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ABSTRACT

This study explores the molecular genetic mechanisms that regulate the
expression and function of five connexin (Cx) genes (Cx43, Cx44.1, Cx45.6, Cx48.5,
and Cx30.3) in zebrafish (Danio rerio) embryonic development and adult tissues.

The transcriptional start sites and 5’UTRs (untranslated regions) of these genes
were identified using 5> RACE (rapid amplification of cDNA ends). Interestingly, most
of these Cx genes have alternative 5° UTRs, differing only in their first exons, which are
generated from different promoter usages and alternative pre-mRNA  splicing.
Comparative analyses of zebrafish and mouse orthologs suggest that these features of Cx
gene expression are evolutionarily conserved. Preliminary in silico and in vivo
comparative analyses of promoter activities of zebrafish Cx44.1 and mouse Cx50 suggest
that transcription regulatory networks of homologous Cx genes might be conserved
between species. In silico analyses confirmed very strong loop-stem secondary structures
and frequent uORFs in their 5’UTRs. Sequence analyses also suggest that IRESs
(internal ribosome enter sites) might be involved in their translational regulation.
Interestingly, tandem alternative splicing was identified within 5> UTRs of Cx45.6, and
this is the first report of this phenomenon in Cx genes. Overall the diversity of 5’UTRs
reflects a complexity of post-transcriptional regulation for Cx genes, especially
considering the fact that alternative transcripts actually encode the same protein product.
Functional analyses using “transcript variant-specific morpholino knock-down”

approaches in GFP (green fluorescent protein)-labelled zebrafish embryos are proposed
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to elucidate this question.

A new zebrafish Cx gene, Cx30.3, was identified within the Cx48.5 promoter.
Sequence similarity and biophysical analyses suggest that zebrafish Cx30.3 is the
ortholog of mammalian Cx26. Its transcriptional start site and full-length gene
organization were identified using RACE technique. RT-PCR (reverse transcriptase
polymerase chain reaction), real time PCR, and in situ hybridization techniques revealed
that Cx30.3 is expressed in early embryos and in the skin, inner ear, lateral line, fin, heart,
and retina of adults. This expression pattern may suggest the role of Cx30.3 in the
development and function of hearing and balance in zebrafish. For future studies,
zebrafish Cx30.3 could be employed to model human diseases of hearing and disorders

in the skin.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 Gap Junction and Connexins
1.1.1 Gap junctional intercellular communication (GJIO)

As individual cells are separated by plasma membranes in multicellular
organisms, cell-to-cell communication across plasma membranes is critically important
to coordinate the behaviour of cells and tissues during embryonic development, as well
as maintain homeostasis and normal function of tissue/organs in adult life. A variety of
mechanisms have evolved to support such intercellular communication. These include
plasmadesmata in plants and gap junctions in animals.

Gap junctions are highly specialized membrane structures found in both
vertebrates and invertebrates from mesozoa to mammals. They are thusly named because
they provide physical contact and direct passages between the cytoplasms of adjacent
cells having a 2 — 4 nm extracellular gap between them (Robertson 1963; Revel and
Karnovsky 1967; Bennett and Goodenough 1978). Gap junctional intercellular
communication (GJIC) is mediated via cell-to-cell diffusion of small metabolic
molecules, ions, and second messengers, allowing both electrical and chemical coupling
between neighbouring cells. The gating properties and functions of gap junctional
channels are strictly regulated (Goodenough et al. 1996; Kumar and Gilula 1996; Wei et

al. 2004; Herve et al. 2007a). While the cellular functions of gap junctions are dependent
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on the cell type, several broadly defined functions can be identified. A primary function
of gap junctions is to provide a mechanism for both electrical and chemical coupling
between neighbouring cells by mediating direct exchange of ions and small molecules,
including but not limited to Ca*" K*, cAMP, cGMP, ATP, inositol triphosphate (IP3),
oligonucleotides, siRNAs, glucose, and glutamate (Goodenough et al. 1996; Kumar and
Gilula 1996; Wei et al. 2004; Herve etA al. 2007a). It has been well demonstrated that
GJICs play essential roles in many biological processes, including impulse conduction,
cell proliferation, growth and differentiation, metabolic coordination (particularly in
avascular organs such as epidermis and lens), and embryonic development (Bruzzone et
al. 1996b; Lo 1996; Saez et al. 2003; Mese et al. 2007). Loss or mis-regulation of gap
Junicational communication can consequently lead to a variety of human diseases or
defects in the nervous, cardiac, aural and visual systems (White and Paul 1999; Kelsell et
al. 2001; Vinken et al. 2003; Gerido and White 2004; Trosko 2007; Dobrowolski and
Willecke 2009). The tight docking of gap junction proteins between adjacent cells can
also provide an adhesive force between cells and interact with the internal cytoskeleton
to provide structural integrity (Lin et al. 2002; Elias et al. 2007). While gap junctions
typically function by allowing direct exchange of small molecules and signals between
two neighbouring cells, unpaired hemichannels can also participate in mediating
electrical and chemical signalling exchange between the cytoplasm and the extracellular
environment (Goodenough and Paul 2003). Junction-independent cell signalling

functions have also been suggested via the cytoplasmic C- terminals of the connexin
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proteins (Giepmans 2004).

1.1.2  Gap junction proteins and basic structural organization of gap junctions

Gap junctional channels are formed by end-to-end apposition via non-covalent
interactions of two hemi-channels, each of which is composed of six protein subunits
embedded in the plasma membranes of two neighbouring cells. Apart from the gap
junctional function, unpaired hemi-channels can function in single-cell membranes
similar to regular ion channels (Goodenough and Paul 2003; Bennett et al. 2003;
Shestopalov and Panchin 2008).

Two distinct protein families have evolved to fulfil this fundamental and highly
conserved function of intercellular communication. In vertebrates, gap junction channels
and hemi-channels are made of proteins encoded by a family of genes called “connexins”
(Cxs) (Goodenough and Paul 2003; Goodenough 1974; Bruzzone et al. 1996a), whereas
in invertebrates, gap junction proteins are encoded by another family of genes called
“innexins” (Inxs) (Phelan et al. 1998; Phelan 2005). Historically, connexins were
considered to be the only structural proteins of gap junction channels until the innexins
were discovered in 1998 (Phelan et al. 1998). Connexins are not homologous to innexins
according to their primary sequences, but interestingly, gap junctions formed from
connexins or innexins share similarities in structure and function. More recently, another
distinct group of proteins called “pannexins” (Panxs), which are homologous to innexins,

has been identified in vertebrates, including mammals (Baranova et al. 2004; Herve et al.
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2005; Panchin 2005; Barbe et al. 2006; Yen and Saier 2007). Based on analyses of their
sequence and function similarities, innexins and pannexins belong to a single
superfamily and therefore might have evolved from a common ancestor (Yen and Saier
2007). The lack of these proteins in some metazoans suggests that other
still-undiscovered gap junction proteins could exist (Shestopalov and Panchin 2008).

All identified gap junction proteins share a common topology, with four a-helical
transmembrane domains, two extracellular loops, an intracellular loop, and N- and
C-termini located on the cytoplasmic side. Connexins have three highly conserved
cysteines in each extracellular loop (thus six conserved cysteines in total) that form
intramolecular disulfide bonds, and consequently play essential roles in protein folding
and intercellular docking of opposing hemi-channels (Unger et al. 1999; Yeager et al.
1998; Rahman and Evans 1991; John and Revel 1991; Dahl et al. 1992). The only known
exception is Cx23, which has only four cysteines (Iovine et al. 2008). Similarly, innexins
and pannexins have two conserved cysteines in each extracelluar loop that serve similar
functions to that of connexins (Baranova et al. 2004; Herve et al. 2005; Yen and Saier
2007; Phelan and Starich 2001). In addition, there is a highly conserved proline motif at
the extracellular end of the second transmembrane domain in all gap junction proteins,
which is also considered to be involved in the formation of gap junction channels. The
capacity of two apposing hemi-channels (each from the neighbouring cells respectively)
to couple together and form intercellular channels has been considered the fundamental

characteristic of all gap junction proteins.



Because innexins and pannexins are relatively newly-discovered gap junction
proteins, the structure and functions of gap junctions have primarily focussed on
connexin-based channels. The present thesis research will focus on the regulation of

expression and function of connexins using zebrafish as the model organism.

1.1.3 Regulation of connexin-based channels

The half channel “connexon” is assembled from six protein subunits, called
“connexins”, which form a cylinder structure with a pore in the centre. The four
transmembrane domains in each connexin molecule contribute to the wall of the pore.
The two extracellular loops play roles in inter-connexon recognition and the formation of
gap junction channels. The transmembrane and the extracellular regions are highly
conserved among different members of the connexin family, which to a certain degree
allows different types of connexins to be able to assemble together. Connexons
assembled by the same type of connexins are termed homomeric connexons, whereas
those containing multiple types of connexins are termed heteromeric connexons.
Channels formed by the docking of two identical connexons are termed homotypic
channels, whereas channels formed by the docking of two different connexons are
heterotypic channels. It seems that there are four possible assemblies of gap junction
channels, among which only homomeric homotypic channels are made of identical
connexins. However, not all types of connexins have the same capability to form

heteromeric connexons or heterotypic gap junction channels — there is a highly regulated

5



code of compatibility among connexins. For example, Cx31 can only form homotypic
channels, whereas Cx46 can interact with other connexins (Elfgang et al. 1995; White et
al. 1995). Cx26 can form heteromeric channels with Cx30 and Cx32, whereas it cannot
form functional channels with Cx40 (Bukauskas et al. 1995; Segretain and Falk 2004).
Cx43 can form functional heteromeric channels with Cx46 but not with Cx50 (though all
three Cxs are co-expressed in the lens). When the E2 domains of Cx46 and Cx50 were
exchanged, the hybrid Cx50 was capable of forming heterotypic channels with Cx43,
which suggested that the second extracellular loops (E2 domains) are important for the
compatibility between connexins (White et al. 1995). Distinct electrophysiological and
permeability-selective properties have been shown not only for different homotypic gap
Junction channels, but also between homotypic and heterotypic channels. The complex of
interactions bgtween different connexins expands the diversity of both channel types and
channel properties, thus providing a mechanism for the regulation of channel activity and
function (White and Bruzzone 1996).

The intracellular regions, including the N- and C-terminal segments and the
intracellular loop, are important for the regulation of gating properties and channel
activities. It seems that the N-terminal is often highly conserved among different
connexins (Bruzzone et al. 1996b). For example, the zebrafish Cx43, Cx44.1 and Cx48.5,
which are all expressed in the fish lens have only a few nucleotides of difference
immediately downstream of the translational initiation codon (Cheng et al. 2003). In

contrast, the cytoplasmic loop and the C-terminal of connexins vary significantly in
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sequence and length. For example, the C-terminus of Cx26 has only a few residues,
whereas Cx50 has a long C-terminal tail of about 200 residues (Zhang and Nicholson
1989; White et al. 1992).

It has been established that the gating mechanisms of gap junction channels
include changes of cytoplasm membrane potential, changes of cytoplasmic pH and Ca®*
concentration, and phosphorylation of connexin peptides. The cytoplasmic regions of
connexins are targets of a variety of intracellular signalling molecules, and potential sites
for cytoplasmic protein-protein interactions, as well as post-translational modifications
such as phosphorylation, thus offering complicated mechanisms for the regulation of
channel property and function (Herve et al. 2007a; Giepmans 2004).

Initially, it was thought that the exchange of any ions or small metabolites (less
than 1.2 kDa) through gap junction channels was completely free, passive, and
non-specific. However, later evidence has demonstrated that the permeability of gap
junction channels are in fact connexin-dependent and highly regulated. Different
connexins possess unique properties with regard to unitary conductance, ionic and
chemical selectivity, size cut-off, and gating activity, all of which can provide different
signalling pathways in different cell types, dependent on the type of connexins present
(Bruzzone et al. 1996a). Accordingly, studies on connexin-related diseases have also
emphasized the non-redundance or differential functions of different connexins, where
the loss of one connexin cannot be compensated by the presence of other connexins in

the same tissue (or cell type) (White and Paul 1999; Kelsell et al. 2001; White 2003;
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White 2002).

The biosynthesis, assembly, and trafficking of connexins is considered to follow
the general secretory pathway for general membrane proteins, although most of the
studies refer to Cx43 and there is no evidence that all connexins share the same pathways
(Saez et al. 2003; Laird 2006; Salameh 2006). Briefly, connexin peptides are
co-translationally integrated into the endoplamic reticulum (ER) membrane, followed by
the oligomerization of six connexins into a connexon in the frans-Golgi network.
Connexons are then delivered to the cell membrane within secretory vesicles, transported
along microtubules. The connexons enter into the cell membrane without preselected
localization, and they can move laterally in the plane of the plasma membrane. When
reaching the outer rim of a gap junction cluster (or regions of cell-to-cell contact),
connexons coming from two neighboring cells can interact with each other via their
extracellular loops, thereby forming a new gap junction channel. Intercellular channels
are then aggregated into gap junction plaques, each of which may contain from less than
a dozen to many thousand individual channels.

In contrast to typical membrane proteins that form channels mediated by gating,
the connexins have a surprisingly short half-life, ranging from 1 to 5 hours, which in fact
makes gap junction plaques highly dynamic. With new channels being added to the
periphery, old channels are removed from the center by a process termed
“internalization”, followed by degradation of connexins via either lysosomal or

proteosomal pathways. It is thought that the rapid turnover of gap junction channels
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provides a regulatory mechanism for the cells to rapidly adapt changes of physiological

conditions or respond to environmental stimuli (Salameh 2006; Herve et al. 2007b).

1.1.4 Connexin gene family

Since the cloning of the first connexin gene from rats in 1986 (Paul 1986;
Heynkes et al. 1986; Kumar and Gilula 1986), a large multi-gene family has been
revealed to date, including 21 human connexin genes and 20 mouse genes (Sohl and
Willecke 2003). One conventional nomenclature for connexin genes is based on the
molecular mass of their corresponding proteins, as for example, Cx43 encodes a
connexin (Cx) protein of about 43 kDa in size. This nomenclature frequently causes
confusion, especially to those who are new or not in this research field, because connexin
orthologues from different organisms might have different molecular weights, and
connexins that have the same molecular weight are not necessarily orthologues in
different species. Therefore, a suitable prefix is usually used to distinguish connexins
from different organisms. For example, hCx43, mCx43, 1Cx43, and ZfCx43 represent
human, mouse, rat, and zebrafish orthologues of connexin43 genes, respectively;
Z1Cx44.1 is the zebrafish ortholog of mCx50 (mouse connexin50); ZfCx48.5 is the
zebrafish ortholog of mCx46; and ZfCx30.3 is the ortholog of mCx26. Connexins have
been divided into three subgroups known as a, f, and y according to the degree of
peptide sequence homology and the length of their cytoplasmic domains (O'Brien et al.

1998; Sohl et al. 2001; Harris 2001; Willecke et al. 2002). Another conventional
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nomenclature has been used, which takes such evolutionary relationships into
consideration. For example, GJA8 represents Gap Junction Alpha 8, (otherwise known as
Cx50), and belongs to the a subgroup; whereas GIB2 stands for Gap Junction Beta 2,
(otherwise known as Cx26), and is a member in the B subfamily. Clearly, a suitable and
consistent nomenclature is required, and this issue is still under in-depth discussion at
international gap junction conferences.

Each connexin gene shows unique tissue- or cell type- specific distributions of
expression, while most tissues and many cell types co-express multiple connexin species.
Some connexins, such as Cx43 for example, are ubiquitously expressed in almost all
tissues or cell types, whereas the expression of most connexins is restricted in specific
tissues or cell types. For example, mouse Cx46 and Cx50 are lens-specific connexins.
Even in the same tissue, different connexins may show distinct cell type-specific or
development stage-specific expression patterns. The distinct but overlapping expression
patterns indicated the presence of complicated and tight regulatory mechanisms for the
expression and function of connexin genes (Saez et al. 2003; Oyamada et al. 2005).
However, our knowledge of the gene structure and the regulation of connexin expression
is still very limited. In fact, there have been relatively few studies in the literature, in
sharp contrast with thousands of articles on expression patterns and biological function
of connexin proteins; and studies on regulation of connexin gene expression have

focused mainly on the transcriptional level (Table 1-1).



Table 1-1.

Studies on Gene Structure and Transcrlptlonal Regulation of Cx Genes

hCx26

mCx26
hCx30
mCx31

hCx32

mCx32
rCx32
mCx36
rCx36
mCx39
mCx57
hCx40

mCx40

rCx40

hCx43

mCx43

rCx43

mCx45
mCx46
mCx47

. Gene Structure

3 exons Cx
Alternative exon-1

Alternative exon-1

Alternative exon-1
Alternative exon-1

Spliced ORF
Spliced ORF
Spliced ORF
Spliced ORF
Alternative exon-1

Alternative exon-1, 3
exons

Alternative exon-1

Alternative exon-1

3 exons
Alternative
trans-splicing/mCx50
Alternative exon-1

exon-1,

P1

P1
P1,P2
P1,P2

P1,P2
P1,P2, P3

P1,P2

P1, P2

P1,P2

P1

Pl

P1, P2, P3
(multi-TTSs)

P1, P2, P3
(multi-TTSs)

P1,P2,P3
P1,P2
P1,2,3,4

Promoters

TF sites or TFs, Other
regulators

TA-box, Sp1/Sp3, DNA
methylation

TA-box, Spl1/Sp3
TA-box, Spl, Egr
Egr2/Krox20

Sox10,  Egr2/Krox20,
DNA methylation

Spl, NF-1, HNF-1
Spl/Sp3, YinYang-1,
HNF-1, Mistl, DNA
methylation

Spl, Tbx3, Tbx5
Spl,GATA4, Nkx2-5,
Tbx5, Thx2,

Sp1/Sp3, Nkx2-5,
GATAA4, Tbx5

Spl, AP-1, Tbx3,
retinoids, estrogen,
Ras-Raf-MAPK
signalling, Wnt
signalling, DNA
methylation
Nkx2-5,Tbx2, Wnt
signalling

Spl, AP-1, Nkx2-5,

C-Fos, cAMP, estrogen,
PGE2, TH/PTH, CNTF,
Wnt signalling, DNA
methylation

Nkx2-5,

References ‘

1,2,3,4,5

6

7

8,9,10
11, 12, 13,
14,15
6,16, 17

17, 18, 19,
20,21, 22

23

23,24

25

26
27,28,29
10, 30, 31,
32, 33, 34,
35

32,36

29, 37, 38,
39, 40, 41,
42, 43, 44,
45, 46, 47,
48,49

30, 34,
50, 51,
53

35,
52,

19, 40,
54, 55,
57, 58,
60, 61

52,
56,
59,

33,62,63
64
64
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Table 1-1 References: [1] Tu and Kiang,1998. [2] Tu et al. 1998. [3] Tan et al.
2002. [4] Singal et al. 2000. [5] Loncarek et al. 2003. [6] Hennemann et al. 1992.
[7] Essenfelder et al. 2005. [8] Hennemann et al. 1992. [9] Jungbluth et al. 2002.
[10] Anderson et al. 2005. [11] Neuhaus et al. 1996. [12] Bondurand et al. 2001.
[13] Hirai et al. 2003.  [14] Yano et al. 2004. [15] Houlden et al. 2004. [16] Schl et
al. 1996. [17] Sohl et al. 2001. [18] Duga et al. 1999. [19] Piechocki et al. 1999.
[20] Piechocki et al. 2000. [21] Field et al. 2003. [22] Koffler et al. 2002. [23] Schl
et al. 1998. [24] Condorelli et al. 1998. [25] von Maltzahn et al. 2004. [26]
Hombach et al. 2004. [27] Dupays et al. 2003. [28] Fijnvandraat et al. 2003. [29]
Hoogaars et al. 2004. [30] Kasahara et al. 2001. [31] Bruneau et al. 2001. [32]
Linhares et al. 2004.  [33] Jay et al. 2004. [34] Christoffels et al. 2004. [35] Dupays
et al. 2005. [36] Bierhuizen et al. 2000. [37] Rogers et al. 1990. [38] Fishman et al.
1991. [39] Petrocelli et al. 1993. [40] Piersanti et al. 1995. [41] Geimonen et al.
1996. [42] Clairmont et al. 1996. [43] Clairmont et al. 1997. [44] Geimonen et al.
1998.  [45] Carystinos et al. 2003.  [46] Chen et al. 2003. [47] Oltra et al. 2003. [48]
Vine et al. 2005.  [49] Mitchell et al. 2005. [50] Chen et al. 1995. [51] Kasahara et al.
2003. [52] Pfeifer et al. 2004. [53] Chen et al. 2004. [54] Yu et al. 1994. [55]
Civitelli et al. 1997. [56] Ai et al. 2000. [57] Stock et al. 2000. [58] Mitchell et al.
2001. [59] Fernandez-Cobo et al. 2001. [60] Teunissen et al. 2003. [61] Ozog et al.
2004. [62] Jacob and Beyer 2001.  [63] Dupays et al. 2005. [64] Pfeifer et al. 2004.



1.2 Transcriptional Regulation of Connexin Genes

In general, gene expression is achieved by a multi-step program that is tightly
controlled by multi-layered regulatory mechanisms. It starts in specific areas of the
nucleus, where transcription factors (frams-acting proteins) bind to specific DNA
sequences (cis-regulatory elements) in the proximity of the target genes activating or
repressing the transcription via specific interactions with RNA polymerase. Newly
formed pre-mRNAs are bound by a number of mRNA-binding proteins (mRBPs), and
are modified by diverse RNA processing reactions including 5’ capping, splicing, editing,
3’ cleavage and polyadenylation. Mature, fully-processed mRNA transcripts are then
exported out of the nucleus through nuclear pores; and in the cytoplasm, they are
localized to specific subcellular regions by motor proteins or by the signal recognition
particle, where they recruit translation factors and ribosomes for protein synthesis. The
activity of proteins can be further regulated by folding, post-translational modification
(such as phosphorylation), subcellular localization, and interactions with other proteins.

Similar to other genes, expression of connexin genes is highly regulated by
multi-layered mechanisms including transcriptional control, pre-mRNA processing
control, mRNA transportation and localization control, mRNA stability control,
translational control, post-translational modification and localization control.
Transcription, as the necessary first step of gene expression, is believed to be central to
gene regulation, where promoters and transcription factors are key components

regulating the initiation of transcription. Transcription factors work in groups, rather than
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individually. There has been growing evidence that transcription factor binding sites in a
promoter are organized into clusters called “cis-regulatory modules (CRMs)”, which
contain dozens of binding sites usually for ~3 — 10 transcription factors. CRMs can span
a few hundred nucleotides in the sequence around the transcriptional start sites, which
“read out” the concentrations of multiple transcription factors that are present in a
particular cell context, thus determining the initial spatio-temporal expression patterns of
the target gene (Davidson 2001; Davidson 2006; Istrail and Davidson 2005). Functional
CRMs can be detected either experimentally or by in silico comparative promoter
analysis (Klingenhoff et al. 1999; Fessele et al. 2002).

DNA sequence around the transcriptional start site is described as the basal
(proximal) promoter of a gene, which is usually a few hundred base pairs (bp) in length
and can often include the first non-coding exon (Werner 1999). For connexin genes, it
was believed that the basal promoter P1 is located within the first 300 bp upstream of the
transcriptional start site (Oyamada et al. 2005). Within this region, a number of
transcription factor binding sites have been identified in some connexin genes, among
which mammalian Cx43, Cx40, and Cx32 have been the most extensively studied
connexin genes thus far (Table 1-1). Ubiquitous (or cell type-independent) transcription

- factors include the TATA-box-binding protein (TBP), -a GC-box-binding protein such as
Spl/Sp3, and an activator protein 1 (AP-1). These general transcription factors are
believed to facilitate the RNA polymerase II maintaining the basal level of transcription

of connexin genes; however, it is unlikely that all these factors are necessary for
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transcription of connexin genes. For example, some connexin genes might contain
“TATA-less” promoters. Genes with this type of promoter are often transcribed from
multiple transcription start sites spanning within decades of base pairs (Deng et al. 1986;
Weis and Reinberg 1992). In our studies on zebrafish Cx43, multiple transcriptional start
sites were shown to span approximately 50 bases, and no TATA-like elements were found
upstream of this transcriptional initiation region (Chatterjee et al. 2005).

Special spatio-temporal expression of connexin genes is dependent on the
presence of cell type-specific transcription factors. Studies on the molecular mechanisms
for tissue-specific expression of connexin genes have focused mainly on mammalian
Cx43, Cx40, Cx45, and Cx32 (also see Table 1-1). The cardiac conduction system
specifically expresses Cx43, Cx40, and Cx45, with distinct cell type-specific and
developmental stage-specific expression patterns (Gros et al. 2004). Cardiac-specific
transcription factors, such as Nkx2-5, Tbx5, and GATA4, play crucial roles in the
transcriptional regulation of these cardiac connexin genes, which was also confirmed by
Nkx2-5 and Tbx5 knockout mice (Bruneau et al. 2001; Kasahara et al. 2001;
Fijnvandraat et al. 2003; Kasahara et al. 2003; Jay et al. 2004; Linhares et al. 2004;
Dupays et al. 2005). Another well studied connexin is mammalian Cx32, which is
expressed mainly in hepatocytes, secretory acinar cells, and Schwann cells. Transcription
factors such as HNF-1, Mistl, Sox10 and Egr2/Knox20 were demonstrated to control the
transcription of Cx32 (Piechocki et al. 2000; Hennemann et al. 1992a; Koffler et al. 2002;

Bondurand et al. 2001; Rukstalis et al. 2003).
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In addition to the above transcription factors, cell signalling molecules known to
affect transcription such as cAMP (Yu et al. 1994; Civitelli et al. 1997; Van der Heyden et
al. 1998), retinoids (Rogers et al. 1990; Clairmont and Sies 1997; Clairmont et al. 1996;
Vine et al. 2005), estrogen (Yu et al. 1994; Geimonen et al. 1996; Geimonen et al. 1998;
Piersanti and Lye 1995; Petrocelli and Lye 1993; Oltra et al. 2003), and
thyroid/parathyroid hormones (Stock and Sies 2000; Mitchell et al. 2001) play roles in
the transcription of the Cx43 gene. Furthermore, several studies have suggested that the
Wnt pathway (Van der Heyden et al. 1998; Geimonen et al. 1996; Chen et al. 1995; Ai et
al. 2000) and Ras-Raf-MAPK pathway (Carystinos et al. 2003) are involved in the
regulation of expression of Cx43. Studies on Cx26 (Tan et al. 2002; Singal et al. 2000;
Loncarek et al. 2003), Cx32 (Piechocki et al. 1999; Hirai et al. 2003; Yano et al. 2004),
and Cx43 (Piechocki et al. 1999; Chen et al. 2003) also suggested that DNA methylation
of the CpG islands plays important roles for the transcription of these Cx genes.

While transcription is considered integral to the regulation of gene expression, it
does not always directly‘ correlate with the final concentration of the gene products that
govern the phenotype. In recent years, gene regulation at the post-transcriptional level
(for example, pre-mRNA splicing, microRNA, etc.) has been attracting more interest, as
it can provide mechanisms that finely modulate the dynamic spatio-temporal expression
of genes during embryonic development and a variety of cellular processes.

Recent studies on connexin gene structure have demonstrated that some

connexins commonly contain variant 5° UTRs (alternative first exons) generated from
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multiple promoter usage or pre-mRNA alternative splicing, suggesting a complex
mechanism for regulation of connexin genes by selectively using different non-coding
leading sequences within the transcripts. The next section will provide additional details
about mRNA splicing and our current knowledge of structure and post-transcriptional

regulation of connexin genes.

1.3 Pre-mRNA Splicing and Connexin Gene Structure

In general, pre-mRNA splicing is a RNA-catalyzed molecular process that occurs
in the cell nucleus, and results in the formation of mature mRNA transcripts by removing
the intron(s) from the primary transcripts and joining the exons together (Sharp 2005;
Sharp 1994; Sharp 1985).

Splicing 1s guided by special sequence elements at the intron-exon junctions
called splice sites. The 5° splice site, located at the 5° end of the intron, is a
loosely-conserved consensus sequence, which includes a GU dinucleotide at the extreme
5% end of the intron; the 3 splice site has three conserved elements — a conserved
adenosine nucleotide within the branch point consensus sequence, followed by a
polypyrimidine tract, followed by a terminal AG dinucleotide at the extreme 3’ end of the
intron. Splicing is achieved through two trans-esterification reactions, which are
catalyzed by a large complex called the spliceosome, resulting in the release of the intron
as a “lariat” structure and the joining of two exons. Pre-mRNA splicing occurs in the cell

nucleus and is closely coupled to transcription (Black 2003).
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The spliceosome includes five highly conserved small nuclear ribonucleoprotein
particles (snRNPs) and a large number of nuclear proteins bound to the pre-mRNA. It is
the stepwise assembly of the spliceosome that brings the splice sites close, and it is the
catalytic components (RNA molecules) in these snRNPs that catalyze the splicing
reactions. The molecular events of pre-mRNA splicing have been well elucidated, where
the stepwise assembling and rearrangement of the spliceosome are central. The
trans-esterification reactions do not need an input of energy, but ATP hydrolysis is
required for the activities of the spliceosome during splicing (Burge et al 1999).

For some multi-exon transcripts, exons might be selectively joined, thus resulting
in different mRNA products. This process is termed “alternative splicing” of the
pre-mRNA. Alternative splicing can be classified into five basic patterns: (i) a cassette
exon can be either included in the mRNA or excluded; (ii) mutually exclusive exons; (iii)
alternative 5’ and 3’ splice sites; (iv) alternative promoters and alternative poly-A sites
switch the 5’- or 3’- exons; (v) a retained intron can be either removed or retained in the
mature mRNA. In general, these are often used in a combinational manner to generate
multiple patterns of inclusion of exons (Black 2003).

