al. 1997). These results
confirm that qPCR is a valid method to measure genes involved in the heat shock response. The
results also confirm that the method used to heat shock embryos in these experiments was

appropriate.
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Figure 4.13 Analysis of Asp70 mRNA by qPCR in zebrafish adult tissues and embryos at
different developmental stages. All gPCR mRNA measurements were normalized to the factin
reference gene. In all panels a dark line highlights mRNA value set equal to 1 that was used to
calculate relative expression values. Significant differences (*) were determined for all
experiments at p <0.05 using REST analytical software (n=3). Actual probability values for
relative differences calculated by REST are given across the top of the graph for each sample
analysed. (A) Changes in Asp70 mRNA levels in adult tissues relative to mRNA levels in the
heart (heart=1). The EggsD label refers to a group of eggs dissected from ovarian follicles at
various stages of maturity while the EggsS label refers to mature eggs that were squeezed from a
live female. (B) Changes in 4sp70 mRNA levels at each developmental time point relative to
105hpf (105hpf =1). No significant difference from mRNA levels at 105 hpf was observed at p
<0.05 as calculated by REST. (C) Change in Asp70 mRNA levels after heat shock (HS) for each
developmental time point relative to embryos without heat shock (no HS=1 for each time point).
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4.4.3 Analysis of hsf4A mRNA expression

4.4.3.1 gPCR analysis of hsf4 expression in adult tissues

The expression of the two isofoms of the Asf4 gene in mammals has previously been
shown to occur primarily in the lens of the eye (Fujimoto et al. 2004, 2008). The identification
and subsequent confirmation of the presence of two separate transcripts of the ssf4 mRNA in
zebrafish (section 4.1.1) led me to more fully characterize the expression of this gene in
zebrafish tissues. The expression of both Asf4a and hsf4b was determined by measuring mRNA
abundance in eleven tissues from adult zebrafish using qPCR as described in section 3.10. Initial
experiments were performed using primers that amplified a region common to both Asf4
transcripts (Fig. 4.1A) and amplification was quantified using the SYBR green fluorogenic DNA
binding dye (Fig. 4.14A).

All measurements of 4sf4 mRNA were normalized to factin mRNA values (section
3.10.2). Relative differences in hsf4 expression between adult tissues were determined by
comparing normalized Asf4 values from each tissue to normalized values from heart tissue where
relative expression of Asf4 was set equal to 1 (section 3.10.2). Any significant difference
between relative expression levels was calculated by the REST analytical software at a
significance level of p < 0.05. Results shown in Fig. 4.14A indicate that total Asf4 expression
was detected in all tissues analyzed but was most abundant in the eye. Only the eye and brain
had significantly more mRNA levels than the heart while the gill tissue had a trend to decreased
levels compared to the heart (section 3.10.2).

A second set of analyses were performed to determine the expression level for each
of hsf4a and hsf4b using primer sets that were specific for each transcript of Asf4 (Fig. 4.1A).
These experiments also employed a more sensitive fluorogenic DNA binding dye called
EvaGreen®.

Hsf4a mRNA was also observed predominantly in the eye (Fig. 4.14B). However,
unlike Asf4b which had a basal level of expression detected in all tissues, isf4a could only be
detected in the eye and testis. For this reason, relative expression of hsf4a could not be
calculated compared to expression in the heart tissue. Therefore, relative expression of hsf4a
was calculated compared to eye tissue with relative expression in the eye set to 1 (section
3.10.2). The RNA levels of hsf4a detected in the testis were significantly less than levels
detected in the eye.
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Figure 4.14 Analysis of Asf4 mRNA by qPCR in zebrafish adult tissues. All gPCR mRNA
measurements were normalized to the factin reference gene. In panels a dark line highlights
values set equal to 1 used to calculate relative expression. Quantitation of total Asf4 mRNA
levels (both splice variants) was determined by qPCR using the SYBR green fluorogenic dye and
results are shown in panel A. Quantitation of A4sf4a and hsf4b mRNA independent of each other
was determined by qPCR using the EvaGreen® fluorogenic dye and results are shown in panels
B and C. Values were expressed relative to the heart in panel A and C. Values were expressed
relative to the eye in panel B. Significant differences (*) were determined for all experiments at
p <0.05 using REST analytical software. Actual probability values for relative differences
calculated by REST are given across the top of the graph for each sample analysed. (A) Changes
in total Asf4 mRNA levels relative to the heart in adult tissues (heart=1; n=4). (B) Changes in
hsf4a mRNA levels relative to the eye in adult tissues (eye=1; n=3). (C) Changes in total Asf4b
mRNA levels relative to the heart in adult tissues (heart=1; n=3). The EggsD label refers to a
group of eggs dissected from ovarian follicles at various stages of maturity while the EggsS label
refers to mature eggs that were squeezed from a live female.
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Expression of Asf4b was detected in all tissues but was expressed predominantly in
the eye with expression levels calculated to be 18 times more than the heart (Fig. 4.14C). There
was a trend to increased expression of Asf4b in squeezed eggs (p = 0.107). The ovary had
significantly less Asf4b mRNA than the heart while mRNA levels in the gills showed a trend to
decreased mRNA levels (p = 0.107) (section 3.10.2).

The relative amount of 4sf4b mRNA was compared to that of 4sf4a by expressing the
hs4b mRNA levels in each tissue relative to Asf4a levels where relative expression of Asf4a in
each tissue was set equal to 1. However, the above comparison of values for two genes obtained
using a different primer set for each gene can only be considered an approximation as no data
correlating Cr values to actual transcript numbers was determined. RNA levels of Asf4b were
calculatd to be 185 times that of the Asfa transcript suggesting that Asf4b is the dominant

transcript in the eye (data not shown).

4.4.3.2 gPCR analysis of hsf4 expression during embryo development

The expression of both transcripts of hsf4 was further characterized in developing
zebrafish embryos at five different developmental time points. Again, initial experiments were
performed using primers that amplified a region common to both 4sf4 transcripts (Fig. 4.1A) and
amplification was quantified using the SYBR green fluorogenic DNA binding dye (Fig. 4.15).
All measurements of Asf4 mRNA were normalized to factin mRNA values (section 3.10.2).
Relative differences in Asf4 expression between developmental time points were determined by
comparing normalized Asf4 values from embryos at each time point to normalized values from
embryos at 105 hpf where relative expression of Asf4 was set equal to 1 (section 3.10.2). Any
significant difference between relative expression levels was calculated by the REST analytical
software at a significance level of p < 0.05 (section 3.10.2).

The levels of hsf4 mRNA could only be confidently quantified in embryos 60 hpf
and older both in the absence (Fig. 4.15A) and presence of HS (Fig. 4.15B). Measurements of
hsf4 at 10 and 30 hpf were all below the limit of detection for the qPCR assay and were therefore
assigned a value of 0. The levels of Asf4 detected at 60, and 80 hpf were not significantly
different from 105 hpf as determined by REST (Fig. 4.15A). The Asf4 mRNA levels were also
not significantly different in embryos that had been exposed to HS compared to embryos that had
no HS at all time points as determined by REST (Fig. 4.15A).
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Figure 4.15 Analysis of total 4sf4 mRNA levels by qPCR in zebrafish embryos at different
developmental stages. All gPCR mRNA measurements were normalized to the factin reference
gene. In panels a dark line highlights values set equal to 1 used to calculate relative expression.
Significant differences (*) were determined for all experiments at p <0.05 using REST analytical
software (n=3). Actual probability values for relative differences calculated by REST are given
across the top of the graph for each sample analysed. (A) Changes in 4sf4 mRNA levels at each
developmental time point relative to 105hpf (105hpf =1). (B) Change in Asf4 mRNA levels after
heat shock (HS) for each developmental time point relative to embryos without heat shock (no
HS=1 for each time point).
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A second set of analyses were performed to determine the expression level for each
of hsf4a and hsf4b transcripts using primer sets specific for each transcript (Fig. 4.1A). These
experiments used a more sensitive fluorogenic DNA binding dye called Sso-Fast™ EvaGreen®
Supermix. qPCR analysis with this dye demonstrated that both Asf4a and hsf4b were below the
limit of detection at 10 and 30 hpf, similar to previous results from combined /sf4 transcripts
(Fig. 4.16). Levels of mRNA could only be confidently quantified in embryos at 60 hpf or older.
The levels of Asf4a detected at 60 hpf had a trend to lower expression levels than 105 hpf (p =
0.115) and at 80 hpf the mRNA levels were significantly lower than that at 105 hpf (Fig. 4.16A).
The mRNA levels for Asf4b at 60 hpf (p = 0.056) also showed a trend to lower levels than 105
hpf while levels at 80 hpf were not significantly different than those at 105 hpf (Fig. 4.16B).

The effect of heat shock on expression of Asf4 was also determined at the above
developmental time points (Fig. 4.16C and D). For these experiments, relative expression of
each Asf4 transcript in embryos exposed to heat shock was determined by comparing normalized
hsf4a or hsf4b expression in heat shocked embryos to normalized expression of Asf4a or hsf4b in
embryos without heat shock at each time point (section 3.10.2). There was a trend to increased
hsf4a and a significant increase in ssf4b mRNA levels at 60 hpf after heat shock. At 80 hpf there
was a trend to decreased Asf4a mRNA levels but no significant difference in hsf4b levels after
heat shock. No significant difference in mRNA levels of either transcript was observed at 105
hpf. The observation that heat shock appeared to increase both Asf4 transcripts at 60 hpf led to
an investigation as to whether mRNA levels would remain elevated after a period of recovery.
The mRNA returned to levels similar to those observed in non-heat shocked embryos for both
hsf4a (Fig. 4.16C) and hsf4b (Fig. 4.16D) after a 15 hour recovery at 28°C.

The relative levels of both transcripts were compared to each other. However, again,
the comparison of values for two genes obtained using a different primer set for each gene can
only be considered an approximation as no data correlating Cr values to actual transcript
numbers was determined. In all developmental stages where Asf4 was detected, the Asf4b
transcript was calculated to be more abundant than the Asf4a transcripts having 9, 30 and 7 fold
more mRNA at 60, 80 and 105 hpf respectively. While the higher Asf4b:hsf4a ratio of mRNA
levels was the same in both embryos and adult tissues, fold differences between hsf4b and hsf4a
levels in embryos was much lower than the 185 fold difference observed in adult tissue (section

443.1).
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Figure 4.16 Analysis of mRNA levels for both Asf4 transcripts by qPCR in zebrafish adult
tissues and embryos at different developmental stages All gPCR mRNA measurements were
normalized to the factin reference gene. In panels a dark line highlights values set equal to 1
used to calculate relative expression. Significant differences (*) were determined for all
experiments at p <0.05 using REST analytical software (n=3 for each stage). Actual probability
values for relative differences calculated by REST are given across the top of the graph for each
sample analysed. (A) Changes in isf4a mRNA levels at each developmental time point relative
to 105 hpf (105 hpf =1). (B) Changes in Asf4b mRNA levels at each developmental time point
relative to 105 hpf (105 hpf =1). (C) Change in Asf4a mRNA levels after heat shock (HS) for
each developmental time point and after HS plus a 15 hour recovery (HS+R) at 60 hpf, relative
to embryos without heat shock (no HS=1 for each time point). (D) Change in Asf4b mRNA
levels after HS and after HS+R at 60 hpf for each developmental time point relative to embryos
without heat shock (no HS=1 for each time point).
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4.4.4 Analysis of hsf1 mMRNA expression

4.4.4.1 gPCR analysis of hsfl expression in adult tissues

The expression pattern of Asfl was also analysed in tissues from adult zebrafish.
Previous studies had identified that two transcripts of Asfl, a and b, were expressed in liver,
gonads and gills from adult zebrafish (Rébergh et al. 2000). For the purposes of this thesis a
more extensive analysis of Asf1 expression was performed in eleven different tissues using gPCR
with SYBR green fluorogenic DNA binding dye as described in section 3.10. One set of primers
utilized in these assays was designed to specifically amplify cDNA from the Asf1b transcript
while a second set of primers was designed to amplify cDNA from both the Asfla+b transcripts
(Fig. 4.17).

All measurements of Asfla+b and hsfIb mRNA were normalized to factin mRNA
values (section 3.10.2). Relative differences in Asfl expression between adult tissues were
determined by comparing normalized Asfla+b and hsf1b values from each tissue to normalized
values from heart tissue where relative expression of Asfla+b or hsfib was set equal to 1
(section 3.10.2). Any significant difference between relative expression levels was calculated by
the REST analytical software at a significance level of p < 0.05.

Results shown in Fig. 4.18A indicate that hsfla+b expression was detected in all
tissues analyzed. Levels of expression in the brain, liver and testis were similar to those
observed in the heart. Expression of isfla+b was significantly lower in the spleen, muscle, gills,
ovary and eggs dissected from the ovary with a trend to lower levels in the eye. Mature eggs
squeezed from the ovary had more than 10 fold A4sf/a+b mRNA levels than the heart and was the
only tissue to have significantly more Asfla+b mRNA levels relative to the heart.