The determination of splice site selection depends on the assembly of the
spliceosome (Matlin and Moore 2007). The splice site consensus sequence elements are
necessary but not sufficient to determine a functional splice site (Black 2003). Like other
regulatory mechanisms for gene expression (e.g., transcription), the regulation of

alternative splicing involves variable cis-acting elements (regulatory sequences) and
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trans-acting factors (RNA-binding proteins or RNAs). These auxiliary cis-acting
elements are known as exonic and intronic “splicing enhancers” (ESEs, ISSs respectively)
and “splicing silencers” (ESSs and ISSs respectively). Enhancers activate adjacent splice
sites or counteract splicing silencers, whereas silencers repress splice sites or antagonize
splicing enhancers (Blencowe 2000; Pozzoli and Sironi 2005). Some identified
trans-acting reéulatory factors include members of the SR protein family, and a large
number of hnRNPs (heterogeneous nuclear ribonucleoproteins). SR proteins usually bind
to ESEs and act as splicing activators, participating in the regulation and also the
assembly of the spliceosome. Structurally, a SR protein molecule has one or two
N-terminal RRM (RNA recognition motif) domains and C-terminal RS domains that are
enriched in arginine and serine residues. Therefore, SR proteins can mediate both
protein-protein and protein-RNA interactions, playing an essential role in spliceosome
assembly (Valcarcel and Green 1996; Graveley 2000). Knockout mouse mutations
demonstrated that different SR proteins show distinct alternative splicing activity and
their roles are not overlapping (Xu et al. 2005). Other frans-acting factors, such as
hnRNPs, usually bind to splicing silencers (ESSs and ISSs), and function as splicing
repressors. Some well-studied repressors include hnRNPA1, and polypyrimidine tract
binding proteins (PTB/hnRNPI), but there are numerous others (Krecic and Swanson
1999; Dreyfuss et al. 2002).

The regulation of alternative splicing is specific to cell types, developmental

stages or signalling pathways (Black 2003; Xie 2008; Xie and Black 2001). The
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regulation mechanism involves multi-dimensional interactions between variable positive
and negative regulatory factors (cis-acting elements and frans-acting proteins or hnRNPs)
in the assembly of the spliceosome. The splicing decisions are made depending on the
precise combinations and relative ratios of these positive and negative factors. For
example, the relative enrichment of ESEs or ESSs in the exon, and the relative
concentrations of the RNA-binding activator or repressor proteins may determine the
frequency with which the exon is included or skipped (Black 2003; Caceres and
Kornblihtt 2002; Matlin et al. 2005; Soller 2006).

Other cis-acting influences include the secondary structure of the RNA, since
secondary structure can either sequester cis-regulatory elements or bring them into closer
juxtaposition (Buratti and Baralle 2004). In addition, as pre-mRNA splicing is highly
coupled to transcription, it is believed that the transcriptional machinery also influences
the decision of alternative splicing choice. During transcription, the emerging pre-mRNA
is immediately coated with various RNA processing and general RNA-binding factors. It
has been established that different portions of the C-terminal of RNA polymerase II large
subunit recruit different RNA processing factors, including splicing factors, to the
emerging (or nascent) mRNA transcript. Further, the elongation rate of transcription
sometimes is also a significant factor affecting exon selection. In these cases, competing
(strong or weak) splice sites are differentially selected by speeding up or slowing down
the elongation of transcription (Caceres and Kornblihtt 2002; Kornblihtt 2006; Kornblihtt

2005; Maniatis and Reed 2002).
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Alternative splicing provides the eukaryotic cells with an elaborate mechanism
for the control of gene expression. Most alternative splicing events affect the coding
region of a gene, thus different protein-coding elements are selectively joined to form
different mRNA transcripts, leading to production of variable proteins with distinct
structures, properties and functions. Therefore, alternative splicing is an important source
of protein diversity in eukaryotic cells (Mendes Soares and Valcarcel 2006; Stetefeld and
Ruegg 2005; Maniatis and Tasic 2002; Graveley 2001). Some alternative splicing (~25%)
only occurs in the untranslated regions (UTRs) of a gene, such as has been observed in
some connexin genes. Although such alternative splicing events do not result in different
proteins from the same gene, UTRs frequently influence mRNA export, cytoplasmic
localization, stability, and translational efficiency, and thus they might provide a fine
modulation for regulation of gene expression in different cell types, at different
developmental stages, or in response to different stimuli (Kornblihtt 2005; Hughes 2006).

Evolutionarily more complex organisms are thought to require both more
diversity of proteomes and more complexity of regulatory networks, and alternative
splicing could play an important role in evolution by expanding the coding capacity of a
genome, as well as providing elegant mechanisms for the regulation of gene expression.
In fact, alternative splicing is considered very prevalent in multicellular organisms — it is
“the rule” rather than “the exception” (Zavolan and van Nimwegen 2006). It is estimated
that more than 70% of human genes are alternatively spliced, and at least 15% (perhaps

as many as 50%) of human genetic diseases are caused by defects in alternative splicing

21



(e.g., mutations either in splice site sequences or variable cis-regulatory elements
(Modrek et al. 2001; Grasso et al. 2004). Adding to this complexity, it is now apparent
that the introns are not all “junk DNA”, as they were once considered, but rather they
frequently contain variable cis-regulatory elements for the control of gene expression
(Andolfatto 2005; Mattick 2004). Evolutionarily complex organisms may contain
numerous introns in their genome that are amenable to the genetic recombination of
exons from different genes, thus allowing new genes to be evolved more easily by using
pre-existing DNA elements (Lareau et al. 2004).

Early studies suggested that connexin genes share a relatively simple structure
consisting of two exons, with their 5° UTRs interrupted by an intron of variable length.
That is, the first exon contains most of the 5 untranslated region (UTR), while the
second exon contains the remaining portion of the 5° UTR (usually a few nucleotides),
the uninterrupted coding region, and the 3° UTR. However, in recent years, various
exceptions to this rule have been documented (summarized in Table 1-1) (Sohl and
Willecke 2003; Willecke et al. 2002; Oyamada et al. 2005). Some connexin genes have
been found with their coding regions interrupted by an intron. For example, coding
regions of murine Cx36 and Cx39 are interrupted by an intron in their N-terminus
(Condorelli et al. 1998; Sohl et al. 1998; von Maltzahn et al. 2004), while mouse Cx57
coding sequence is interrupted in its C-terminus (Hombach et al. 2004). A few
exceptional connexin genes have been found to contain three exons, with their 5°UTRs

interrupted by two introns, such as human Cx30 (Essenfelder et al. 2005), mouse Cx40
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(Anderson et al. 2005) and Cx45 (Jacob and Beyer 2001), and zebrafish Cx48.5 (Tao and
Valdimarsson, unpublished). Several connexin gene mRNAs have been observed to have
alternative first exons in their 5° UTRs, arising from different promoter usage and
pre-mRNA splicing in an alternative manner. These include human Cx30 gene
(Essenfelder et al. 2005), mammalian Cx31 (Anderson et al. 2005; Gabriel et al. 2001;
Hennemann et al. 1992b), Cx32 (Neuhaus et al. 1995; Sohl et al. 1996; Neuhaus et al.
1996; Duga et al. 1999; Sohl et al. 2001), Cx40 (Anderson et al. 2005; Dupays et al.
2003), mouse Cx43 (Pfeifer et al. 2004), and mouse Cx45 (Anderson et al. 2005).
However, it should be noted that in all these cases, the transcript isoforms vary only in
the first exons within their 5” UTRs, i.e., leaving their coding regions unaltered (Sohl and
Willecke 2003). Therefore, even with alternative 5’UTRs, different transcript isoforms
actually encode the same connexin proteins.

Several studies on connexin gene structure have demonstrated that alternative
first exons are spliced in a tissue or cell-type specific manner, suggesting that alternative
splicing of connexin genes may be finely regulated in a tissue or cell-type specific
manner (Anderson et al. 2005; Sohl et al. 1996; Neuhaus et al. 1995; Neuhaus et al.
1996). In a transgenic mice study, it was found that Cx32 mRNA is alternatively spliced
In different tissues; in nervous tissues, it is processed to remove a small 345-bp intron,
while in the liver, it is processed to remove a larger intron of 6.1 kb. Sohl G. et al. (1996)
reported another alternative isoform of Cx32 mRNA is expressed in mouse embryonic

cells, oocytes, and liver. The human Cx32 gene consists of three exons that are
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alternatively spliced to produce mRNAs with different 5° UTRs. Similar to rodent Cx32,
transcription is initiated from two tissue-specific promoters. In the liver and pancreas,
promoter P1 is used, which is located more than 8 kb upstream of the translation start site
and the transcript is processed to remove a large intron. In contrast, in nerve cells,
transcription is initiated from promoter P2, which is located 497 bp upstream from the
translation start codon and thus, the transcript is processed to remove a small 355-bp
intron (Neuhaus et al. 1996). Some bovine Cx32 transcripts have three exons, including a
second exon (exon la) also in the 5' UTR, which is alternatively spliced. Thus bovine
Cx32 encodes three different spliced transcripts: exonl- exon2; exonl- exon la —exon2;
exon 1b- exon2 (Duga et al. 1999). Another example is the Cx45 gene, which contains
three exons separated by two introns. Exon 1 and exon 2 contain only 5 UTR sequences
and the third exon contains the remaining 5' UTR, the full coding region and 3° UTR.
Cx45 transcripts also contain alternative first exons processed tissue-specifically, while
both exons 2 and 3 are shared in all Cx45 transcripts (Jacob and Beyer 2001). More
recently, Anderson and colleagues reported two novel first exons in mouse tissues, each
of which is spliced to exon 2 and 3 in a tissue-specific manner (Anderson et al. 2005).

In most cases, connexin genes contain a single intron of variable length. As
mentioned above, introns are not simply “junk” DNA sequences, but rather, they often
contain cis-regulatory elements for pre-mRNA splicing (Black 2003). Introns also
contain regulatory elements for transcription and several studies have shown the

importance of intron sequences for efficient transcription rates (Brinster et al. 1988;
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Whitelaw et al. 1991; Warnecke et al. 1999). In the rat Cx31 gene, the intron sequence
was found indispensable for basic promoter function (Gabriel et al. 2001). The rat Cx31
contains two exons separated by an intron of 2.6 kb. There is a “TATA-less” promoter
located upstream of the first exon. Transcription is initiated from two alternate sites,
resulting in the first exon consisting of 105 and 139 nucleotides respectively. The
upstream 935-bp promoter region was predicted to contain five putative binding sites for
the GATA transcription factors as well as a NF-kappa B binding site, a CAAT-box and
E-box/E-box-related sequences. In transient transfection experiments, only constructs
including exon-1 and the entire intron showed high promoter activity, whereas deletion
of 1.1 kb of the intron from its 5° end sequence caused the loss of promoter function.
Experiments also demonstrated that the intron sequence can increase the stability of the
intron sequence. Studies on rat Cx31 intron suggest that the presence of the intron
sequence provides a mechanism expanding the complexity of the regulation of connexin

gene expression.

1.4 Zebrafish as a Model Organism

The zebrafish (Danio rerio) is a small tropical freshwater fish that originated
from rivers throughout south-east Asia in India, Northern Pakistan, Nepal and Bhutan. It
was established as a model organism for embryonic developmental studies by George
Streisinger and co-workers in the late 1970s and early 1980s (Streisinger et al. 1981). As

a vertebrate organism, the zebrafish has many organs and cell types similar to that of
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mammals, although the fine details of anatomy and physiology are different in many
aspects. Embryogenesis in zebrafish is also similar to that of higher ordered vertebrates,
making zebrafish a useful model for vertebrate development. It is widely accepted that
the molecular mechanisms underlying embryonic developmental and adult tissue/organ
function are highly conserved in vertebrates, including human and fish. The zebrafish has
become an increasingly favored model organism to investigate mechanisms underlying
embryonic development, adult tissue function, and disease (Niisslein-Volhard and
Gilmour 2002).

The zebrafish genome has 25 chromosome pairs, and it has a relatively small
haploid size, with 1.7 x 10° base pairs, which is about half the size of the human genome
(Hinegardner and Rosen 1972). It was believed that almost every mammalian gene has
an ortholog in the zebrafish genome, and most of the genes in zebrafish have the same
function as in mammals (Postlethwait et al. 1998). In fact, the zebrafish has been
described as “the canonical vertebrate” due to such genetic similarities (Fishman 2001).
The genetic similarities between zebrafish and mammals allow mechanisms for
embryonic development and the functions of genes in adult tissues/organs to be studied
in a fish model, which as will be outlined below, can be more tractable than mammalian
models in certain applications. In addition, zebrafish, like many fish species, have
portions of their genome duplicated (Postlethwait et al. 1999; Postlethwait et al. 2000),
and it is estimated that about 20% of mammalian genes have two zebrafish orthologues,

many with distinct functions and expression domains (Postlethwait et al. 2000; Carpio
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and Estrada 2006). This allows different aspects of the functions of mammalian
orthologues to be investigated in isolation using the zebrafish model system, by
examining for example, the orthologues’ functions at different developmental stages
and/or in different cell types (Dahm and Geisler 2006).

In recent years, the zebrafish model system have been exploited to model human
diseases and health conditions, including cancer (Amatruda et al. 2002; Berghmans et al.
2005; Lam and Gong 2006; Goessling et al. 2007), infection and immunological
disorders (Traver et al. 2003; van der Sar et al. 2004; Yoder et al. 2002), lung
inflammation (Renshaw et al. 2007), aging (Keller and Murtha 2004; Gerhard 2007),
cardiac development and regeneration disorders (Glickman and Yelon 2002; Poss 2007),
kidney development and disease (Drummond 2005), tissue regeneration (Keating 2004),
and muscle diseases (Bassett and Currie 2003; Guyon et al. 2007). Since modern drug
discovery needs both in vitro and in vivo assays for the identification and validation of
new therapeutics, the zebrafish model system has also been of interest to the
pharmaceutical industry and used for drug discovery and evaluation (Rubinstein 2003;
den Hertog 2005; Parng 2005; Zon and Peterson 2005; Kari et al. 2007; Martins et al.
2007, Silva et al. 2008).

The zebrafish has many advantages that make it an ideal experimental animal.
The zebrafish is very small in size — adult fish measure about 3 to 5 cm in length.
Therefore, zebrafish are very easy to maintain, minimizing the cost and effort to keep

large populations of animals in the laboratory. The embryonic development of zebrafish

27



is extremely rapid. It takes only a few days to develop larvae from fertilized eggs. When
incubated at 28.5°C, the gastrulation occurs around 6 hpf (hours post fertilization), and at
24 hpf, most vertebrate-specific body features and organs are recognizable. Over the next
24 hours, the organs gradually begin to function, and at 2 dpf (days post fertilization),
embryos can start swimming. At 5 dpf, zebrafish larvae can swim well and search for
food independently. This rapid embryonic development allows experiments to be
completed within only a few hours or a few days (Haffter et al. 1996). The zebrafish
larvae generally take about three months to reach sexual maturity. This relatively short
generation time facilitates genetic analyses and has enabled the development of genetic
transformation techniques.

In addition to rapid development, the zebrafish embryos have many properties
that make the zebrafish model outstanding from other vertebrate model organisms. The
zebrafish embryos develop outside the female (ex utero), they are relatively large (about
1 mm in diameter), and they are physically robust. These features allow easy observation
and manipulation of the embryos during experiments. More importantly, the zebrafish
embryos are completely transparent during early development. The external development
and transparency of embryos allow real-time observation of the developing embryos
(even deep inside) without the need for invasive intervention. In combination with
fluorescent indicators, therefore, it is possible to visualize various cellular and/or
embryonic developmental processes in a live and developing vertebrate embryo. In

recent years, green fluorescent protein (GFP) labelled transgenic zebrafish has been
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increasingly used to study the regulation of spatio-temporal gene expression, as well as
cell migration during embryonic development (Udvadia and Linney 2003). The
capability of real-time imaging in a natural developing environment makes the zebrafish
an increasingly favourite organism to study embryonic development of vertebrates.

Zebrafish can generate large numbers of offspring. A single female adult fish can
lay up to 200 eggs per mating per week, and embryos from the same batch develop
synchronously. This feature, combined with rapid embryonic development, greatly
facilitates statistical analyses as well as high-throughput approaches, including for
example, mutagenesis screening, which is a forward genetics technique that is usually
practical only in invertebrate model organisms. The capability of large-scale mutagenesis
screening in the zebrafish is a powerful feature of this model organism.

In addition to its availability for forward genetics studies through which novel
genes with essential functions could be screened and identified, analyses of the function
of predicted or known genes can be carried out in the zebrafish model system using
reverse genetics strategies, such as “morpholino knock-down” (Nasevicius and Ekker
2000), and TILLING (targeting induced local lesions in genomes) (Wienholds et al. 2002;
Wienholds et al. 2003). In fact, with the unique advantages of zebrafish embryonic
development, the zebrafish has indeed become a perfect organism to carry out
morpholino analyses. The next section will discuss the methodologies for genetics
studies in zebrafish, and will focus mainly on the morpholino knockdown technique and

transgenic technologies in zebrafish.
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1.5 Methodologies for Genetics Studies Using Zebrafish Model

Mutagenesis screening (forward genetics) is, to date, the most successful strategy
to identify novel genes with an essential function in the zebrafish. The first large-scale
genetic screens in zebrafish were employed in the early 1990s, and several hundred
mutations were identified (Dahm and Geisler 2006; Haffter et al. 1996; Driever et al.
1996; Frohnhoefer 2002). In mutagenesis screening, mutations are randomly introduced
by specific chemicals (usually ENU, N-ethyl-N-nitrosourea) or radiation (mainly y-rays),
followed by phenotypic analyses and searches for individuals with a mutant phenotype,
thus leading to the identification of novel genes with unique or at least partially
non-redundant functions. A more recent strategy is “insertional mutagenesis” (Raz et al.
1998; Amsterdam et al. 1999; Amsterdam and Hopkins 1999; Kawakami et al. 2000;
Chen et al. 2002; Golling et al. 2002; Kawakami et al. 2004), where a known sequence
(e.g., a transposon or a pseudotyped retroviral vector) is inserted into the zebrafish
genome to obtain mutations. In this method, the inserted DNA sequence can serve as a
starting point to identify the mutated gene (Dahm and Geisler 2006).

Genome sequencing projects have resulted in the identification of an increasing
number of novel genes. A major challenge for biological research in the post-genome era
will be to determine the functions of the newly identified genes, and in fact, the
biological functions of many of the previously studied genes, which are not fully
characterized. For example, in situ hybridization screens of zebrafish ESTs (expressed

sequence tags) have identified the embryonic gene expression patterns of numerous
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genes, but the functions of these genes have remained unknown (Crosier et al. 2001;
Thisse et al. 2004). Reverse genetics approaches, such as knock-out or knock-down of
specific genes, have offered a rapid characterization of the functions of these predicted or
known genes. In the recent years, the gene specific knock-out (or knock-in) mouse has
been the most successful protocol where loss-of-function (or gain-of-function) mutation
genotypes can be attainable with homologous recombination in embryonic stem (ES)
cells in vitro (Austin et al. 2004). Although many attempts have been made in recent
years, the ES cell-based knock-out technique has not yet been established for zebrafish
(Fan et al. 2004a; Fan et al. 2004b; Fan et al. 2006). In the past few years, however, an
alternate method termed TILLING (targeting induced local lesions in genomes) has been
successfully applied to establish stable knock-out zebrafish lines with functional
mutations in specific genes (Wienholds et al. 2002; Wienholds et al. 2003; Wienholds
and Plasterk 2004). This strategy was initially developed for the model plant Arabidopsis
thaliana (Till et al. 2003; Till et al. 2006). In contrast to the homologous
recombination-based knock-out technique in mice, TILLING uses ENU-induced random
mutagenesis to generate point mutations in the genome of the F1 generation, and is
followed by a subsequent screening for mutations in target genes. Once a mutation of
interest is identified, this individual F1 fish is out-crossed to a wild-type fish in order to
get heterozygous F2 fish. The heterozygous individuals of F2 generation are then
in-crossed to generate the homozygous F3 fish, the stable knock-out zebrafish lines, for

further phenotypic analyses. TILLING has become a powerful reverse genetics method
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in zebrafish, however, since it is based on random mutagenesis, knock-in genotypes
cannot be created using this method. In addition, the large-scale genetic screenings for F1
mutations make this technique less practical for smaller laboratories (Wienholds and
Plasterk 2004; Draper et al. 2004).

In the past decade, several studies have attempted to establish RNAi-mediated
knock-down techniques for the zebrafish model (Wargelius et al. 1999; Li et al. 2000).
RNA interference (RNA1) has become an increasingly favourite gene silencing technique
in the past ten years — the 2006 Nobel Prize in Physiology or Medicine was awarded to
Andrew Z. Fire and Craig C. Mello for their pioneering work of RNAIi in C. elegans
(Fire et al. 1998). In RNAi experiments, small double-stranded RNA (dsRNA) is
introduced into the cell cytoplasm. DsRNA acts through a conserved cellular machinery,
which is in fact naturally employed by the micro RNA (miRNA) processing, leading to a
sequence-specific translational inhibition and degradation of the base-paired endogenous
mRNA and thus resulting in knock-down of the expression of the target gene (Hannon
2002; Murchison and Hannon 2004). The RNAI technique has been successfully applied
to a wide range of species including fungi, plants, and animals (Hannon 2002). But in the
zebrafish, the efficiency and specificity of RNAIi remains unconvincing according to
early studies (Oates et al. 2000; Zhao et al. 2001). Fortunately, another anti-sense gene
silencing technique, morpholino knock-down, has been proven to work ideally in the

zebrafish model (Nasevicius and Ekker 2000; Ekker 2000).
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1.5.1 Morpholino knock-down

Morpholinos are chemically modified anti-sense oligonucleotides, which were
initially developed for therapeutic applications in 1997 and then introduced for genetics
studies in 2000 (Nasevicius and Ekker 2000; Ekker 2000; Summerton and Weller 1997;
Arora et al. 2000; Qin et al. 2000; Heasman et al. 2000). Chemically, two modifications
were introduced to make the morpholino oligos (MOs) more efficient and more stable for
anti-sense applications. First, the ribose sugar in the backbone is replaced with a
morpholine moiety. Second, the phosphodiester linkage is replaced by a
phésphorodiamidate non-ionic linkage. With these modifications, the MOs still retain the
same base stacking ability as natural nucleotides (DNA and RNA), but have a modified,
neutral charged backbone, which enhances RNA-binding affinity and conveys excellent
resistance to a wide range of nucleases and proteases. Therefore, MOs are extremely
stable within biological systems, and ensure excellent anti-sense efficacy. In addition,
MOs have a very broad range of working doses, and at low doses they show little or no .
cellular toxicity. These characteristics make MOs excellent anti-sense reagents
(Summerton and Weller 1997).

Morpholinos are designed as short oligonucleotides (generally 18 to 25 nts long)
to base-pair the mRNA of a target gene of interest (Ekker 2000; Corey and Abrams 2001).
In contrast to traditional anti-sense approaches that utilize RNase-H-dependant
degradation of mRNA as the mechanism of action, MOs binding to the target mRNA

cannot trigger mRNA degradation since the RNA-morpholino hybrids are not substrates
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for the RNase-H enzyme (Corey and Abrams 2001; Summerton 1999). It is believed that
MOs act by blocking the 40s ribosome subunit scanning process, thus preventing the
initiation of translation. For this reason, effective MOs must be designed to target the 5°
UTR or immediately downstream (<25 nt) of the translational initiation codon in the
coding region (Summerton 1999; Heasman 2002). Unlike traditional anti-sense oligos
that are frequently designed to target the coding regions, MOs that target the coding
regions do not work, because a fully assembled ribosome seems to be able to replace the
bound MO when passing along the mRNA (Summerton et al. 1997; Sumanas and Larson
2002).

Morpholinos can also be designed to target against the exon/intron Jjunctions (i.e.,
57 or 37 splice sites) to block normal pre-mRNA splicing (Draper et al. 2001). This is an
alternate gene knock-down mechanism of morpholinos, in which morpholino oligos
interfere with pre-mRNA splicing events, resulting in either non-functional mRNA
products or alterations in alternative splicing patterns. Since alternative splicing seems to
be the rule rather than the exception in gene expression and regulation, morpholinos have
provided a powerful tool for analyses of the regulation and function of alternative
splicing as well as a variety of potential gene therapeutic applications (Lacerra et al. 2000;
Mercatante et al. 2001; Woodley and Valcarcel 2002). More recently, morpholinos have
also been demonstrated to block microRNA (miRNA) maturation, thereby preventing the
degradation of target mRNA by RNA-induced silencing complexes (RISCs)

(Kloosterman et al. 2007; Woltering and Durston 2008).
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Zebrafish embryos are ideally suited for morpholino analysis due to the ease of
delivery by microinjection and the ease of handling and subsequent observations
(Nasevicius and Ekker 2000; Sumanas and Larson 2002; Ekker and Larson 2001). MOs
are microinjected into the yolk of zebrafish embryos at early developmental stages
(usually 1 to 8 cell stages). In zebrafish embryonic development, the yolk does not
participate in the cleavage divisions but remains distinct from the embryo. This feature
facilitates morpholino oligos to be distributed evenly over the whole embryo throughout
carly development. The anti-sense silencing effects of morpholino oligos are most
efficient during the first few days during embryonic development. Their efficiencies
progressively decrease later, possibly due to the dilution effects as cells divide and the
MOs are possibly excreted (Sumanas and Larson 2002). But because most of the
patterning, morphogenesis, and organogenesis in zebrafish occur during the first two or
three days after fertilization, morpholino knock-down can reliably cover the full duration
of embryonic development. Therefore, the zebrafish is indeed a perfect model organism
for morpholino analyses (Sumanas and Larson 2002; Ekker and Larson 2001).

While MOs have been successfully applied in some model organisms, including
zebrafish, frogs (Xenopus), sea urchin, chick, and mouse, etc., there are also many
limitations worth considering. First, difficulties in the delivery of MOs into different
experimental organisms restrict its applications in a wider range of organisms. In fact, to
date, the MO technique seems to work best in systems where MOs can be delivered into

the early embryos by microinjection, for example, frogs and zebrafish. MOs were first
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developed as human therapeutic reagents (Summerton and Weller 1 997), but the delivery
of MOs into human cells is challenging, and despite considerable effort, delivery is still a
big issue to be considered when applying MOs to various systems (Sumanas and Larson
2002).

Secondly, like other anti-sense techniques, the possibility of non-specific
targeting and non-specific phenotypes is also a big concern, although MOs are more
efficient than other anti-sense reagents (Sumanas and Larson 2002). Non-specific
phenotypes could be the result of toxicity of the foreign morpholino oligos (especially at
high injection doses), however, a more likely source is mis-targeting. When unanticipated
phenotypes are observed following MO delivery, it is important to consider whether
genes other than the one of interest have been affected. For these reasons, proper controls
are a must for morpholino experiments (Sumanas and Larson 2002). Many researchers
use random or unrelated sequence MOs as their controls. While these serve as controls
for general toxicity, they may not address issues involving mis-targeting. Some
researchers use the four-base mismatched MOs as controls, but these do not directly
address mis-targeting issues. Western blots, immuno-histochemistry or reporter
constructs are often used to demonstrate the inhibition of gene expression. Although it is
very helpful to know that the gene of interest was targeted by the MOs, these types of
analyses also do not address concerns about mis-targeting. For these reasons, RNA
rescue experiments have been considered to be a must to confirm the specificity in

anti-sense gene silencing techniques. Although RNA rescue is convincing, it is often
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complicated due to RNA over-expression artefacts as well as many difficulties in
mimicking the endogenous spatio-temporal gene expression patterns. Luckily for
morpholino  knockdown, a mediatory strategy is available where multiple
non-overlapping MOs are used simultaneously. If phenotypes separately obtained from
these two single MOs are identical, this confirms the specificity of MOs because it is
much less likely thatv two different MOs produce the same phenotype by mis-targeting
(Sumanas and Larson 2002). Furthermore, it was reported that non-overlapping MOs
sequences targeting the same mRNA can produce a synergistic effect when co-injected.
Therefore this synergistic effect can be used to reduce the dosage of morpholinos injected,
thus reducing the possibility of mis-targeting as well as cell toxicity (Ekker and Larson
2001; Sumanas et al. 2001).

Thirdly, MOs only knock down gene expression, and there has been no evidence
that gene expression of target genes can be completely turned off. In fact, to start
morpholinos experiments, a series of dosage trials are absolutely needed in order to
determine a suitable concentration which should be as low as possible to avoid toxicities
but sufficient enough to obtain expected phenotypes (Sumanas and Larson 2002). Also,
MOs only produce loss-of-function phenotypes rather than genotypes. For these reasons,
a morpholino knock-down phenotype is less reliable and less reproducible than that of a
genetic mutant. In contrast with the knock-out mice technique, therefore, morpholino
knock-down is indeed transient in nature, and loss-of-function phenotypes can not be

transmitted into the following generations.
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Finally, the progressive dilution and excretion of the MOs in the developing
embryo restrict its applications only within the early embryonic stages. But many genes
may have different roles (including different protein products due to alternative splicing)
in the adults rather than in the embryos. To fully elucidate the functions of such genes
requires more complicated techniques.

Many of these drawbacks of morpholino knock-down have been overcome by the
TILLING technique (mutagenesis-based knock-out zebrafish) in recent years. But
without a doubt, morpholino knock-down is a powerful tool to address the functions of
specific genes during zebrafish embryonic development. Compared with TILLING,
morpholino knock-down is technically simple, cost-effective, and time-efficient — it only
takes a few hours or a few days for the determination of the function of a single gene in

the developing zebrafish embryos.

1.5.2  Zebrafish transgenesis

Transgenesis, the introduction of exogenous genes into the host genome, has been
widely used to study the expression and function of specific genes in vivo as well as
endow the host organism with properties of interest. The potential for transgenic
zebrafish was first demonstrated about 20 years ago by microinjecting plasmid DNA into
the cytoplasm of fertilized eggs and subsequently generating transgenic zebrafish lines in
which the injected gene was able to be stably transmitted to next generations (Stuart et al.

1988; Stuart et al. 1990). Taking advantage of the accessibility and optical clarity of
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zebrafish embryos, fluorescent reporter genes can be assayed in live and developing
embryos, making it possible to visualize and track the details of dynamic gene expression
as well as cellular processes during embryonic development. In the past two decades,
zebrafish transgenesis has become a powerful tool for a variety of genetics and
developmental studies including analysis of regulatory elements, tissue-restricted gene
expression, targeted mis-expression, tracking of cellular linage, and insertional
mutagenesis (Udvadia and Linney 2003; Muller et al. 2002; Amsterdam and Becker 2005;
Amsterdam 2006; Sivasubbu et al. 2007).

Targeted over-expression has been used to analyze the function of the gene of
interest. For this purpose, it is particularly important to obtain tight spatio-temporal
expression of the transgene in order to study its roles in the development of a specific cell
type or at a particular developmental stage. This is achieved by using tissue- or
stage-specific promoters, as well as inducible promoters (Udvadia and Linney 2003).
One example is the use of a heat-shock promoter, which allows temporal control of
transgene expression at any given time simply by increasing the ambient temperature
(Adam et al. 2000; Halloran et al. 2000; Yeo et al. 2001; Bajoghli et al. 2004; Grabher
and Wittbrodt 2004; Wu et al. 2008). Studies have shown that heat-shock induced
expression of transgenes can also be spatially controlled (Halloran et al. 2000; Ramos et
al. 2006; Hardy et al. 2007). Other genetic tools to regulate gene expression have also
been exploited to achieve tight control. These include the Gal4-UAS system (Scheer and

Campos-Ortega 1999; Scheer et al. 2002; Koster and Fraser 2001; Davison et al. 2007;
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Scott et al. 2007), the tetracycline (Tet-On) system (Huang et al. 2005), and the Cre/loxP
system (Langenau et al. 2005; Feng et al. 2007).

Another major task of zebrafish transgenesis is to analyze the function of putative
transcriptional regulatory sequences. To this end, the transient expression assay is very
useful for rapidly testing the capacity of a specific regulatory DNA sequence to drive
reporter gene expression. A number of studies have shown that the transient ex;;ression
assay can be used in vivo to analyze the cis-acting promoter/enhancer elements of
specific genes that regulate spatio-temporal expression (Westerfield et al. 1992; Moav et
al. 1993; Reinhard et al. 1994; Marsh-Armstrong et al. 1995; Kim et al. 1996; Moss et al.
1996; Long et al. 1997; Meng et al. 1997; Chen 1998; Hieber et al. 1998; Ju et al. 1999;
Meng et al. 1999; Muller et al. 1999; Higashijima et al. 2000; Motoike et al. 2000; Park
et al. 2000; Chen et al. 2001; Du and Dienhart 2001; Huang et al. 2001; Udvadia et al.
2001; Picker et al. 2002). For example, the analyses of deletion mutations and point
mutations within the GATA-1 and GATA-2 gene promoters using GFP ftransient
expression assays resulted in the isolation of regulatory elements responsible for
tissue-specific expression (Meng et al. 1997; Meng et al. 1999). Another study has
identified different enhancers that can control tissue-specific expression of zebrafish
sonic hedgehog (shh) in either notochord or floorplate tissues (Muller et al. 1999). The
transient assay has also been employed in over-expression studies to analyze the function
of the transgene in vivo. One early example was the transient expression of chicken

gicerin in zebrafish embryos under control of the neurofilament gene promoter in which
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neuron-specific expression patterns were preferentially achieved (Kim et al. 1996).
However, one notable drawback of the transient transgenic assay is that the
expression of the transgene in the injected embryos is typically ectopic and highly
mosaic. The transient assay cannot reliably reproduce the expression patterns of
endogenous genes, thus making it very challenging to pool expression information from
such a mosaic and ectopic expression background (Udvadia and Linney 2003). In order
to circumvent these problems, researchers have proposed to use artificial chromosomal
vectors (BAC or PAC) that can accommodate much larger DNA insertions than plasmids.
Reporter constructs that carry larger fragments (e.g., 20 — 55 kb) are less likely to be
missing crucial regulatory elements and thus less likely to display ectopic expression
(Jessen et al. 1998). This method is helpful to reproduce more reliable expression
patterns of transgenes in injected embryos, but it is not suitable for mapping promoters
because crucial cis-acting elements are also frequently located in the proximal region of
the promoter. Thermes et al (2002) domenstrated one method in medaka fish (Oryzias
latipes), by injecting a transgene construct flanked with the S. cerevisiae homing
endonuclease [-Scel sites, which can significantly enhance promoter-dependent
expression. Another study showed that flanking the transgene with adeno-associated
virus inverted terminal repeats (AAV-ITRs) could significantly reduce mosaic expression
of transgenes driven by ubiquitous promoters in injected embryos. But it remains to be
tested whether it is effective for analyzing weakly expressed and developmentally

regulated gene promoters (Hsiao et al. 2001). More recently, vectors based on the
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transposon 7o/2 (derived from medaka fish) have also been used to reduce FO mosaic
expression as well as increase germline transmission of transgenes (Fisher et al. 2006;
Kawakami et al. 2004). In addition, a dual fluorescence strategy has been developed,
which allows direct comparison of the expression of a regulated transgene with that of a
ubiquitously expressed transgene, thus facilitating the evaluation of transient expression
of the transgene (Szeto and Kimelman 2004).

In contrast, stable transgenic lines can readily provide spatial and/or temporal
gene expression control, while removing the inter-embryo variability that results from the
microinjection and mosaic expression in injected embryos. Generating stable transgenic
lines is generally much more time-consuming, but provides more reliable enhancer
analysis as well as valuable genetic screening tools. For example, the generation of
several islet]-GFP transgenic zebrafish lines has been successfully employed to map the
regulatory elements controlling isler] branchimotor neuron expression (Higashijima et al.
2000; Uemura et al. 2005). These transgenic lines have also facilitated the genetic
screening for identification of mutants affecting neuron migration and axon guidance
(Wada et al. 2006; Tanaka et al. 2007). In the past two decades, numerous transgenic
zebrafish lines have been established for studies on spatio-temporal gene control, as well
as studies of cell migration and targeted over-expression (Udvadia and Linney 2003;
Shafizadeh et al. 2002).

Microinjection of either plasmid DNA or bacterial artificial chromosomes (BACs)

into one-cell stage zebrafish embryos has been the most commonly used method for
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making transgenic zebrafish (Stuart et al. 1988; Culp et al. 1991; Amsterdam et al. 1995;
Jessen et al. 1999). The foreign DNA is usually injected into the egg cytoplasm (or in |
some cases, the yolk), rather than one of the pronuclei, which are not actually visible in
fertilized zebrafish eggs. High copy numbers (10° - 10%) of DNA constructs are generally
necessary in order to achieve reliable nuclear uptake and chromosome integration. The
integration of foreign DNAs into the zebrafish chromosomes occurs randomly and the
integrated DNA usually exists as tandem concatemers of many transgene copies, and
may cause chromosomal rearrangements (Stuart et al. 1988; Stuart et al. 1990; Culp et al.
1991; Cretekos and Grunwald 1999). It is believed that enzymes that normally function
in DNA repair and recombination are involved in the integration process. However, the
detailed molecular mechanism for the integration remains unclear.

Transgenesis by direct injection of foreign DNAs is the most convenient and
cost-effective technique, however, the expression of transgenes in FO founders is highly
mosaic and the efficiency of transgene transmission to the F1 generation is generally low
(approximately 5 —20%). The mosaic expression pattern of the transgene and overall low
efficiency of germ line transmission might be due to extra-nuclear injection as well as
rapid embryonic cell divisions (Stuart et al. 1988; Culp et al. 1991). In the past decades,
new methods have been developed to improve the efficiency of integration of the
transgene into the zebrafish genome. One of the methods relies on flanking the transgene
construct with the S. cerevisiae homing endonuclease I-Scel sites, which was

demonstrated in medaka fish (Oryzias latipes) (Thermes et al. 2002). The recognition site
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of I-Scel meganuclease is 18 bp in length, and thus, only one cut might be found in about
7 x 10" bp of random sequence. The I-Scel does not cut the medaka genome (~7 x 10°
bp), but it can release the transgene fragment from the circular plasmid as they are
co-injected into the one-cell stage fish embryos. It is thought that the co-injected I-Scel
meganuclease likely coﬁnteracts the endogenous ligase activity, preventing the formation
of long concatemers and thus provides more recofnbinogenic ends that facilitate efficient
integration. The early integration facilitates a very high germline transmission rate of
nearly 50% (Thermes et al. 2002). Although to date, there has been no report on its
application in zebrafish transgenesis, this method should be very promising because the
zebrafish genome is also relatively small (~3.5 x 10° bp) and it’s more likely that the
I-Scel meganuclease does not cut the zebrafish genome.

Another method uses mobile DNA elements known as transposons to enhance the
efficiency of integration. This idea was originated from the applications of transposable P
elements in Drosophila (fruit flies) germline transgenesis in the early 1980s (Rubin and
Spradling 1983; Clough et al. 1985). Transposon vectors contain the cis-acting elements
(e.g., short inverted DNA repeats) from natural transposons, but the transposase gene is
replaced by the transgene of interest that can be up to 10 kb in length. The transposase
necessary for the integration reaction is supplied by co-injecting it with the modified
transposon either on a separate DNA vector or as synthetic mRNA (Sivasubbu et al. 2007;
Balciunas et al. 2004; Kawakami 2005; Korzh 2007). Although a number of transposon

vectors have been tested in zebrafish, only the Sleeping Beauty (an ancient fish
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transposon) and 70/2 (an Ac-like transposable element) systems are currently in use (Raz
et al. 1998; Kawakami et al. 2000; Fadool et al. 1998; Kawakami et al. 1998; Kawakami
and Shima 1999; Davidson et al. 2003). The Sleeping Beauty transposon system
improved the rate of germ line transmission to about 35% (Davidson 2003), while the
Tol2-mediated transgenesis can allow nearly 50% of the FO zebrafish to pass the
- transgene to their progeny (Kawakami et al. 2004). In addition, DNA integration using
the transposon mechanism provides a chance to excise the integrated transgene and
re-integrate it at new genomic sites by injection of corresponding transposase. This
characteristic is also very useful in insertional mutagenesis and gene and enhancer trap
screens (Sivasubbu et al. 2007; Kawakami 2005; Korzh 2007). However, as a
DNA-injection-based method, the major concern of this method is that many integration
events are not transpositions but rather random integrations of concatemerized plasmid
DNA (Raz et al. 1998; Kawakami et al. 2000).

Pseudotyped retroviral vectors have also been applied to zebrafish transgenesis in
recent years (Chen et al. 2002; Amsterdam and Becker 2005; Lin et al. 1994; Gaiano et al.
1996a; Linney et al. 1999; Kikuta et al. 2007). In order to integrate foreign DNA into the
target cells, retrovirus vectors are engineered to include the cis-acting sequences
necessary for reverse transcription and integration, but do not encode viral proteins.
High-titer engineered viruses are prepared in cultured cells with the viral proteins being
supplied in trans. This method can ensure that the transgene is efficiently integrated into

the host genome, but also prevents assembling additional virus in the host cells after
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infection. The retroviral vector system for zebrafish transgenesis was derived from the
Moloney murine leukemia virus (MoMuLV). The genome of MoMuLV is well suited for
DNA insertions, but its envelope protein restricts infection only to mammalian cells. This
problem was solved by pseudotyping a MoMuLV vector with the envelope glycoprotein
(G) originated from the vesicular stomatitis virus (VSV). The MoMuLV(VSV)
pseudotyped virus thus offers an extensive range of host species, including zebrafish. The
engineered virus is generally injected into blastula-stage zebrafish embryo (500 — 2,000
cells) (Chen et al. 2002; Lin et al. 1994; Gaiano et al. 1996a). Different cells are
independently infected, and a single copy of the transgene can be integrated at different
chromosomal sites in different cells, thus resulting in a highly mosaic organism in the FO
generation. In blastula-stage zebrafish embryo, a few cells are differentiated into
primordial germ cells (PGCs), and the infected PGCs can reliably transmit the transgene
to the F1 generation at a relatively high rate (1-20%) (Amsterdam and Hopkins 1999;
Chen et al. 2002; Gaiano et al. 1996a). In addition to efficient germ line transmission of
the transgene, retroviral-mediated DNA integration typically introduces only a single
copy of the transgene without causing chromosomal rearrangement. These features are
valuable for insertional mutagenesis and gene- (and enhancer-) trap screens in zebrafish
(Amsterdam et al. 1999; Golling et al. 2002; Gaiano et al. 1996b; Amsterdam and
Hopkins 2004; Ellingsen et al. 2005). However, one disadvantage of this method is the
frequent difficulty in obtaining virus preparations with sufficiently high titer, which are

essential for zebrafish transgenesis (Kawakami 2005). Because different insertion
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sequences in the virus vector can significantly affect the titer by unknown mechanisms,
the design of specific DNA constructs usually requires extensive testing to find one that
can work (Chen et al. 2002). The construction, packing, titering, and infection required
by retroviral-mediated transgenesis are relatively time-consuming activities and therefore
make this method less practical for the routine generation of transgenic zebrafish
(Udvadia and Linney 2003).

Some other methods have been used to facilitate the nuclear uptake of plasmid
DNA by binding nuclear proteins or nuclear localization signal (NLS) peptides (Collas
and Alestrom 1997; Collas and Alestrom 1998; Liang et al. 2000). This improvement is
significant, especially considering the fact that zebrafish embryos divide very rapidly.
The rapid and efficient nuclear localization of the injected DNA can allow integration
events to occur at an earlier cell cleavage stage, thus reducing the frequency of mosaic
expression in the FO founders as well as increasing the rate of germ-line transmission.
Another study has demonstrated gene transfer by sperm nuclear transplantation, in which
sperm nuclei were pre-incubated with linearized plasmid DNA and then injected into the
animal pole region of the unfertilized zebrafish eggs (Jesuthasan and Subburaju 2002).
This technique generates non-mosaic expression of the transgene in the FO founder
zebrafish. This approach allows experiments to be completed in a few days, without the
need to establish stable lines. However, this technique demands much more technical
expertise, compared with other methods, and is therefore less practical for most

laboratories (Jesuthasan and Subburaju 2002).
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1.6 Thesis Objectives

Dr. Valdimarsson is one of the early pioneers to use zebrafish as a model to study
connexins and gap junctional communication. This lab has made substantial
contributions to the gap junction community by cloning and characterizing novel
zebrafish connexin genes and by analyzing their expression and function during
embryonic development (Cheng et al. 2003; Chatterjee et al. 2605; Cason et al. 2001;
McLachlan et al. 2003; Valiunas et al. 2004; Christie et al. 2004; Cheng et al. 2004;
Shearer et al. 2008). When I started my thesis research in this lab in 2003, a large group
of zebrafish connexin genes had been previously isolated and characterized, including
Cx43, Cx44.1, Cx48.5, Cx45.6, Cx35, Cx32.3, and Cx35.5. The expression patterns of
these connexin genes had been intensively investigated and the functional analyses of
both Cx44.1 and Cx48.5 during zebrafish embryonic development had been examined
using morpholino oligo knockdown techniques (Cheng et al. 2004). The functions of
these connexin genes during zebrafish embryonic development and the regulatory
mechanisms for connexin gene expression have been two important aspects of the
research in this lab. My thesis projects have been developed in this background.

As previously mentioned, the distinct but overlapping expression patterns of
connexin genes suggest complicated regulatory mechanisms for their expression and
function, but nevertheless, our knowledge of many connexin gene structures and the
mechanisms for the regulation of gene expression is still limited. Therefore, one of the

main objectives for this thesis was to dissect the gene structure and regulatory
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mechanisms for the expression of several zebrafish connexin genes isolated in this lab.

Another proposed objective for my thesis research was to analyze the function of

connexin genes during zebrafish embryonic development using “morpholino

knockdown”. As a reverse geneﬁc strategy, “morpholino” analysis relies on the

information of mRNA sequences as well as their spatio-temporal expression. As

discussed previously, in order to block the initiation of translation, effective morpholino

oligos must be designed to target the 5°UTR of the gene of interest. For these objectives,

my thesis research has focused on the following aspects:

1) mapping the transcriptional start sites and obtaining the promoter sequences of these
connexin genes;

2) identifying the 5’UTR sequences and dissecting the gene organizational structure of
these connexin genes;

3) analysing the cis-regulatory sequences and activation for transcriptional regulation of
some of these connexins;

4) analysing mRNA expression patterns of these connexin genes;

5) designing Cx-promoter driven GFP expression constructs and transgenic zebrafish
lines for both transcriptional studies and functional analyses of some of these
connexin genes;

6) designing morpholino oligos and functional studies for some of these Cx genes.
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CHAPTER TWO

ZEBRAFISH CONNEXIN 44.1

2.1 Introduction

The vertebrate lens is a highly specialized organ with relatively simple tissue
organization that comprises only two cell types — cuboidal epithelial cells on the anterior
surface, and elongated fibre cells forming the bulk of the lens tissue. The epithelial cells
are metabolically active cells in the lens, whereas the lens fibres, which are devoid of
nuclei and organelles to reduce light scattering, are metabolically inactive. Because the
lens is an avascular organ, maintenance of lens cell homeostasis relies upon an elaborate
system of gap junctions that allow ions, second messengers, and small metabolites to be
exchanged between cells in the epithelial layer through to the metabolically inert fibre
cells deep within the lens tissue (Gerido and White 2004; White et al. 1992; Cason et al.
2001; Paul et al. 1991; Rup et al. 1993; Jiang et al. 1994; Jiang and Goodenough 1996;
Rae et al. 1996; Gao and Spray 1998; Berthoud et al. 1999; Ebihara et al. 1999; Francis
et al. 1999; Kistler et al. 1999; Dahm et al. 1999; Martinez-Wittinghan et al. 2004; Gong
et al. 2007; Mathias et al. 2007; Berthoud and Beyer 2008). For these reasons, the lens is
an excellent model for studies on the expression and function of gap junctional proteins.

In the vertebrate lens, three different connexins have been identified. Mammalian
Cx43 1s expressed in the surface epithelial cells (Beyer et al. 1989; Musil et al. 1990;

Yancey et al. 1992), whereas Cx50 and Cx46 are expressed in the fibre cells (White et al.
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1992; Paul et al. 1991). Mouse knockout studies have demonstrated that Cx50 plays
essential roles in lens development and adult lens tissue homeostasis, and the ablation of
Cx50 in knockout mice resulted in the formation of cataracts (White et al. 1998; White et
al. 2001; Sellitto et al. 2004). The Valdimarsson lab has previously isolated and
characterized the zebrafish Cx44.1 gene, the ortholog of the mammalian Cx50 (Cheng et
al. 2003; Cason et al. 2001). In order to elucidate the functional roles of zebrafish Cx44.1
during lens development, morpholino oligo (MO) knock-down analyses were previously
performed in this lab. The MO was designed to target the sequence of the Cx44.1 mRNA
immediately downstream the translational start codon AUG, according to general
guidelines from Gene Tools, LLC (Philomath, OR). Morpholino-injected embrybs
showed reduced lens growth and the formation of cataracts (Cheng et al., unpublished
data). However, this morpholino was later found to also target another lens connexin
gene, ZfCx48.5, which shared a high degree of identity with Cx44.1 in the 5’ end of the
gene (there was only one nucleotide difference between the two genes in their first 24
nucleotides). Although this was a perfect morpholino oligo for the potential “double
knockdown” studies of Cx44.1 and Cx48.5 in zebrafish lens (Cheng et al., unpublished
data), morpholino analyses for zebrafish Cx44.1 would require appropriate gene-specific
morpholino oligos. As effective MOs should bind to the 5’UTR or close to the start
codon, it was essential to determine the 5’UTR sequence in o;der to conduct functional
analyses of Cx44.1 by MO knock-down.

In this study, the 5’UTRs of Cx44.1 mRNA were successfully identified using 5’
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RACE techniques. With the 5’UTR sequences of zebrafish Cx44.1, we can now design
effective morpholino oligos to study the functional roles of Cx4.1 during zebrafish lens
development, as well as molecular and genetic mechanisms for certain lenticular diseases,
such as cataracts. More interestingly, our 5’RACE results showed that transcripts of
Cx44.1 contain alternative 5’UTRs that are derived from different promoter usages and
alternative pre-mRNA splicing. To look into the possibility of whether these features of
Cx44.1 mRNA expression are evolutionarily conserved, I also performed 5°’RACE
experiments to identify the transcriptional start sites and the 5°UTR sequence of mouse
Cx50. Alternative 5’UTRs of mCx50 were subsequently identified that are also generated
by different promoters and alternative splicing. These findings suggest that the
expression of Cx44.1 and Cx50 could be finely modulated by complicated mechanisms
at both the transcriptional and the post-transcriptional levels, and to some degree, the
regulatory mechanisms might be conserved. Comparisons between the proximal
promoters of both connexin genes were performed by both in silico prediction of
potential transcription factor binding sites and in vivo GFP transient expression assays.
These analyses have provided preliminary evidence that transcriptional regulatory
mechanisms for both Cx genes could be evolutionarily conserved.

The discovery of multiple transcript variants of zebrafish Cx44.1 has intrigued us
to further look into the functional roles of each individual Cx44.1 transcript variant
during lens development. Morpholino oligos that specifically target different splicing

variants can be used for this purpose. However, because all transcript variants share the
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same coding sequence (therefore produce the same connexin protein), more detailed
expression patterns of these transcript variants are necessary before we could
successfully determine the functional roles of each types of franscript of Cx44.1 using
morpholino techniques. In this study, I performed real-time RT-PCR to characterize the
expression patterns of these transcript variants during zebrafish embryonic development
as well as in adult lens tissues. The comprehensive analyses of the expression and
regulation of both ZfCx44.1 and mCx50 presented in this study have provided necessary
information for us to conduct functional studies in the future, as well as studies on the

regulatory mechanisms for the expression of both connexin genes.

2.2 Materials and Methods

2.2.1  Fish care.

Wild type zebrafish (Danio rerio) were purchased from a local pet store and
maintained in an aquarium facility on a daily light/dark cycle of 14 h light and 10 h dark
at 28.5 °C. The embryos were incubated in Egg water (60 ug/ml Instant Ocean sea salts)
in a 28.5 °C water bath, and staged using time elapsed since fertilization. Embryos used
for EGFP expression studies were treated with 0.003% 1-phenyl-2-thiourea (Sigma,
Mississauga, ON, Canada) in Egg water beginning at ~24 hpf (hours post fertilization) to
prevent pigment formation. Zebrafish maintenance, breeding and embryo collection
followed standard protocolé (Westerfield, 1995). The use of experimental animals was

approved by the University of Manitoba Institutional Animal Care Committee.
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2.2.2  RNA extraction:

RNA samples in the present study were isolated using Trizol reagent (Invitrogen
Corp., Carlsbad, CA) according to the manufacturer’s general instructions. RNA
concentration was determined by UV spectrometry. The A260/A280 ratios were between
1.8 and 2.0 for all samples. The quality of RNA samples was also tested by RNA gel
electrophoresis. For RACE-PCR and real time PCR experiments, no DNase treatments

were performed so as to avoid as much as possible any loss and degradation of RNA.

2.2.3  5’RACE (Rapid Amplification of cDNA Ends)

5" RACE experiments were performed using a GeneRacer'™ Kit (Invitrogen)
according to the manufacturer’s recommended protocols. In brief, RNA samples for
5’RACE were isolated from adult zebrafish lens tissues and adult mouse lens tissues
respectively. RNA samples were treated with calf intestinal phosphatase (CIP) in order to
de-phosphorylate the 5’end of truncated mRNA and non-mRNA molecules. The
de-phosphorylated RNA samples were then treated with tobacco acid pyrophosphatase
(TIP) to remove the 5° cap structure from mature full-length mRNA, leaving a 5’
phosphate group available. Using T4 RNA ligase, a universal RNA oligonucleotide
(GeneRacer ™ RNA oligo, 5’-CGA CUG GAG CAC GAG GAC ACU GAC AUG GAC
UGA AGG AGU AGA AA-3’) was then ligated to the de-capped mRNA, providing a

priming site for the following PCR reactions. First strand cDNAs were then reverse
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transcribed using SuperScript III reverse transcriptase with a mix of random hexamers
and the GeneRacer ™ oligo dT primer (5°-GCT GTC AAC GAT ACG CTA CGT AAC
GGC ATG ACA GTG (T)24-3). Primers used for the first round and nested PCR are
listed in Table 2-1.

The nested PCR products were cloned into the pCR4-TOPO vector (Invitrogen).
The ligation mixture was then used to transform One Shot® TOP10 chemically competent
E. Coli cells (Invitrogen). Positive colonies were randomly isolated and grown in LB
medium at 37°C with shaking (250 rpm) overnight. Independent plasmids were extracted
and then sent out for sequencing (DNA Centre, University of Calgary). The 5’UTR
sequences were then aligned against genomic DNA sequences to determine their
transcriptional start sites and exon-intron structures. Using RNA structure prediction
software mFOLD (Zuker 2003), we also analyzed the secondary structure of 5> UTR of

zebrafish Cx44.1 and mouse Cx50.

2.24  Sequence analyses of ZfCx44.1 and mCx50 promoters

Analyses of zebrafish Cx44.1 (ZfCx44.1) and mouse Cx50 (mCx50) promoters
were performed using the Matlnspector program (Cartharius et al. 2005; Quandt et al.
1995), a tool that utilizes a library of matrix descriptions for transcription factor binding
sites to locate matches in sequences of unlimited length. Potential transcription factor
binding sites were predicted using the Matlnspector program from Genomatix web

service (hitp://www.genomatix.de).
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2.2.5 Real Time RT-PCR

RNA samples for real-time RT-PCR of ZfCx44.1 were isolated from zebrafish
embryos (0, 1 — 5 dpf stages) and adult lens tissues, while for mouse Cx50, RNA samples
were from adult lens tissues. For each sample, DNase pre-treatment was not performed in
order to maintain as much as possible the RNA integrity, as some DNases are suspected
of having contaminating RNase activity. Total RNA (3 pg) was reverse transcribed by
Superscript III (Invitrogen), with oligo-dT(sy (Invitrogen), for 1 hour at 52°C, in a
reaction volume of 20ul. The resulting cDNA was then diluted to 100ul with ddH,O for
further use. A reverse transcriptase negative control was also used for monitoring
genomic DNA contamination.

Primer pairs for ZfCx44.1 and mCx50 were designed to specifically target splice
variants (Figure 2-4, and 2-6). In order to eliminate the amplification of potential
contaminating genomic DNA, all primer pairs have at least one primer spanning an
exon-exon boundary. All primers were manually designed, and their properties were
checked by free software OligoAnalyzer 3.0

(http://www.idtdna.com/ANALYZER/Applications/OligoAnalyzer/default.aspx ?err=true,

Integrated DNA Technologies, Coralville, 1A, USA). Zebrafish elongation factor la
(zEF1a) and mouse elongation factor la-1 (mEFlal) were used as reference genes for
analyses of ZfCx44.1 and mCx50 respectively. Similarly, both primer pairs of the

reference genes were designed to span their first introns respectively, so as to avoid
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amplifying genomic sequences in real-time PCR conditions. Standard-curve tests were
performed according to general quantitative PCR guidelines in order to validate the
specificity and efficiency of all primer pairs. All primer pairs gave acceptable high
specificities and efficiencies, thus allowing the comparative cycle threshold (ACY)
method of analysis to be used (Pfaffl 2001). All primer pairs and their anticipated
amplicon size are summarized in Table 2-2. |

PCR reactions were performed on an iQ5 Real-Time PCR detection system
(BIO-RAD, Hercules, CA, USA). CDNA samples (2pl per reaction) were mixed with 250
nM of each primer and 10pl of SYBR Green Supermix (BIO-RAD) reagent in a final
volume of 20ul. In addition, a reverse transcriptase negative control and a
template-negative control were also set up in parallel. PCR conditions were as follows:
95°C for 3 min followed by 40 cycles at 95°C for 10 sec, 62°C for 10 sec, and 72°C for
10 sec. After amplification, melting curve analyses were used to check PCR specificity,
and/or monitor genomic DNA contamination.

Each sample was tested in at least duplicate reactions and all PCR runs were
performed twice with cDNAs prepared from independent batches of RNA samples. Mean
Ct values were calculated, and then used for the calculation of ACt. Results were
expressed as a ratio of mRNA expression level to that of the EFla references. The ratios
were calculated by calculating ACt between mean Ct values of test and reference genes,

and were presented as column graphs using MS Excel program.

57



2.2.6 EGFP transient expression driven by connexin i)romoters in fish embryos

EGFP expression constructs were prepared to assess the function of the zebrafish
and mouse connexin gene promoters. The recombinant DNA constructions were prepared
by PCR method, and Platinum® 7ag DNA Polymerase High Fidelity (Invitrogen) was
used to ensure the sequence accuracy of PCR products. The detailed method is described
in Appendix L. In brief, by two rounds of PCR reactions, the zebrafish Cx44.1 promotér
(a~1.1 kb genomic DNA fragment immediately upstream of the translational start codon)
was linked to the EGFP coding sequence followed by a SV40 poly-A tail (Figure 2-1, C).
Similar strategies were applied to making the mouse Cx50-EGFP construction, and two
different Cx50-EGFP constructs were prepared (Figure 2-2, E and F). For one promoter
(P2), the entire 5’UTR sequence was retrieved from mouse ¢cDNA by a first round PCR,
and then linked to a ~300 bp promoter fragment immediately upstream of the 5> UTR,
which was derived from genomic DNA also by PCR (Figure 2-2, A & B). By a third
round of PCR, the resulted recombinant DNA fragment was then linked to the above
EGFP expression component resulting in the final construct (Figure 2-2, E). For the other
promoter (P3), which is located within the intron, a ~1 kb promoter fragment upstream
the translational start codon was PCR amplified from genomic DNA (Figure 2-2, C), and
then linked to the EGFP coding sequence and polyadenylation sequence by a second
round of PCR, resulting the final EGFP construct (Figure 2-2, F). All PCR primers used
for making these recombinant constructs are listed in Table 2-3.

The final PCR products (i.e., the recombinant DNA constructs) were purified
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using the GENECLEAN® Spin Kit (BIO-101 Inc., Vista, CA,USA), and then the
concentration was adjusted to about 100 ng/ul in 100 mM KCI solution with 0.05% of
phenol red (as the injection indicator). DNA constructs were injected into 1-cell stage
zebrafish embryos. Injected and non-injected control embryos were separately incubated
in egg water in a water-bath incubator with the temperature set at 28.5°C. Egg water was
regularly changed every 4 - 8 hours. At about 1 dpf stage, 0.003% of PTU
(1-phenyl-2-thiourea) was added into the egg water in order to repress the pigment
formation. Embryos were dechorionated by forceps and relocated to 24-well plates, with
1.5 - 2 ml of fresh egg water, and one embryo in each well. Each injected embryo was
then assigned an identification number. Fluorescence expression was observed and
recorded from this stage until day 5. During observations, live embryos were temporarily
anaesthetized in 4% Tricaine (Sigma). Images were captured and recorded using a Zeiss
Axioskop FS microscope equipped with a Sony DXC-950 CCD camera and Northern

Eclipse software (Empix, Mississauga, ON).