The results from the analysis of only Aisf1b expression are shown in Fig. 4.18B.
These results demonstrate that the mRNA levels of AsfIb relative to the heart were nearly
identical to those of the combined Asfla+b. The exception was that the liver had a trend to lower
levels than the heart where Asfla+b levels in the liver had been similar to the heart. The mRNA
levels of Asf1b in the mature squeezed eggs was also significantly more than the heart but only a

six fold increase was seen with the Asf1b transcript alone.
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Figure 4.17 Diagramatic representation of primer binding sites for expression analysis of
zebrafish hsf1 transcripts. The zebrafish Asfl gene contains 13 exons. The sequence from all
exons is present in the Asf1b transcript while the Asf4a transcript contains sequence from all but
exon 10 (in grey). Analysis of mRNA levels for the combined Asfla+b transcripts was
performed by amplifying a region in exon 9 which is common to both transcripts (indicated by a
black arrow). Analysis of the mRNA levels for only the Asf1b transcript was performed by
amplifying a region in exon 10 specific for that transcript (indicated by a grey arrow).
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Figure 4.18 Analysis of Asfl mRNA by qPCR in zebrafish adult tissues. All gPCR mRNA
measurements were normalized to the factin reference gene. In panels a dark line highlights
values set equal to 1 used to calculate relative expression. Values were expressed relative to the
heart in panel A and B. Significant differences (*) were determined for all experiments at p
<0.05 using REST analytical software (n=3). Actual probability values for relative differences
calculated by REST are given across the top of the graph for each sample analysed. (A) Changes
in total Asfla+b mRNA levels relative to the heart in adult tissues (heart=1). (B) Changes in
total Asf1b mRNA levels relative to the heart in adult tissues (heart=1). The EggsD label refers
to a group of eggs dissected from ovarian follicles at various stages of maturity while the EggsS
label refers to mature eggs that were squeezed from a live female.
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4.4.4.2 gPCR analysis of hsfl expression during embryo development

The expression of Asfla has previously been localized mainly to the head region of
zebrafish embryos at 36, 60 and 84 hpf by in situ hybridization (Yeh et al. 2006). In this study,
the expression of the hsfl transcripts was further characterized in zebrafish embryos at five
different developmental time points by qPCR using SYBR green fluorogenic DNA binding dye
as described in section 3.10. The same primers used to characterize both Asf7 transcripts in adult
tissue (section 4.4.4.1 and Fig. 4.17) were used to detect mRNA levels in the embryos. All
measurements of AsfI mRNA were normalized to factin mRNA values (section 3.10.2).
Relative differences in Asfla+b and hsf1b expression between developmental time points were
determined by comparing normalized Asf7 values from embryos at each time point to normalized
values from embryos at 105 hpf where relative expression of Asfla+b or hsfi1b was set equal to 1
(section 3.10.2). Any significant difference between relative expression levels was calculated by
the REST analytical software at a significance level of p < 0.05 (section 3.10.2).

The results in Fig. 4.19A indicate that there was no significant difference observed
between hsfla+b levels at 10 hpf and 105 hpf. There was, however, a trend to lower levels of
hsfla+b in embryos at time 30, 60 and 80 hpf when compared to 105 hpf. Taken together these
results suggest that there are higher levels of mRNA at 10 hpf, followed by a decrease at 30 hpf
where levels remain relatively constant until an increase in expression at 105 hpf. The analysis
of the Asf1b transcript alone indicated that there was a significantly higher level of mRNA at 10
hpf than at 105 hpf. There was no significant difference between Asf1b levels in embryos at 30
and 80 hpf when compared to 105 hpf but there was a trend to lower expression levels at 60 hpf
(Fig. 4.19B). Taken together the analysis of just the Asf1b expression suggests that at 10 hpf
there are significantly higher levels of mRNA than any other time point, followed by a decrease
at 30 hpf, a further decrease at 60 hpf, followed by increased levels of 4sf1b at each of the 80 and
105 hpf time points.

The effect of heat shock on expression of the Asf] transcripts was also determined at
the above mentioned developmental time points (Fig. 4.19C and D). For these experiments, the
relative expression of the Asf1 transcripts in embryos exposed to heat shock was determined by
comparing normalized hsfla+b or hsflb expression in heat shocked embryos to normalized
expression of Asfla+b or hsflb in embryos without heat shock at each time point (section

3.10.2).
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Figure 4.19 Analysis of mRNA levels for both Asfl transcripts by qPCR in zebrafish adult
tissues and embryos at different developmental stages. All gPCR mRNA measurements were
normalized to the factin reference gene. In panels a dark line highlights values set equal to 1
used to calculate relative expression. Significant differences (*) were determined for all
experiments at p <0.05 using REST analytical software. Actual probability values for relative
differences calculated by REST are given across the top of the graph for each sample analysed.
(A) Changes in Asfla+b mRNA levels at each developmental time point relative to 105 hpf (105
hpf =1) (n=3). (B) Changes in AsfIb mRNA levels at each developmental time point relative to
105 hpf (105 hpf =1) (n=5). (C) Change in Asfla+b mRNA levels after heat shock (HS) for each
developmental time point and after HS plus a 15 hour recovery (HS+R) at 60 hpf, relative to
embryos without heat shock (no HS=1 for each time point) (n=3). (D) Change in Asfib mRNA
levels after HS for each developmental time point and after HS+R at 60 hpf, relative to embryos
without heat shock (no HS=1 for each time point) (n=5).
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The results in Fig. 4.19C indicate that heat shock treatment did not significantly change Asfla+b
mRNA levels at most of the developmental stages assayed. The one exception was at 60 hpf
where there was a trend to increased mRNA levels after heat shock. The analysis of just the
hsf1b transcript indicated that there was no significant change in mRNA levels after heat shock
at 10, 30 and 60 hpf. There was however, a significant decrease in &sf/b mRNA levels at 80 and
105 hpf. The observation that heat shock caused a trend to increase the expression of the
combined Asfla+b transcripts at 60 hpf led to an investigation as to whether the mRNA levels
would stay elevated after a period of recovery. Levels of mRNA appeared to return to levels
similar to those observed in non-heat shocked embryos for both Asfla+b (Fig. 4.19C) and Asf1b
alone (Fig. 4.19D) after a 15 hour period of recovery at 28°C.

The amount of combined Asfla+b mRNA was determined relative to that of just
hsf1b at each developmental time point where expression of Asf1b at each developmental stage
was set equal to 1. However, once again, the comparison of values for two genes obtained using
a different primer set for each gene can only be considered an approximation as no data
correlating Cr values to actual transcript numbers was determined. At most developmental
stages hsf1b was calculated to be either significantly lower or showed a trend to lower mRNA
levels than the combined Asfla+b. The relative levels of Asflb mRNA at 30 hpf were
approximately the same as those determined at 10 hpf (0.4 fold and and 0.1 fold lower in
embryos without and with HS respectively). However, statistical analysis by REST determined
these values to be not significantly different from Asfla+b levels at the 30 hpf time point.

4.4.5 Analysis of hsf2 mRNA expression

4.4.5.1 gPCR analysis of hsf2 expression in adult tissues

The expression pattern of Asf2 was also analysed in eleven tissues from adult
zebrafish by qPCR using SYBR green fluorogenic DNA binding dye as described in section
3.10. All measurements of Asf2 mRNA were normalized to factin mRNA values (section
3.10.2). Relative differences in hsf2 expression between adult tissues were determined by
comparing normalized Asf2 values from each tissue to normalized values from heart tissue
where relative expression of Asf2 was set equal to 1 (section 3.10.2). Any significant difference
between relative expression levels was calculated by the REST analytical software at a

significance level of p < 0.05. The results of the analysis of 4sf2 mRNA levels in adult tissues
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demonstrate that 4sf2 mRNA could be detected in all eleven tissues (Fig. 4.20A). There are
significantly higher levels of Asf2 in mature, squeezed eggs than there are in any other adult
tissue. As well, there is a trend to higher 4sf2 levels in liver than in the heart. The levels of Asf2

mRNA were similar to the heart in all other adult tissues assayed.

4.4.5.2 gPCR analysis of hsf2 expression during embryo development

The expression of Asf2 has previously been localized mainly to the head region of
zebrafish embryos at 36, 60 and 84 hpf by in situ hybridization (Yeh et al. 2006). This study
further characterized the expression of Asf2 in developing zebrafish embryos at five different
developmental time points by qPCR analysis utilizing the SYBR green fluorogenic DNA binding
dye as per section 3.10. All measurements of 4sf2 mRNA were normalized to factin mRNA
values (section 3.10.2). Relative differences in Asf2 expression between developmental time
points were determined by comparing normalized /sf2 values from embryos at each time point to
normalized values from embryos at 105 hpf where relative expression of 4sf2 was set equal to 1
(section 3.10.2). Any significant difference between relative expression levels was calculated by
the REST analytical software at a significance level of p < 0.05 (section 3.10.2). The results of
the analysis of Asf2 expression in developing embryos indicates there was a trend to higher Asf2
mRNA in 10 hpf embryos but that 4sf2 mRNA levels in all other stages were not significantly
different from those observed for 105 hpf (Fig. 4.20B).

The effect of heat shock on expression of Asf2 was also determined at the same five
developmental time points (Fig. 4.20C). For these experiments, the relative expression of Asf2 in
embryos exposed to heat shock was determined by comparing normalized Asf2 expression in heat
shocked embryos to normalized Asf2 expression in embryos without heat shock at each time
point (section 3.10.2). The results in Fig. 4.20C indicate that there was no significant difference

in Asf2 mRNA levels after heat shock at any of the developmental stages assayed.
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Figure 4.20 Analysis of 4sf2 mRNA by qPCR in zebrafish adult tissues and embryos at different
developmental stages All gPCR mRNA measurements were normalized to the factin reference
gene. In panels a dark line highlights values set equal to 1 used to calculate relative expression.
Significant differences (*) were determined for all experiments at p <0.05 using REST analytical
software (n=3). Actual probability values for relative differences calculated by REST are given
across the top of the graph for each sample analysed. (A) Changes in Asf2 mRNA levels in adult
tissues relative to mRNA levels in the heart (heart=1). The EggsD label refers to a group of eggs
dissected from ovarian follicles at various stages of maturity while the EggsS label refers to
mature eggs that were squeezed from a live female. (B) Changes in Asf2 mRNA levels at each
developmental time point relative to 105 hpf (105 hpf =1). (C) Change in Asf2 mRNA levels
after heat shock (HS) for each developmental time point relative to embryos without heat shock
(no HS=1 for each time point).
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4.5 Morpholino knockdown of hsf4 and hsfl expression

4.5.1 Effect of hsf4 knockdown on the phenotype of zebrafish embryos

The effectiveness of morpholino modified antisense oligonucleotide (MO)
microinjection in fertilized zebrafish eggs to knock down Asp70 and hsfl expression has been
previously established (Evans et al. 2005, 2007). Thus, a similar approach was used to examine
hsf4 knockdown in zebrafish embryos using MO that were tagged with a 3’-carboxyfluoroscene
molecule and targeted to the mRNA sequence spanning the hsf4 start codon. Preliminary
experiments designed to determine if Asf4-MO had an effect on embryo phenotype were
performed by research technician Nicole Sylvain and are summarized in Table 4.6. Knockdown
of hsf4 expression was performed by injecting embryos with several concentrations of Asf4-MO
as well as the Asf4 Sbpmm-MO control ranging from 1.73-5 pg/uL and were compared to
Danieau injected and uninjected controls at 48 hours after injection as described in section 3.12.
Injected embryos were analysed to determine the maximum Asf4-MO concentration for use in
subsequent experiments that would produce an observable phenotype without causing significant
non-specific phenotypic abnormalities (Evans et al. 2007).

Embryos injected with MO at a concentration of 5 ug/uL had a lower survival rate
and higher number of non-specific abnormalities than in embryos injected with lower
concentrations (Table 4.6). It was determined that a MO concentration of 3.46 pug/ul. was the

best for use in subsequent knockdown experiments.

Table 4.6 Efficiency of hsf4 gene knockdown using four concentrations of modified morpholino
oligonucleotides (MO). Total numbers of embryos injected with Asf4-MO and hsf4 5bpmm-MO
as well as uninjected and danieau injected controls as well as the percentage of embryo survival
after 48 hours are listed. Efficiency of the MO injections in surviving embryos was determined
by calculating percentage of embryos that displayed strong fluoresceine fluorescenc. The
number of embryos containing flourescein as well as displaying non-specific deformities was
also tallied at each MO concentration to determine the optimal MO concentration for injection.

Controls MO Injected
o Danieu 5.00 pg/uL 3.46 pg/pL 2.595 pg/uL 1.73 pg/uL
Uninjected Iniected
! HSF4 Sbpmm HSF4 5bpmm HSF4 S5bpmm HSF4 Sbpmm

Embryos 461 201 48 37 266 200 267 247 459 309
Injected (#)

Survival at 48 79 63 48 38 69 74 70 63 61 75
hours (%)
Deformities

(%) 0 0 26 14 9 6 8 8 5 7
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A small number of embryos injected with Asf4-MO (3.46 pg/uL) were observed to
have a moderate small eye phenotype. However, approximately the same number of embryos in
the Asf4 Sbpmm-MO injected group also had a moderate small eye phenotype. No small eye was
observed in the uninjected or Danieau injected embryos. Therefore, further analysis of this
phenotype in MO injected embryos was performed by measuring the diameter of the lens and
surface area of the eye and expressing those values as a ratio to body length. No significant
change in ratios between body to eye length, body length to lens diameter or eye surface area to
body length were observed at 48 hpf (Table 4.7), indicating that MO microinjection had no
visible morphological impact on lens and eye development. The data were interpreted to suggest
that the small number of moderate small eye phenotypes that were observed were due to an
overall decrease in embryo size that can be attributed to the presence of MO in the embryos and
not due to a knockdown of Zsf4 expression.