2.3 Results

2.3.1 Promoter usage and alternative splicing of ZfCx44.1 and mCx50

Using the 5’RACE method, I identified the transcription start site and 5> UTR
sequence of zebrafish Cx44.1 and the corresponding mouse ortholog Cx50. This is a
RLM- (RNA ligase-mediated) 5’RACE strategy, which ensures that only cDNAs

produced from mature capped mRNA transcripts are selected for the following PCR
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amplification, and thus only the full-length of the 5’ ends can be amplified and sequenced.
This feature makes it possible to identify the transcriptional start sites when the
full-length 5’ UTR sequence is aligned against its genomic sequence. In fact, this method
has been demonstrated to be comparable and, in many cases, more accurate than other
approaches, for example, S1 nuclease protection, RNase protection, and primer extension
(Liu and Gorovsky 1993; Schaefer 1995; Gum et al. 2003). The 5° RACE Nested PCR
products were cloned into pCR4-TOPO vector (Invitrogen, CA), and positive clones
were randomly isolated for sequencing. For zebrafish Cx44.1, 21 independent positive
clones in total were sequenced, while for mouse Cx50, 16 independent positive clones
were sequenced. Sequencing results were then aligned against the genomic DNA
sequence, thus resulting in the identification of the transcriptional start site and the
intron-exon structure of zebrafish Cx44.1 and mouse Cx50.

Using RNA samples from zebrafish adult lens tissues, 5 RACE experiments
identified multiple transcriptional start sites (TSSs) of zebrafish Cx44.1. The sequence
results are presented in the Figure 2-3. For convenience of description, the adenine site in
ATG codon was assigned as position +1, with position -1 representing its 5° nucleotide
and position +2 its 3’ nucleotide. Since the core promoter is typically situated within
about 100 bp surrounding the transcriptional start site (TSS), TSSs separated by more
than 50 base pairs are considered to be controlled by distinct core promoters. Two
distinct promoters (P1 and P2) were identified in the present study according to this

criterion. As shown in Figure 2-3, each promoter can generate multiple TSSs. For P1,
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transcription of Cx44.1 can be initiated from position -454 and -444. No TATA-like
element was found in the vicinity of these TSSs. For P2, transcription can be initiated
from nucleotide -560, -549, -536, -533, and -518, and a search for a TATA-box revealed a
TATA-like element at nucleotide -590. As also shown in Figure 2-4, transcript I is
transcribed from P1, whereas Ila and IIb are transcribed from P2. Figure 2-4 shows
three different transcripts that arise from both the different promoter usage and
pre-mRNA alternative splicing. Transcript I is transcribed from P1 while both Ila and IIb
are from P2. Interestingly, both transcript I and Ila share the same splicing event which is
distinct from that of transcript II. Pre-mRNA splicing follows the conserved “GU-AG”
rule, and alternative splicing only occurs at the 5” splicing sites (or donor sites), as both
are spliced to the same 3’ site (or acceptor site) hundreds of base pairs downstream
(nucleotide -16). Transcripts 1 and Ila use the 5° splicing site at nucleotide -391,
generating an intron of 376 bp, whereas transcript IIb uses the 5’ splicing site at position
-479, generating a longer intron that is 464 bp in size (Figure 2-3 and connotation 2-4).
As pre-mRNA splicing does not affect the coding region of Cx44.1, variable transcripts
of Cx44.1 only differ in the 5’UTR. Therefore, alternative 5° UTRs resulting from
different promoter usage and alternative pre-mRNA splicing is a significant feature of
mRNA expression of zebrafish Cx44.1 in adult lens tissues.

In order to investigate whether the mouse ortholog Cx50 has similar features of
mRNA expression, I also performed 5° RACE analyses using RNA samples from adult

mouse lenses. As shown in Figure 2-5 (and connotation 2-6), multiple transcriptional
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start sites were also identified, which were classified into three groups (I, I, and III), in
terms of different promoter usage (P1, P2, and P3) and different splicing events. Among
16 transcripts identified in the 5° RACE experiment, twelve were produced from PI;
three were transcribed from P2; and only one was detected that was generated from P3.
This, to some degree, suggests that P1 is the dominant promoter for mouse Cx50 in lens
(also see below, real-time RT-PCR analyses). As shown in the Figure 2-5, transcription
driven by P1 may be initiated from alternate TSSs at positions -5586 and -5581, however
no alternative TSSs were detected for transcripts driven by P2 and P3. Transcripts I and
II share both 5 and 3’ splicing sites which splice out an intron of 5,515 bp in size.
Interestingly, P3 is situated within the intron, and its transcripts do not undergo
pre-mRNA splicing. Similar to zebrafish Cx44.1, the generation of alternative 5° UTRs
due to multiple promoter usage and different pre-mRNA splicing is also a significant

feature of mRNA expression of mouse Cx50 in adult lens tissues.

2.3.2 5’UTRs of ZfCx44.1 and mCx50 are highly structured

Using mFOLD software (Zuker 2003), the secondary structure of 5> UTRs of
zebrafish Cx44.1 and mouse Cx50 were analyzed (Figure 2-7, to 2-12). The most
thermodynamically stable structures predicted by mFOLD are shown with calculated free
energy indicated in the figures (e.g., AG®°; = -16.60 kcal/mol for Cx44.1-I). The
alternative 5° UTRs of zebrafish Cx44.1 have significant variable length, and all

transcripts have remarkably strong secondary structures, with stable stem-loops
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throughout the UTRs.

A search for upstream AUG codons (uAUGS) revealed several uUAUGs within the
5’UTR-III transcript of mCx50, but no uAUGs were found for all other transcripts of
both Cx44.1 and Cx50. All of these uAUGs within mCx50 5’UTR-III are followed by
in-frame stop codons prior to the normal AUG codon,. resulting in a couple of uORFs
(upstream open reading frame) of variable length (Figure 2-13, red arrows). It has been
suggested that upstream AUGS can inhibit cap-dependent translation (Morris and Geballe
2000; Tacono et al. 2005). The existence of uAUGs might provide a mechanism that

allows fine control of translational initiation from the correct AUG codon.

2.3.3  Expression Patterns of ZfCx44.1 and mCx50 Transcript Variants

The expression pattern of zebrafish Cx44.1 mRNA was previously characterized
in this lab, using Northern blot analyses and in situ hybridization techniques, on embryos
at various developmental stages. The zebrafish Cx44.1 gene is expressed in the lens of
the developing embryo, and its expression begins during the early stages of lens
morphogenesis (Cheng et al. 2003; Cason et al. 2001). In the present study, using
real-time RT-PCR, we further studied tissue distribution of Cx44.1 mRNA expression in
zebrafish adult tissues (Figure 2-14). RNA samples were isolated from zebrafish adult
tissues including lens, retina, heart, liver, ovary, testis, spleen, gill, gut, brain, and swim
bladder. No DNase pre-treatments were performed in order to achieve as much as

poséible of mRNA integrity. The zebrafish EFlo gene was selected as a reference gene in
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these real-time PCR experiments, since EF1a has been demonstrated as the most suitable
reference gene for zebrafish real-time PCR analyses, both in time-course and tissue based
experiments (Tang et al. 2007). One of the EFlo-specific primers, zEFla/g/F1, was
designed to span the junction of exon 1 and exon 2, while zEF1a/q/R1 is situated in exon
2. This primer pair produces an amplicon of 94 bp in size (Table 2-2). To measure the
combined level of expression of the three alternative Cx44.1 transcripts (two derived
from the P1 promoter and two from the P2 promoter), a set of three primers were
designed and used together in the real-time PCR reactions. The reverse PCR primer,
Cx441/q/R1, is situated in the common coding region of all transcripts. Two forward
primers, Cx441/g/1/F1 (which anneals to transcript I and IIa) and Cx441/q/2b/F1 (which
anneals to transcript IIb), were each designed to span one of the two alternate 5° splicing
sites. The design of these two primer pairs not only ensured that all types of transcripts of
Cx44.1 were being properly targeted, but it also made sure that only cDNA templates
were amplified during PCR. The elongation time for real-time PCR reaction was very
short (10 sec.), which also significantly suppressed the amplification of genomic
templates that contains relatively long intron fragments. After PCR amplification,
melting curve analysis was employed to monitor for genomic DNA contamination. In
addition, a reverse transcriptase negative control and a template-negative control were
also set up in parallel for each batch of PCR experiment. It has been demonstrated that
this idea of primer design plus proper experimental controls can efficiently eliminate

genomic DNA contamination when doing RT-PCR without DNase pre-treatments.
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As shown- in Figure 2-14 (Tissue distribution of zebrafish Cx44.1 total mRNAs),
zebrafish Cx44.1 is primarily expressed in the adult lens tissues. In the testis, we also
detected a relatively low level of Cx44.1 expression. The present study has provided
further supporting evidence that zebrafish Cx44.1 is a lens-specific connexin gene that is
expressed (and functioning) during the lens development as well as in the functional
maintenance of adult lens tissues. Its expression in the testis has not been reported
previously in the literature. At this stage, it is not possible to claim conclusively that
Cx44.1 has an essential role in the testis, but detection of its transcripts in this tissue
should warrant further analyses.

We also performed real time RT-PCR to characterize the expression pattern of the
alternative transcripts of Cx44.1 in the adult lens. As mentioned, the primers
Cx441/g/1/F1 and Cx441/q/2b/F1 were designed to specifically target the two alternative
5’ splicing sites. It is worth noting that the Cx441/q/1/F1 primer actually targets both
transcript I and Ila (Figure 2-4). To address this problem, we designed an additional
primer pair Cx441/q/2a/F1 and Cx441/q/2a/R1, which specifically targets transcript Ila.
The results regarding transcript-I can therefore be corrected by calculation. Since this
additional primer pair produces an amplicon of 128 bp in size, we further designed
zEF10/q/R2 for the reference, with zEF1a/q/F1 together, which can produce a 133 bp
PCR fragment. The real-time RT-PCR analyses show that the three types of transcripts of
Cx44.1 are expressed at a very similar abundance, about 4% of EFla transcripts, in the

lens (Figure 2-15).
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Since all three types of transcript variants were detected in adult zebrafish lens
tissues, it was of interest to determine whether they are also expressed and functioning
during embryonic development. To test this, I also performed real-time RT-PCR analyses
for different transcript variants at early developmental stages. Results show that all three
transcript variants are indeed expressed during zebrafish early embryonic development,
although the relative abundance of Cx44.1 transcripts in the embryo is very low relative
to EFla expression levels (Figure 2-16). In contrast, expression of these Cx44.1
transcripts in adult lenses is expressed with a much higher ratio to that of EFlo
transcripts. It also appears that all three types of transcripts are generally expressed at a
similar abundance at specific stages during the development. The minor differences in
expression among transcripts I, Ila, and IIb could simply be the result of experimental
variation. Further analyses would need to be perfofmed to assess whether these changes
in expression are biologically relevant. Expression of Cx44.1 was not detected at 0.5 dpf,
but relatively strong expression was detected at 1 dpf. This observation is in agreement
with previous studies, where expression of Cx44.1 was detected from 1 dpf and later on
(Cheng et al. 2003; Cason et al. 2001). Therefore, it is speculated that expression of
Cx44.1 could be initiated somewhere between 0.5 and 1 dpf, upon the time of zebrafish
eye development.

We also performed expression analyses for alternative transcripts of mCx50 in the
mouse adult lens. As shown in Figure 2-6, all three primer pairs were designed to

specifically target three different transcript variants respectively (also see Table 2-2). The
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relative amounts of the transcript variants are presented in Figure 2-17. It appears that
transcript I and III, with a similar expression level, are both the minority among all

transcripts, while transcript I is much more strongly expressed in the adult lens tissues.

2.3.4  Promoter Analyses of Zebrafish Cx44.1 and Mouse Cx50

In order to investigate whether the zebrafish Cx44.1 and mouse Cx50 DNA share
similar molecular mechanisms for their transcriptional regulation, we conducted a
sequence similarity analysis between the Cx44.1 and Cx50 promoters, but no significant
sequence conservation was found. Using MatInspector web-based software (Cartharius et
al. 2005; Quandt et al. 1995), a search for potential transcription factor binding sites
within the proximal promoters of Cx44.1 and Cx50 was then performed. This analysis
revealed a couple of transcriptional regulatory motifs when using the eye as the tissue
filter for transcription factors. As shown in Figure 2-18, we observed multiple sites for
several conserved transcription factors, for example, AP1R (Maf and AP1 related factors),
BRNF (Bmm POU domain factors), FKHD (Fork head domain factors), HOXF
(Homeobox factors), NR2F (Nuclear receptor factors), PAX6 (PAX-4/PAX-6 paired
domain binding factors), SORY (SOX/SRY-sex/testis determining and related HMG box
factors). These transcription factors are all involved in embryonic development, and
essential for the development of the eye. For example, PAX6 has been established to be
the “master control” of eye development (Gehring 1996; Cvekl and Piatigorsky 1996;

Gehring and Ikeo 1999; Wawersik et al. 2000; Chow and Lang 2001; Tsonis and Fuentes
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2006; Kozmik 2008). SOX proteins are regulators for crystalline expression in the lens
(Chow and Lang 2001), although interestingly, SOX proteins are members of the SORY
family of factors, which also regulate testis formation, and this motif may help explain
why some Cx44.1 expression was observed in the zebrafish testis (Figure 2-14).
Transcription factors in BRNF family are highly restricted in central nervous system
neurons, and within the retina, these factors are present only within ganglion cells. It was
demonstrated that BRNF transcription factors are required for development of retina
ganglion cells (Gan et al. 1996).

In addition, we also found one INRE site (core promoter initiator element)
situated between Cx44.1 P1 and P2, as well as Cx50 P1 and P2, respectively. It is noted
that P1 and P2 are alternative core promoters for Cx44.1 and Cx50 respectively. A further
search for a TATA box revealed one TATA-like element in Cx44.1 P2 and Cx50 P2
respectively, but no TATA-like element was found for Cx44.1 P1 and Cx50 P1. This
structural arrangement of the INRE and TATA box, probably together with other cis-
elements or trans-factors, might provide the switch for the selection of core promoters of
both Cx44.1 and Cx50.

While software predictions can identify potential transcription factor binding sites
in vitro, these are not enough to discriminate between functional and non-functional sites
in the complex cellular environment (Cartharius et al. 2005; Wasserman and Sandelin
~ 2004). Nevertheless, these common binding sites predicted by Matlnspector in promoters

of Cx44.1 and Cx50 suggest that the regulatory mechanism for transcription may be
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conserved between fish and mouse. In order to test this, promoter activities of zebrafish
Cx44.1 and mouse Cx50 were tested by an EGFP transient expression construct injected
into zebrafish embryos. Expression constructs contained the proximal promoters of either
(Cx44.1 or Cx50) connexin gene. For the analyses of Cx44.1, we tested ~1 kb genomic
DNA immediately upstream of the translational start codon ATG. As this Cx44.1-EGFP
recombinant construct carries the intact 5°UTR and intron sequences, in vivo
transcription and pre-mRNA splicing of this expression construct in injected embryos
will produce the same leading 5’UTR sequence as endogenous Cx44.1 transcripts. F igure
2-19 (A) shows that these Cx44.1 promoter fragments could drive EGFP transient
expression in the retina of fish embryos. For mouse Cx50, the P3 is situated within the
intron region, and two promoter constructs were therefore designed. Promoter constructs
for both P1 and P2 contain approximately 300 bp of the promoter sequence upstream of
the TSS of P2, along with the entire 5> UTR (i.e., including the first exon but excluding
| the intron), fused in frame to EGFP coding sequence (Figure 2-2, E). The promoter
construct for P3 carries ~ 1 kb fragment that is located within the intron, immediately
upstream of the translational initiation codon ATG (Figure 2-2, F). This design ensures
that effects of P3 can be studied separately from that of P1 and P2. Figure 2-19 (C and D)
shows that both mouse Cx50 promoters could also drive EGFP expression in the

zebrafish embryos in patterns similar to that driven by the Cx44.1 promoter.

2.4 Discussion
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In this study, multiple transcriptional start sites and alternative splicing in the
5’UTRs of both zebrafish Cx44.1 and mouse Cx50 have been identified using 5’RACE
techniques. It is notable that different promoter usage and alternative splicing result in
transcript variants that differ only in their 5’UTR. In general, 5°UTRs are important in
the post-transcriptional regulation of gene expression, including mRNA transportation
out of the nucleus, sub-cellular localization, mRNA stability, and efficiency of translation
(Vilela et al. 1999; Wang et al. 1999; Kindler et al. 2005; Gebauer and Hentze 2004;
Pickering and Willis 2005; Mignone et al. 2002). It is probable that alternative 5’UTRs of
these connexin genes allow their expression and function to be finely modulated by
post-transcriptional regulatory mechanisms.

Most cellular mRNAs use this cap-dependent mechanism for protein synthesis,
and the 5’UTRs are essential for the initiation of mRNA translation. Most eukaryotic
mRNAs contain short 5’UTRs (usually fewer than 50 nts), and thus, cap-mediated
translation of such mRNAs is efficient enough. A longer 5° UTR usually increases
efficiency of translation by facilitating to recruit more pre-initiation complexes, but
further increases in 5° UTR length usually down-regulate the translational efficiency due
to secondary structure or alternative initiation of translation at upstream AUG codons
(Kozak 1991). About 10% of all mRNAs contain atypically long 5° UTRs, and their
protein products typically regulate vital cellular processes, including cell growth, cell
proliferation, apoptosis, etc. Along 5° UTR gives the propensity to form stable secondary

structure that may inhibit translation initiation by impeding the ribosomal scanning
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process (Pickering and Willis 2005a). In situations where cap-dependent translation is
impaired or suppressed, an alternative mechanism can be used by such long 5°UTRs, as
translational initiation can be mediated by a secondary structure called the internal
ribosome entry site (IRES) (Kaminski et al. 1994; Jackson 2005). Recent estimates
suggest that up to 10% of all cellular mRNAs have the potential to initiate translation via
this mechanism (Pickering and Willis 2005).

The prediction of secondary structure of the 5’UTR showed that the 5°UTR
variants of ZfCx44.1 and mCx50 are highly structured. It’s also notable that the
secondary structures show high diversity among different transcript variants. These
features of the 5’UTR secondary structure make it possible for the expression of different
transcripts to be regulated with distinctive pathways. We further performed real-time
RT-PCR analyses for these transcript variants of ZfCx44.1 and mCx50 respectively.
Although there is no linear relationship between mRNA abundance and yield of protein
products, the relative amount of transcripts can be an important factor for the regulation
of translation. This study’s analyses suggest that expression of ZfCx44.1 and mCx50
might be tightly regulated at the post-transcriptional level. Complicated diversities of
5’UTRs could allow their expression to be finely modulated during the embryonic
development or responding to physiological stimulus in adult tissues.

Expression pattern analyses have demonstrated that zebrafish Cx44.1 is
predominantly expressed in the ocular lens, which is consistent with previous studies

(Cheng et al. 2003; Cason et al. 2001). It is known that mouse Cx50 (ortholog of
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zebrafish Cx44.1) is also predominantly expressed in the lens. The tissue expression
patterns of both connexin genes appear to be highly conserved. Mice knockout studies
have demonstrated that Cx50 plays essential roles in lens development and adult lens
tissue homeostasis, as the ablation of Cx50 in knockout mouse resulted in the formation
of cataracts (White et al. 1998). Knockout techniques have not yet been available for the
zebrafish model, however, the use of morpholino knock-down techniques is ideally
suited for genetic studies in injected zebrafish embryos. Previous morpholino studies of
zebrafish Cx44.1 in this lab have observed reduced lens growth and the formation of
cataracts during early embryonic development, even though the morpholino oligos were
not perfect (Cheng and Valdimarsson., unpublished data). Nevertheless, these functional
analyses certainly suggested that lens connexins play essential roles during lens
development and the knock-down of connexin gene expression can lead to lenticular
diseases such as cataracts. With the identification of the 5’UTR sequences of zebrafish
Cx44.1, we can now design effective morpholino oligos, thus allowing genetic analyses
of the roles that Cx44.1 plays during the lens development, as well as molecular and
genetic mechanisms for lenticular diseases.

The expression of alternative transcripts of Cx44.1 raised an interesting question
for our future studies — what are specific functional roles of each individual transcript
variant in zebrafish lens development and the homeostasis of adult lens tissues, or why
different transcript variants are needed. For this purpose, morpholino oligos have been

designed to target each specific individual transcript variant of ZfCx44.1 that has been
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derived from differential pre-mRNA alternative splicing. In our future studies, the use of
morpholino knock-down techniques could provide a powerful strategy for elucidating the
specific functional roles of alternative splicing of ZfCx44.1 during lens development in
zebrafish embryos. However, all three transcript variants of ZfCx44.1 encode the same
connexin protein, which brings a big challenge for us to determine their functional roles
individually. To this end, more detailed expression patterns of these transcript variants
are necessary in order to link splicing variants to potential phenotypes. In this study, I
performed real-time RT-PCR to analyze the relative abundance of these transcript
variants during zebrafish embryonic development as well as in adult lens tissues. These
results can be very useful when functional studies for transcript variants of ZfCx44.1 are
performed in our future studies.

In this study, preliminary promoter analyses were also performed with Cx44.1
and Cx50. The prediction of potential transcription factor binding sites in the proximal
promoters of both genes suggested that common transcription factor networks might be
conserved. We have used EGFP transient assays to test this hypothesis. Recombinant
constructs were made by PCR method to fuse ~ 1 kb promoter fragments in frame to the
EGFP coding sequence. This method ensures that the transcripts carry the same 5° UTR
sequences as the endogenous genes. Despite examining about 50 injected embryos, it
was surprising that GFP expression was not observed in the lens using either connexin
promoter. Although more analyses could be needed, we suggest that some key regulatory

elements might have been missed in these promoter constructs, such as, for example,
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potential distal enhancers that are essential for lens-specific expression. In addition, some
silencing elements might have also been missed in these promoter constructs, given the
fact that EGFP was strongly expressed in the retina in injected embryos. To test these
speculations, another Cx44.1 promoter construct was built using the PCR strategy, and it
carries the entire 3’UTR fragment of Cx44.1 replacing the SV40 poly-A sequence in the
previously used construct (Figure 2-1, D). ﬁpon injecting this construct, about half of the
injected embryos could express EGFP in the lens, though EGFP expression in the retina
was still observed (Figure 2-19, B). Although the mechanisms seem to be unknown at
this stage, this observation suggested that the 3°UTR of Cx44.1 probably has impoﬁant
regulatory roles for its expression, such as a lens-specific enhancer sequence.

The promoter constructs used in the present study can not perfectly mimic the
endogenous expression patterns of ZfCx44.1 and mCx50, but nevertheless, the analyses
in this study suggested that Cx44.1 and Cx50 share some common regulatory elements
(e.g., transcription factor binding sites) in their proximal promoters. In general, the
mechanisms of eye morphogenesis are evolutionally conserved throughout the animal
kingdom, and there exist similar genetic networks of eye transcription factors. Also,
similar inductive signal systems may be used to initiate the self-regulatory network of
eye specification (Chow and Lang 2001; Ogino and Yasuda 2000; Zuber et al. 2003). The
expression of connexin proteins is established early in the process of eye development,
and connexins play essential roles in the coordination of eye development through signal

conduction and exchange of substrates. Although the detailed mechanisms are still
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unknown, analyses in the present study suggest that the regulatory mechanism for the
initiation of connexin gene transcription can be conserved between zebrafish and mouse.
It is possible that endogenous expression patterns could be more perfectly
mimicked if using much larger promoter fragments. Researchers have proposed to use
artificial chromosomal vectors (BAC or PAC) that can accommodate much larger DNA
insertions than regular plasmids. This method is helpful to reproduce reliable expression
patterns in injected embryos since larger fragments are less likely to be missing crucial
regulatory elements (Jessen et al. 1998). In our future studies, further analyses are needed
in order to identify distal enhancers and silencers, thus allowing further investigation into

the regulatory conservations between zebrafish and mouse.

2.5 Summary

In this chapter, 5° RACE experiments have demonstrated that alternative
pre-mRNA splicing and different promoter usage are common features of zebrafish
Cx44.1 and mouse Cx50 gene expression, and transcript variants of Cx44.1 and Cx50
only differ in their 5’UTRs. These results suggest that expression of both genes is tightly
regulated at both the transcriptional and the post-transcriptional level. Promoter analyses
for Cx44.1 and Cx50 were performed through both in silico prediction of transcription
factor binding sites and in vivo GFP transient expression assays in zebrafish embryos.
Preliminary comparisons between proximal promoters of Cx44.1 and Cx50 suggested

that both connexin genes could share conserved transcriptional regulatory networks. The
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expression patterns of transcript variants of Cx44.1 were examined using real-time PCR
and in most cases, each transcript variant was expressed equally. With the identification
of different transcript isoforms of zebrafish Cx44.1, the use of morpholinos that
specifically target splicing variants Cx44.1 could provide a powerful strategy to
investigate the functional roles of these alternative variants during embryonic

development.
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Figure 2-1. Zebrafish Cx44.1-eGFP expression constructs. Gray shadow boxes
represent the 5S’UTR sequences of Cx44.1 cDNA. A ~1.1 kb genomic DNA fragment
immediately upstream of the translation start codon was amplified by PCR (A), The
EGFP coding sequence plus SV40 poly-A tail were retrieved by PCR from an EGFP
expression vector (B), which was then linked to the EGFP coding sequence by PCR,
resulting in Cx44.1-eGFP recombinant DNA (C). An additional construct was made by

replacing the SV40 poly-A tail with Cx44.1 endogenous 3’UTR tail (D).
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Figure 2-2. Mouse Cx50-eGFP expression constructs. Gray shadow boxes represent
the 5S’UTR sequences of Cx50 cDNA. Fragment (A) is the genomic region immediately
upstream the translational start site. Fragment (B) contains ~ 300 bp promoter fragment
(P2), the 5’UTR sequence of Cx50, and an adapter for eGFP coding sequence. Fragment
(C) was amplified by PCR from genomic sequence which carries the promoter (P3) and
an eGFP adapter. Both promoters (P2 and P3) were fused with EGFP and SV40 poly-A
tail (D) by PCR strategy. The final PCR products (E, and F) are Cx50-eGFP recombinant

construct used for transient expression assays after DNA purification.
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Figure 2-3. Alignment of zebrafish Cx44.1 transcript variants. Three transcript
variants are derived from different promoter usage and alternative pre-mRNA splicing.
Transcript I is transcribed from P1, whereas both Ila and IIb are from P2. Transcription
can start from multiple transcriptional start sites (TSSs, indicated by * above the specific
nucleotides). Transcript I and Ila share the same splicing event, but differ from that of
transcript IIb. Splicing events follow the conserved “GU-AG” rule. The adenine site in

ATG codon was assigned as position +1.
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Figure 2-4. Sketch of ZfCx44.1 transcript variants. Boxes represent the exons of
Cx44.1 transcripts, while bold lines (or blank boxes) are genomic sequences or introns.
All three transcripts share the same coding sequence and 3°UTR, and alternative 5’UTRs
are derived from different promoter usage (P1 or P2) and pre-mRNA alternative splicing
(alternative 5° sites). Real-time PCR primer pairs were designed to target specific
transcript variants of Cx44.1. Forward primers are indicated by red arrows, while reverse
primers by blue arrows. All primer pairs have at least one primer spanning an exon-exon

boundary.
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Figure 2-5. Alignment of mCx50 transcript variants. Three transcript variants are
derived from different promoter usage (P1, P2, or P3) and pre-mRNA splicing.
Transcription from P2 can start from multiple transcriptional start sites (TSSs), which are
indicated by * above the alignment. Splicing events follow the conserved “GU-AG” rule
(highlighted with yellow color). Transcript I and II share the same splicing event,
whereas transcript I1I does not undergo pre-mRNA splicing and its promoter and 5°UTR
are situated in the intron region.
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Figure 2-6. Sketch of mCx50 transcript variants. Boxes represent the exons of Cx50
transcripts, while bold lines (or blank boxes) are genomic sequences or introns. All three
transcripts (I, II, and III) share the same coding sequence and 3°UTR, and alternative
5’UTRs are derived from different promoter usage (P1, P2, or P3) and pre-mRNA
splicing (either undergoing splicing or not). Real-time PCR primer pairs were designed
for targeting specific transcript variants of Cx50. Forward primers are indicated by red
arrows, while reverse primers by blue arrows. All primer pairs have at least one primer

spanning an exon-exon boundary.
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Figure 2-7. Secondary structure of 5 UTR of ZfCx44.1 transcript I. The most
thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®°37 = -16.60 kcal/mol).