In addition, no cataract development was observed in injected embryos after 96 hpf
as has previously been observed for AhsfI-MO-injected embryos (Evans et al. 2007).
Concentration of MO in injected embryos is known to fall below effective levels beginning at
50-60 hpf (Evans et al. 2005). This fact combined with the observation that Asf4 mRNA
expression is below detectable levels prior to 60 hpf could explain the lack of cataract

development in Asf4 knockdown embryos.

Table 4.7 Knockdown of Zsf4 expression does not result in an altered eye phenotype. Embryos
were injected with danieau solution (3.14 nL), Asf4 morpholino oligonucleotides (MO) or hsf4
Sbpmm MO (3.46 pg/ul) and several measurements were taken of the embryo eye and body at
48 hours after injection. Ratios of body length to eye length, eye surface area and lens diameter
were calculated for each of the treatment groups.

3.46 ug/uL MO Em(l;r)yos Body :Eye length Body length:lens diameter Eye length:eye diameter Eye SurfacTeAn;ﬁ:body
- Average SD Average SD Average SD Average SD
Uninjected 144 124 0.73 37.9 3.1 3.07 0.18 4.95 0.74
Danieau Injected 95 12.6 1.1 38.8 29 3.09 0.26 4.92 0.77
hsf4-MO 50 124 0.94 38.9 3.8 3.17 0.32 5.41 0.57
hsf4 5bpmm-MO 17 12.3 0.65 38.1 3.0 3.10 0.25 5.06 0.38
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4.5.2 Effect of hsfl knockdown on the expression of hsp70 and fgfl

Previous studies demonstrated that MO knockdown of Asfl or hsp70 produced a
small eye phenotype in zebrafish embryos with a more severe phenotype being observed from
the 4sp70 knockdown (Evans et al. 2005, 2007). A knockdown of AsfI also results in reduced
Hsp70 in developing zebrafish (Evans et al. 2007). The ability of HSF1 to regulate Hsp70
expression in response to several stresses including heat shock is also well established in several
species (Pirkalla et al. 2001; Bjork and Sistonen 2010). The purpose of these experiments was to
validate that a decrease in Asp70 mRNA, a known target of Asf7 regulation, resulting from a MO
knockdown of &sf1 in zebrafish embryos could be detected and quantified by qPCR. The effect
of hsfl knockdown on fgfl mRNA levels, a known target of Asfl regulation in mammals, was
also analysed.

Morpholino sequences used in these experiments were designed to target the ATG
translational start site of AsfI start codon and also contained a 3’-lissamine tag. Experiments
were performed by microinjecting embryos with 3.46 ug/uL AsfI-MO and AsfI Sbpmm-MO,
previously established by Evans et al. 2007, and comparing the results to an uninjected control.
Analysis of mRNA levels for Asp70 and fgf1, were determined by qPCR using the EvaGreen®
fluorgeneic dye as described in section 3.10. Measurements of mRNA levels from all genes of
interest were normalized to factin mRNA values (section 3.10.2). Relative differences in
mRNA expression between MO injected and uninjected embryos were determined by comparing
normalized values from the genes of interest in injected embryos to the normalized values from
uninjected embryos where relative expression of the gene of interest was set equal to 1 (section
3.10.2). Any significant difference between relative expression levels was calculated by the
REST analytical software at a significance level of p < 0.05 (section 3.10.2).

The results of the qPCR analysis shown in Fig. 4.21 demonstrate that no significant
change in mRNA levels was observed in embryos injected with the Asf7-MO or the control
Sbpmm-MO for either Asp70 or fgf1.
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Figure 4.21 Analysis of mRNA detected in zebrafish embryos by qPCR after AsfI morpholino
(MO) knockdown. Zebrafish embryos were injected with either an Asf7-MO or hsfl Sbpmm-MO
control. Expression values for fgf1 and Asp70 were determined by qPCR in embryos at 60 hpf.
All values were normalized to the pactin reference gene. Values for each gene are shown
expressed relative to uninjected embryos where the values were set equal to 1 (highlighted by a
dark line). No significant difference in mRNA levels was observed at p <0.05 as calculated by
REST, (n=2). Actual probability values for relative differences calculated by REST are given
across the top of the graph for each sample analysed.
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The results were interpreted to suggest that knockdown of the Asf1 gene was unsuccessful.
The optimal concentration of MO to use in experiments presented here was previously
determined using an AsfI-MO with the same sequence but tagged with fluorescein instead of
lissamine. The MO manufacturer does caution that MOs tagged with lissamine may have lower
solubility than MOs containing other end modifications. Therefore, it may be possible that
injections performed in this study contained a lower than calculated MO concentration which

may be responsible for the lack of 4sfI knockdown observed in these experiments.

4.5.3 Effect of hsf4 knockdown on the expression of hsfl, hsp70 and fgfl

Knockdown of Asf4 using MO failed to produce an observable phenotype (section 4.5.1).
Therefore a subsequent set of experiments was performed to identify possible downstream gene
targets of the Asf4 transcription factor that may be affected by hsf4 knockdown. The
effectiveness of MO knockdowns are typically verified by observation of a known phenotype
associated with the knockdown, by using Western blot to demonstrate reduced protein levels
resulting from MO blocked translation or by a decrease in mRNA or protein levels of a known
downstream gene target of the MO. However the /Asf4-MO knockdown does not produce an
observable embryonic phenotype and antibodies designed to detect zebrafish HSF are not able to
specifically detect HSF bands from zebrafish embryos (section 4.3.2). These facts combined
with the lack of a known target of HSF4 in zebrafish meant that a different method of validating
the effectiveness of 4sf4-MO injections had to be developed. Therefore, these experiments were
performed with a second type of MO, termed a splice MO, tagged with 3’-lissamine. Splice MO
are designed to bind to a target sequence spanning an intron-exon junction in the target pre-
mRNA instead of the ATG translation start site. When the MO binds to the intron-exon junction,
it disrupts the nuclear processing of the pre-mRNA typically resulting in the removal of both the
exon and the intron instead of just the intron (Draper et al. 2001). This results in mature mRNA
products of a reduced length. Analysis of MO effectiveness can then be verified by qPCR using
primers that span the knockout region targeted by the MO, as a shorter PCR product will be
amplified from the MO injected samples compared to uninjected. As well, the addition of a
lissamine tag allowed for visual confirmation that injections were successful and the MO was
distributed throughout the injected embryo. Only embryos with uniform fluorescence were

selected for subsequent analysis. The splice-MO used in the experiments presented here were
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designed to target the 4sf4 mRNA in a way that would cause the 5™ exon to be spliced out of the
pre-mRNA, resulting in mature mRNA product of reduced length (section 3.12).

Experiments were performed by microinjecting embryos with 3.46 pg/uL Asf4-splice
MO and hsf4 Sbpmm-splice MO and comparing the results to uninjected controls. Initially,
embryos were screened under a dissecting microscope to determine if a phenotype resulting from
the hsf4 splice-MO could be observed. Several embryos injected with either the MO or Sbpmm
appeared to be smaller in size than uninjected controls but no observable phenotype was
detected, similar to what was observed in previous knockdown experiments described in section
4.5.1.

Analysis of mRNA levels for Asf4 and four possible downstream gene targets, Asf1,
hsp70 and fibroblast growth factor 1 (fgfl), were determined by qPCR as described in section
3.10. All gPCR reactions were performed using the EvaGreen® fluorogenic dye. Measurements
of mRNA levels from all genes of interest were normalized and relative differences in mRNA
expression between MO injected embryos and uninjected embryos were determined as described
previously for the AsfI-MO injections in section 4.5.2. Any significant difference between
relative expression levels was calculated by the REST analytical software at a significance level
of p <0.05 (section 3.10.2).

The results of the qPCR analysis shown in Fig. 4.22 demonstrate that no significant
change in mRNA levels for any of the genes of interest was observed in embryos injected with
the hsf4-splice MO. The same result was observed for embryos injected with Asf4 Sbpmm-splice
MO. The results were interpreted to suggest that gene knockdown with the Zsf4 splice-MO were
unsuccessful. It is possible that the lissamine tagged Asf4-splice MO also had a lower solubility,
resulting in a lower than expected MO concentration similar to that described above for the Asf1

knockdown experiments (section 4.5.2).
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Figure 4.22 Analysis of mRNA detected in zebrafish embryos by qPCR after Asf4 morpholino
(MO) knockdown. Zebrafish embryos were injected with either an Asf4 splice-MO or hsf4
Sbpmm splice-MO. Expression values for hsf4, hsfla+b, fgfl and hsp70 were determined by
qPCR in embryos at 60 hpf. All values were normalized to the factin reference gene. Values for
each gene are shown expressed relative to uninjected embryos where the values were set equal to
1 (highlighted by a dark line). No significant difference in mRNA levels was observed at p
<0.05 as calculated by REST, (n=3). Actual probability values for relative differences calculated
by REST are given across the top of the graph for each sample analysed.
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5.0 DISCUSSION

Our lab has been examining the developmental roles of Hsps and HSFs in zebrafish (Danio
rerio), a well established developmental model system. Recent studies by our group have shown
that regulation of Asp70 gene expression by HSF1 is important for development of the zebrafish
eye (Blechinger et al. 2002; Evans et al. 2005, 2007). Both HSF1 and HSF4 play a role in
mammalian lens development (Fujimoto et al. 2004; Min et al. 2004; Smaoui et al. 2004;
Mellersh et al. 2006; Fujimoto et al. 2008; Shi et al. 2009; Abane and Mezger 2010), suggesting
that the zebrafish Asf4 identified in an expressed sequence tag (EST) library could play a similar
role. The zebrafish genome contains genes encoding at least three heat shock factors; two
isoforms of HSF1 (Rabergh et al. 2000), HSF2 (Yeh et al. 2006) and the novel HSF4. The focus
of this thesis was to characterize the expression and function of the novel zebrafish HSF4 and
determine if it had a role in eye development similar to that observed in mammalian species. As
well, tissue specific and developmental expression patterns of hsf4 were compared to those of
hsf1 and hsf2 in this study.

Two transcript variants of zebrafish Asf4 were identified in this study. The first sequence
identified from an EST library, Asf4a, encodes a severely truncated HSF4 in which the entire
carboxy portion of the protein is absent. This is the first time an HSF protein of such a short
length has been identified in animals, and it represents a unique subgroup of vertebrate HSFs.
The second Asf4b transcript, predicted in the Ensembl database, encodes a putative protein more
similar in length to other HSFs; however this protein contains an HR-C inhibition domain that is
not present in mammalian HSF4 proteins. A comparative in silico protein sequence analysis of
zebrafish HSF4 to zebrafish HSF1 and HSF2, as well as HSFs from a wide range of organisms
was performed. An examination of this analysis as well as DNA binding properties of HSF4 in
comparison to other zebrafish HSFs suggests that HSF4 is not functionally equivalent to
mammalian HSF4 in many respects and therefore supports the first hypothesis that zebrafish
HSF4 represents a novel class of HSFs in vertebrates.

Several experiments were performed to characterize the expression of the three known
zebrafish HSFs across a series of developmental time points and in adult tissues. One of the
objectives was to characterize HSF protein expression levels in tissues and embryos using
custom designed antibodies for zebrafish HSFs. Even though each HSF antibody was able to
specifically detect the corresponding HSF protein by Western blot when purified HSF proteins
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were used (Fig. 4.7), analysis of proteins from whole zebrafish extracts was inconclusive (Fig.
4.8). For that reason, this discussion of HSF expression in zebrafish embryos and tissues focuses
solely on mRNA expression analysis in this thesis. The analysis of HSF mRNA expression
demonstrated that both Asf4 transcripts are expressed in a developmentally regulated manner and
are predominantly expressed in the eye. A basal expression level of Asfl and hsf2 could be
detected in all tissues and at all developmental stages, however a specific pattern of expression
was also observed for each of these genes supporting the second hypothesis that HSFs are
expressed in distinct developmental patterns in zebrafish embryos.

While no analysis of protein accumulation could be performed in zebrafish due to lack of
specific antibodies, other studies have demonstrated that HSF RNA and protein levels are
roughly correlated. Several experiments have shown in various cell and animal models, that heat
shock stimulates HSF1 or HSF3 activation primarily by inducing trimerization and DNA binding
of constitutively expressed HSFs without changes in RNA and protein levels (Nakai and
Morimoto 1983; Sarge et al. 1993; Rabindran et al. 1994; Tanabe et al. 1997; Fujimoto et al.
2010; Bjork and Sistonen et al. 2010). Analysis of HSF2 and HSF4 expression has also
demonstrated that both mRNA and protein for each HSF exist concurrently in the tissues in
which they are expressed (Nakai and Morimoto 1983; Tanabe et al. 1999; Fujimoto et al. 2008).
Specifically for HSF2, a correlation between increased mRNA levels and increased DNA
binding of the protein has been shown (Bjork and Sistonen et al. 2010). Since a high degree of
homology is observed between HSF amino acid sequences in all animal species, it is likely that
regulatory mechanisms are also similar. Therefore, while we can not definitively rule out
regulation of protein expression at the translational level, the available evidence would suggest
that regulation of HSFs is predominantly at the mRNA level.

Previous studies have demonstrated that maternal RNA from Asp70 and hsfl exist in
developing embryos (Bensaude et al. 1983; Bienz et al. 1984; Ovsenek and Heikkila 1990;
Gordon et al. 1997; Christians et al. 2000; Metchat et al. 2009; Bierkamp et al. 2010; Akerfelt et
al. 2010). Analysis of zebrafish Asf2 expression demonstrated that it also exists in zebrafish
embryos as maternal RNA, which is the first such evidence of maternal Asf2 expression in any

species.
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5.1 In silico and EMSA analysis suggest that zebrafish hsf4 evolved from an hsfl
duplication event.