Qe orer_gnea
By 0. Tt and 1. Tiker

A /C—A\C\
/ A
G i
\ A~ 40
g G\o U/x
20 AN 14 A~
\C’A‘l\ A-A—c( 3¢
¢’ / U
] G—G—A—-G \
g b-&-0-4 G
U \ {
ey e
U—A \
[ 50
¢
Ay
o~
A—U
/
10 —C '
\
b
Ay
C—G
\
| ©
i
o-¢
U—A
\
‘ C— 70
/
-
o=
5 —A—U
~c
\
3 —G A
LA
<IN /

dG = -18.60 finitially - 18.60] ZICx44.1_5UTR-1

83



Figure 2-8. Secondary structure of 5> UTR of ZfCx44.1 transcript Ila. The most
thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®s7 = -44.90 kcal/mol).
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Figure 2-9. Secondary structure of 5> UTR of ZfCx44.1 transcript IIb. The most
thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®s; = -17.60 kcal/mol).
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Figure 2-10. Secondary structure of 5° UTR of mCx50 transcript I. The most
thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®3; = -15.90 kcal/mol).
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Figure 2-11. Secondary structure of 5° UTR of mCx50 transcript II. The most
thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®°37 = -38.90 kcal/mol).
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The most

Figure 2-12. Secondary structure of 5> UTR of mCx50 transcript III.

thermodynamically stable structures predicted by mFOLD program are shown with

calculated free energy (AG®s; = -80.01 kcal/mol).
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Figure 2-13. uORFs of mCx50 transcript III. The normal translational start codon is
indicated by the green triangle (Frame +1). All of the uAUGs of Cx50 5°UTR-III are
followed by in-frame stop codons prior to the normal AUG codon, resulting in a couple

of uORFs of variable length (indicated by red arrows).
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Figure 2-14. Tissue distribution of ZfCx44.1 total mRNAs. Cx44.1 mRNA is
primarily expressed in the adult lens tissues, while a relatively low level of Cx44.1
expression was also detected in the testis. The ratios were calculated by calculating ACt
between mean Ct values of test and EFla genes in two replicate experiments, and were

presented as a column graph.
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Figure 2-15. Expression of ZfCx44.1 transcripts in the adult lenses. Three transcript
variants have similar expression level (about 4% of EFla transcripts). The ratios were
calculated by calculating ACt between mean Ct values of test and EFla genes in two

replicate experiments, and the results were presented as a column graph.
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Figure 2-16. Expression of ZfCx44.1 transcripts during development. Analyses were
performed using about 50 embryos at different developmental stages indicated by dpf
(days post fertilization). The ratios were calculated by calculating ACt between mean Ct
values of test and EFla genes in two replicate experiments, and the results were
presented as a column graph. Expression of Cx44.1 was not detected at 0.5 dpf, but
relatively strong expression was detected at 1 dpf. All three types of transcripts are

expressed at a similar abundance at specific stages during embryonic development.
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Figure 2-17. Expression of mCx50 transcripts in the adult lenses. Transcript I is much
more strongly expressed than transcript II and III which are both the minority among all
transcripts in the adult lens tissues. The expression ratios were calculated by calculating
ACt between mean Ct values of test and EFla genes in two replicate experiments, and

the results were presented as a column graph.
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Figure 2-18. Prediction of potential transcription factor binding sites within the
proximal promoters of both zebrafish Cx44.1 and mouse Cx50. Analyses were
performed by MatInspector web-based software using the eye as the tissue filter with
default parameters. Resultant figures were downloaded from the MatInspector web server,
and then annotated manually. Different core promoters are indicated by arrows at their
corresponding transcriptional start sites (TSSs), whereas the translational start codons are
indicated by small vertical lines. Potential transcription factor binding sites are marked

by solid dots with different colors surrounding the promoter sequences.
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Figure 2-19. EGFP expression driven by ZfCx44.1 and mCx50 promoters. A ~ 1kb
promoter fragment immediately upstream of the AUG codon of zebrafish Cx44.1 could
drive EGFP transient expression in the retina of fish embryos (A). When the SV40
poly-A tail was replaced by the endogenous 3°UTR in the above Cx44.1-EGFP construct,
EGFP expression was observed in the lens of fish embryos (B). Both mouse Cx50
promoters (P2 & P3) could also drive EGFP expression in the retina of zebrafish

embryos (C & D).




Table 2-1.  Primers used for S’RACE of zebrafish Cx44.1 and mouse Cx50.
GeneRacer™ RNA oligo CGA CUG GAG CAC GAG GAC ACU GAC AUG

GACUGAAGG AGU AGA AA

GeneRacer™ 5 Primer

CGA CTG GAG CAC GAG GACACT GA

GeneRacer™ 5°Nested Primer

GGA CACTGA CAT GGA CTG AAG GAGTA

Cx44.1 5’RACE Primer

CCA GAC GAAACTTCT TGC TGC CCTTTG

Cx44.1 5’RACE
Primer

Nested

TCT GCG GCT GTG CCCAAG ATGAGGA

Cx50 5°’RACE Primer

GGCTGCTGG GTGTTG CATACAAAATCAG

Cx50 5’RACE Nested Primer

GAT TGC TCATCG CCC CACACAAACTC
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Table 2-2  Zebrafish Cx44.1 and Mouse Cx50 Real-time PCR Primers

Sequences of Primers.

Cx44.1 1

(Cx441/9/1/F1) CTCTGGGAGCTCTTACTGTGTG

(Cx441/9/1/R1) CCGTCGAATGCTCATTTACTTCCTC

Cx44.1 1la

(Cx441/9/2a/F1) CGACAAGGATTGGAGGCCATAG

(Cx441/q/2a/R1) CCATGGTTGACTGTCAGCACAC

128 bp

Cx44.1_IIb

(Cx441/9/2b/F1) GACAAGGATTGGAGGCCATAGTG

(Cx441/q/1/R1) CCGTCGAATGCTCATTTACTTCCTC

94 bp

zEF1la

(zEF1a/q/F1) GAGGAGTGATCTCTCAATCTTGAAAC

(zEF1a/g/R1) TTTCCGGAGTCGACGTGGCCAATAAC

94 bp

zEF 1o

(zEF10/q/F1) GAGGAGTGATCTCTCAATCTTGAAAC

(zEF1a/g/R2) CCACCGCATTTGTAGATCAGATGG

133 bp

Cx50 1

(mCx50/q/1/F1) GTGGGACGCTACTCAGACGTGAGC

(mCx50/g/R1)
CTGCTGTCCCGAGGATGAGGATGCGGAAG

144 bp

Cx50_II

(mCx50/q/2/F1) GCCTTCTGCTTCCTTGGTAGTGAGC

(mCx50/q/R1)
CTGCTGTCCCGAGGATGAGGATGCGGAAG

147 bp

Cx50 III

(mCx50/q/3/F1)
GGAAGTTGGAGGTGGGCTTTTAGGTG

(mCx50/q/3/R1)
CAGTCGCCCATTGCTCACGTCTGAGTAG

133 bp

mEFlal

(mEF1al/q/F1)
GTTTGCCGTCAGAACGCAGGTGTTGT

(mEF1lal/g/R1)
CACATTTGTAGATCAGGTGGCCGGTTG

147 bp
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Table 2-3. PCR primers for ZfCx44.1-GFP and mCx50-GFP constructs.

Underlined sequences are primer adapters for eGEP coding sequence.

ZfCx441/PF10 | CTC GAG TTG AGT TTG ATC TTA TAG TG
TCC TCG CCC TTG CTC ACC ATA GAA ACT CCA GTC ACC
ZfCx44.1/gfp/R1 GAT GGT TG
TCG GCA TGG ACG AGC TGT ACA AGT AAT TGA CGG TAT
efp/ZICxa41/FL |~ e TCC AGT G
mCx50/PF4 CTG CAG AAG CCC CAG CTA AGC
mCx50/PR2 GAG TAG CGT CCC ACG GAG AAA
mCx50/F2 GCA GCA AGA GAG AAA GAC AGC
mCx50/PF7 GCT ATC CCA AAA GTC CCC CGT AC
Cxs0/efor] | LCCTCG CCCTTG CTC ACC ATA GAA ACT CCA GTC GCC
iXoU/glp CAA TGC TC
ofp/F1 ATG GTG AGC AAG GGC GAG GAG
gfp/R1 GCG CGC AAT TAA CCC TCA CTAAAG
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CHAPTER THREE

ZEBRAFISH CONNEXIN 45.6

3.1 Introduction

The adult zebrafish heart is a tubular structure consisting of four chambers in a
series: the sinus venosus, the atrium, the ventricle, and the bulbous arteriosus (Lohr and
Yost 2000; Hu et al. 2000). While the anatomy of the adult zebrafish heart displays some
differences relative to the hearts of higher vertebrates, the embryonic development of the
zebrafish heart is remarkably isimilar to that of other vertebrates, including mammals
(Lohr and Yost 2000; Opitz and Clark 2000). For example, the zebrafish embryonic heart
actually resembles that of a three-week post implantation human embryo (Harvey 1999).
Genes that drive vasculogenesis and subsequent angiogenesis in zebrafish heart
development appear common to those required in mammals, including for example,
Notch, Sonic hedgehog, and vascular endothelial growth factor (Lawson et al. 2002). In
zebrafish, the cardiovascular system begins to function by 24 hpf, but the cardiovascular
function is not essential for early embryos because the embryo is small enough to obtain
oxygen through simple diffusion (Warren and Fishman 1998; Grillitsch et al. 2005). This
feature has provided an additional benefit specific to developmental analyses of the
cardiovascular system in zebrafish embryos (Lohr and Yost 2000). For example, in
morpholino-injected embryos, disruptions of morphogenesis and the abnormal function

of the cardiovascular system can be observed for a period of time in the living embryos
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without functional circulation. For these reasons, the zebrafish is becoming a favourite
model organism for genetic studies of heart development and modeling human
cardiovascular diseases (Lohr and Yost 2000; Chico et al. 2008).

In the heart, gap junctions are important for the propagation of action potentials
between myocytes, and are therefore essential for the coordinated and rhythmic
contractions of the atria and ventricles (Bleeker et al. 1980; Gourdie 1995; Kupperman et
al. 2000). The connexins abundantly expressed in mammalian heart include Cx37, Cx40,
Cx43 and Cx45. The expression pattern of each connexin is tightly controlled in a
cell-type specific manner (Gros and Jongsma 1996; Jongsma and Wilders 2000; Coppen
and Severs 2002; van Veen et al. 2006). Cx43, the most predominant connexin in the
heart overall, is expressed in all the cardiac components excluding the sinoatrial (SA) and
atrioventricular (AV) nodes, the His bundle, and proximal parts of the bundle branches
(BBs). Cx45 is predominantly expressed in the AV node and His bundle, and also
detected in low levels in the peripheral portion of the ventricular conduction system.
Cx40 is found abundantly in the atrial working myocardium, the His bundle, and
conducting BBs and Purkinje fibres. Cx37 is expressed in the cardiac endothelial cells
(Reed et al. 1993). A similar set of connexins is also found in blood vessels. The
endothelial cells express Cx40, Cx43, and Cx37; whereas the smooth muscle cells
primarily express Cx43 and sometimes Cx40, Cx45, and/or Cx37 (Christ et al. 1996).
Knockout mice have been used to analyze the functional roles of these connexins in

cardiovascular function and development. For example, knockout mice demonstrated the
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significant role of Cx40 in atrionodal conduction and proximal His-bundle conduction
(Simon et al. 1998; Simon and McWhorter 2002; Kirchhoff et al. 1998; Kirchhoff et al.
2000; VanderBrink et al. 2000; Bagwe et al. 2005).

The zebrafish Cx43.4 (ortholog of mammalian Cx45) (Essner et al. 1996) and
Cx43 (Chatterjee et al. 2005) have been cloned and characterized in the zebrafish.
Previous studies in this lab have isolated zebfaﬁsh Cx45.6 gene (the ortholog of
mammalian Cx40) from a genomic library, and its mRNA expression patterns have been
extensively characterized using Northern blots, RT-PCR and in sifu hybridization
(Christie et al. 2004). These studies showed that ZfCx45.6 and mCx40 show a high level
of similarity in amino acid sequences, expression patterns, and biophysical properties
(Christie et al. 2004). With the isolation of these cardiovascular connexins in the
zebrafish, further studies can be performed in order to elucidate the regulatory
mechanisms for the expression and functional roles of these connexin genes during the
normal and abnormal development and function of the cardiovascular system.

In the present study, the transcriptional start sites and the 5S’UTR sequences of
Cx45.6 were 1dentified using 5’RACE techniques. Several types of transcript variants
were detected in adult zebrafish heart and liver tissues. These transcript variants have
distinct 5’UTR sequences that resulted from multiple promoter usage and alternative
splicing. Using real-time RT-PCR, the relative amounts of each of these transcript
variants of Cx45.6 were analyzed in early stage zebrafish embryos, as well as in several

adult tissues, including the heart. Tissue expression patterns of Cx45.6 total mRNA were
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also characterized by real-time RT-PCR method. These studies lay the groundwork for
future studies on the regulatory mechanisms for gene expression and functional roles of

Cx45.6 in the development and function of the zebrafish cardiovascular system.

3.2 Materials and Methods

3.2.1 Fish Care

See Chapter 2 for details.

3.2.2 RNA Preparation:

RNA samples were isolated using Trizol reagent (Invitrogen). The RNA samples
with A260/A280 ratios between 1.8 and 2.0 were accepted for further use. The quality of
RNA samples was also tested by RNA gel electrophoresis. For all experiments, fresh
RNA samples were used, and no DNase treatments were performed before reverse

transcription in order to avoid as much as possible any loss and degradation of RNA.

3.2.3 S5’RACE (Rapid Amplification of cDNA 5’ Ends)

5" RACE experiments were performed using a GeneRacer™ Kit (Invitrogen)
according to the manufacturer’s recommended protocols (for details see Chapter 2). RNA
samples were isolated from adult zebrafish heart and liver tissues (a mixture of RNA

samples). 1 pg of total RNA was used in 5’RACE experiments. The gene-specific reverse
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primers used were 5’- GGC CCA TGT AGA TGA GGG AGG GTG -3’ for the first round
of PCR and 5’- GGT GTC GAT ACG AAG ACG ATC TGC AGC -3’ for the nested PCR.
The nested PCR products were cloned into the pCR4-TOPO vector (Invitrogen), and the
ligation was then transformed into One Shot® TOP10 chemically competent E. coli cells
(Invitrogen). Independent positive clones were randomly selected and sent out for
sequencing (DNA Centre, University of Calgary). Resultant sequences were then aligned
against genomic DNA sequences of Cx45.6 to determine their transcriptional start sites
and exon-intron structures. Using RNA structure prediction software Sfold (the server

Web site: http://sfold. wadsworth.org.) (Ding and Lawrence 2003; Ding et al. 2005), we

also analyzed the secondary structure of Cx45.6 5> UTRs.

3.2.4 Real-time RT-PCR

RNA samples for real-time RT-PCR of ZfCx45.6 were isolated from zebrafish
embryos (12 hpf, and 1 — 5 dpf stages) and a series of adult tissues. For each sample,
DNase pre-treatment was not performed in order to maintain as much as possible the
RNA integrity. Approximately 3 ug of total RNA were reverse transcribed by Superscript
IIT (Invitrogen), with a mix of random hexamers and oligo-dT sy primers (Invitrogen),
for 1 hour at 52°C, in a reaction volume of 20ul. The resulting cDNA was then diluted to
100ul with ddH,O for further use. A reverse transcriptase negative control was also used
for monitoring genomic DNA contamination.

Primer pairs for ZfCx45.6 were designed to specifically target their splice

103



variants. In order to avoid the amplification of potential contaminating genomic DNA, all
primer pairs have at least one primer spanning an exon-exon boundary. For this purpose,
the primers were manually designed, and their properties were checked by free software
OligoAnalyzer 3.0 (Integrated DNA Technologies, Coralville, 1A, USA). Zebrafish
elongation factor lo (zEFla) was used as reference gene. Similarly, in order to restrict
the amplification of genomic templates, the forward primer spanned the junction between
exon 1 and exon 2, while the reverse primer was located in exon 2. Standard-curve tests
were performed in order to validate the specificity and efficiency of all primer pairs. All
primer pairs gave acceptable high specificities and efficiencies, thus allowing the
comparative cycle threshold (ACt) method of analysis to be used. All primer pairs used
for real-time PCR and their anticipated amplicon size are summarized in Table 3-1.

PCR reactions were performed on an iQ5 Real-Time PCR detection system
(BIO-RAD). cDNA samples (2ul per well) were mixed with 250 nM of each primer and
10ul of SYBR Green Supermix (BIO-RAD, Hercules, CA, USA) reagent in a final
volume of 20pul. In addition, a reverse transcriptase negative control and a
template-negative control were also set up in parallel. PCR conditions were as follows:
95°C for 3 min followed by 40 cycles at 95°C for 10 sec, 61°C — 62°C for 10 sec, and
72°C for 10 sec. After amplification, melting curve analysis was employed to check PCR
specificity, and monitor genomic DNA contamination.

Results were exported into Microsoft Excel for further analysis. Each sample was

tested in at least duplicate reactions and all PCR runs were performed twice with cDNAs
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prepared from independent batches of RNA samples. Mean Ct values were calculated,
and then used for the calculation of ACt. The relative level of each transcript variants was
first calculated relative to the reference gene and results were then presented as column

graphs.

3.3 Results

3.3.1  Mapping transcriptional start sites and identification of 5°UTRs

Using 5’RACE method, we identified the transcription start site and the 5° UTR
sequences of zebrafish Cx45.6. As discussed previously, this 5°RACE strategy can
selectively capture the full-length of the 5” ends of the transcript, thus making it possible
to map the transcriptional start sites. As previous studies demonstrated Cx45.6 expression
occurs predominantly in the heart and liver tissues, RNA samples used for the 5’RACE
experiment was a mixture of total RNA isolated from zebrafish adult heart and liver. The
nested PCR products were cloned into pCR4-TOPO vector (Invitrogen), and 19 positive
clones were randomly picked for sequencing. Sequencing results were then aligned
against the genomic DNA sequence, resulting in the identification of the transcriptional
start sites and the 5’UTR sequences of zebrafish Cx45.6 (Figure 3-1).

Six different 5’UTR sequences were identified and a sequence alignment is
shown in Figure 3-1. For convenience of description, the adenine site in ATG codon was

assigned as position +1, with position -1 representing its 5° nucleotide and position +2 its
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3’ nucleotide. Transcriptional start sites (TSSs) separated by less than 50 base pairs are
considered to be controlled by the same promoter (also see Chapter 2). According to this
criterion, three promoters of Cx45.6 were identified (P1, P2, and P3; Figure 3-2). P1 and
P2 are alternate core promoters, whereas P3 is located about 4 kb upstream of both P1
and P2. A search for a TATA-box did not find TATA-like elements for either P1 or P2,
while a TATA-like element was found upstream of the TTS driven by P3 (Figure 3-1).
Transcript variants produced by P1 and P2 contain two exons, while transcript
variants from P3 contain three exons (Figure 3-2). It appears that these transcript variants
only differ in the 5’UTR. As shown in Figure 3-1, the pre-mRNA splicing events follow
the conserved “GU-AG” rule. Interestingly, two competing tandem “AGs” at the 3’
splicing site were found, which are close to the translational start codon. To date, this is
the first study that has demonstrated tandem alternative splicing sites in a connexin gene.
As shown in Figure 3-1, alternate transcripts (Ia, Ila, and IIla) selectively use the
intron-distal AG as the splicing acceptor. Therefore, six types of transcript variants of

Cx45.6 are generated due to multiple promoter usage and alternative pre-mRNA splicing.

3.3.2 5’UTR Secondary Structures of Zebrafish Cx45.6

Using software Sfold (http:/sfold.wadsworth.org.) (Ding and Lawrence 2003;

Ding et al. 2005), predictions of secondary structures of Cx45.6 5’ UTRs were performed
(Figure 3-4 to 3-6). Results show that the 5’UTRs (II/Ila and III/Illa) are very highly

structured. The most thermodynamically stable structures predicted by Sfold are shown,
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along with the calculated free energy for each folding variant (e.g., AG®; = -91.50
kcal/mol for Cx45.6-II). It appears that all transcripts (except 1/Ia) have very strong
secondary structures, with stable stem-loops throughout the 5’UTRs. It’s also notable that
the Cx45.6 5’UTRs II and III are relatively long 5°UTRs compared to typical eukryotic
mRNAs.

A search for upstream AUG codons (uAUGS) revealed a couple of uAUGs within
the transcript II and IIT of Cx45.6 (Figure 3-7). As the alternate 3’ splice sites do not shift
the open reading frame, only results for transcripts I, II and III are shown in this figure.
All these uAUGs are followed by in-frame stop codons prior to the normal AUG codon,
thus resulting in a couple of uORFs (upstream open reading frame) of variable length. It
has been thought that upstream AUGs can inhibit cap-dependent translation (Morris and
Geballe 2000; Iacono et al. 2005). The existence of uAUGs might provide a mechanism

for potential control of translational initiation from the correct AUG codon.

3.3.3  Expression Patterns of ZfCx45.6 Transcript Variants

Using real-time RT-PCR, the tissue expression patterns of Cx45.6 mRNA were
analyzed in adult zebrafish tissues (Figure 3-8). RNA samples were isolated from 15
different adult tissues including lens, retina, heart, liver, ovary, testis, spleen, gill,
intestinal gut, brain, swim bladder, inner ear, skin, fin, and skeletal muscle. The forward
primers span a common exon/exon junction, while the reverse primer is located in the

coding region, thus allowing all transcript variants to be targeted by the primer pairs (see
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below; primer pairs for transcript-I/Ia actually target all variants). The zebrafish EFla
gene was selected as the reference gene, since EFla has been demonstrated as the most
suitable reference gene for zebrafish real-time RT-PCR analyses, both in time-course and
tissue based experiments (Tang et al. 2007). Experiments showed that zebrafish Cx45.6
is primarily expressed in adult heart tissue, with only low levels of expression in some
other tissues such as the retina, liver, spleen, inner ear, and skeletal muscle (Figure 3-8).
These results suggest that zebrafish Cx45.6 could be regarded as a heart-specific
connexin.

Using real-time RT-PCR, I further analyzed the composition of alternative
transcripts of Cx45.6 in the adult retina, heart, liver, spleen, and intestinal tract,
respectively. The primers for zebrafish EF 10 (reference gene) are the same as that used in
Chapter 2 (also see Table 3-1). In order to prevent the amplification of genomic DNA
templates, all primer pairs have at least one primer spanning an exon-exon boundary. As
shown in Figure 3-3, primer pairs for transcripts Il/Ila and III/Illa were designed
specifically to amplify these variants. Primer pairs for transcript I/la actually can target
all transcript variants of Cx45.6. Therefore, the results for transcript-1/Ia can be corrected
by calculation. The results showed that transcripts I and Ia are predominant among these
six types of isoforms. Only trace expression of transcripts III and IIla were detected
among these tissues (Figure 3-9). Interestingly, the intron-proximal AG is preferably
selected for 3” splice acceptor site. In order to compare the selection frequency between

proximal and distal AGs, the same data were recalculated, in terms of the usage of
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alternate 3’ splice sites. In all tissues examined, the intron-proximal AG was used about 4
times more than the intron-distal AG (Figure 3-10).

In order to investigate the expression patterns of Cx45.6 transcript variants during
embryonic development, analyses were further performed with embryos at early
developmental stages (0.5 dpf, 1 — 5 dpf). Results showed that transcript I/Ia and I1/Ila
are expressed during zébraﬁsh early embryonic development, while only small traces of
expression of transcript III or Illa were detected (Figure 3-11). The mRNA expression of
Cx45.6 was readily detected at 1 dpf stage and at later stages, whereas no mRNA
expression of Cx45.6 was detected in 0.5 dpf embryos. This observation is consistent
with previous studies in this lab (Christie et al. 2004). Significantly, similar to that in
adult tissues, transcript I/Ia is the most abundant transcript. It appears that the
mtron-proximal AG is preferably selected as the 3° splice site, with about 80% transcripts
using the proximal AG. Therefore, the proximal AG appears to be selected about 4 times
more than the distal AG in the splicing of zebrafish Cx45.6 transcripts both in embryos

and adult tissues.

3.4 Discussion

In the present study, the 5’UTR sequences of zebrafish Cx45.6 and its exon-intron
genomic organization were identified by 5’RACE techniques. Cx45.6 mRNA has
multiple isoforms that are derived from multiple promoter usage and alternative splicing,

differing only in the 5’UTR. Real-time RT-PCR demonstrated that most transcripts of
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Cx45.6 contain two exons, which is similar to typical connexin genes. Interestingly,
however, there are other types of transcripts (III and IlIla) that are transcribed from an
alternative distal promoter (about 4kb upstream) and contain three exons. These
transcripts have an extra exon that carries 127 nucleotides and share sequences with part
of the first exon of the other, shorter transcripts (Figure 3-1 and 3-2). This finding is
interesting as connexin genes typically contain only two exons (Sohl and Willecke 2003;
Willecke et al. 2002), and to date, only a very few connexin genes have been found to
have three exons (reviewed in Chapter 1). By real-time RT- PCR, transcript III was
detected only in adult retina tissues - none were not detected in other tissues (Figure 3-9)
or at early embryo stages (Figure 3-11). The mouse Cx40 (the ortholog of zebrafish
Cx45.6) was found to transcribe a similar extra alternatively spliced exon (called “AS
exon”) (Anderson et al. 2005). For some transcripts of mouse Cx40, the first exon is
spliced to this 57-bp AS exon and then to the second exon; whereas for other transcripts,
the first exon is directly spliced to the second exon. Interestingly, similar to the situation
of zebrafish Cx45.6 transcript III/Illa, the transcripts containing the AS exon are nearly
absent in mouse embryos and adult heart tissues, whereas the AS exon transcripts appear
to be much more abundant in other adult tissues such as esophagus (Anderson et al.
2005). Though future analyses are needed, these observations suggest that the molecular
mechanisms for expression of these connexin genes could be evolutionarily conserved.
Different promoter usage and alternative splicing that produce mRNAs of

connexins with identical coding regions but alternative 5’UTRs have been previously
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reported in recent years, including Cx32 (Sohl et al. 2001), Cx43 (Pfeifer et al. 2004),
and five mouse connexin genes (Cx31, Cx40, Cx45, Cx46, and Cx47) (Anderson et al.
2005), and our own data on zebrafish Cx44.1, Cx48.5, and mouse Cx50 (see Chapter 2
and 4). Generally, 5’UTRs play essential roles in the regulation of gene expression by
affecting mRNA nuclear export, cytoplasmic localization, translational efficiency and
stability (Vilela et al. 1999; Wang et al. 1999; Kindler et al. 2005; Gebaﬁer and Hentze
2004; Pickering and Willis 2005; Mignone et al. 2002). It has been estimated that
10-18% of genes have alternative 5’UTRs arising from multiple promoter usage (Zhang
et al. 2004; Trinklein et al. 2003), and at least 13% of genes undergo alternative splicing
in their 5’UTRs (Carninci et al. 2005). Multiple promoter usage is strongly linked to
alternative splicing of 5’UTRs (Kornblihtt 2005), and gene regulation via alternative
5’UTRs has been shown to be important in a number of mammalian genes (Hughes 2006;
Zhang et al. 2004), such as the genes encoding neuronal nitric oxide synthase (Wang et al.
1999; Newton et al. 2003), acetylcholinesterase (Meshorer et al. 2004), and axin2
(Hughes and Brady 2005). Interestingly, the addition of an extra non—coding exon has
been demonstrated to play an important role in translational control for the transcripts
encoding proinsulin (Shalev et al. 2002) and neuronal nitric oxide synthase (Wang et al.
1999; Newton et al. 2003). It was suggested that mouse Cx40 could use similar
regulatory mechanisms for translation due to the existence of such an additional “AS
exon” (Anderson et al. 2005). In this study, an extra non-coding exon formed by different

promoter usage and alternative splicing in transcript III/Illa of zebrafish Cx45.6 has been
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identified, which implicates similar mechanisms for Cx45.6 translational control. Overall,
the complexity of the 5°UTR diversity suggests that the expression of zebrafish Cx45.6
can be tightly regulated at the post-transcriptional level.

In this study, the sequence and secondary structures of ZfCx45.6 were analyzed to
help look into whether this gene employed such regulatory mechanisms. 5’RACE
demonstrated that these 5’UTR variants, especially transcript II/Ila and III/Illa, are
significantly long 5’UTRs, compared to typical eukaryotic 5’UTRs. A longer 5°UTR
usually inhibits the initiation of the cap-dependent translation, because a long 5’UTR is
more likely to contain uORFs as well as stable secondary structures that may interfere
with the ribosomal scanning process (Kozak 1991). In this study, a search for uAUGs
found a couple of uAUGs within the 5’UTRs of Cx45.6, for those transcripts with larger
size. Prediction of the RNA secondary structure showed that Cx45.6 transcripts have
stable loop-stem structures throughout their 5’UTRs (Figure 3-4, to 3-6). Transcript-I/Ia
of Cx45.6 has moderately stable secondary structures, whereas transcripts II/Ila and
[II/IITa form very stable structures. It has been suggested that the efficiency of translation
can be significantly decreased when very strong structures (e.g., AG < -50 kcal/mol) are
formed in the 5’UTRs (Mignone et al. 2002). Therefore, the uORFs and stable secondary
structures of 5’UTR variants of Cx45.6 may provide a mechanism by which rapid
alteration of connexin expression can be achieved without the requirement for new
transcription.

It was estimated that about 10% of all mRNAs contain atypically long 5° UTRs,
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and their protein products typically regulate vital cellular processes, including cell
growth, cell proliferation, apoptosis, etc (Pickering and Willis 2005). In situations where
cap-dependent translation is impaired or suppressed, an alternative mechanism can be
used by those long 5’UTRs, as translational initiation can be mediated by a secondary
structure called an internal ribosome entry site (IRES) (Kaminski et al. 1994; Jackson
2005). Recent estimates suggest that up to 10% of all cellular mRNAs have the potential
to initiate translation via this mechanism (Pickering and Willis 2005). Many of the IRESs
identified in cellular mRNAs have complex RNA secondary structures. However, thus far,
there is no recognizable conservation of secondary structure or sequence among these
IRESs. It is hypothesized that many cellular IRESs contain short modules and internal
initiation is mediated by the combined effect of these modules (Stoneley and Willis 2004),
including a Y-shaped double hairpin structure (Le and Maizel 1997), the sequence GNRA
(where N is any nucleotide, and R is a purine) (Hoffman and Palmenberg 1995;
Robertson et al. 1999), polypyrimidine tracts, and the sequence AGACA (Huez et al.
1998). IRES-mediated translational initiation has been studied in Cx43 and Cx32
(Schiavi et al. 1999; Hudder and Werner 2000). These examples have interested scientists
in the gap junction community to further look into other connexin genes (Werner 2000).
5’UTRs of zebrafish Cx45.6 were predicted to have stem-loops with an extended
Y-shaped secondary structures. Closely looking into its 5° UTR primary sequences, we
further found “GNRA”, “AGACA” semi-conserved sequences and polypyrimidine tracts

needed for IRESs. Such short RNA modules in its 5> UTR suggest that zebrafish Cx45.6
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might have the potential to use the IRES-mediated mechanism for regulation of
translation. In future studies, cistronic reporter assays could be employed to evaluate the
functional roles of these motifs.

5’RACE experiments of zebrafish Cx45.6 identified a “CAGCAG” tandem
alternative acceptor for pre-mRNA splicing (Figure 3-1). This is interesting as alternative
splicing at such acceptor sites produces mRNAs that differ only by 3 nucleotides. To date,
the present study is the first one that has reported tandem alternative splice sites in
connexin genes. Although alternative splicing at tandem sites was observed a few years
after the discovery of pre-mRNA splicing, it is not until recent years that this
phenomenon has been well appreciated. Recent studies showed that many alternative
splicing acceptor (and donor) sites are very close to each other, and they produce subtle
splice variants with only a few nucleotides of difference (Zavolan et al. 2003; Chern et al.
2006; Hiller et al. 2004; Sugnet et al. 2004; Dou et al. 2006). Among such tandem
alternative splice sites, acceptors with a “NAGNAG” motif (N = A, C, G, T) are most
frequent in plants and animals (Hiller et al. 2004; Dou et al. 2006; Campbell et al. 2006;
Tadokoro et al. 2005; Hiller et al. 2007). In vitro studies have suggested both a scanning
process and competition between AGs that are responsible for the selection of the
acceptor AG (Smith et al. 1993; Smith et al. 1989). According to the scanning
mechanism, a spliceosomal component starts from the branch point, scans downstream,
and generally selects the first AG (intron-proximal AG) as the 3’ splice site during

catalytic step II of splicing (Smith et al. 1993; Chen et al. 2000; Chua and Reed 2001).
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The proximal AG can be skipped if it is too close to the branch point or if there is a distal
AG in the adjacent as a competitor. Alternative splicing can result from this competition
between the proximal and distal AGs. In general, a shorter distance between both AGs
provides higher competition. Studies showed that efficient competition can occur if the
distance is less than 6 nucleotides (Dou et al. 2006; Chen et al. 2000; Chua and Reed
2001). It has been suggested that the ratio of splicing at the intron-proximal versus the
distal AGs can be highly regulated under specific spatio-temporal conditions or external
stimuli (Hiller et al. 2004; Hu et al. 1999; Koenig Merediz et al. 2000; Takeda et al. 1994;
Yan et al. 2000; Xu et al. 2004). This is not surprising because alternative splicing is a
highly regulated process. It was shown that splicing factors (SF2/ASF and hnRNP A1)
and step II factors (hSlu7) can affect the ratio between the proximal and distal sites
(Pollard et al. 2002; Chua and Reed 1999; Lev-Maor et al. 2003). However, in some
other cases, the tandem splicing ratio is rather constant in different tissues, at different
development stages, or as a response to external stimuli (Tadokoro et al. 2005; Hammes
et al. 2001; Unoki et al. 2006; Tsai and Lin 2006; Burgar et al. 2002; Li and Howe 2001;
Rivers et al. 1999; Makielski et al. 2003; Treacy et al. 1992; Vogan et al. 1996). In these
cases, the competition model suggests that the splice site selection can be achieved by
stochastically binding to spliceosomal core components (such as Ul snRNA or U2AF35)
(Chern et al. 2006). Studies showed that many tandem splice events can lead to the
production of functionally different proteins, for example, the zebrafish pou5fl gene

(Takeda et al. 1994), and human SCN5A gene (Makielski et al. 2003). Stochastic splicing
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of Drosophila DSCAM is essential for proper axon guidance (Graveley 2005).
Furthermore, tandem splice sites in the 5 UTR can affect the efficiency of translation
with the protein products identical between splice variants (Joyce-Brady et al. 2001). By
contrast, some tandem splice variants do not necessarily show functional differences, for
example, acceptor variants in the Arabidopsis PIMT2 gene (Xu et al. 2004). This type of
tandem alternative splicing events is thought to be evolutionary neutral and thus simply
tolerated by the cell (Hiller et al. 2004).

Real-time RT-PCR results in the present study suggest that both tandem acceptor
AGs of zebrafish Cx45.6 are spliced at a constant ratio in different tissues and at different
embryonic stages. This feature of Cx45.6 expression implies that the stochastic
mechanism for tandem AG selection might be used. It is not clear at this stage whether or
not the tandem alternative splicing of Cx45.6 may have functional importance since
tandem acceptors are located in the 5S’UTRs (thus producing the identical protein).
Nevertheless, the prediction of 5’UTR secondary structure in this study showed that
tandem alternative splicing of Cx45.6 can significantly affect the formation of loop-stem
structures (Figure 3-4 to 3-6). Though further analyses are needed, this comparison
between secondary structures implicates that tandem splice acceptors in zebrafish Cx45.6
could possibly play a role in the regulation of translational efficiency, as was shown in
the regulation of y-glutamyltransferase transcript processing (Joyce-Brady et al. 2001).
Considering that this phenomenon appears to be not frequent in the connexin gene family,

the tandem splicing of zebrafish Cx45.6 could possibly be a stochastic event and
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therefore it may not have any evolutionary functional significance. In any case, in vitro
reporter assays would provide a practical approach in our future stﬁdies to test whether or
not these tandem splice acceptors regulate Cx45.6 expression.

Taking advantage of the zebrafish model, morpholino knockdown would provide
a powerful strategy to elucidate the functional roles of Cx45.6 (and individual transcript
varian;cs) for the development of the cardiovascular system in zebrafish embryos. The
identification of the 5’UTRs of Cx45.6 in this study enables us to design effective
morpholino oligos for such functional analyses. The results in this study lays groundwork
for us to further investigate the transcriptional and post-transcriptional regulation of
Cx45.6 expression during embryonic development and in adult tissues. These studies are
important to characterize the roles of connexin genes in normal and abnormal vertebrate
cardiovascular development and function, and provide insight into the prevention and

treatment of certain forms of human cardiovascular diseases.

3.5 Summary

In this chapter, the transcriptional start sites of zebrafish Cx45.6 were mapped
and the 5’UTR sequences were identified using 5’RACE techniques. Cx45.6 is
transcribed from different promoters and undergoes alternative splicing in the 5’UTRSs,
which result in six types of transcript variants that differ in the 5°UTRs. Interestingly,
two tandem alternative splice acceptors in the “CAGCAG” motif were identified in this

study, which produce mRNAs that only differ by 3 nucleotides. This is the first study that
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has demonstrated tandem alternative splicing events in the connexin gene family. Using
real-time RT-PCR, the tissue expression patterns of Cx45.6 mRNA were characterized
among 15 zebrafish adult tissues. Zebrafish Cx45.6 was demonstrated to be a primarily
heart-specific connexin gene. In addition, the relative abundance of these transcript
variants was determined by real-time RT-PCR in early zebrafish embryonic stages and in
adult tissues (such as the heart, retina, liver, etc.). Results showed that transcript I and Ia
are the most abundant among these transcript variants, and the ratio between the selection
of the intron-proximal and distal AG splice acceptor sites appears to be constant (about
4:1) during embryonic development and in adult tissues. In silico analyses of the 5’UTRs
showed that transcript H(Ila) and III(Illa) are highly structured with very stable
loop-stem structures throughout the 5°UTRs. Interestingly, the subtle alternative splicing
variants each showed different secondary structures relative to their alternatives (I vs Ia,
II vs Ila, and III vs IIla), which suggests that the tandem acceptors of Cx45.6 possibly
play a role in the regulation of translational efficiency. Also, the Cx45.6 gene contains a
couple of uORFs in the 5’UTRs. These analyses suggest that the regulation of Cx45.6
expression can be complicated at both the transcriptional and post-transcriptional levels.
In future studies, irn vitro assays could be employed to study the regulatory mechanisms
for Cx45.6 expression. With the identification of the 5’UTR sequences of Cx45.6 in this
study, effective morpholino oligos can be designed, and functional analyses using
morpholino knockdown could provide insights into whether the splice variants are

functionally important. In summary, the extensive studies presented in this chapter have
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laid the groundwork for future studies on the functional roles of connexin genes in the

vertebrate cardiovascular system using the favorable zebrafish model.
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Figure 3-1. Alignment of ZfCx45.6 transcript variants. The adenine site in ATG
codon was assigned as position +1. Splicing events follow the conserved “GU-AG” rule
(highlighted with yellow color). Six types of transcripts are derived from different
promoter usage and alternative pre-mRNA splcing. Tandem alternative 3’ splicing sites
were found among these transcripts. Transcript I(Ia) and II(Ila) have two exons each,

whereas transcript III (IITa) are three-exon transcripts.
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Figure 3-2. Sketch of ZfCx45.6 transcripts. Boxes represent the exons of Cx45.6
transcripts, while bold lines (or blank boxes) are genomic sequences or introns. All three
transcripts share the same coding sequence and 3’UTR, whereas alternative first exons
are derived from different promoter usage (P1, P2 or P3) and pre-mRNA alternative
splicing (tandem alternative 3’ sites). 5’UTRs are marked by the same colors as shown in

Figure 3-1.

§ ATG
I [

11

I

coding region

121



Figure 3-3. Design of ZfCx45.6 real-time PCR primers. Real-time PCR primer
pairs were designed for targeting specific transcript variants of Cx45.6 (except that the
primer pair for transcript I/Ia also targets two other transcripts). Forward primers are
indicated by red arrows, while reverse primers by blue arrows. All primer pairs have at
least one primer spanning the exon-exon boundary formed by the tandem alternative 3’

sites.
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Figure 3-4. ZfCx45.6 transcript-I/la 5’UTR secondary structures. Predictions
were performed using Sfold software. The most thermodynamically stable structure is
shown with calculated free energy. Transcript-I (using the intron-proximal AG) is shown
in (A) and transcript Ia (using the intron-distal AG) is shown in (B) (AG®3; = -11.90

kcal/mol and -8.90 kcal/mol, respectively).
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Figure 3-5. ZfCx45.6 transcript-II/Ifa 5°UTR secondary structure. Predictions
were performed using Sfold software. The most thermodynamically stable structure is
shown with calculated free energy. Transcript-II (using the intron-proximal AG) is shown
in (A) and transcript Ila (using the intron-distal AG) is shown in (B) (AG®°3; = -91.50

kcal/mol and -92.80 kcal/mol, respectively).

ZiCx456_BSUTR-1] ZiCxa56_BUTR-la

AG. =-91.50 AG: =-82.80

124



Figure 3-6. ZfCx45.6 transcript-IlI/Illc 5’UTR secondary structure. Predictions
were performed using Sfold software. The most thermodynamically stable structure is
shown with calculated free energy. Transcript-III (using the intron-proximal AG) is
shown in (A) and transcript Illa (using the intron-distal AG) is shown in (B) (AG®3; =

-50.20 kcal/mol and -50.10 kcal/mol, respectively).
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Figure 3-7. uORFs in 5’UTRs of ZfCx45.6. The normal translational start codons
(AUG) are indicated by green solid triangles. uORFs (upstream open reading frames) of
variable length are indicated by red arrows. As the alternate 3” splice sites do not shift the

open reading frame, only results for transcripts I, II and IIT are shown in this figure.
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Figure 3-8. Tissue distribution of ZfCx45.6 total mRNA. Expression of zebrafish
Cx45.6 mRNA (all transcripts combined) is tissue-specific. The expression ratios were
calculated by calculating ACt between mean Ct values of test and EFla genes in two
replicate experiments, and the results were presented as a column graph. Total mRNA of
Cx45.6 is predominantly expressed in the heart, while very low level expression was also
detected in the retina, liver, spleen, inner ear, and skeletal muscle. ZfCx45.6 could be

regarded as a heart-specific connexin.
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Figure 3-9. ZfCx45.6 transcripts in adult tissues. The expression ratios were
calculated by calculating ACt between mean Ct values of test and EFla genes in two

replicate experiments, and the results were presented as a column graph.
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Figure 3-10. Distal- or proximal-AGs selection of ZfCx45.6 among tissues. The
same data (as Figure 3-9) were re-calculated according to the selection of either
intron-proximal or intron-distal alternative 3’ splicing sites. The expression ratios were
calculated by calculating ACt between mean Ct values of test and EFla genes in two

replicate experiments, and the results were presented as a column graph.
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Figure 3-11. Expression pattern of ZfCx45.6 transcripts in embryos. Expression
of zebrafish Cx45.6 transcript variants were detected before 1dpf (day post fertilization).
The expression ratios were calculated by calculating ACt between mean Ct values of test
and EFla genes in two replicate experiments, and the results were presented as a column
graph. Only small traces of transcript III were detected during late stage embryos. mRINA

levels are expressed by ratios to that of zebrafish EFla.
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Table 3-1 ZfCx45.6 real-time PCR primers

ers(S’_ 3’) ' .

(F) CACAAGTCAGCAGTCACACAGCA

(R) CTTCCTTCTCGAACTTCTCGATGGTTC

ZfCx45.6 -1 - 173 bp
(R) CATGATGACTCTGCCGCTGTGCCTAAC
(F) CTCACAAGTCAGCAGTCACACAGTG

ZfCx45.6 -1a 172 bp
(R) CATGATGACTCTGCCGCTGTGCCTAAC
(F) GCTCAGTTTATACTTGCTGTCATACAG

7fCx45.6 -11 175 bp
(R) CATTACTCCTCACCTACACTGCTGT
(F) GCTCAGTTTATACTTGCTGTCATACAG

ZfCx45.6 -1la 174 bp
(R) CCCATTACTCCTCACCTACACTGTG
(F) GAGAAGGGATCATGTGATCAGATATCAG

7fCx45.6 -111 169 bp
(R) CATTACTCCTCACCTACACTGCTGT
(F) GAGAAGGGATCATGTGATCAGATATCAG

7fCx45.6 -1lla 168 bp
(R) CCCATTACTCCTCACCTACACTGTG
(F) GAGGAGTGATCTCTCAATCTTGAAAC

zEFla 171 bp
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CHAPTER FOUR

ZEBRAFISH CONNEXIN 48.5

4.1 Introduction

In addition to zebrafish Cx44.1 and Cx43 (Chatterjee et al. 2005; Cason et al.
2001), this lab has previously isolated another zebrafish lens connexin gene, Cx48.5, by
screening a zebrafish PAC library with a rat Cx46 ¢cDNA probe. Amino acid sequence
and biophysical similarities suggested that Cx48.5 is the zebrafish ortholog of
mammalian Cx46 (Cheng et al. 2004). Using in situ hybridization, mRNA expression of
Z{Cx48.5 was detected in the otic vesicles in 1 dpf embryos (but not at later stages), and
in the lens at 1.5 dpf and at later stages. RT-PCR showed that ZfCx48.5 is expressed in
adult tissues, such as the lens and heart (Cheng et al. 2003; Cheng et al. 2004).
Functional analyses using morpholino knock-down demonstrated that Cx48.5 has an
essential role in the maintenance of lens homeostasis. Disruption of Cx48.5 expression
by morpholino oligos resulted in the development of small lenses and eyes, as well as
severe cardiovascular abnormalities in zebrafish embryos (Cheng et al. 2004).

Previous studies have isolated the zebrafish Cx48.5 gene, and extensively
characterized the expression patterns and functional roles of Cx48.5 during zebrafish
embryonic development, however, the mRNA sequence as well as molecular
mechanisms for the expression and function of ZfCx48.5 remained unknown. As

previously mentioned in Chapter 1, in the connexin research community, our knowledge
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about gene structure and regulatory mechanisms for connexin gene expression and
function is still rather limited. We believe that the zebrafish Cx48.5 gene could be an
excellent model for studies on regulatory mechanisms for connexin gene expression and
function. First, a number of molecular and genetic approaches are available in the
powerful zebrafish model, including transient and stable expression of transgenes, and
reverse genetic methods such as morpholino knockdown (reviewed in Chapter 1). Taking
advantage of the favourite zebrafish model, a comprehensive investigation on the
regulatory mechanisms for the expression and the functional roles of Cx48.5 can be
conducted. Second, ZfCx48.5 has been demonstrated to be expressed in the lens during
early embryonic development, as well as multiple adult tissues including the lens and the
heart. The avascular lens is an excellent model for connexin research due to the essential
roles of gap junctional communication in lens homeostasis. There are only two types of
cells in the lens tissue, and there are only a few connexins known to be expressed in the
lens (there are only three in mammalian lenses). These features indeed facilitate in vivo
analyses of the expression and function of connexin genes. In addition, zebrafish is an
excellent model system for studies on the development of cardiovascular system (Lohr
and Yost 2000). In zebrafish, even though the cardiovascular system is functional by 24
hpf (hours post fertilization), it is not essential in the early embryonic stages, because the
embryo is small enough to obtain oxygen through simple diffusion (Warren and Fishman
1998). This feature of zebrafish embryos provides an additional benefit specific to

developmental analyses of the cardiovascular system by morpholino knockdown,
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because disruptions of the morphogenesis and functions of cardiovascular system can be
observed for a period of time even in the absence of functional vascular circulation.

The present study has aimed to address some questions regarding the regulatory
mechanisms for the expression and function of ZfCx48.5. First, I have mapped the
transcriptional start sites and identified the full-length ¢cDNA sequences of zebrafish
Cx48.5 by using RACE (Rapid Amplification of ¢cDNA Ends) technology. Results
showed that Cx48.5 contains three exons, which is among the unique, and very few
known three-exon connexins. More interestingly, expression of Cx48.5 uses alternative
first exons which arise from different promoter usage and alternative pre-mRNA splicing.
Second, I have performed real-time RT-PCR to analyze the tissue distribution of Cx48.5
mRNA expression, as well as to determine the relative amount of these transcript variants
during embryonic development and in several adult tissues. Third, I performed promoter
analyses of Cx48.5 by in vivo GFP transient expression assays. Fourth, I have proposed
and designed experiments for functional analyses of individual transcript variants of
Cx48.5 by morpholino knockdown using stable transgenic zebrafish embryos that
express GFP-labelled Cx48.5 (for details see Appendix II). In this chapter, I present the
identification of cDNA sequences of zebrafish Cx48.5 and its mouse ortholog Cx46, the
tissue distribution of mRNA expression of Cx48.5 as well as the expression patterns of
transcript variants of Cx48.5 during embryonic development and in several adult tissues,

and the GFP transient expression driven by a Cx48.5 promoter.
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4.2 Methods and Materials

4.2.1  Fish care

See Chapter 2 for details.

4.2.2  RNA preparation

RNA samples used in the present study were isolated using Trizol reagent
(Invitrogen). The concentration and quality of RNA preparations were monitored by UV
spectrometry. The RNA samples with A260/A280 ratios between 1.8 and 2.0 were
accepted for further use. The quality of RNA samples was also tested by RNA gel
electrophoresis. For all experiments, freshly isolated RNAs were used, and no DNase
treatments were performed before reverse transcription so as to avoid as much as

possible any loss and degradation of RNA.

4.2.3 Mapping transcriptional start sites and the identification of the 5°UTRs

5’ RACE (Rapid Amplication of cDNA 5’ Ends) experiments were performed
using a GeneRacer™ Kit (Invitrogen) according to the manufacturer’s recommended
protocols. In brief, RNA samples for 5’RACE were isolated from adult zebrafish tissues
(the lens, retina, and heart) and adult mouse lens tissues respectively. Each RNA sample
(~1 pg) was treated with calf intestinal phosphatase (CIP) in order to de-phosphorylate

the 5’end of truncated mRNA and non-mRNA molecules. The de-phosphorylated RNA
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was then treated with tobacco acid pyrophospatase (TIP) to remove the 5’ cap structure
from mature full-length mRNA, leaving a 5° phosphate group, to which a universal RNA
oligonucleotide (GeneRacer™ RNA oligo, 5°-CGA CUG GAG CAC GAG GAC ACU
GAC AUG GAC UGA AGG AGU AGA AA-3’) was then ligated by T4 RNA ligase.
After these procedures, the full-length mRNAs were selectively added at their 5° ends
with a priming site for the following PCR reactions. First strand cDNA was then reverse
transcribed at 52°C for 1 hour using SuperScript III reverse transcriptase with a mix of
random hexamers. Primers used for the first round and nested PCRs are listed in Table
4-1.

For each 5’RACE experiment, the nested PCR products were cloned into the
pCR4-TOPO vector (Invitrogen), and the ligation was then transformed into One Shot®
TOP10 chemically competent E. coli cells (Invitrogen). Positive colonies were randomly
picked and grown in LB medium at 37°C with shaking (250 rpm) overnight. Independent
plasmids were extracted and then sent out for sequencing (DNA Centre, University of
Calgary). The resulting 5°’UTR sequences were then aligned against genomic DNA

sequences to determine their transcriptional start sites and exon-intron structures. Using

RNA structure prediction software Sfold (the server Web site: http://sfold. wadsworth.org.)
(Ding and Lawrence 2003; Ding et al. 2005), I also analyzed the secondary structure of

5’ UTR of zebrafish Cx48.5 and mouse Cx46.

4.2.4 Identification of the 3°UTR sequence of ZfCx48.5
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3> RACE (Rapid Amplification of cDNA Ends) experiments were performed
using the GeneRacer™ Kit (Invitrogen). RNA sample was freshly isolated from the
zebrafish lens, and its integrity/quality was confirmed by RNA gel tests. Without DNase
treatments, ~1 pg of total RNA sample was reverse transcribed at 52°C for 1 hour using
SuperSecript I1I reverse transcriptase (Invitrogen) with the GeneRacer ™ oligo dT primer
(5°-GCT GTC AAC GAT ACG CTA CGT AAC GGC ATG ACA GTG (T)24-3"). The
resultant first cDNA (containing universal priming sites at the 5> end) was then used as
template for the following first round and nested PCRs. All PCR primers are listed in
Table 4-1. Similar to 5° RACE experiments described above, the nested PCR product was
cloned into the pCR4-TOPO vector (Invitrogen), and 3 independent positive clones were
sequenced (DNA Centre, University of Calgary). Using RNA structure prediction

software mFOLD (Zuker 2003), its secondary structure was predicted.

4.2.5 Real-time RT-PCR

RNA samples for real-time RT-PCR of ZfCx48.5 were isolated from zebrafish
embryos (0.5 dpf, and 1 — 5 dpf stages) and a series of adult tissues. For mouse Cx46,
RNA samples were isolated from adult lens and retina tissues. For each RNA sample,
DNase pre-treatment was not performed in order to maintain as much as possible of RNA
integrity. Approximately 3 pg of total RNA were reverse transcribed by Superscript 111
(Invitrogen), with oligo-dT(s) (Invitrogen), for 1 hour at 52°C, in a reaction volume of

20pl. The resulting cDNA was then diluted to 100ul with ddH,O for further use. Also, a
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reverse transcriptase negative control was also used for monitoring genomic DNA
contamination.

Primer pairs for ZfCx48.5 and mCx46 were designed to specifically target their
splice variants (Figure 4-3). In order to avoid the amplification of potential
contaminating genomic DNA, all primer pairs have at least one primer spanning an
exon-exon boundary. For this purpose, the primers were manually designed, and their
properties were checked by free software OligoAnalyzer 3.0 (Integrated DNA
Technologies, Coralville, 1A, USA). Zebrafish elongation factor 1o (zEFla) and mouse
elongation factor lo-1 (mEF1lal) were used as reference genes for analyses of Cx48.5
and Cx46 respectively. Similarly, in order to restrict the amplification of genomic
templates, both primer pairs of the reference genes were designed to span their first
introns respectively. Standard-curve tests were performed in order to validate the
specificity and efficiency of all primer pairs. All primer pairs gave acceptable high
specificities and efficiencies, thus allowing the comparative cycle threshold (ACt)
method of analysis to be used. All primer pairs used for real-time PCRs and their
anticipated amplicon size are summarized in Table 4-2.

PCR reactions were performed on an iQ5 Real-Time PCR detection system
(BIO-RAD). cDNA samples (2ul per well) were mixed with 250 nM of each primer and
10pl of SYBR Green Supermix (BIO-RAD, Hercules, CA, USA) reagent in a final
volume of 20ul. In addition, a reverse transcriptase negative control and a

template-negative control were also set up in parallel. PCR conditions were as follows:
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95°C for 3 min followed by 40 cycles at 95°C for 10 sec, 61°C — 62°C for 10 sec, and
72°C for 10 sec. After amplification, melting curve analysis was employed to check PCR
specificity, and monitor genomic DNA contamination.

Results were exported into Microsoft Excel for further analysis. Each sample was
tested in at least duplicate reactions and all PCR runs were performed twice with cDNAs
prepared from independent batches of RNA samples. Mean Ct values were calculated,
and then used for the calculation of ACt. The results were expressed as a ratio of mRNA
expression level to that of the respective reference gene. The ratios were calculated by

comparing ACt between mean Cts of test and reference genes.

4.2.6 ZfCx48.5-EGFP transient expression assays in zebrafish embryos

By the screening of a zebrafish PAC library (RZDP Deutsches
Ressourcen-Zentrum fiir Genomforschung GMbH, Berlin), PAC clones positive for
Cx48.5 were previously isolated in this lab (Cheng et al. 2004). Cx48.5 positive PAC
clones were digested with EcoRI and the resulting fragments were sub-cloned into a
pBluescript II SK +/- vector (Stratagene, La Jolla, CA). A **P-labelled oligo probe was
designed to hybridize to the second exon of Cx48.5, and used for a screening of the
EcoRI subclones. One of the positive subclones containing the first two exons of Cx48.5
and a ~12 kb upstream fragment was selected for constructing the Cx48.5-EGFP
expression plasmid (Figure 4-1, A). The subclone was digested with HindIII and then

re-ligated to remove the upstream EcoRI site, thus leaving only one remaining EcoRI site
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(situated in the second intron of Cx48.5) for further cloning use.

The EGFP coding sequence and the SV40 poly-A adenylation sequence (carrying
Notl site at the 3* end) were retrieved by high fidelity PCR from the RARE3E(-SP6)
EGFP expression vector (a generous gift from Dr. Robert Davis, Harvard Medical
School). Using a forward primer situated on the second exon of Cx48.5, a genomic
fragment immediately upstream of the translational start codon of Cx48.5 was retrieved
from zebrafish genomic DNA by PCR. In order to fuse the EGEP coding sequence in
frame to the 5’UTR leading sequence of Cx48.5, a specific fusion primer was designed
(Z1Cx485/gfp/R1, Table 4-3), and the above two PCR fragments were linked by a PCR
strategy (see Appendix I). All PCR primers are listed in Table 4-3. All PCR reactions
described above used Platinum® Tag DNA Polymerase High Fidelity (Invitrogen) to
ensure  the  sequence  accuracy of PCR  products. The resulting
“Cx48.5_eGFP_SV40-Poly-A” recombinant DNA fragment was then double digested
with EcoRI and NotlI restriction enzymes, and then cloned into the above modified
Cx48.5 pBlueScript subclone; thus a plasmid with Cx48.5 ~12kb promoter driving
EGFP expression was successfully constructed (Figure 4-1, B). The open reading frame
of EGFP, and the sequence surrounding the specific recombinant sites were verified by
DNA sequencing.

The Cx48.5_eGFP expression plasmid DNA was linearized with NotI restriction
enzyme. The digestion products were purified with the GENECLEAN® Spin Kit

(BIO-101 Inc., Vista, CA,USA), and then the concentration of DNA was adjusted to
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about 100 ng/ul in 100 mM KCI solution with 0.05% of phenol red (as the injection
indicator). DNA constructs Were then used to inject into 1-cell stage zebrafish embryos.
Injected and non-injected control embryos were separately incubated in egg water in a
lwater-bath incubator with the temperature set at 28.5°C. Egg water was regularly
changed every 4 — 8 hours, and at about 1 dpf stage, 0.003% of PTU
(1-phenyl-2-thiourea) was added into the egg water in order to repress the pigment
formation. Embryos were de-chorionated and relocated to 24-well cell-culturing plates,
with 1.5 - 2 ml of fresh egg water, and one embryo in each well. Each injected embryo
was then assigned with a numbers to be identified. Fluorescence expression was
observed and recorded from this stage and later on, until day 5. During observation, live
embryos were temporarily anesthetised in 4% Tricaine (Sigma). Images were captured
and recorded using a Zeiss Axioskop FS microscope equipped with a Sony DXC-950

CCD camera and Northern Eclipse software (Empix, Mississauga, ON).
4.3 Results

4.3.1 Multiple transcriptional start sites and 5’UTR variants of ZfCx48.5 and
mCx46

Using 5’RACE, I identified the transcription start site and 5° UTR sequence of
zebrafish Cx48.5 and its mouse ortholog Cx46. As discussed previously, this 5’RACE

strategy can selectively capture the full-length of the 5° ends of the transcript, thus
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making it possible to map the transcriptional start sites. This method has been
demonstrated to be comparable and, in many cases, more accurate than other approaches,
for example, S1 nuclease protection, RNase protection, and primer extension (Liu and
Gorovsky 1993; Schaefer 1995; Gum et al. 2003). For Cx48.5, the RNA samples were
isolated from zebrafish adult lens, retina, and heart, respectively, and 5° RACE
experiments were performed respectively. For each tissue, the nested PCR products were
cloned into pCR4-TOPO vector (Invitrogen), and positive clones were randomly picked
for sequencing. Sequencing results were then aligned against the genomic DNA sequence,
resulting in the identification of the transcriptional start sites and the intron-exon
structures of zebrafish Cx48.5 and mouse Cx46.

Using RNA samples from zebrafish adult tissues (the lens, retina, and heart), 5’
RACE experiments identified multiple transcriptional start sites (TSSs) and the 5’UTR
sequences of zebrafish Cx48.5. The alignments of 5’UTR sequences against the genomic
DNA of ZfCx48.5 are presented in the Figure 4-2. For convenience of description, the
adenine site in the ATG codon was assigned as position +1, with position -1 representing
the 5° nucleotide and position +2 for its 3’ nucleotide. Since the core promoter is
typically situated within about 100 bp around the transcriptional start site (TSS), TSSs
separated by less than 50 base pairs are considered to be controlled by the same core
promoter. According to this criterion, two promoters of Cx48.5 were identified (P1 and
P2) in the present study. As shown as stars in Figure 4-2, transcription of Cx48.5 can be

initiated from multiple TSSs, for example, TTSs at positions -2044, -2039, and -2035 for
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Cx48.5 P1. A search for a TATA-box did not find any TATA-like element for both P1
and P2.

The exon-intron organization of Cx48.5 gene is presented in Figure 4-3. Four
types of transcripts were detected among three adult tissues (the lens, retina, and heart).
All transcript variants contain three exons. Different types of transcripts differ in their
first exons, which arise from multiple promoter usage and pre-mRNA alternative splicing.
As shown in Figure 4-3, transcript I is transcribed from P1, whereas transcripts Ila, IIb
and IIc from P2. The second exon of Cx48.5 is common among all transcripts, and it
only contains a fragment of the 5> UTR. The coding region and the 3°UTR of Cx48.5 are
situated in the third exon. The expression patterns of Cx48.5 transcript variants appear to
be tissue-specific among these three adult tissues. For the 5’RACE experiment in the lens,
transcript IIc was not detected; and in the retina, both transcripts I and [Ib were not
detected; while in the heart, transcript I was not detected. Although their tissue
distribution patterns need to be further confirmed by other techniques, the 5> RACE
experiments suggest that the promoter usage and the pre-mRNA splicing of Cx48.5
might be regulated in a tissue-specific manner.