Two HSFs have previously been characterized in zebrafish. In 2000, Rébergh et al.
reported the identification of two HSF1 isoforms in adult zebrafish tissues and in 2006 Yeh et al.
identified HSF2 in zebrafish embryos. Initial experiments in this study were designed to
characterize a unique zebrafish HSF4 isoform that was originally identified in an EST screen of
an embryonic cDNA library (Strausberg et al. 2002), and subsequently through annotation of
zebrafish genomic sequence data. More recently the ORF of a second, longer putative Asf4
transcript was predicted from the same gene (Ensemble Zv8, release 59), although it was not
known if it represented a true gene product. Both Asf4 transcripts are splice variants of the same
gene as the sequence from the first eight exons is identical between the two transcripts with the
hsf4b containing an additional four exons downstream of the first eight (Fig. 4.1A). The gene
structure of zebrafish Asf4 is similar to other Asfs in that the first three exons encode the DBD
and exons 4-6 encode the HR-A/B domain (Fig. 4.1D), both of which are preserved in all
previously characterized Asf genes (Prikkala et al. 2001; Yeh et al. 2006). As well, the splice site
in the 8" exon used to produce the two transcripts is similar to the human Asf4 gene in that the
splice variants for both human Asf4 transcripts are generated from splice sites in the 8" and 9"
exons (Tanabe et al. 1999). However, the splice site in the 8" exon of the human gene results in
a frameshift to generate the two human transcripts while the splice site in the zebrafish gene
results in a stop codon in the Asf4a transcript. A UGA stop codon is present 859 nucleotides into
the open reading frame of the transcript which encodes the truncated HSF4a protein. One of the
more interesting observations made from the sequence analysis is how the longer, more abundant
hsf4b transcript is generated considering the presence of this stop codon. Immediately upstream
of the stop codon in the Asf4a sequence is an AGG codon for arginine which is conserved in the
hsf4b transcript. The 5’-AGG UAG sequence, which is followed by an extensive 3 UTR, for
hsf4a is entirely derived from the 8" exon and the presence of the stop codon was confirmed by
sequence analysis (section 4.1.1, Fig. 4.1B). However, the mRNA sequence for the Asf4b
transcript is generated from a splicing event that occurs in between the two guanine nucleotides
in the AGG codon, hence the AG nucleotides are retained from the 8" exon and the third guanine
is acquired from the 9™ exon to complete and conserve the AGG codon before the sequence

continues in frame. Interestingly, in this scenario, the second guanine from the AGG in the 8"
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exon and the uracil from the Asf4a stop codon are apparently recognized by the spliceosome as a
GU splice donor signaling the start of an intron which is then spliced out in order to generate the
hsf4b transcript (Fig. 4.1B). This is not a completely unique mechanism as other genes have
been reported to produce splice variants using this method. The original sequencing of the
human f-globin gene determined that the AG splice donor site for the first intron occurs within
an AGG codon where AG originates in exon | and the final guanine is added from the second
exon, which parallels the same intra-codon splicing on an AGG in the Asf4b transcript (Lawn et
al. 1980). Another example comes from analysis of the sequence of multiple transcripts of
equine chorionic gonadotropin secreted by the corpora luteum and fetal gonads during equine
pregnancy. These experiments demonstrated that the B isoform of this hormone is encoded by a
splice variant of chorionic gonadotropin that results from a splicing event between a CTC codon
in the tenth exon with the remaining nucleotides originating from the eleventh exon. This mid-
codon splicing event causes a frameshift in the sequence resulting in a truncated mRNA with a
UGA stop (Saint-Dizier et al. 2004). The specific mechanism by which the 5’-AGG UGA-3’
sequence would be processed as a codon followed by a stop codon in one gene transcript but also
as a partial codon followed by a splice donor site in second alternate transcript has not been
characterized. There are several alternative splicing mechanisms that have been characterized
and most include a combination of exon and intron splicing enhancers and silencers which bind
to specific sequences in the RNA to facilitate or block recruitment of spliceosome components
(Chen and Manley 2009). One possible mechanism by which the zebrafish isf4 would be
alternatively spliced is by the presence of an intron or exon splicing silencer in the Asf4a pre-
mRNA which would block the recognition of the GT splice site and allow the UGA stop codon
to be recognized (Chen and Manley 2009).

The hsf4a transcript is characterized by a UGA stop codon located 1003 bp into the
mRNA sequence that has been assumed to be the stop codon for the shorter Asf4a transcript.
However, this is only an assumption based on the fact that it is the first stop codon encountered
in the mRNA. Further analysis of the Asf4a 3’ UTR reveals that there are two other in frame
UGA stop codons downstream at 1018 and 1095 bp followed by a TAA stop at 1101. The UGA
stop codon in some genes has been demonstrated to be “leaky”. Natural suppressor tRNAs have
an altered anticodon that allows the translational machinery to recode the nonsense stop codon

into a different sense codon (Beier and Grimm 2001). One of the best characterized mechanisms
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in eukaryotes involves the recoding of the UGA stop codon into a codon for a selenocysteine
(Berry et al. 1993). Selenoproteins are characterized as proteins that contain multiple
selenocysteines encoded by several UGA codons in the 3° UTR (Berry et al. 1993). Several
studies that have identified selenoproteins in zebrafish including a specific family called SelJ that
is expressed almost exclusively in the lens with some expression in the brain and neural tissues at
early stages of development (Kryukov and Gladyshev 2001; Castellano et al. 2004, 2005;
Shchedrina et al. 2007). It is then tempting to hypothesize that the series of UGA codons in the
hsf4a 3> UTR might actually code for a series of selenocysteine residues. If this were true, it
would result in a protein that is 321 amino acids in length instead of the 286 amino acid that has
been predicted. There have been several documented cases of proteins having dual roles as
enzymes as well as transcription factors (Green and Paget 2004; Commichau and Stiilke 2008;
Latrasse 2013). There would be several interesting implications in HSF4a function if it were a
selenoprotein. The majority of selenoproteins have been demonstrated to have enzymatic
activity involved in redox reactions (Castellano et al. 2005). This is particularly interesting
considering redox reactions have been suggested to play a role in activating HSF trimerization
(Ahn and Thiele 2003). An enzymatic function related to HSF4a would be a unique observation
as no HSFs have been reported to have this function to date. However, other HSFs, specifically
HSF1 and HSF2, have been demonstrated to be involved in chromatin modulation but so far no
enzymatic function has been associated with this role (Hong and Sarge 1999; Xing et al. 2005;
Abane and Mezger 2010; Bjork and Sistonen 2010; Sakurai and Enoki 2010; Vihervaara et al.
2013).

The predicted amino acid sequences of both isoforms of zebrafish HSF4 show strong
identity to other HSFs which is in agreement with the high levels of amino acid conservation that
is characteristic of this protein family (Fig. 4.1B and C; Tables 4.1-4.4). The lack of an HR-C
domain in zebrafish HSF4a suggests that, similar to mammalian HSF4, zebrafish HSF4a may
also be constitutively trimerized in the cell (Nakai et al. 1997; Bjork and Sistonen 2010).
However, unlike the mammalian proteins, the lack of an HR-C domain is due to the severe C-
terminal truncation of zebrafish HSF4a compared to the mammalian and avian forms of HSF4.
Indeed, this truncation makes the zebrafish HSF4a the smallest HSF of any class identified to
date. The function of the C-terminal region of the mammalian HSF4 proteins is at present

unknown, but the relatively high degree of sequence conservation across this region (73-88%) of
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the mammalian proteins suggests that it may be of functional or structural importance. Clearly,
any such potential function in this region would not be present within the truncated zebrafish
form of HSF4a.

Surprisingly, the zebrafish HSF4b protein and both isoforms of the avian HSF4 contain
an HR-C domain and, therefore, may not be constitutively trimerized as has been described for
the mammalian protein (Fig. 4.2B). Given the presence of an HR-C domain in the carboxy
portion of zebrafish HSF4b it is likely that this domain interacts with other cellular proteins to
maintain HSF4b in an inactive state as has been described for HSF1 and HSF2 proteins. The
HSF4b HR-C domain shares only 24 to 27 percent amino acid identity when compared to other
HR-C domains in zebrafish or mammalian HSFs (Table 4.1). This suggests that some proteins
that interact with HSF4b will be unique for the specific regulation of this protein. The degree of
amino acid identity shared with the avian HSF4 species is higher at 49% which suggests there
may be some similarity in the regulatory aspects of trimer inhibition between zebrafish and the
avian species.

The phylogenetic analysis of complete HSF protein sequences from eleven species
demonstrates that the zebrafish and avian proteins form a separate subgroup of the HSF4 cluster,
where zebrafish HSF4 groups very closely with chicken and zebrafinch predicted HSF4 protein
sequences (Fig. 4.3). The close relationship of zebrafish to avian HSF4 appears to be unique to
HSF4 proteins as the branching distances between these species is much greater for HSF1 and
HSF2. While this group of zebrafish and avian HSF4 proteins does cluster closer to the
mammalian HSF4 proteins than to any of the HSF1, HSF2, or HSF3 groups, the zebrafish/avian
group branches from HSFI1 much sooner in the tree. The zebrafish and avian HSF4 protein
sequences both share a high level of amino acid identity in the DBD to HSF1 proteins (section
4.1.4). This feature, combined with the presence of an HR-C domain in the zebrafish and avian
proteins sequences, are probable reasons for the shorter branching distance observed between
these proteins and HSF1 (section 4.1.3). Similarly, the greater amino acid divergence in the
DBD between zebrafish and mammals and the lack of an HR-C domain in all mammalian HSF4
sequences could explain the large branching distance between these proteins. However, the
truncated nature of HSF4a is still novel among this group of HSF4 proteins. Interestingly,
another truncated vertebrate HSF4 protein has been predicted to exist in the anole lizard (4nolis

carolinensis) by the Ensembl software. The anole lizard &sf4 gene contains eight exons that
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encode for a protein predicted to contain 282 amino acids and also lacks an HR-C domain, very
similar to zebrafish Asf4a. The DBD of the lizard putative HSF4 protein also shares 96% amino
acid identities with the zebrafish, similar to what is observed between the zebrafish and avian
species. Phylogenic analysis of these proteins indicates that the lizard HSF4 clusters very close
to the zebrafish and avian species and that the branching distance between this protein and HSF1
is the same as that observed for zebrafish HSF4 (data not shown). However, unlike other
species, only a single Asf4 transcript has been predicted for the anole lizard. In combination,
these data suggest that the HSF4 protein family arose from a duplication event of an ancestral
hsfl gene, and through the process of evolution, mammals have lost the HR-C domain in the
carboxy terminal of the protein.

Heat shock factor binding sites which contain slight variations in the classic HSE 5°-
nGAAn-3’ inverted repeat sequence are referred to as discontinuous HSE sequences (Ovsenek
and Heikkila 1990; Sakurai and Takemori 2007; Yamamoto et al. 2009). Several studies have
demonstrated that discontinuous HSE sequences affect the binding affinity of specific HSFs
although recent studies of genome wide and cell-specific HSF binding patterns have suggested
that other as yet unidentified mechanisms have a role preferential HSF binding (Jing et al. 2013;
Vihervaara et al. 2013). Variations in the amino acid sequence within protein domains between
different HSFs provide these proteins with the ability to have variable functions. Specific amino
acid regions of the human HSF1 DBD and HR-A/B domain regulate the ability of this HSF1 to
bind to discontinuous HSE sequences (Sakurai and Takemori 2007; Takemori et al. 2009).
Enoki and Sakuri (2011) demonstrated that sequence differences in the HR-C domain of
zebrafish HSF1 isoforms affected oligomerization which resulted in different binding affinities
for discontinuous HSEs between the two isoforms. Similarly other studies of human and mice
HSFs have demonstrated that different HSFs will recognize variations of HSE sequences, with
HSF1 preferring a continuous inverted 5’-nGAAn-3’ repeat sequence while HSF2 and HSF4 are
capable of binding to disordered versions of this sequence (Fujimoto et al. 2008; Takemori et al.
2009; Yamamoto et al. 2009, Sakuri and Enoki 2010). In mouse lens tissue, 222 binding sites
for HSF4 were identified and of those binding sites only 6 had perfect 5’-nGAAn-3’ repeats in
the HSE sequences (Fujimoto et al. 2008). Some binding sites had one or no GAA sequences.
Modified HSEs with an ambiguous HSE sequence (5’-nGnnn-3) could partially compete mouse

HSF4 from a concensus HSE in an EMSA but the same ambiguous sequence could not compete
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away mouse HSF1 or HSF2 (Fujimoto et al. 2008). Our results from similar EMSA experiments
using zebrafish HSF proteins in HSE binding assays demonstrate that the HSF4 protein does
bind to a perfect HSE in a specific manner (Fig. 4.4). However, competition assays
demonstrated that HSF4 binds to discontinuous HSEs in a more restricted manner very similar to
the binding pattern observed for HSF1 (Fig. 4.5; Fig. 4.6), and unlike the results previously
reported in mammalian systems (Fujimoto et al. 2008). This observation is supported by our
analysis of amino acid similarities (section 4.1.3) in which we showed the amino acid
composition of zebrafish HSF4 DBD was more similar to HSF1 (85%) than to any of the
mammalian HSF4 sequences (72%). As well, other studies have demonstrated that there are
similar patterns of PTMs including phosphorylation on key serine residues and a SUMO
modification on a lysine residue in both human HSF1 and HSF4. These PTMs all contribute to
the inhibition of the transactivation domain indicating a functional similarity and adding further
evidence to the suggestion that these proteins are more closely related to each other than to other
HSFs (Bjork and Sistonen 2010; Xu et al. 2012). The phylogenetic analysis (section 4.1.3) also
supports the suggestion that HSF1 and HSF4 are closely related and also demonstrates that the
branching distance of zebrafish and avian HSF4 is much closer to HSF1 sequences than the
mammalian HSF4. The high level of identity observed between the fish and avian HSF4
proteins with HSF1, plus the identification of an HR-C domain in the zebrafish HSF4, coupled
with the relatively low affinity of HSF4 for discontinuous HSE sequences, suggests that target
genes for the zebrafish and avian HSF4 transcription factors may not be fully shared with those
regulated by mammalian HSF4. To date, no target genes for HSF4 in fish and avian species

have been identified.