Pre-mRNA splicing follows the conserved “GU-AG” rule, and undergoes
alternative splicing. The first intron can be spliced out from alternative 5’ splicing donor
sites while sharing the same 3’ splice accept site (nucleotide -35). Both transcripts I and
Ilc use the same 5’ splicing site at nucleotide -1974, generating an intron of 874 bp in

length (intron 1). Transcript Ila is spliced from positions -2254, generating an intron of
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1154 bp in size (intron la). Transcript IIb uses the 5’ splicing site at position -2126,
splicing out an intron of 1026 bp in size (intron 1b). (Figure 4-3). Therefore, it is the
usage of alternative 5° splicing sites that leads to the generation of three types of
transcripts that are transcribed from the P2 promoter of Cx48.5 (i.e., Ila, IIb, and IIc).

In order to look into the possibility of evolutionary conservation of mRNA
expression between zebrafish Cx48.5 and its mouse ortholog Cx46, I also performed
5’RACE analyses for Cx46 using RNA samples isolated from adult mouse lenses. It
should be noted that at the time when our analyses were conducted (in 2003), another
research group reported similar studies in which two Cx46 transcript isoforms were
detected in mouse embryos (Anderson et al. 2005). However, using RNA samples from
the adult mouse lens tissues, only transcript I was detected by our own 5’RACE
experiments. Although it is not clear to us whether there are significant differences in the
expression level of Cx46 transcript II during mouse embryonic development or in adult
lens tissues, it appears that the expression level of transcript II could be very low in the
lens tissues. In fact, this has been demonstrated by further analyses using real-time
RT-PCR (see below). Here, I have presented both isoforms of mCx46 mRNA by aligning
them against the genomic DNA sequence (Figure 4-4). Similar to zebrafish Cx48.5, it is
clear that mouse Cx46 also has alternative promoters which result in alternative first
exons. For P1 in the lens tissues, transcription of Cx46 can be initiated from multiple
sites (at positions -20936, -20953, and -20955, respectively). Like Cx48.5, no TATA-like

elements were found for both P1 and P2 of mouse Cx46. These preliminary results thus

144



far suggest some degree of evolutionary conservation regarding alternative promoter
usage and mRNA expression between ZfCx48.5 and mCx46.

Interestingly, 5’RACE experiments of mCx46 unexpectedly detected a
“trans-splicing” event between mouse Cx50 and Cx46 — the first exon of Cx50 was
connected to the second exon of Cx46 in the adult mouse lenses. Real-time RT-PCR
showed that the trans-splicing events of Cx46 are very rare in the adult mouse lenses (but
not in the retina, see below). Further studies could be conducted in order to address the

biological significance of the trans-splicing between these two lens-specific connexins.

43.2  5'UTRs of ZfCx48.5 and mCx46 are highly structured
The secondary structure of 5° UTRs of zebrafish Cx48.5 and mouse Cx46 were

analyzed by using software Sfold (the server Web site: http://sfold.wadsworth.org.) (Ding

and Lawrence 2003; Ding et al. 2005). Figure 4-6 to 4-11 show that their 5’UTRs are
very highly structured. The most thermodynamically stable structures predicted by Sfold
are shown with calculated free energy indicated in the figures (e.g., AG®;; = -34.30
kcal/mol for Cx48.5-1). The 5’UTRs of Cx48.5 are relatively long 5’UTRs compared to
typical eukaryotic mRNAs, and the lengths vary substantially from each other (from 164
to 442 nucleotides). It appears that all transcripts have very strong secondary structures,
with stable stem-loops throughout the 5°UTRs. Similar to zebrafish Cx48.5, both
5°UTRs of mouse Cx46 are also relatively long 5°UTRs, and their length are

significantly different from each other. Prediction of the secondary structures of mouse
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Cx46 transcripts also showed remarkably strong loop-stem structures (Figure 4-10, 4-11).

A search for upstream AUG codons (UAUGS) revealed a couple of uAUGs within
the 5’UTR variants of zebrafish Cx48.5 (Figure 4-12, A), and one uAUG for each
transcript isoform of mouse Cx46 (Figure 4-12, B). All these uAUGs are followed by
in-frame stop codons prior to the normal AUG codon, resulting in a couple of uORFs
(upstream open reading frame) of variable length (Figure 4-12, red arrows). It has been
thought that upstream AUGs can inhibit cap-dependent translation (Morris and Geballe
2000; Jacono et al. 2005). The existence of uAUGs might provide a mechanism that

allows fine control of translational initiation from the correct AUG codon.

4.3.3 Sequence analyses of 3’UTR of zebrafish Cx48.5

The 3’UTR sequence of Cx48.5 was identified by 3’ RACE method. Zebrafish
Cx48.5 has a relatively long 3°’UTR with 2118 bp in size. Using mFOLD software (Zuker
2003), the prediction of secondary structure showed very strong loop-stem structures
throughout the 3°’UTR of Cx48.5. The most thermodynamically stable structure is shown

with a calculated free energy ( AG®3; = -445.22 kcal/mol) indicated in Figure 4-13.

4.3.4  Expression patterns of ZfCx48.5 and mCx46 transcript variants
Using real-time RT-PCR methods, I have performed analyses for the distribution
of alternative transcripts of Cx48.5 in the adult lens, retina, and heart, respectively. The

zebrafish EFla gene was selected as a reference gene, since EFla has been demonstrated
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as the most suitable reference gene for zebrafish quantitative RT- PCR analyses, both in
time-course and tissue based experiments (Tang et al. 2007). The primers for zebrafish
EFlo are the same as that used in Chapter 2 (also see Table 4-2). As mentioned, primer
pairs for ZfCx48.5 were designed to specifically target their splice variants (Figure 4-3).
In order to prevent amplifying genomic DNA templates, all primer pairs have at least one
primer spanning an exon-exon boundary. As shown in Figure 4-3, transcript I, Ila, and IIb
share the reverse primer that spans the boundary of exon 2 and 3. Forward primers for
transcript I, Ila, IIb were designed to span the boundaries between their first and second
exons respectively, thus allowing the PCR fragments from different transcripts to have
very similar length and nucleotide compositions with minimal differences only in their 5°
ends. These considerations of primer design are valuable for my real-time RT- PCR
experiments because the relative amounts of different transcripts are of interest. In
addition, an additional primer pair was designed specifically for transcript Ilc, since the
primer pair targeting transcript-l also targets transcript IIc (Figure 4-3). The reverse
primer for transcript Ilc spans the boundary between exon 1 and exon 2, while the
forward primer is situated within a unique 5’UTR region of transcript Ilc. The results for
transcript-1 can therefore be corrected by calculation. Figure 4-14 shows the composition
of Cx48.5 transcript variants in the adult lens, retina, and heart tissues. Cx48.5 mRNA
expression is primarily expressed in the lens, whereas in the retina and heart tissues, only
very low levels of Cx48.5 transcripts were detected. More significantly, the expression of

transcript variants of Cx48.5 in different tissues appears to be in a tissue-specific manner.
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For example, transcript I, Ila, and IIb are primarily expressed in the lens, whereas
transcript Ilc is mostly expressed in the heart tissues. Transcript IIb is the most abundant
transcript in the lens tissues, whereas transcript Ilc is the most abundant Cx48.5
transcript in the heart tissues (Figure 4-14).

Expression pattern analyses for the distribution of alternative transcripts of
mCx46 were also performed with RNA samples from the mouse adult lens and retina
respectively (Figure 4-15). Although the mRNA expression of Cx46 was detected in both
tissues, it is primarily expressed in the lens. Both lens and retina express transcript I.
Both transcript variants of mouse Cx46 were detected in the adult lens tissues, but the
level of expression of transcript II and the trans-spliced transcript are very low. Their
expression was not detected in the retina.

In order to investigate the expression patterns of the transcript variants of Cx48.5
during embryonic development, I further performed real-time RT-PCR analyses with
embryos at early developmental stages (12 hpf, 1 — 5 dpf). Results showed that all of
these four transcript variants are indeed expressed during zebrafish early embryonic
development, although the relative amount of Cx48.5 transcripts in the embryo is very
low when compared with that of EFla (less than 0.02% of EFla mRNA expression,
Figure 4-16). Small amounts of transcripts (IIb) were detected at 12 hpf, and the
expression of Cx48.5 transcripts were readily detected at 1 dpf and later stages. Similar
to adult lens tissues, transcript IIb is the most abundant transcript; but unlike adult lens

tissues, expression of transcript Ilc is also very strong in the embryos. The expression
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patterns of Cx48.5 transcript variants might be tissue-specific in the early embryos, but
due to the small size of the embryos, it was too hard to obtain tissue samples from early
embryos for RT-PCR analyses. According to the results obtained from adult tissues,
transcript Ilc might be a “heart-specific” transcript (see above). This may also be true in
early embryos. However, it is also possible that expression of transcript Ilc could be
stronger in the developing lens compared to adult lens. In any case, it will be interesting
to further investigate the dynamic spatio-temporal expression patterns of these transcript
variants in early embryos. For example, in situ hybridization could be employed using
probes that specifically target different transcript variants. However, taking advantage of
other molecular biology tools available in zebrafish, stable transgenesis might be a more
powerful strategy to mimic the dynamic spatio-temporal expression patterns of these
transcript variants in living embryos.

The expression pattern of zebrafish Cx48.5 mRNA was previously studied in this
lab. Using a probe spanning from 612 nucleotides downstream of the start codon to 81
nucleotides downstream of the stop codon, mRNA expression of ZfCx48.5 was detected
by in situ hybridization in the otic vesicles in 1 dpf embryos (but not at later stages), and
in the lens at 1.5 dpf and at later stages. RT-PCR showed that Z{Cx48.5 is expressed in
adult tissues, such as the lens and heart (Cheng et al. 2003; Cheng et al. 2004). In the
present study, using real-time RT-PCR, I further studied the tissue expression patterns of
Cx48.5 mRNA expression in adult zebrafish (Figure 4-17). RNA samples were isolated

from 15 different adult tissues including lens, retina, heart, liver, ovary, testis, spleen, gill,
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gut, brain, swim bladder, inner ear, skin, fin, and skeletal muscle. The primers used in
these analyses are the same as those used for specific transcript variants (I, Ia, IIb) of
Cx48.5. The common reverse primer, together with a mixture of these three forward
primers, was used as a “primer pair”, which can amplify all four types of transcripts of
Cx48.5 and produce almost the same PCR products in a single reaction. RT-PCR
experiments showed that zebrafish Cx48.5 is clearly expressed in lens, while its
expression is also detected at 10-fold lower levels or less in some other tissues such as

the heart, skeletal muscle, retina, spleen, and inner ear (Figure 4-17).

4.3.5 GFP transient expression driven by a Cx48.5 ~12 kb promoter in the
zebrafish embryos

Promoter activity of zebrafish Cx48.5 was tested by EGFP transient expression
assays in micro-injected zebrafish embryos. As described above, the Cx48.5-eGFP
expression construct used in the present study contains a ~12 kb promoter fragment of
Cx48.5 originating from a zebrafish PAC subclone. In this expression construct, the
EGFP coding sequence (plus SV40 poly-A fragment) is fused in-frame to the 5°UTR
leading sequence of Cx48.5 without modifying the exon-intron genomic structure, and
thus only the coding sequence and 3’UTR of Cx48.5 are replaced (Figure 4-1, B).
Therefore, normal mechanisms for pre-mRNA splicing of endogenous Cx48.5 were
expected to regulate the EGFP transient expression in vivo in zebrafish embryos. I

believe that this design can effectively control potential artefacts since the pre-mRNA
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splicing also appears to be a significant aspect of the regulation of Cx48.5 expression.

As shown in Figure 4-19, very strong EGFP expression was observed in the lens
during embryonic development. EGFP expression in the retina was also detected
although it was relatively weak, and did not accompany a strong EGFP expression in the
lens. Unexpectedly, EGFP expression in the heart was not detected in the injected

embryos.

4.4 Discussion

In the present study, the mRNA sequence of zebrafish Cx48.5 and its exon-intron
genomic organization have been identified by both 5’ and 3’RACE techniques. Zebrafish
Cx48.5 contains three exons. Exon 1 and exon 2 only contain the 5’UTR, whereas exon 3
contains the remaining 5°UTR, the coding region and the 3’UTR. The genomic
organization of Cx48.5 is quite different from typical connexin genes. As reviewed in
Chapter 1, connexin genes commonly have two exons with their 5S’UTRs interrupted by
an intron of variable length (Sohl and Willecke 2003; Willecke et al. 2002). To date, only
a very few connexin genes have been found to contain three exons, for example, human
Cx30 (Essenfelder et al. 2005), mouse Cx40 (Anderson et al. 2005) and Cx45 (Jacob and
Beyer 2001). Similar to typical connexins, however, it appears to be a common rule that
the uninterrupted coding region and 3’UTR are located in the last exon. 5’RACE results
also showed multiple transcriptional start sites and alternative pre-mRNA splicing of

ZfCx48.5 mRNA. Four types of transcript variants have been identified in this study.
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These transcript variants share both exon 2 and exon 3, whereas they differ in their first
exons, which arise from alternative splicing and promoter usage (Figure 4-2, and 4-3).
Also in this study and others (Anderson et al. 2005), multiple variants of exon 1 are also
evident for the mouse Cx46 (ortholog of zebrafish Cx48.5). These discoveries, together
with previous data regarding ZfCx44.1 and mCx50, indicate that mRNA diversity at the
5’end (the first exon) is a common feature of these connexin genes, and significantly, this
feature of connexin expression appears to be evolutionarily conserved across species.
UTRs play essential roles in the regulation of gene expression by affecting
mRNA nuclear export, cytoplasmic localization, translational efficiency and stability
(Vilela et al. 1999; Wang et al. 1999; Kindler et al. 2005; Gebauer and Hentze 2004;
Pickering and Willis 2005; Mignone et al. 2002). Several mechanisms for translational
regulation by 5’UTRs have been proposed. These include (but are not limited to) the
following examples. First, 5’UTRs provide potential binding sites for regulatory proteins
which can modulate many aspects of mRNA function (Derrigo et al. 2000). Secondly,
primary structure of the 5’UTR can affect translational initiation, for example, by
upstream open reading frames (WORFs) (Morris and Geballe 2000; Iacono et al. 2005).
Thirdly, strong secondary structures in 5°UTRs repress cap-dependent translation by
inhibiting binding or scanning of the translational machinery, whereas some structural
motifs act as internal ribosome entry sites inducing cap-independent translation
(Pickering and Willis 2005). Alternations in the 5°UTR have the potential to introduce

post-transcriptional regulatory elements.
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The complicated 5’UTR diversity suggests that the expression of these connexin
genes can be tightly regulated at the post-transcriptional level. In this study, the sequence
and secondary structures of ZfCx48.5 and mCx46 were analyzed to examine the potential
to employ such regulatory mechanisms. 5’RACE demonstrated that all 5>UTR variants
of Cx48.5 and Cx46 are relatively long, compared to typical eukaryotic 5°UTRs, and
their léngths are significantly different. Notably, most eukaryotic mRNAs contain short
5’UTRs (frequently fewer than 50 nucleotides), and thus cap-mediated translation of
such mRNAs is efficient. A longer 5’UTR usually increases the efficiency of translation
by facilitating the recruitment of more pre-initiation complexes, but further increases in
5’UTR length usually down-regulate the cap-dependent translation, because a long
5’UTR usually increases the propensity for the formation of uORFs as well as stable
secondary structures that may inhibit translation initiation by interfering with the
ribosomal scanning process (Kozak 1991). In this study, a search for uAUGs found a
number of uAUGs within the 5’UTRs of Cx48.5, especially for those transcripts with
larger size. Prediction of the RNA secondary structure showed that Cx48.5 and Cx46
have very stable loop-stem structures throughout their 5UTR variants. Transcript I of
Cx48.5 has moderately stable secondary structures, whereas transcripts Ila, IIb, and Ilc
form very stable structures. It has been suggested that the efficiency of translation can be
significantly decreased when very strong structures (e.g., AG < -50 kcal/mol) are formed
in the 5’UTRs (Mignone et al. 2002). Therefore, the uORFs and stable secondary

structures of 5’UTR variants of Cx48.5 may provide a switch mechanism by which rapid
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alteration of connexin expression can be achieved without the requirement for new
transcription.

It was estimated that about 10% of all mRNAs contain atypically long 5 UTRs,
and their protein products typically regulate vital cellular processes, including cell
growth, cell proliferation, apoptosis, etc (Pickering and Willis 2005). In situations where
cap-dependent translation is impaired or suppressed, an alternative mechanism can be
used by such long 5’UTRs, as translational initiation can be mediated by a secondary
structure called an internal ribosome entry site (IRES) (Kaminski et al. 1994; Jackson
2005). Recent estimates suggest that up to 10% of all cellular mRNAs have the potential
to initiate translation via this mechanism (Pickering and Willis 2005). Many of the IRESs
identified in cellular mRNAs have complex RNA secondary structures. However, thus far
there is no recognizable conservation of secondary structure or sequence among these
IRESs. It is hypothesized that many cellular IRESs contain short modules and internal
initiation is mediated by the combined effect of these modules (Stoneley and Willis 2004),
including a Y-shaped double hairpin structure (Le and Maizel 1997), the sequence GNRA
(where N is any nucleotide, and R is a purine) (Hoffman and Palmenberg 1995;
Robertson et al. 1999), polypyrimidine tracts, and the sequence AGACA (Huez et al.
1998). IRES-mediated translational initiation has been studied in Cx43 and Cx32
(Schiavi et al. 1999; Hudder and Werner 2000). These examples have interested scientists
in the gap junction community to further look into other connexin genes (Werner 2000).

As shown in Figure 4-6 to 4-9 (A), 5’UTRs of zebrafish Cx48.5 were predicted to have
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stem-loops with extended Y-shaped secondary structures. Looking closely at its 5’
UTR primary sequences, we further found “GNRA”, “AGACA” semi-conserved
sequences and polypyrimidine tracts needed for IRESs. Such short RNA modules in its 5°
UTR suggest that zebrafish Cx48.5 might have the potential to use the IRES-mediated
mechanism for regulation of translation. In addition, it appears that the second exon of
Cx48.5 is essential for the formation of such a Y-shaped structure, as the removal of this
exon from the 5°UTRs predicted structures without such a specific structure (Figure 4-6
to 4-9, B). The addition of an extra non-coding exon has been demonstrated to play an
important role in translational control for the transcripts encoding proinsulin (Shalev et al.
2002)and neuronal nitric oxide synthase (Wang et al. 1999; Newton et al. 2003). The
analysis in this study suggests that the common second exon of Cx48.5 may be important
for the potential IRES-mediated translation. In future studies, cistronic reporter assays
could be performed to test these hypotheses.

5’RACE experiments detected different sets of transcript variants of Cx48.5 in
the lens, retina, and the heart, respectively (Figure 4-3). Real-time RT-PCR also
confirmed that different transcript variants of Cx48.5 are indeed expressed in a
tissue-specific manner (Figure 4-14). A combination of differential promoter activation
and alternative splicing may provide a powerful means for the flexibility to generate
complex patterns of gene expression. A number of studies suggested that the translational
regulation mediated by the 5° UTR plays a key role in tissue- and developmental

stage-specific expression of the gene (Pickering and Willis 2005; van der Velden and
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Thomas 1999). For example, different 5°UTR sequences of the NOS1 mRNAs have been
implicated in the regulation of their translation (Wang et al. 1999; Newton et al. 2003b).
As demonstrated in the present study, alternative promoter usage for both ZfCx48.5 and
mCx46 results in variable first exons, and the selection of different 5’ splice sites of
variable exons also contribute to the specific patterns of connexin gene expression. This
plasticity of 5’UTRs may play an important role in the regulation o‘f connexin gene
expression in response to a wide variety of intrinsic and extrinsic signals.

Using real-time RT-PCR, expression pattern analyses has shown that zebrafish
Cx48.5 1s predominantly expressed in the adult lens, and relatively low level expression
was also detected in the retina, heart, inner ear, and skeletal muscle. The present study
also demonstrated the mRNA expression of mouse Cx46 in the adult lens and retina
tissues. Cx46 mRNA or protein has been detected in the adult rat, rabbit, and human
heart (Paul et al. 1991; Verheule et al. 2001; Davis et al. 1995). These data suggest that
tissue expression patterns of both connexin genes appear to be conserved. Cx46 plays
essential roles in lens development and adult lens tissue homeostasis, as the ablation of
Cx46 in knock-out mice resulted in the formation of cataracts (Gong et al. 1997). The
previous morpholino knock-down of Cx48.5 in this lab reproduced the cataract
phenotype seen in the Cx46 knock-out mice. Cx48.5 knock-down also resulted in small
retinas as well as severe cardiovascular abnormalities in morpholino-injected zebrafish
embryos (Cheng et al. 2004). These two morpholino oligos used in the previous study

from our lab were designed using only the genomic sequence of Cx48.5, and in the
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present study, the identification of the mRNA sequences of Cx48.5 further confirmed that
those morpholino oligos were correctly targeting the Cx48.5 transcripts. The discovery of
four types of transcript isoforms of Cx48.5 in the present study now raises questions,
such as, why different transcripts are needed, which suggests to us that we should
investigate the functional roles of each individual transcript variant during zebrafish
embryonic development and in adult tissues. Morpholino knock-down could provide a
very powerful strategy for such functional analyses. I have designed a set of morpholino
oligos to target the specific individual transcript isoforms, but functional analyses must
await the establishment of stable transgenic zebrafish lines that express EGFP-tagged
Cx48.5 (for details, see Appendix II).

We tested the Cx48.5 ~12 kb promoter capacity using EGFP transient expression
assays in living zebrafish embryos. EGFP expression driven by the Cx48.5 promoter was
detected in the lens, retina, and skeletal muscle in early embryos; however, its expression
was not seen in the heart. As transient expression of a transgene in the embryos is highly
mosaic, it is not surprising that EGFP transient assays cannot reliably reproduce the
expression patterns of endogenous genes (Udvadia and Linney 2003). However, these
observations certainly suggest that this Cx48.5-eGFP construct contains sufficient
regulatory elements needed for driving EGFP expression in the developing lens and
retina. Another possible explanation for the failure in detecting EGFP expression in the
developing heart may be the weakness of signal. As demonstrated by real-time PCR, the

expression of Cx48.5 in the heart is much lower than that seen in the lens. It is also
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possible that some key regulatory elements essential for heart-specific expression, such
as distal enhancer sequences, might have been missed in this promoter construct.
Researchers have demonstrated that endogenous expression patterns could be more
perfectly mimicked if using much larger promoter fragments, such as for example,
artificial chromosomal vectors (BAC or PAC) (Jessen et al. 1998). Larger constructs
could be valuable to search distal enhancers or silencers, however, it is not helpful for
mapping regulatory elements within the proximal promoter. Although there are some
examples in the literature that in vivo GFP transient assays were used to rapidly analyze
the cis-acting promoter/enhancer elements of specific genes (reviewed in Chapter 1), the
intrinsic drawback of this approach (highly mosaic and ectopic expression) makes it very
challenging to pool useful expression information from such a mosaic background. In the
present study, the original objective of GFP transient expression was to analyze the
regulatory elements within the proximal promoter of Cx48.5, however, the analyses here
suggested that this approach appears to be much less practical. In our future studies,
specific in vitro approaches could help address this objective, by using for example,

luciferase assays in appropriate cultured cell lines.

4.5 Summary

In this chapter, the transcriptional start sites of both zebrafish Cx48.5 and mouse
Cx46 were mapped using 5’RACE techniques. The identification of the full-length

mRNA sequences revealed that Cx48.5 has three exons, with an uninterrupted coding
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region and 3’UTR located in the third exon. Four types of Cx48.5 transcripts were
detected, and they only differ in their first exons, which arise from alternative promoter
usage and pre-mRNA splicing. Using real-time RT-PCR, the relative amount of transcript
variants of zebrafish Cx48.5 were compared in adult tissues (the lens, retina, and heart),
as well as at different early embryonic stages (0.5 dpf, 1 — 5 dpf). Results showed that
four isoforms of Cx48.5 mRNA are distributed in adult tissues (the lens, retina, and heart)
in a tissue-specific manner. Tissue expression pattern of Cx48.5 was also determined
using RT-PCR with a set of adult tissues. Results showed that Cx48.5 is predominantly
expressed in the zebrafish lens, while mRNA expression was also detected in other
tissues including the heart, inner ear, retina, spleen, and skeletal muscle. Analyses of the
sequence and secondary structures of Cx48.5 5’UTR variants showed a number of
uORFs, stable loop-stem structures, and potential motifs for IRES-mediated translation
throughout the 5’UTR variants. In order to look into the possibility of an evolutionary
conservation of connexin gene expression across species, I also performed analyses for
mouse Cx46 in parallel. Two isoforms of Cx46 transcripts were detected in adult mouse
lenses, whereas only transcript-I of Cx46 was detected in the retina. Transcript variants
of Cx46 also differ only in the first exons, which also arise from different promoters and
pre-mRNA splicing. A combination of different promoter usage and alternative selection
of 57 splice sites are common features of connexin gene expression across species. These
results suggest that post-transcriptional regulation could play important roles in connexin

gene expression. The promoter activity of zebrafish Cx48.5 was tested using in vivo GFP
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transient expression assays. Results suggest that a ~12kb upstream fragment can
effectively drive eGFP expression in the lens and retina tissues in living embryos. F urther
mapping the regulatory elements within the Cx48.5 promoter awaits the availability of
appropriate in vitro approaches. Transcript variant-specific morpholino knock-down
analyses have also been proposed for future studies to elucidate the functional roles of

individual transcript variants of Cx48.5.
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Figure 4-1. Construction of ZfCx48.5-eGFP plasmid. (A) An EcoRI fragment,
digested from a Cx48.5 PAC clone, was sub-cloned and screened in a pBluescript IT SK
+/- vector. (B) The above plasmid was modified to remove one extra EcoRI site, into
which a Notl-EcoRI fragment produced by PCR from both Cx48.5 genomic DNA and an

EGFP expression vector was then cloned. Also see the text for details.
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Figure 4-2. Alignment of ZfCx48.5 transcripts against genomic DNA. Cx48.5isa
three-exon connexin gene. Four transcript variants share the same exon 2, exon 3 (mostly
coding sequence and 3°UTR), while their first exons are derived from different promoter
usage and alternative pre-mRNA splicing. Transcript I is transcribed from P1, whereas
Ila, IIb and Ilc are from P2. Transcription can start from multiple transcriptional start
sites (TSSs, indicated by * above the specific nucleotides). Transcript I and IIc share the
same splicing sites, but differ from that of other transcripts (Ila and IIb).

-2317 -2307 -2303 -2299 -2201
* * * * * *
ZfCx48.5 CGCTGACTGGCCGATGACTTTCTGAAAGCAGCACTCTTGCATGACCACTCARAGTGACAGTAGCGATGGCTGGGAACGGGAGACAGCTGE ~2260

Iia
1ib
IIc

Z2£Cx48.5 GCTTG@TGAGACCCCGTCTCCACACTCGAATTGCCATGAAAAACTAGGTGTTCTACGAGAGTTTGGCCTCGGGTCTCTGTGTGAAGAACT -2170
U -

IIa OB mm = = oo - o — o o o e e e o e e e o e e e e i eemmaeo

1ib
1lc

-2126
Z2fCx48.5 TTTTTGAATGAATAAGTTGGCCGGCCACTTTCAAAAGAGTTTGGTAAGCTGGCAGTGCTGCCAGGATTTGGGAACGGGGGGAGCGGGGAG -2080

I

Ila
IIb
Ilc

-2044 -2039 -2035
* * *
GGCTCCTGCTACCTTTGGGAGCTCTGTATGCTTTCATCGCALT CTCTGGCACCAGTGGCCGCTGGATATTGCTTTCGTTAGATAAG ~1990

2fCx48.5
I e e a—— e e
Ila
I1b
Iic

-1974 -1101
ZEfCx48. GTATGCCTCAAGTTA. .. ... intron 1..... TCATGTAATTAAGGACTTTTTTCTTTCAGGGTCATAGACT 1090
I
IIa
1Ib

1Ic

-1036

ZfCx48.5
1

IIa

IIb

IIc

-36

Z£Cx48.5
I

ITa

IIb

IIc

162



Figure 4-3. Sketch of ZfCx48.5 transcripts and real-time PCR primers. Boxes
represent the exons of Cx48.5 transcripts, while bold lines (or blank boxes) are genomic
sequences or introns. All four transcripts share the same coding sequence and 3°UTR,
whereas alternative first exons are derived from different promoter usage (P1 or P2) and
pre-mRNA alternative splicing (alternative 5° sites). 5’UTRs are marked by the same
colors as shown in Figure 4-2. The expression of these transcript variants is in a
tissue-specific manner among the adult lens, retina and heart. “+” indicates that the
expression was detected by 5’RACE method. Real-time PCR primer pairs were designed
for targeting specific transcript variants of Cx48.5. Forward primers are indicated by red
arrows, while reverse primers by blue arrows. All primer pairs have at least one primer

spanning an exon-exon boundary.
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Figure 4-4. Alignment of mCx46 transcripts against genomic DNA. Transcript I
was identified in the adult mouse lenses in the present study, while transcript II was not
detected by 5’RACE in the lenses and its sequence was retrieved from the GenBank
(accession no. AY390398). See the text for details. Transcript variants arise from
different promoter usage (P1 and P2) and pre-mRNA splicing (alternative 5’ splicing
sites). Transcript I can be initiated from multiple transcriptional start sites (TSSs), which
are indicated by * above the alignment. Splicing events follow the conserved “GU-AG”
rule (highlighted with yellow color). The adenine site in ATG codon was assigned as

position +1.
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Figure 4-5. Sketch of mCx46 transcripts and real-time PCR primers. Boxes
represent the exons of Cx46 transcripts, while bold lines (or blank boxes) are genomic
sequences or introns. Both transcripts (I and II) share the same coding sequence and
3’UTR, and alternative 5’UTR are derived from different promoter usage (P1 and P2)
and pre-mRNA splicing. 5’UTRs are marked by the same colors as shown in Figure 4-4.
Real-time RT-PCR primer pairs were designed for targeting specific transcript variants of
Cx46. Forward primers are indicated by red arrows, while reverse primers by blue arrows.
Both primer pairs share the reverse primer and the forward primers span the exon-exon

boundary.
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Figure 4-6. 7ZfCx48.5 transcript-I S’UTR secondary structure. 5°UTR sequence
including exon-2 (A) and sequence excluding exon-2 (B) were both predicted using
Sfold software. The most thermodynamically stable structure is shown with the

calculated free energies (AG®37 = -34.40 kcal/mol and -20.20 kcal/mol, respectively).
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Figure 4-7. ZfCx48.5 transcript-Ila 5°UTR secondary structure. 5 UTR sequence
including exon-2 (A) and sequence excluding exon-2 (B) were both predicted using Sfold
software. The most thermodynamically stable structure is shown with the calculated free

energy (AG°s7 = -33.10 kcal/mol and -26.00 kcal/mol, respectively).
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Figﬁre 4-8. ZfCx48.5 transcript-IIb 5’UTR secondary structure. 5°UTR sequence
including exon-2 (A) and sequence excluding exon-2 (B) were both predicted using Sfold
software. The most thermodynamically stable structure is shown with the calculated free
energy (AG®37 = -75.80 kcal/mol and -65.80 kcal/mol, respectively).
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Figure 4-9. ZfCx48.5 transcript Ilc 5’UTR secondary structure. 5°UTR sequence
including exon-2 (A) and sequence excluding exon-2 (B) were both predicted using Sfold
software. The most thermodynamically stable structure is shown with the calculated free

energy (AG®s; = -131.70 kcal/mol, and -122.80 kcal/mol, respectively).
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Figure 4-10. mCx46 transcript-I 5UTR secondary structure. 5°UTR sequence
was predicted using Sfold software. The most thermodynamically stable structure is

shown with its calculated free energy AG®37 = -92.60 kcal/mol.
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Figure 4-11. mCx46 transcript-II 5’UTR secondary structure. 5’UTR sequence
was predicted using Sfold software. The most thermodynamically stable structure is

shown with its calculated free energy AG®;7; =-159.70 kcal/mol.
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Figure 4-12. uORFs of ZfCx48.5 and mCx46 5°’UTRs. The normal translational
start codons (AUG) are indicated by green solid triangles. uORFs (upstream open

reading frames) of variable length are indicated by red arrows.
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Figure 4-13. ZfCx48.5 3°UTR secondary structure. The most thermodynamically

- stable structures predicted by mFOLD program are shown with its calculated free energy

(AG®37 = -445.22 kcal/mol).
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Figure 4-14. ZfCx48.5 transcripts in the lens, retina and heart. Expression of
transcript variants is tissue-specific. Three transcript variants are predominantly
expressed in the lens, while very low levels of expression for some of these transcript
variants were also detected in the retina and heart. Transcript IIb is the most abundantly
expressed in the lens, while in the heart, expression of transcript llc is the most abundant.
The expression ratios were calculated by comparing ACt between mean Cts of ZfCx48.5
transcripts and zebrafish EF1o mRNA in two replicate experiments, and presented as a

column graph.
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Figure 4-15. mCx46 transcripts in adult lens and retina. Expression of transcript
variants is tissue-specific. Transcript 1 is predominantly expressed in the lens, while
lower level of expression was detected in the retina. Transcript II and a mCx50
trans-splicing transcript were not detected in the retina, but with very low level in the
lens. The expression ratios were calculated by comparing ACt between mean Cts of test

and reference genes in two replicate experiments, and presented by a column graph.
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Figure 4-16. ZfCx48.5 transcript variants during development. Analyses were
performed using about 50 embryos at different developmental stages indicated by dpf
(days post fertilization). Expression of Cx48.5 was not detected before 0.5 dpf, but strong
expression was detected from day 1 and later on. The expression ratios were calculated
by comparing ACt between mean Cts of ZfCx48.5 transcripts and zebrafish EF1a mRNA

in two replicate experiments, and presented as a column graph.
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Figure 4-17. Tissue distribution of ZfCx48.5 total mRNAs. Cx48.5 total mRNA
(all transcripts combined) is predominantly expressed in the adult lens tissues, while a
relatively low level of Cx48.5 expression was also detected in the retina, heart, spleen,
inner ear and skeleton muscles. The expression ratios were calculated by comparing ACt
between mean Cts ofZfCx48.5 and zebrafish EFlo, genes in two replicate experiments,

and presented as a column graph.