5.2 Zebrafish hsf4 is expressed in a developmental and tissue specific manner

Expression of both Asf4 transcripts was detected in both zebrafish embryos and adult
tissues (Fig. 4.13). In all tissues where Asf4 mRNA was detected, calculations suggested Asf4b
was always more abundant than Asf4a, the difference being especially pronounced in the eye
where the hsf4b mRNA levels were calculated to be 185 fold higher than Asf4a. This is
consistent with the fact that 4sf4b levels were also demonstrated to be higher than Asf4a in mouse
tissues (Nakai et al. 1997; Tanabe et al. 1999; Somasundaram and Bhat 2004). Analysis of

HSF4 isoforms in mice demonstrated that the less abundant HSF4a isoform was actually a
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repressor of several genes while the more abundant HSF4b activated gene transcription. Since
the relative abundance of the two transcripts of Zsf4 in zebrafish appears to be similar to that
reported for mice, it would be interesting in future studies to determine if the less abundant
zebrafish HSF4a also functions as a repressor.

The high level of hsf4 expression in the eye relative to other tissues supports the third
hypothesis that HSF4 has a role in zebrafish lens development. These results are also consistent
with other studies that have identified an important role for mammalian HSF4 in lens
development and differentiation of lens fibers (Fujimoto et al. 2004; Min et al. 2004; Morange
2006; Shi et al. 2009; Abane and Mezger, 2010; Zhou et al. 2011; Jing et al. 2013). Mutations in
hsf4 genes have been linked to several human families with hereditary congenital cataracts as
well as several dog breeds that also frequently exhibit juvenile cataracts (Bu et al. 2002; Smaoui
et al. 2004; Ke et al. 2006; Mellersh et al. 2006; Engelhardt et al. 2007). Several of these
mutations occur in the DNA binding domain of the protein and affect the ability of HSF4 to bind
to HSE sequences (Enoki et al. 2010). Cataracts are also observed in mouse models carrying
mutations introduced into the Asf4 gene (Fujimoto et al. 2004). The onset of cataract formation
in the lenses of mammals that have a mutation in Asf4, is due in part to improper regulation of the
crystallin genes, especially y-crystallin genes, by HSF4 (Somasundaram and Bhat 2004; Shi et al.
2009). HSF4 has also been shown to act cooperatively with HSF1 in lens epithelial cells to
regulate cell proliferation as well as having a role in the regulation of Asp27 during lens
development (Fujimoto et al. 2004; Min et al. 2004). While no studies have specifically
examined the regulation of 4sp70 expression by HSF4, several recent studies have shown that an
absence of hsf4 expression results in an increase in Asp70) mRNA levels (Fujimoto et al. 2004;
Kim et al. 2011; Cui et al. 2012). These studies suggested that HSF4 would represent a good
candidate to be involved in zebrafish lens development and in co-operative regulation of lens-
specific Asp70 gene expression together with HSF1 (Evans et al. 2007).

In adult tissues, hsf4b was prominently expressed in the eye but a basal level of expression
was detected in all tissues assayed (Fig. 4.13C). Expression of Asf4a was also most prominent in
the eye, but significant expression in the testis was also detected (Fig. 4.13B). Initial studies on
human #Asf4a identified expression in human heart, brain, skeletal muscle, and pancreas while
hsf4b was detected in the brain and the lung (Nakai et al. 1997; Tanabe et al. 1999). Further

studies clarified that the eye was the main site of Asf4 expression in several mammalian species
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(Bu et al. 2002; Fujimoto et al. 2004; Mellersh et al. 2006; Engelhardt et al. 2007; Abane and
Mezger 2010). To date no other study has identified Asf4 expression in the testis; in fact,
experiments performed by Fujimoto et al. (2004) demonstrated that classical Asp and fgf-1
expression was unchanged in the testis of A4sf4 knockout mice. Several studies characterizing the
expression and function of HSF1 and HSF2 have been performed in testis tissue. These studies
have shown that HSF2 is more abundant than HSF1 but both proteins are required for successful
spermatogenesis (although this has only been demonstrated in mammals) (Fiorenza et al. 1995;
Wang et al. 2003; Akerfelt et al. 2010; Bjérk and Sistonen 2010; Bjork et al. 2010). A role for
HSF4 in the testis remains unknown. HSFY is another member of the HSF family which has
been shown to be exclusively expressed in the testis of mammals. The HSFY gene is located
within the male specific region of the Y chromosome in humans and while its function is
currently unknown, it has been shown to be temporally expressed in spermatocytes during
spermatogenesis and has been linked to reduced fertility (Forresta et al. 2001; Skaletsky et al.
2003; Shinka et al. 2004; Tessari et al. 2004; Kichine et al. 2012). Zebrafish do not have sex
chromosomes and to date an orthologue of the HSFY gene has not been identified on any
chromosome in zebrafish. Several recent studies have suggested that sex differentiation in
zebrafish is polygenic and several clusters of sex determining genes have been identified within
regions of four separate chromosomes (Anderson et al. 2012; Liew et al. 2012; Howe et al.
2013). Environmental factors, such as hypoxia, high temperatures, and crowding, also have a
secondary role in affecting sex differentiation in zebrafish (Anderson et al. 2012; Howe et al.
2013). The lack of sex chromosomes in the zebrafish, combined with the unique expression of
the shorter Asf4a transcript in the testis, could suggest that zebrafish HSF4a may share some of
the as yet unknown functions performed by the mammalian HSFY during spermatogenesis.
However, the lack of all heptad repeat sequences in HSFY which are typically found in HSFs is a
very important structural difference between it and zebrafish HSF4a (Shinka et al. 2004).
Additionally, HSFY does not appear to trimerize and cannot bind traditional HSEs (Shinka et al.
2004). Therefore, the function of the HSFY protein is most likely through an as yet
uncharacterized mechanism which is completely unique to the HSF family. However, these
structural differences do not entirely preclude zebrafish HSF4a from sharing some functions of
mammalian HSFY. It is possible that the zebrafish Asf4a is related to the mammalian HSFY

autosomal ancestor and therefore a functional similarity between the two genes may still exist.
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The expression of both Asf4 splice variants is developmentally regulated in zebrafish
embryos and the results of the expression analysis reported here support the hypothesis that
HSFs have distinct developmental expression patterns. Neither transcript of Asf4 could be
detected by qPCR in embryos until 60 hpf (Fig. 4.15A and B), unlike 4sf7 (Fig. 4.17A and B)
and Asf2 (Fig. 4.18B) which were shown to be expressed at all developmental stages. The
developmental regulation of hsf4 expression is consistent with observations in mice lenses in
which Asf4 mRNA levels were not detected in mice younger than the E12.5 stage embryos, at
which point Asf4 was detected in both lens epithelial and fibre cells (Fujimoto et al. 2004; Abane
and Mezger 2010). Additionally, levels of 4sf4 mRNA were also shown to increase and peak in
post-natal mouse lenses after which mRNA levels declined somewhat (Somasundaram and Bhat
2004; Fujimoto et al. 2004, 2008; Bjork and Sistonen 2010).

The inability to detect Asf4 expression in zebrafish embryos prior to 60 hpf was unexpected
considering the development of the zebrafish lens begins between 18-20 hpf and the expression
of hsp70 can be detected at 30 hpf (Blechinger et al. 2002). However it was consistent with
previous studies in which MO knockdown of Asf4 expression in zebrafish failed to produce an
eye phenotype at 48 hpf, the point in development when both Asp70 and hsf1 knockdown results
in a clear small lens phenotype (Evans et al. 2005; Evans 2006). Cui et al. (2013) were recently
able to show localization of &sf4 expression to the lenses of zebrafish embryos at 24, 36, 48 and
60 hpf using a whole mount in sifu hybridization technique. Their results showed a small but
detectable level of Asf4 mRNA in the lens at 24 and 36 hpf with increasing mRNA levels at 48
hpf and 60 hpf. The large increase in mRNA levels observed by Cui et al. (2013) at 60 hpf
would support our qPCR results which demonstrate that Asf4 levels go from undetectable to well
within the limits of detection at this developmental stage. However, Cui et al. (2013) also report
detection of Asf4 expression in younger embryos by in situ hybridization, which is in stark
contrast to the results reported in this thesis in which attempts to detect A4sf4 in whole zebrafish
embryos by in situ hybridization were largely unsuccessful. Expression of 4sf4 in the lens was
only detected in a single experiment at 36 hpf which could not be consistently repeated at any
other time point (Fig. 4.10). Our initial conclusion from these experiments was that our in situ
hybridization technique was not sensitive enough to detect 4sf4 mRNA in whole mount embryos.
The methodology cited by Cui et al. (2013) is taken from an updated method claiming more
sensitive in situ hybridization detection for zebrafish (Thisse and Thisse 2008). This updated
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methodology is nearly identical to the method used in this thesis with a couple of notable
exceptions. The authors expose embryos to proteinase K for a longer period of time prior to
DIG-probe hybridization compared to our method which could have increased the permeability
of the tissues. Increased permeability of tissues, especially densely packed tissues like the lens,
would allow for greater access of the probe to mRNA, thereby increasing the sensitivity of the
assay. However, it is important to note that the method used in this thesis is based on the method
used by Blechinger et al. (2002) in which the proteinase K treatment was adequate for Asp70
mRNA to be detected in the zebrafish lens. The experiments performed by Cui et al. (2013) also
used a DIG-labeled RNA probe while the experiments presented in this thesis used a DIG-
labeled cDNA probe. The use of an RNA probe could have increased the assay sensitivity as
RNA-RNA hybridizations are typically more sensitive than cDNA-RNA hybridizations. Initial
in situ hybridization analysis presented in this thesis as an internal control demonstrated that both
RNA and cDNA probes could successfully detect a-tropomyosin expression in zebrafish
embryos (Fig. 4.9). However, a-tropomyosin is expressed at high levels throughout somatic
muscle during all developmental stages examined. While a cDNA-RNA hybridization may have
been sufficient to detect a-tropomyosin, it may not have been sensitive enough to detect the low
amount of Asf4 transcript that exists in zebrafish lens. Additionally the analysis performed by
Cui et al. (2013) used an overnight incubation with an anti-DIG antibody to detect the DIG
labeled probe which is longer than the 3-4 hour incubation period used in our analysis. This may
have also improved the sensitivity of their assay.

Cui et al. (2013) also state that they detected 4sf4 mRNA in 24 and 36 hpf embryos with
qPCR but did not report Cr values or show other data to support this. Our analysis of &sf4
mRNA levels in embryos at 10 and 30 hpf with qPCR data did occasionally generate Ct values
that could have been used to calculate mRNA expression. However, the majority of the Cr
values generated for these time points were either larger or the same as the non-template control
or had very large deviations between the technical replicates. These scenarios are typical for
samples were mRNA levels are below the limit of detection for the assay and Cr values of this
nature are not to be used for quantitative analysis as described in the MIQE guidelines (Bustin
2000; Bustin et al. 2009). The fact that qPCR analysis was performed on whole embryo extracts

while Asf4 mRNA is primarily expressed in only lens tissue may account for mRNA levels of
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hsf4 that were below the limit of detection. For these reasons we can only report with confidence
that mRNA levels were quantifiable in embryos 60 hpf and older.

The low level of hsf4 mRNA expression in developing zebrafish embryos prior to 60 hpf
(Fig. 4.15) may provide an explanation for the lack of phenotypic effect observed in the MO
knockdown studies (Evans et al. 2005; Evans 2006). Cui et al. (2013) also used Asf4-MO
knockdown technology to determine the effects of reduced Asf4 expression in zebrafish embryos.
While these embryos also did not develop a small lens phenotype or cataract, they did have an
apparent retention of nuclei in the lenses of embryos at 72 hpf which was not observed at 48 hpf
or 96 hpf. While MO are a very effective tool to knockdown gene expression in zebrafish, they
become diluted in the cells as the embryos develop, and typically MO induced phenotypes are
severely reduced by 70 hpf and are absent by 90 hpf (Evans et al. 2005; Cui et al. 2013).
Development of the zebrafish eye lens begins between 18-20 hpf, with Asp70 expression
beginning by 30 hpf (Blechinger et al. 2002; Greiling and Clark 2009, 2012). Lens development
and growth continue into later embryogenesis and larval/juvenile stages. Indeed, lens growth in
fish continues into adulthood.

The results of the mRNA expression analysis, together with the lack of phenotype in the
MO knockdown embryos prior to 72 hpf, would suggest that if 4sf4 plays a significant role in the
zebrafish eye, it would occur in later stages of development. Mice carrying deletions of /sf4
exhibit normal lens formation in early embryogenesis, with defects only becoming apparent
during late gestation and postnatally (Fujimoto et al. 2004; Shi et al. 2009). In mice, lens
vesicles are completely separated from the overlying epithelium by E11, suggesting that HSF4
also plays no role in earlier events of lens formation in this species. Gamma-crystallin genes
have been shown to be one of the primary gene targets of HSF4 in mouse lens development and
HSF4 has also been shown to regulate expression of other crystallin genes such as aB-crystallin
(Fujimoto et al. 2004; Min et al. 2004; Somasundaram and Bhat 2004; Shi et al. 2009; Jing et al.
2013). A proteomic analysis of protein expression in zebrafish lens demonstrated that expression
of the more than 50 different a, B, and y-crystallins occurs in a sequential manner over the course
of lens development (Greiling et al. 2009). Only 13 of the 36 zebrafish y-crystallin genes are
expressed in the lens by 5 day post fertilization. Expression of the remaining members of the y-
crystallin gene family occurs much later, between 3 weeks and 6 months of age (Greiling et al.

2009). Assuming that HSF4 has a role in regulating crystallin genes, and especially the y-
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crystallin gene family, in zebrafish as it does in mice, the sequential and delayed expression of
crystallin gene families during lens development may partially explain the increase in Asf4
mRNA expression at later developmental stages. In any event, these data suggest that HSF4 and
HSF1 do not work cooperatively to regulate early aspects of zebrafish lens formation, such as
hsp70 induction observed at 30 hpf. This does not rule out the possibility of such co-operative
function in later stages of zebrafish lens development.

The development of functional vision in zebrafish is essential for survival of the animal and
has been determined to occur at the time the fish develop the ability to capture prey (Easter and
Nicola 1996). Zebrafish begin to show a startle response to shadow images and begin to
distinguish between light and darkness between 69-72 hpf (Easter and Nicola 1996; Gestri et al.
2011). This behaviour is quickly followed by the development of eye movements that are
indicative of tracking prey and the ability to distinguish shapes at 73-80 hpf. The development
of prey tracking behaviour also coincides with retinal image formation and the maturation of
extraocular muscles (Easter and Nicola 1996; Gestri et al. 2011). As well, at 72 hpf, the OFZ in
the lens has expanded to all but the outermost layers of the lens fibres and cell nuclei are only
visible in a few cells that lie in the posterior section (near the retina) of the lens (Greiling and
Clark 2012). The end of 72 hpf or the third day of development also marks the completion of the
hatching stage of zebrafish development, after which the fish are referred to as larvae (Kimmel et
al. 1995). After hatching, the fish are no longer protected from the environment by their chorion
and it stands to reason that the completion of functional vision, which is necessary for survival,
would coincide with this stage of development. Expression analysis of Asf4 transcripts in the
results presented in this thesis demonstrate that there is a trend for both transcripts to be less
abundant at 60 hpf when compared to mRNA levels at 105 hpf. As well, calculations suggest the
level of hsf4b mRNA was always higher than Asf4a mRNA levels (section 4.4.3.2). However, in
embryos at 80 hpf the abundance of the Asf4b transcript appears to increase to levels similar to
105 hpf while the Asf4a mRNA levels remain lower than at 105 hpf. This increase in only the
hsf4b transcript also effectively increases the b:a ratio of Asf4 transcripts from approximately 7
fold at 60 hpf to embryos having approximatley 30 fold more at 80 hpf before the ratio decreases
to 9 fold more Asf4b at 105 hpf, similar to that seen at 60 hpf. The fact that the increase in Asf4b
is observed at the same developmental stage at which hatching is completed and functional

vision is achieved in zebrafish is intriguing. In mouse development, a peak in HSF4 expression
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was observed in lenses immediately after birth after which the levels of HSF4 declined (Bjork
and Sistonen 2010). It may be possible that the increase in ssf4b observed in 80 hpf zebrafish is
occurring at a similar developmental time point as the peak observed in mice lenses, the role of
which in development is still unknown. It has also been shown that HSF1 and HSF4 are
necessary for the function of sensory organs in mammals after they have been exposed to the
environment for the first time (Akerfelt et al. 2010). Based on this observation, there could be a
need for increased Asf4b expression by the zebrafish to maintain or further develop functional
vision at 80 hpf as the time period surrounding this developmental stage would the first time
larvae are exposed to an environment outside of the chorion.

The primary role of HSF4 has been determined to be a transcriptional activator or repressor
of genes during development of the lens. So far gene targets regulated by HSF4 are themselves
parts of cellular mechanisms that are either involved in the differentiation of lens epithelial cells
into fibre cells (fgfs, RhoA and Racl) or provide structural proteins for the lens (y and oB-
crystallins, SKAP, Bfsp) (Fujimoto et al. 2004, 2008; Somasundaram and Bhat 2004; Shi et al.
2009; Enoki et al. 2010; Zhou et al. 2011; Hu et al. 2013; Jing et al. 2013; Li et al. 2013). These
proteins are required for the development of a functionally transparent lens with the appropriate
refractive index through which light can be transmitted and focused to form an image on the
retina. Acquisition of lens transparency to allow image formation on the retina is a fundamental
component of eye development and achieving functional vision. The expression of various
crystallin genes occurs sequentially throughout the growth period of the fish and unique
crystallins may begin to be expressed at this stage. Previous studies in mammals have shown
that the pS-crystallin gene family is one of the primary targets of HSF4 (Fujimoto et al. 2004;
Min et al. 2004; Shi et al. 2009). However, these proteins would not be related to the acquisition
of vision in zebrafish at this stage as they are not expressed until six weeks of age and later
(Greiling et al. 2009).

The removal of DNA and organelles from lens fibres during maturation is an important
process that allows the lens to achieve transparency and funnel light through to the retina
(Greiling et al. 2009; Greiling and Clark 2012). Two different pathways, an attenuated apoptosis
pathway and the ubiquitin-proteosome pathway, have been implicated in the elusive mechanism
of organelle and DNA clearing during lens development (Wride 2011; Greiling and Clark 2012).

The Hsp70 chaperone is expressed under non-stress conditions in the lens of developing
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zebrafish (Nakai et al. 1997; Fujimoto et al. 2004; Evans et al. 2005; Evans 2006; Kim et al.
2011; Cui et al. 2012). Knockdown of this gene during zebrafish development results in a small
eye and lens phenotype (Evans et al. 2005; Evans 2006). There has been some evidence that this
chaperone may have a role in both of the above pathways. The Hsp70 chaperone protects
proteins from mis-folding and aggregation during stresses that can eventually lead to apoptosis
and therefore has been suggested to have a protective role in the lens during the attenuated
apoptosis process linked to protein clearance in the lens (Mathew and Morimoto 1998; Pirkkala
et al. 2001; Evans et al. 2005; Evans 2006; Abane and Mezger 2010). In the ubiquitin-
proteosome pathway, Hsp70 has been shown to be required for the formation of a functional 26S
proteosome (Awasthi and Wagner 2005; Grune et al. 2011). The volvox zebrafish mutant,
known to have a non-functioning Psmd6 subunit of the 26S proteosome, has a small lens
phenotype similar to that observed in Asp70 knockdown zebrafish lending further support for a
role for Hsp70 in this pathway (Evans et al. 2005; Evans 2006; Imai et al. 2010).

Recent evidence suggests that HSF4 may have role in facilitating degradation of DNA in
lens fibres during eye development by regulating the expression of genes such as Rad 51
recombinase, DLAD and DNase I (He et al. 2010; Cui et al. 2012, 2013). Several studies have
also demonstrated that HSF4 regulates Asp70 expression in the lens, presumably at later stages of
lens development as expression of hsp70 is detected earlier (28 hpf) than Asf4 (60 hpf) in the
lenses of zebrafish (Blechinger et al. 2002; Fujimoto et al. 2004; Kim et al. 2011; Cui et al. 2012,
2013). In zebrafish embryos, a developmentally specific increase in Hsp70 was observed
between 72-84 hpf in the absence of heat shock (Yeh and Hsu 2000, 2003). These elevated levels
of Hsp70 at 84 hpf were eight fold higher than those observed in embryos between 12-60 hpf and
96-108 hpf stages of development (Yeh and Hsu 2003). These studies also demonstrated that the
largest increase in Hsp70 levels in response to heat shock also occurred at 84 hpf. While the
analysis of Asp70 expression presented in this thesis does not show a significant difference in
basal mRNA levels at 80 hpf when compared to other developmental stages, levels of Asp70
mRNA after heat shock do appear to be highest at 10 hpf and 80 hpf (Fig. 4.13C). Interestingly,
the sudden and stage specific increase in Hsp70 expression observed by Yeh and Hsu (2000)
occurs at the same time as the increase in ssf4b mRNA levels observed at 80 hpf. It is therefore
tempting to speculate that higher levels of Asf4b at 80 hpf result in increased levels of HSF4b in

the embryo for the purpose of increasing transcription of target genes, including Asp70, which
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encode for proteins required for lens clearing. An increase in this suite of proteins at the 80 hpf
stage may be necessary to achieve a final clearance of organelle and DNA fragments from lens
fibre cells to establish a completely transparent lens necessary for the acquisition of functional
vision in zebrafish larvae which coincides with this stage of development.

Developing zebrafish embryos exposed to heat shock had an increase in the mRNA levels
of both hsf4 transcripts at 60 hpf (Fig. 4.15C and D). These increases returned to non-heat
shocked levels after a recovery period. The same response to heat shock was not seen in older
embryos at 80 and 105 hpf. While we did not observe a response to heat shock in embryos
younger than 60 hpf, we can not rule out that a similar response may occur. Hsf4 expression in
younger embryos has been shown to occur earlier than 60 hpf in other studies even though
expression was below the limit of detection in the qPCR analysis presented in this thesis (Cui et
al. 2013). To date, no other studies have investigated Asf4 expression in response to heat stress.
Heat shock had no effect on Asfla+b (Fig. 4.17C) and hsf2 (Fig. 4.18C) mRNA levels in
zebrafish in our experiments but there was a decrease in Asf1b in response to heat shock which
will be discussed further in section 5.5. The results for Asfl and Asf2 mRNA in our studies are
consistent with previous studies which have demonstrated that isfl and Asf2 mRNAs are
maintained at constant levels during heat shock with an exception being zebrafish Asfi1b which
has been shown to decrease in response to heat shock (Lindquist 1986; Rabergh et al. 2000;
Pirkkala et al. 2001; Airaksinen et al. 2003a, 2003b). Interestingly, avian HSF3 is the only other
HSF where an increase in expression has been demonstrated in response to severe and prolonged
heat shock (Tanabe et al. 1997).

Studies investigating the effect of heat shock on potential HSF4 targets demonstrated that
heat shock could up-regulate hsp70, hsp90 and hsp27 in mammalian cells transfected with
human /Asf4b (Tanabe et al. 1999). As well, HSF4b was able to re-establish thermotolerance in
an Asf null yeast cell line. The same response could not be repeated in either cell line transfected
with Asf4a (Tanabe et al. 1999). A later study profiling HSF binding sites in mouse lenses
demonstrated heat shock induced HSF4 binding to the promoter region of several non-classical
heat shock genes, some of which were also bound by HSF1 (Fujimoto et al. 2008). They were
also able to demonstrate that in lenses from /sf4 null mice, HSF1 was not able to bind to these
same sites upon heat shock. Further analysis demonstrated that HSF4 binding was associated

with decreased levels of methylated histone H3K9 and relaxed chromatin structure, both in
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mouse lenses and in cell culture. It was determined that the absence of H3K9 methylation
regulation by HSF4 in Asf4 null mouse lenses was responsible for decreased HSF1 binding in
these regions (Fujimoto et al. 2008). It may be that the increase in both zebrafish Asf4 transcripts
observed at 60 hpf may be necessary to directly regulate gene expression related to proteostasis
in response to stress. At this stage in lens development, fibres are rapidly undergoing
denucleation and organelle clearing, a process that occurs on a large scale between 50-72 hpf.
As discussed earlier, several studies demonstrate that HSF4 can regulate expression of Asp70, a
chaperone involved in regulating proteostasis in response to stresses, in the lens (Fujimoto et al.
2004; Kim et al. 2011; Cui et al. 2012, 2013). Another possibility is that an increase in HSF4
may be related to an increased need of the embryo to modify chromatin to allow HSF1 access to
classical heat shock genes required to maintain proteostasis during the stress in the lens. In
either case, the data presented here suggest that HSF4 is important for the stress response in
embryos at early stages of development while the same is not true for older embryos as heat
shock did not increase /sf4 mRNA levels in embryos at 80 or 105 hpf. The possible role of
HSF4 regulation of the heat shock response in early developmental stages is an interesting one

that should be investigated further.

5.3 Expression of hsfl in zebrafish embryos and tissues is similar to mammalian

expression patterns

The expression levels of two hsfl transcripts were analyzed in zebrafish across
developmental stages and in adult tissue by determining the mRNA levels of combined Asfla+b
transcripts and the Asf1b transcript alone (Fig. 4.17). Both transcripts of AsfI are splice variants
of the same gene with Asf1b being identical in sequence to Asfla except for a 78 bp sequence
immediately upstream of the HR-C domain (Rabergh et al. 2000). Calculations suggest that the
mRNA levels for the combined Asfla+b are always more abundant than Asf1b transcripts alone
for both embryos and adult tissues, indicating that Asf7a is always present in the same tissues as
hsf1b (section 4.4.4.1 and 4.4.4.2). Both the combined Asfla+b mRNA and Asfib mRNA alone
was expressed in all tissues, with the spleen, muscle, gills, ovary and dissected eggs having
significantly lower expression of both transcripts than the heart (Fig. 4.16). This observation
suggests that there is some tissue specific regulation of the expression of Asfl splice variants.

These observations are consistent with the ubiquitous expression with variable mRNA levels of
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both Asf1 transcripts observed in all tissues in mice (Fiorenza et al. 1995). In mice, the highest
hsfl mRNA levels were observed in the testis, heart and skeletal muscle while the weakest
expression was observed in the liver and kidney (Fiorenza et al. 1995). The mRNA levels of
hsfl observed in zebrafish were similar to those seen in mice in that, with the exception of
mature eggs, the highest Asf1 levels were also observed in the heart and testis. However, the
levels of mRNA in zebrafish skeletal muscles were significantly lower than the heart while
expression levels in liver appear to be similar to the heart. Mature eggs (squeezed) had
significantly higher levels of both mRNAs (Fig. 4.16), the implications of which will be
discussed in more detail in section 5.5. Both transcripts were also expressed in all stages of
embryo development with higher levels of Asfl transcripts in embryos at 10 hpf (Fig. 4.17).
Again, this observation will be discussed in greater detail in section 5.5. One of the most striking
observations about Asf1 expression was seen in embryos after heat shock treatment. The mRNA
levels of hsf1b decreased or showed a trend to decrease after heat shock treatment at 60, 80 and
105 hpf (Fig. 4.17D). The decrease in Asf1b mRNA levels appears to return to non-heat shock
levels after a 15 hour recovery period at normal growth conditions.

Very few investigations have looked at the differential expression and function of the two
HSF1 isoforms in any species. Previous studies in zebrafish have shown that heat shock resulted
in a tissue specific decrease in Asf1b in liver and gills which was accompanied by an increase in
Hsp70 (Rabergh et al. 2000). A decrease in the Asf1b transcript level in response to heat stress
was also shown in the ZF4 cell line (Airaksinen et al. 2003a). However, while zebrafish exposed
to heavy metal toxicity stress using cadmium and copper also had increased Hsp70 expression in
liver and gonad tissues, the decrease in Asfl/b was not observed leading the authors to suggest
that the change in ratios of 4sfI mRNA levels may be the result of a stress specific mechanism
(Airaksinen et al. 2003a, 2003b). This mechanism may come as a result of heat shock inducing
an HSF1a and b heterotrimer as Ojima and Yamashita (2004) were able to demonstrate that the
two isoforms in trout could form heterotrimers. While the results presented in this thesis did not
examine the effect of heat shock on Asfl mRNA levels in specific tissues, whole zebrafish
embryos showed a similar response of decreased Asf1b expression after heat shock across all
developmental time points. This suggests that a response mechanism regulating HSF1 in
embryos during development is similar to that observed in liver and gills. While heat shock

caused a decrease in AsfIb mRNA levels, there was no significant change observed in the level
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of hsfla+b mRNA, suggesting that levels of 4sf7a may have increased as Asf1b levels decreased
(Fig. 5.17C). This suggests that heat shock may affect mechanisms that regulate Asf1 alternative
splicing. Further studies are required to elucidate the specific role and mechanism by which
hsf1b has in regulating heat stress and to determine if a similar mechanism is observed in other

vertebrate species.

5.4 Pattern of hsf2 expression in zebrafish embryos and tissues differs from

mammalian expression patterns.

The expression of Asf2 was also analyzed in zebrafish across developmental stages and in
adult tissue by determining the mRNA levels using qPCR. Expression of 4sf2 was detected at all
developmental stages with a trend to higher levels of mRNA only at 10 hpf (Fig. 4.18B) which
will be discussed in greater detail in section 5.5. The results presented here are similar to those
obtained from studies analyzing the expression of 4sf2 in post-implantation mouse embryos from
stage E8.5 to E15.5 in which Asf2 levels were highest in the earlier developmental stages (Rallu
et al. 1997; Min et al. 2000). However, Asf2 mRNA and protein levels gradually decreased in
abundance throughout the mouse embryo and began to localize to the central nervous system in
later developmental stages. This expression pattern differs from the seemingly steady state levels
of hsf2 mRNA levels observed in later developmental stages in zebrafish.

Expression of hsf2 was also detected in all tissues analyzed with only the mature eggs
having significantly higher mRNA levels (Fig. 4.18 A) which, again, will be addressed in section
5.5. The ubiquitous expression of Asf2 in all adult tissues with varying levels of steady state
mRNA between tissues is consistent with what has been observed in mice (Fiorenza et al. 1995;
Bjork and Sistonen 2010). While the expression of /sf2 in mice has been shown to occur in most
tissues, the pattern of expression is distinct with higher levels of mRNA in testis and skeletal
muscle. The results presented in this thesis are quite different than those seen in mice as our
analysis showed a trend to higher mRNA levels in the eye and liver but no significant increase in
the testis compared to the heart. This is an intriguing result considering the body of recent
literature showing that HSF2 has a critical role in spermatogenesis and male fertility in mammals
(Wang et al. 2003; Akerfelt et al. 2010; Bjoérk et al. 2010). Spermatogenesis in mammals and
fish are similar in several ways. Males from both groups have bilateral testes which contain

spermatogonia within seminiferous tubules. The spermatogonia undergo meiosis to form
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spermatocytes that eventually become mature sperm capable of fertilizing eggs from a female
(Menke et al. 2011). The stages of spermatogenesis in zebrafish are similar to other vertebrates,
however mature sperm develop much faster in zebrafish, taking only six days to develop from
spermatogonia to mature sperm while this process takes 5-7 weeks in most mammals (Leal et al.
2009). One of the primary differences between mammals and fish is that the process of
spermatogenesis in fish occurs in cysts formed from cytoplasmic projections from one or two
Sertoli cells surrounding a single spermatogonium (Leal et al. 2009; Menke et al. 2011). These
cysts line the seminiferous tubules within the testis that are structurally long tubes contained
within the body of the fish. In mammals, multiple spermatogonium and Sertoli cells are
contained within seminiferous tubules which are tightly coiled within multiple lobes of the testis
(Johnson and Everett 1995). Mammalian testes are not maintained within the animal’s body but
are held in a scrotal sac positioned outside of the body to facilitate thermoregulation and keep the
testes cooler than the core body temperature during spermatogenesis (Waites 1991; Skandhan
and Rajahariprasad 2007). Thermoregulation of the testis during spermatogenesis is crucial to
the maintenance of sperm quality in mammals (Waites 1991; Skandhan and Rajahariprasad
2007). However, this is a characteristic that seems to be specific to mammalian sperm
development as other species such as birds, amphibians and fish retain their male reproductive
organ inside the body cavity and spermatogenesis occurs successfully through a range of
temperatures including those similar to the core body temperature (Paniagua et al. 1990; Beaupre
et al. 1997; Leal et al. 2009). The expression of HSF2 during spermatogenesis has only been
characterized in mammalian species and the exact nature of its function is still under
investigation. It may be possible that HSF2 is required to regulate genes required for
thermoregulation during spermatogenesis in mammals which would not be required during
zebrafish spermatogenesis, explaining the lower level of Asf2 expression observed in our results.
HSF2 has also been demonstrated to have a role in chromatin modulation of the Y
chromosome in mice. Several recent studies have revealed that there are multiple binding sites
for HSF2 on the mouse Y chromosome in both mitotic and non-mitotic stages of cell division,
suggesting that HSF2 may be required for transcription of genes from the Y chromosome
(Akerfelt et al. 2008, 2010; Vihervaara et al. 2013). Zebrafish do not contain sex chromosomes

and therefore chromatin modulation of the type found in mouse testis would not occur in
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zebrafish, offering another possible reason for a lower abundance of Asf2 mRNA observed in

zebrafish testis.

5.5 hsfl and hsf2 are present as maternal RNA in zebrafish eggs.

Analysis of the tissue specific expression of HSFs revealed that mRNA for both Asf2 and
hsf1 had significantly more transcripts in mature eggs (squeezed eggs) than in any other tissue
including immature eggs (dissected eggs) and the entire ovary (Fig. 4.16; Fig. 4.18A).
Complementing this is the observation that there was a trend to higher Asf1 and hsf2 transcript
levels in embryos at 10 hpf. These transcript levels were drastically reduced at 30 to 80 hpf (Fig.
4.17A and B; Fig. 4.18B). Transcript levels of Asp70 were also significantly higher in mature
eggs than in any other tissue, however the same was not true in 10 hpf embryos (Fig. 4.12).
Together, these observations strongly suggest that mRNAs encoding for both isoforms of HSF1
and HSF2 as well mRNA encoding Hsp70 are deposited as maternal RNA in zebrafish eggs at a
later stage in folliculogenesis when eggs are nearing maturation.

In zebrafish, the process of folliculogenesis and oogenesis is divided into five stages, these
being primary growth, cortical alveolus or pre-vitellogenic, vitellogenic, maturation and finally a
mature egg (Knoll-Gellida et al. 2006). The developmental process from primary stage follicles
to post-vitellogenic stage follicles takes 10 days after which the eggs are arrested prior to final
maturation and ovulation (Knoll-Gellida et al. 2006; Clelland and Peng 2009). During
oogenesis, maternal mRNA and proteins are densely packed into eggs. However, there is little
known about the exact timing and mechanism for deposition of maternally derived molecules in
zebrafish embryos (Clelland and Peng 2009). Maternal RNA and proteins are important for
early stages of embryo development as there is no activation of zygotic genes. Maternal RNA
and proteins are primarily responsible for cellular functions and early cleavage stages of
development, prior to the initiation of zygote directed gene transcription (Knoll-Gellida et al.
2006; Tadros and Lipshitz 2009).

In zebrafish, the mid-blastula transition (MBT) occurs at cell cycle 10 which is
approximately 3 hpf (Kane and Kimmel 1993; Tadros and Lipshitz 2009). The MBT, which is
characterized as a lengthening of the cell cycle and a loss of cell cycle synchrony, occurs at
roughly the same time as the major wave of zygotic gene activation (Kane and Kimmel 1993;

Tadros and Lipshitz 2009). The maternal to zygote transition (MZT) refers to the developmental
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time period where regulation of cell cycle and metabolism transitions from maternal regulation
to regulation dependent solely on zygote derived RNA and protein. The MZT spans the time
where maternal mRNA and proteins are being degraded and the zygote begins to regulate its own
gene expression and ends when all maternal RNA has been degraded and regulation of
development has been completely transferred to the zygote (Tadros and Lipshitz 2009). In
zebrafish the MZT spans the time period of 3-8 hpf which encompasses the MBT.

Maternal RNA in zebrafish has been divided into three different groups characterized by
whether the majority of the RNA degradation has occurred before, during or after zygote gene
activation (Tadros and Lipshitz 2009). The results presented in this thesis suggest that maternal
hsf expression would be placed into the third group as mRNA levels were still high in embryos at
10 hpf (Fig. 4.17A and B; Fig. 4.18B). However, Asp70 most likely would belong to either the
first or second group as Asp70 mRNA levels at 10 hpf were not significantly different from those
observed at any other developmental stage analyzed (Fig. 4.12B). Previous studies support our
observation that both Asf1 and Asp70 are expressed as maternal transcripts. Expression of isp70
was detected in oocytes from mouse, Xenopus and Atlantic cod (Bensaude et al. 1983; Metchat
et al. 2009; Skjaerven et al. 2011) and AsfI transcripts have been identified in both Xenopus and
mouse oocytes (Bienz 1984; Bienz et al. 1984; Ovsenek and Heikkila 1990; Gordon et al. 1997;
Christians et al. 2000; Metchat et al. 2009; Bierkamp et al. 2010; Akerfelt et al. 2010). In both
species, HSF1 has been shown to bind and regulate 4sp70 expression in oocytes (Gordon et al.
1997; Akerfelt et al. 2010). In mice, a knockout of maternal Asf7 resulted in reduced viability of
oocytes and zygotes, possibly due to disruptions in mitochondrial function and Asp90a
expression (Christians et al. 2000; Metchat et al. 2009; Bierkamp et al. 2010). In zebrafish, an
expression and proteomics analysis of maternally derived RNA and proteins from mature eggs
found 329 unique mRNA transcripts (Knoll-Gellida et al. 2006). While the study identified
transcripts for Asp60, hsp8, hsp5 and hsp90p, they did not report identifying Asf1, hsf2 or hsp70
maternal RNA. However, it must be noted that the study only discussed an analysis of the 58
genes that culminated in the 17% most abundant transcripts.

While the presence of maternal /4sf1 and Asp70 mRNA has been reported in oocytes from
several species, the current dogma surrounding 4sf2 is that it is not a maternally expressed
transcript and expression begins only at the eight cell stage in mice (Kallio et al. 2002; Abane

and Mezger 2010). The results presented in this thesis demonstrating that Asf2 is present at high
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levels in zebrafish eggs is, to the best of my knowledge, the first description of maternally
expressed Asf2. The reason for the discrepancy in the presence of maternal Asf2 between
zebrafish and mammals is unknown. It is tempting to suggest that this may be a characteristic of
species that develop in ovo and it would be interesting to try and determine if Asf2 is expressed
maternally in avian species. In Xenopus oocytes, no HSF:HSE complexes could be identified
with an HSF2 antiserum (Gordon et al. 1997). This result does not negate the presence of /sf2
mRNA in Xenopus oocytes but does suggests that maternal HSF2 is either not present in
Xenopus oocytes or that HSF2 was not actively trimerized and complexed with HSEs at the time
when the analysis was performed. The maternal expression of Asf2 mRNA may also be a
characteristic specific to telosts. Further investigation into the expression of Asfs in oocytes of
teleosts and other species is required to determine to what extent Asf2 is maternally expressed in
the animal kingdom.

Another interesting observation about the presence of maternal Asp70, hsfl and hsf2 in
zebrafish eggs is that there is a significant increase in the mRNA levels for these genes in mature
eggs vs immature eggs or the ovary. This suggests that these maternal transcripts are deposited
into the oocyte at late stages of folliculogenesis most likely during the maturation stage after the
vitellogenic stage. Reviews on maternal RNA deposits in several species including zebrafish
have noted that maternal RNA is capable of remaining stable in the oocyte for a prolonged time,
suggesting transcripts remain for days, weeks or even months prior to being degraded. (Knoll-
Gellida et al. 2006; Tadros and Lipshitz 2009). These statements could be interpreted to suggest
that maternal RNA is deposited in eggs at an early stage of oogenesis. Our results would suggest
that this is a concept that requires further study as high levels of maternal RNA for all transcripts
are only observed in mature oocytes. As well, the majority of maternal RNA appears to be
degraded by approximately 8-10 hpf which suggests that Asf maternal transcripts are only
required to be stable from the point of being deposited into a mature follicle to degradation at 8

hpf.
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6.0 CONCLUSIONS

Several conclusions about HSF expression and function in zebrafish development can be
drawn from the data presented in this thesis. We have identified that zebrafish express two
alternatively spliced transcripts of the Asf4 gene, with the Asf4a transcript comprised of sequence
from eight exons and the Asf4b transcript comprised of the same eight plus an additional four
exons. The similarity observed in the amino acid composition of protein domains between
zebratish HSF4 and HSF1, as well as the close relationship of these proteins observed in the
phylogenetic analysis, suggest that zebrafish Asf4 evolved from an Asf1 duplication event and
that some domains in the protein remains structurally more similar to HSF1 than the more distant
mammalian HSF4. The truncated structure of the HSF4a protein as well as the presence of an
HR-C domain in the HSF4b isoform suggests that zebrafish and mammalian HSF4 proteins may
not share all the same functions.

Zebrafish hsf4 is developmentally expressed in zebrafish embryos and is predominantly
expressed in adult eye tissue. This evidence strongly suggests HSF4 has important roles in eye
development as has been reported for mammals. While a basal level of Asf4b can be detected in
all adult tissues tested, mRNA levels are undetectable for both Asf4 transcripts prior to 60 hpf.
This observation, combined with the surge of 4sf4b expression at 80 hpf, suggests that HSF4 has
a more prominent role in later stages of eye development in zebrafish and may be involved in
regulating genes crucial for the development of functional vision.

Further analysis of tissue specific expression of zebrafish HSFs determined that there are
significantly higher levels of AsfI, hsf2 and hsp70 mRNA in eggs that have been squeezed from
zebrafish than in any other tissue analyzed including the ovary. This result suggests that the
mRNAs for these three genes come from the maternal genome and are deposited in eggs at later
stages of oogenesis. The presence of maternal Asfl/ and hsp70 RNA has been reported in
mammalian eggs. However, this is the first time the presence of maternal RNA for 4sf2 has been
identified.

The role HSFs play in regulating different developmental mechanisms is a relatively young
area of research. To date most analysis of HSF function and conclusions drawn about the roles
HSFs have in development have been based on observations made primarily on HSFs from
mammalian species (Abane and Mezger 2010). Currently the HSF4 protein has been globally

characterized as a HSF that lacks an HR-C domain. However, the observation that zebrafish
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HSF4b and avian HSF4 isoforms both have an HR-C domain means that the current definition of
HSF4 protein structure will have to be redefined. Analysis of /sf2 expression presented in this
thesis has also demonstrated that the high level of Asf2 mRNA observed in mammalian testis is
not observed in the zebrafish. As well, the expression of maternal 4sf2 RNA in zebrafish eggs is,
again, unlike what has been observed in mammals. The data presented in this thesis suggest that
further analysis of HSF expression and function from multiple classes of animals is needed to
fully understand the evolution of these proteins and provide a better understanding of the roles

HSFs have during development.
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7.0 FUTURE DIRECTIONS

While a full characterization of #hsf4 expression in zebrafish tissues and during
development was presented in this study, very little investigation was performed on the activity
of HSF4 as a transcription factor in zebrafish. One of the limitations in these studies was the
lack of antibodies that could specifically detect individual HSFs in zebrafish embryos. The
antibodies currently available to us were developed against synthetic peptides 13-15 amino acids
long. Unfortunately, Western blot analysis of HSF proteins in zebrafish embryos with these
antibodies was not specific enough to derive any conclusions from the experiments. However,
during the initial characterization of the zebrafish antibodies, full length HSF1, HSF2 and HSF4
proteins were isolated from a bacterial expression system for the purpose of determining
antibody specificity. The use of these full length proteins as antigens for antibody development
would likely generate antibodies with better specificity. New antibodies with greater specificity
would allow us to characterize HSF protein expression and localization using Western blot,
immunohistochemistry or chromatin immunoprecipitation assay techniques.

The results from the thesis determined that the majority of /Asf4 expression occurs in the
zebrafish eye, similar to what has been observed in mammals. However, phylogenic analysis of
HSF proteins across several species would suggest that zebrafish HSF4 did not diverge from
HSF1 to the same extent that mammalian HSF4 diverged. As well, in silico comparisons of the
zebrafish HSF4 sequence to other HSFs determined that functional domains of this protein (DBD
and HR-C) more closely resemble the amino acid composition of HSF1 than mammalian HSF4.
These observations suggest that the downstream targets regulated by HSF4 in zebrafish may not
be entirely the same as those identified in mammals. One way to determine if there is a
functional difference between the HSF4 transcription factors in different species is to determine
if HSF4 regulates the same genes in both zebrafish and mammals. The quickest way to study
functional differences is to knockdown #Asf4 using morpholino antisense technology and
determine the effect on gene expression of known downstream targets of mammalian HSF4 such
as fgf family members, a and y-crystallins and potentially Asp70. Preliminary experiments using
MO were performed in this study with inconclusive results occurring most probably due to a
solubility problem with the Lissamine tag on the MO. Therefore, future Asf4 knockdown
experiments could be performed using Asf4-MO linked to a different marker such as Fluorsceine.

There are several limitations to the analysis of 4sf4 expression that can be determined with MO
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technology specifically the late onset of detectable Asf4 mRNA in embryos. In our lab, the
effects of gene knockdown by MO begin to be reduced by 60 hpf when MO begin to be diluted
and phenotypes begin to disappear by 72 hptf. This leaves only a very narrow window to observe
any effects of 4sf4-MO on zebrafish development.

Recently zinc finger nuclease and transcription activator-like effector nuclease (TALEN)
technology has been used successfully to introduce heritable mutations and create gene specific
zebrafish knockout lines (Doyon et al. 2008; Ekker 2008; Meng et al. 2008; Foley et al. 2009;
Bedell et al. 2012). While generating hsf4 knockout lines for zebrafish using this technology
would take a longer time to develop, they would be more useful for studying the function of this
gene throughout zebrafish development as well as specifically looking at effects of hsf4
knockout on eye and lens physiology. Mutations of specific functional domains could also be
introduced using this technology. Unlike mammals, the zebrafish HSF4b protein has an HR-C
inhibition of trimerization domain. It would be interesting to see how the function of the
zebrafish protein was altered if this domain was made non-functional by mutation. Microarray
analysis of Asf4 binding sites using specific tissues, such as the eye, from both Asf4 knockout
strains and wildtype zebrafish would allow for a detailed identification of HSF4 targets in
zebrafish. As this thesis suggests, there may be differences between mammalian and zebrafish
HSF4 target genes. Identification of HSF4 targets in the zebrafish lens using chromatin
immunoprecipitation techniques such as ChIP-on-chip or ChIP sequencing. Comparison of the
results to those obtained from mouse lens would help to isolate unique zebrafish HSF4 targets
for further studies (Fujimoto et al. 2008). Given that Asf4a is expressed in the testis, it is likely
some of these novel targets would be involved in spermatogenesis. Studies investigating the
effects Asf4 knockdown on sperm quality would be interesting to pursue.

In mammals, HSF4a functions as a repressor of gene function (Tanabe et al. 1999). It is
therefore likely that one of the zebrafish isoforms may also act as a repressor. Overexpression of
each hsf4 transcript using in vitro transcribed mRNA for each splice variant independently
microinjected into embryos, could allow us to determine if either HSF4 isoform is capable of
repressing gene expression of potential target gene candidates (Finkbeiner et al. 2011). The
similarity between both isoforms of zebrafish HSF4 is high, and therefore it would likely be
impossible to generate isoform specific knockout lines for HSF4. However, analysis of the

effect of each HSF4 isoform on zebrafish development could be pursued by using the same
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technique used for overexpression in wild type fish to introduce mRNA from a single /sf4 splice
variant into zebrafish embryos with inactivated /sf4 genes generated using TALEN technology.
It has been previously shown that 4sf7 mRNA exists in embryos as maternal RNA (Gordon
et al. 1997; Christians et al. 2000; Metchat et al. 2009; Bierkamp et al. 2010; Akerfelt et al.
2010). The results presented in this thesis demonstrate that Asf2 exists in embryos as maternal
RNA as well. Again, this highlights a difference in Asf expression between zebrafish and
mammals. It would be interesting to determine if the presence of multiple Asfs as maternal RNA
is specific to aquatic species or if they also exist as maternal RNA in other species that develop
in ovo. Quantitation of mRNA levels for 4sf3 in unfertilized eggs from chicken and Xenopus
could provide some insight into this question.
Analysis of the shared synteny between zebrafish Asf4 and other mammalian Hsfs,
specifically HSFY, may also be interesting. This type of analysis may help determine if
zebrafish Asf4 is related to the mammalian HSFY or, alternately, may help to identify additional

zebrafish genes on different chromosomes that are similar to HSFY.
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9.0 APPENDIX

Table Al. List of species and NCBI accession numbers used for heat shock factor protein

phylogenic and protein domain analysis.

Species Common HSF1 HSF2 HSF3 HSF4

Name

(Symbol)
Danio rerio Zebrafish (z) [NP_571675.1 INP_571942.1 INP_001013335.1
IHomo sapien [Human (h) INP_005517.1 INP_004497.1 INP_001035757.1
Mus musculus Mouse (m) NP_032322.1 NP_032323.3 BAIS0338.1 INP_036069.1
Canus lupis Dog (d) IXP_532354 XP_533482.2 NP 001041586.1
Equus caballus Horse () IXP_001505050.2 [XP_001503083.2 XP_001497009.1
Wenopus laevis Frog (x) NP 001090266.1 [NP_001089021.1
Xenopus tropicalis Frog (xt) INP_001039053.1
Gallus gallus Chicken (c) P38529.1 INP_001161236.1 |XP_420166.2 INP_001165845.1
Taeniopygia guttata  |Zebrafinch (f) IXP_002189589.1 IXP 002188828
Oncorhynchus mykiss |Trout (t) INP_001118220.1 {[NP_001117849.1
Saccharomyces Y east (sc) INP_011442.1
cerevisiae
[Drosophila Fruitfly (dr) INP_476575.1
melanogaster
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Table A2. Summary of primers used for gPCR. The table shows the name given to the primer,
primer sequence, expected amplicon size, the starting nucleotide position on the mRNA
sequence where the forward primer binds, and the range of annealing temperatures for which the
primers produced a specific amplicon.

Gene Sequence (5'-3") Amplicon  Primer Start Range of
(Accession #) size (bp) Position in Annealing
mRNA (bp) temperatures
O

Elfo

(NM_131263.1) CAAGGAAGTCAGCGCATACA 134 587 56-63
TCTTCCATCCCTTGAACCAG

Pactin

(NM_131031) CGAGCAGGAGATGGGAACC 102 722 59-67
CAACGGAAACGCTCATTGC

hsp70

(NM_131397.2) ATCAACGAGCCCACGGCTGC 285 1189 57-67
ACATGCGGTTCGCAGCCTCC

hsfl a+b

(NM_131600.1) TGTGGACACGCCCCTTTCGC 84 1225 56-69
GCAGGCGACGCTCAAGCACT

hsflb

(NM_131600.1) GGCTTCTCCACCTCATCTCT 77 1225 53-63
CTGTCGATGGACTCCAGATG

hsf2

(NM_131867) GGATGAGTCCCTGGAGATGA 95 1436 53-63
GATAGAAGAGCGTGGCTTCG

hsf4

(both trascripts) GGTCCAGGTGTTGCGGAGCC 237 569 60-69
AGGGGTGGAGCAGCCGTCAT

hsf4b

(Ensembl hsf4 201) GGTCCAGGTGTTGCGGAGCC 886 569 53-63
AGCCAGCGGTGGGGTACAGC

hsf4a

(NM _001013317)  GCCAAGGAAGTTCTGCCCAA 968 306 58-67
GCTAAAAGTGGTCTCGCCCC

hsf4a splice-MO

(both transcripts) GGTGTTGCGGAGCCAACAGG 90 575 ND
GTGACACCACTTCCCTCCACA

1gf1

(NM_200760.1) GCCGTAGGTAAGCAGCTCGCT 134 5 56-65

GTCGCGCGGGCTGGACTTTA
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