ZfCx48.5 mRNA Tissue Distribution

0.035
0.03
0.025
0.02
0.015
0.01
0.005

i 1 ) 1 1 | 1 | Il I L=

Expression Level (Ratio to EF1a)

) 2 & < & o N NN < QO @
AN Qg?;\ \'96 3 & & o & Q,@ P e oec}
& O A% R Q)\’b <D

178



Figure 4-18. ZfCx48.5-eGFP transient expression in zebrafish embryos. A ~ 12 kb
promoter fragment immediately upstream of the AUG codon of zebrafish Cx48.5 could

drive EGFP transient expression in the lens and retina of fish embryos (B, D, F).
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Table 4-1.

Primers used for 5’ and 3° RACE of ZfCx48.5 and mCx46.

'Sequences (5’ ’)’»

GeneRacer™ RNA oligo

CGA CUG GAG CAC GAG GAC ACU GAC
AUG GAC UGA AGG AGU AGA AA

GeneRacer™ 5°Primer

CGA CTG GAG CAC GAG GACACT GA

GeneRacer™ 5’Nested Primer

GGA CAC TGA CAT GGA CTG AAG GAG TA

GeneRacer™ 3 ’Primer

GCTGTCAACGATACGCTACGTAACG

GeneRacer™ 3’Nested Primer

CGCTACGTAACGGCATGACAGTG

Cx48.5 5’RACE Primer

GCG GCA TGTGGGAGAATGGGGAAGGC

Cx48.5 5’RACE Nested Primer

GATCTGGAGCACCCAGAAGCGGATGTG

Cx48.5 3° RACE Primer

CCTTAG TCG ATG G AT TTG CC

Cx48.5 3’ RACE Nested Primer

GTG AGA GCG AGG CCC AAT GAT CTG G

Cx46 5°RACE Primer

GGT CGT AGC AGA CGT TCT CAC AGC CTG

Cx46 5’RACE Nested Primer

GGC TGC TGT GTG TTG CAG GTG AAG TC
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Table 4-2  ZfCx48.5 and mCx46 real-time PCR primers

(F) GAT AAG TTT ACT TCA GTC AAG GCT CAT
AG

ZCx48.5 -1 05 b

x48 (R) GCC TAG AGA GAA AGT ACA GTIT AAA | 10°bP

ATG AAG
(F) AAC GGG AGA CAG CTG CGC TTG GCT
CAT AG

ZfCx48.5 -1I : 105

X ® | (R) GCC TAG AGA GAA AGT ACA GIT Aaa ] 105bp
ATG AAG
(F) GGC CAC TTT CAA AAG AGT TTG GCT CAT
AG
fOx48.5 I

ACABS b | "GCC TAG AGA GAA AGT ACA GTT AAA | 10°PP
ATG AAG
(F) CTG CTA CCT TTG GGA GGT CTG TAT GC

ZICxa8.5 lle KRy GGT TCT AAA TCA AGT CTA TGA CCC TTG | 131 b
AC
(F) GAG GAG TGA TCT CTC AAT CTT GAA AC

zEF1a ¢cDNA 94 bp
(R) TTT CCG GAG TCG ACG TGG CCA ATA AC
(F) GAG GAG TGA TCT CTC AAT CTT GAA AC

zEF1la cDNA 133 bp
(R) CCA CCG CAT TTG TAG ATC AGA TGG
(F) CGC GGC CGA GCG GGG TTA GCT G

mCx46 eDNA-T "RY"CTA ACA CCA GAA TGC GGA AGA TGA] 143 bp
ACAG

ot (F) TTC CCC AGA CGG GAC CCG GTT AGC

CDNA-II (R) CTA ACA CCA GAA TGC GGA AGA TGa | 147 bp
ACAG

mCx50-mCx46 | (F) GTG GGA CGC TAC TCA GAC GTG AGC

Trans-splicing "R\ CTA ACA CCA GAA TGC GGA AGA TGa] 148 bp

cDNA ACAG
(F) GTT TGC CGT CAG AAC GCA GGT GTT GT

mEFlal ¢cDNA 147 bp
(R) CAC ATT TGT AGA TCA GGT GGC CGG TTG
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Table 4-3.  PCR primers used for Z£Cx48.5-eGFP construct.

Z1Cx485/PF9 CCTTAG TCG ATG GATTTG CC
' TCCTCG CCC TTG CTC ACC ATA GCTTCA CGATTT CTA
ZfCx485/gfp/R1 GCC TAG AG
efp/F1 TGG CCT CCT CCG AGG ACGTCATC
gfp/R1 TAG ATG AAG GAG CCG TCT TGCAGG G
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CHAPTER FIVE

ZEBRAFISH CONNEXIN 30.3

5.1 Introduction

This lab has previously cloned and characterized several zebrafish connexin
genes with an aim to unravel the molecular mechanisms regulating the expression and
function of connexin genes in early embryonic development (Cason et al. 2001,
McLachlan et al. 2003; Christie et al. 2004; Cheng et al. 2004). As a part of this effort,
the isolation of zebrafish Cx48.5 and its functional analysis using morpholino
knockdown were previously reported (Cheng et al. 2004). As described in Chapter 4, I
subsequently analysed its 5> and 3°UTR sequences, as well as its transcriptional start sites
further. Cx48.5 is a three-exon connexin gene with the 5° UTR located in alternative first
exons and a common second exon, while the entire coding and 3’ UTR sequences are
located in the third exon. Notably, differential promoter usage and alternative splicing
result in variable first exons of Cx48.5, which suggests tight regulatory mechanisms for
the expression of Cx48.5 mRNAs, both at the transcriptional and post-transcriptional
levels (Komblihtt 2005). In order to analyze the regulatory elements essential for the
transcription of Cx48.5, further upstream sequence information was required. Since the
zebrafish genome sequence project had not been completed at that stage, I further
obtained positive EcoRI sub-clones by screening the PAC clones previously isolated in

this lab (Cheng et al. 2004). One of the positive subclones containing the first two exons
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of Cx48.5 and a ~12 kb upstream fragment was selected for promoter studies (see
Chapter 4, Figure 4-1, A). Interestingly, sequencing the upstream promoter region of
Cx48.5 resulted in the discovery of a new zebrafish connexin gene, and we named it
Cx30.3, according to the common Cx molecular weight nomenclature (Beyer et al. 1990).
Sequence analyses suggested that zebrafish Cx30.3 is in fact the same gene that was
previously deposited in the GenBank as Cx33.8 (Accession numbers: AY135446;
BC095350, BC165699, NM212825). Phylogenetic analyses suggested that Cx30.3 is the
zebrafish ortholog of mammalian Cx26.

Although Cx26 was first identified in mouse liver (Janssen-Timmen et al. 1983),
most reports suggest that it is predominantly expressed and functions in the inner ear and
the skin, as mutations in Cx26 cause defects of hearing and disorders in the skin (Gerido
and White 2004; Lefebvre and Van De Water 2000; Richard 2000; Rabionet et al. 2002).
My hypothesis is that zebrafish Cx30.3 has similar expression patterns and functional
roles in zebrafish embryonic development as that of Cx26 in mammals. In this chapter,
comprehensive analyses of the sequences and expression of Cx30.3 mRNA will be
presented. My results suggest that zebrafish Cx30.3 and mammalian Cx26 have similar
expression patterns, and that they may act in similar functions during embryonic
development and in adult inner ear and skin tissues. Taking advantage of the excellent
zebrafish model system, I suggest that zebrafish Cx30.3 c;an be employed to model the
role of Cx26 in the embryonic development of human inner ear and skin, as well as the

mechanisms for Cx26-related human diseases.
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5.2 Materials and Methods

5.2.1  Fish care.

Wild type zebrafish (Danio rerio) were purchased from a local pet store and
maintained in an aquarium facility at 28.5 °C on a daily photoperiod of 14 h light and 10
h dark. The embryos were incubated in egg water (60 pg/ml Instant Ocean sea salts) in a
28.5 °C water bath, and staged using time elapsed since fertilization. Embryos for EGFP
expression studies and for in situ hybridization studies were treated with 0.003%
1-phenyl-2-thiourea (Sigma, Mississauga, ON, Canada) in egg water beginning at ~24
hpf (hours past fertilization) to prevent pigment formation. Zebrafish maintenance,
breeding and embryo collection followed standard protocols (Westerfield, 1995). The use
of experimental animals was approved by the University of Manitoba Institutional

Animal Care Committee.

5.2.2  Cloning and sequence analysis

By screening a Zebrafish PAC library (RZDP Deutsches Ressourcen-Zentrum fiir
Genomforschung GMbH, Berlin), PAC clones positive for Cx48.5 were previously
isolated in this lab (Cheng et al. 2004). Cx48.5 positive PAC clones were digested with
EcoRI and Pstl, respectively, and the resulting fragments were subcloned into a

pBluescript II SK +/- vector (Stratagene, La Jolla, CA). The subclones were screened
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with a *?P-labelled Cx48.5 probe (located in exon 2) and several positive subclones were
obtained. One of these EcoRI subclones, carrying a ~12 kb fragment upstream of the
translational start site, was selected for further analysis. This subclone was sent to the
DNA Center at the University of Calgary for sequencing. The assembled sequence was
used in a BLAST search of GenBank and resulted in the discovery of a new zebrafish
connexin — Cx30.3. The predicted amino acid sequence was analyzed by tools on the

ExPASy server (http:/www.expasy.org/tools/protparam.html ) (Gasteiger et al. 2003),

and transmembrane domains were predicted by software on the “DAS Transmembrane

Prediction” server (http://www.sbe.su.se/~miklos/DAS/ ) (Cserzo et al. 1997). Amino

acid sequence similarity analysis was performed by aligning the predicted Cx30.3 amino
acid sequence against human and mouse Cx26, using the Kalign program (Kalign web

server http://www.ebi.ac.uk/Tools/kalign/ ) (Lassmann and Sonnhammer 2005).

3.2.3  Phylogenetic analyses and multiple sequence alignment

To assess which sequences were most closely related to Cx30.3, a phylogenetic
analysis was performed on protein sequences aligned using Kalign with default
parameters. Connexin sequences were obtained from GenBank

(http://www.ncbi.nlm.nih.gov/). A neighbour-joining tree was created to determine which

connexin sequences most closely matched the Cx30.3 sequence.

5.2.4 RNA extraction
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RNA was isolated from zebrafish embryos and adult fish tissues using Trizol
reagent (Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s instructions.
RINA concentration was determined by UV spectrometry. The A260/A280 ratios were
between 1.8 and 2.0 for all samples. The quality of RNA samples was also tested by
RNA gel electrophoresis. For RT-PCR, a DNase I treatment was performed to remove
residual genomic DNA contamination, whereas for real time PCR and RACE-PCR
experiments, no DNase treatments were performed in order to avoid as much as possible

any loss and degradation of RNA.

525 RACE-PCR and sequencing of UTRs

5" and 3’RACE (rapid amplification of ¢cDNA ends) were performed using a
GeneRacer Kit (Invitrogen) according to the manufacturer’s recommended protocols. In
brief, total RNA samples were treated with calf intestinal phosphatase (CIP) in order to
de-phosphorylate the 5’ends of truncated mRNA and non-mRNA molecules. The
dephosphorylated RNA samples were then treated with tobacco acid pyrophosphatase
(TIP) to remove the 5° cap structure from mature full-length mRNA, leaving a 5’
phosphate group available. Using T4 RNA ligase, a universal RNA oligonucleotide
(provided by the manufacturer, 5°- CGA CUG GAG CAC GAG GAC ACU GAC AUG
GAC UGA AGG AGU AGA AA -3°) was then ligated to the de-capped mRNA,
providing a priming site for the following PCR reactions. Total RNA samples for both 5’

and 3° RACE were prepared from adult zebrafish retina tissue. Reverse transcription was
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carried out with SuperScript III reverse transcriptase and the GeneRacer oligo dT primer
(5’- GCT GTC AAC GAT ACG CTA CGT AAC GGC ATG ACA GTG (T)y4 -3°). For
5’RACE, the gene-specific reverse primer used was 5’-TCC CAT GAT GGC GGA GTT
GAA G-3’ for the first round of PCR and 5’-GCT GCT ATG ACC AGG ATG CAA
ATG-3’ for the nested PCR. For 3’RACE, the gene-specific forward primers used was
5’-ATC TCA CTC TGA AGA CCT CAG-3’ for the first round of PCR and 5’-GAG AAA
ATG TCC ACA GAA AAG GCG-3’ for the nested PCR.

The nested PCR products were cloned into the pCR4-TOPO vector (Invitrogen).
The ligation mixture was then used to transform One Shot® TOP10 chemically competent
E. coli cells (Invitrogen). Several positive colonies were randomly picked up and grown
in LB medium at 37°C with shaking (250 rpm) overnight. Plasmids were extracted from
3 clones for each of the 5° and 3’RACE, and sent out for sequencing (DNA Centre,

University of Calgary).

52.6 RT-PCR

Two separate sets of total RNA samples from embryos at different developmental
stages (0.5, 1, 2, 3, 4, 5 dpf) were isolated for RT-PCR experiments. For each sample, 3
ng of total RNA was treated with DNase I and then reverse transcribed using Superscript
IT reverse transcriptase (Invitrogen) with oligo-dT(sy primers (Invitrogen) for 1 hr at
52°C in a reaction of 20ul. The resulting cDNA was diluted to 50ul with ddH,0, and 1pl

of cDNA was used in each 25p] PCR reaction. PCR primers were designed to span the
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intron of Cx30.3 in order to discriminate RT-PCR products from genomic contamination.
A forward primer (5°-ATC TCA CTC TGA AGA CCT CAG-3’) that anneals in the first
exon and a reverse primer (5°-GCT GCT ATG ACC AGG ATG CAA ATG-3%) that
anneals in the second exon amplified a 252 bp fragment from the cDNA template. The
gene encoding elongation factor la (EFla) was also amplified as a positive control to
assess the presence and integrity of the cDNA in the samples. Accordingly, EFlo primers
(forward: 5°-CAA GGG CTC CTT CAA GTA CGC CTG-3’, and reverse: 5°-GGC AGA
ATG GCA TCA AGG GCA-3) were designed to span an intron, and this primer pair
amplifies a 569 bp fragment from a cDNA template or a 733 bp fragment from genomic

DNA (Christie et al. 2004; Cheng et al. 2004).

5.2.7 Real-time RT-PCR

The level of Cx30.3 expression at different developmental stages was assessed
using real-time RT-PCR, using an iQ5 Real-Time PCR detection system (Bio-Rad).
Without DNase pre-treatments, 3 pg of total RNA were reverse transcribed by
Superscript III (Invitrogen), with a mix of random hexamers and oligo-dT;g), for 1 hr at
52°C, in a reaction volume of 20pl. The resulting cDNA was then diluted to 100ul with
ddH,0. The Cx30.3 primers used for real-time PCR were the same as those for RT-PCR
(described above, the predicted amplicon is 252 bp in size). Standard-curve tests were
performed according to general real-time PCR guidelines to validate the specificity and

efficiency of this primer pair. The zebrafish elongation factor 1a (EFla) was used as a
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reference cDNA, using primers designed to span the first intron splicing boundary of
EFla gene, so as to avoid amplifying genomic sequences in real-time PCR reactions. The
forward primer was 5-GAG GAG TGA TCT CTC AAT CTT GAA AC-3', and the
reverse primer was 5-CCA CCG CAT TTG TAG ATC AGA TGG-3' and the amplicon
was 133 bp in length. The specificity and efficiency of the Cx30.3 and EFlaq primers
were validated by standard-é:urve methods according to the manufacturer’s specifications
(Bio-Rad).

cDNA samples (1l per well) were mixed with 250 nM of each primer and 10pul
of SYBR Green Supermix (Bio-Rad) reagent in a final volume of 20ul. PCR conditions
were as follows: 95°C for 3 min followed by 40 cycles at 95°C for 10 sec, 62°C for 10
sec, and 72°C for 10 sec. After amplification, melting curve analysis was employed to -
check PCR specificity, and/or monitor genomic DNA contamination. In addition, a
reverse transcriptase negative control and a template-negative control were also tested in
parallel. Each sample was tested in at least duplicate reactions and all PCR runs were
performed twice with cDNAs prepared frbm independent batches of RNA samples. The
relative amounts of Cx30.3 gene transcripts were normalized to the EF1a. reference gene,

using a modified comparative C; method (Pfaffl 2001).

5.2.8  In situ hybridization
Digoxigenin-labelled anti-sense and sense RNA probes for Cx30.3 were

synthesized by in vitro transcription with DIG-11 UTP (Roche, Mississauga, ON). The
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DNA template was from one of the 3°’RACE products of Cx30.3 and contained the entire
3’UTR region plus a 94 bp C-terminal fragment. The resulting anti-sense and sense RNA
probes were about 1.4 kb in size. The in situ hybridization (ISH) was carried out with
various developmental stages of embryos between 1 and 5 dpf (days post fertilization),
following Thisse’s protocol with slight modifications (Christie et al. 2004; Thisse et al.
1993). Embryos were mounted in glycerol for whole mount observations. To obtain
plastic sections, the embryos were embedded in JB-4 resin (Polysciences; Warrington,
PA) and 5 um sections were cut with a microtome. The embryos were observed, and all
images were recorded using a Zeiss Axioskop FS microscope equipped with a Sony

DXC-950 CCD camera and Northern Eclipse software (Empix, Mississauga, ON).

3.2.9  Functional analysis / Electrophysiology

Construction of Cx30.3 expression plasmid

The Cx30.3 coding sequence was PCR amplified using Platinum Taq DNA
polymerase High Fidelity (Invitrogen) with primers carrying BamHI and EcoRI
restriction sites (forward primer 5°-GGT TAA TTG GAT CCG ACA GGA TGA GTT
GGG GAG CAC-3’, and reverse primer 5°-CCA TGA TGG CGG AAT TCA AGA TCA
TC-3%). The PCR products were cut with BamHI and EcoRI and cloned into a pCS2+
expression vector (Turner and Weintraub 1994). The accuracy of the DNA primary
sequence and its open reading frame (ORF) were confirmed by sequencing.

Electrophysiological analyses
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Analysis performed by Dr. T. W. White. For some of the results see Appendix-IV.

5.3 Results
5.3.1  Identification of the genomic and amino acid sequences of Cx30.3

DNA sequencing of a 12 kb DNA fragment upstream of the Cx48.5 gene revealed
the presence of another gene. A BLAST search indicated that this new gene Vmatched a
putatively- identified connexin gene, referred to as Cx33.8. (accession No. AY135446;
Kremer, M. and Dermietzel, R., 2002, unpublished). As this Cx33.8 gene had not been
fully described, I chose to examine my novel clone further by performing 5° and 3’
RACE to identify the full-length gene. Based on these analyses, which I describe more
thoroughly below, it appears that the predicted translation start site of the Cx33.8 gene
was misidentified, and instead, this connexin gene contains a coding region of 804
nucleotides, coding for a protein of 267 amino acids (Figure 5-1). The connexin therefore
has a predicted molecular weight of 30,323 Da (protein analysis tools on the ExPASy

server http://www.expasy.org/tools/protparam.html) (Gasteiger et al. 2003). Hereafter, I

will refer to the gene and its protein as Cx30.3, according to the conventional Cx
molecular weight nomenclature (Beyer et al. 1990).
Using transmembrane domain prediction software (“DAS” Transmembrane

Prediction server http://www.sbc.su.se/~miklos/DAS/ )(Cserzo et al. 1997), four potential

transmembrane regions were predicted (Figure 5-2). The amino acid sequence of Cx30.3

has a similar structure to that of other connexins — with four transmembrane domains,
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two extracellular loops, one intracellular loop, and cytoplasmic N- and C- terminals.
Each of the two extracellular loops contains three conserved cysteines (Figure 5-2).
These features of the amino acid sequence of Cx30.3 are consistent with that of a typical
connexin (Unger et al. 1999; Yeager et al. 1998; Rahman and Evans 1991; John and
Revel 1991; Dahl et al. 1992). Further analysis of the amino acid sequence revealed that
Cx30.3 has a relatively high isoelectric point (pI = 9.54) (ExPASy protein analysis tools)
(Gasteiger et al. 2003).

Multiple DNA sequence comparisons suggested that Cx30.3 is most closely
related to mammalian Cx26 (data not shown), as has been shown by other researchers
(Eastman et al. 2006; Cruciani and Mikalsen 2006; Cruciani and Mikalsen 2007). A
comparison of Cx30.3’s amino acid sequence with its most similar connexins reveals a
high degree of identity with human and mouse Cx26 proteins (Figure 5-2). We therefore

suggest that Cx30.3 is the zebrafish ortholog of mammalian Cx26.

5.3.2  Identification of the transcriptional start sites and UTRs of Cx30.3

Using the 5’RACE method, we identified the transcription start site and 5° UTR
sequence of zebrafish Cx30.3. This is a RNA ligasemediated (RLM)- 5’RACE strategy
that ensures that only cDNAs produced from mature capped mRNA transcripts are
selected for the following PCR amplification, and thus only the full-length of the 5’ ends
can be amplified and sequenced. This feature of the method makes it possible to identify

the transcriptional start sites when the full-length 5’ UTR sequence is aligned against its
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genomic sequence. The 5° RACE nested PCR generated a single clear band of about 250
bp in size. For 3° RACE, the nested PCR produced a single clear band of about 1.4 kb in
size. The 5’ and 3° RACE-PCR fragments were then cloned into pCR4-TOPO vector
(Invitrogen, CA) and three independent positive clones were sequenced for each of the 5°
and 3> UTRs. Sequencing results were then aligned against the genomic DNA sequence,
resulting in the identification of the transcriptional start site and the intro-exon genomic
structure of zebrafish Cx30.3 (Figure 5-5).

The 5> RACE results identified a single transcriptional start site for ZfCx30.3,
which is located at position -1760 nts upstream of the ATG translation start codon. For
convenience of description, the adenine site in the ATG codon was assigned as position
+1. The 5° UTR of Cx30.3 is interrupted by an intron of 1627 nucleotides in size, which
starts from position -1561 nt to position -24 nt upstream of the ATG codon. Pre-mRNA
splicing uses the conserved “GU-AG” rule (Figure 5-1). The 3° UTR is of 1308
nucleotides in size, which starts from position +805 nt, and ends at position +2113 nt
downstream of the ATG codon, a couple of nucleotides following the conserved hexamer
“AAUAAA” poly (A) signal (Figure 5-1) (Nag et al. 2006). In these 5> and 3’ RACE
experiments, mRNA samples were from zebrafish adult retina tissue. The 5° and 3’
RACE data suggest that Cx30.3 gene contains two exons, with an intron interrupting its
57 UTR. The complete coding region and 3’ UTR is located in exon 2.

Using mFOLD software (Zuker 2003), we predicted the secondary structure of

the 5> UTR and 3’UTR of zebrafish Cx30.3 (Figure 5-6, and 5-7). The most
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thermodynamically stable structures predicted by mFOLD are shown with calculated free
energy indicated in the figures (AG°37 = -36.4 kcal/mol for 5’UTR, and AG®3;; = -344.3
kcal/mol for 3°UTR). Both 5’and 3> UTR of Cx30.3 have very strong secondary
structures, with very stable stem-loops throughout the UTRs. In addition to their stable
secondary structures, the 5° UTR and 3’ UTR of Cx30.3 are relatively long (125 nts and
1308 nts in size, respectively).

Searching for upstream AUG codons (uAUGs) revealed two uAUGs within the
first exon. Both uAUGs are followed by in-frame stop codons prior to the normal AUG
codon, resulting in two uORFs (upstream open reading frame), each of which contains 5

codons (Figure 5-6).

5.3.3  Analyses of Zebrafish Cx30.3 mRNA Expression

Using RT-PCR (reverse transcriptase polymerase chain reactions), we studied the
mRNA expression of Cx30.3 in embryos at stages from 0.5, 1 to 5 dpf. RNA samples
were isolated from two independently collected batches of embryos, and reverse
transcribed to obtain independent cDNA samples. Results from these parallel RT-PCR
experiments were consistent with each other. The zebrafish EFlo gene was used as a
positive control. The primers for EFla were designed so as to anneal to different exons,
thus amplification from cDNA templates will result in shorter PCR fragments than
amplification from genomic DNA templates (569 versus 733 bp). Therefore, the parallel

amplification of EFlo also serves as an indicator for the integrity and
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non-genomic-contamination of the cDNA samples. As shown in Figure 5-8, Cx30.3
transcripts were not detected in 0.5 dpf embryos, but were readily detected at 1 dpf and
later stages.

Whole mount in situ hybridization (WMISH) was performed with embryos at
different embryonic stages from 1-5 dpf. The anti-sense and sense probes were about 1.4
kb in size, and were designed to target the 3’UTR plus a very short fragment from the 3’
end of its coding region. These regions of connexin gene sequences are usually less
conserved than other regions, thus providing higher specificity for mRNA hybridization
than probes from coding regions. Cx30.3-specific in situ hybridization signal was
detected in 1 dpf stage embryos, in the otic vesicle (Figure 5-9, A) and dorsal fins (Figure
‘ 5-9, B). At 2 and 3 dpf, the Cx30.3-specific mRNA signal was readily detected in the
inner ear (Figure 5-9, D), the lateral line (Figure 5-9, E & G), the fins, and the skin
(Figure 5-9, C). This pattern remained unchanged at 4 and 5 dpf (data not shown). In
order to obtain a more detailed picture regarding the internal expression pattern, we
embedded embryos in plastic and obtained 5 pm sections with a microtome. Images
captured from 2 dpf stage embryos are presented (Figure 5-10, A — C), and the staining
pattern in later stage embryos was very similar. As seen in these images, Cx30.3 mRNA
signals were strongly detected in the epithelial cells in the skin of the whole embryo, as
well as cells in the inner ear. Signals were not detected in the heart or other embryonic
tissues, although the more sensitive technique of real-time RT-PCR, suggested that

Cx30.3 mRNA expression occurs in a number of adult tissues (see below, tissue

196



distribution analysis by real-time RT-PCR). Either Cx30.3 is not expressed during 1-5
dpf of development in these tissues, or the transcript levels are simply too low to be
detected by our in situ hybridization protocol.

Using real-time RT-PCR, we further analyzed the tissue distribution of Cx30.3
mRNA among different tissues in adult zebrafish. We selected the zebrafish EFlo. gene
as the reference gene in these real-time RT-PCR experiments, as EFla has been
demonstrated as the most suitable reference gene for zebrafish real-time PCR analyses,
both in time-course and tissue based experiments (Tang et al. 2007). Cx30.3 expression
levels were highest in the skin, the fins (which are, of course, covered in skin), and the
inner ear of adult zebrafish (Figure 5-11). Relatively low levels of expression were also

detected in the heart, retina, liver, ovary, swim bladder, and the gill.

5.4 Discussion
5.4.1  Cx30.3 is the zebrafish ortholog of mammalian Cx26

In the present study, we identified a novel connexin gene, Cx30.3, in the zebrafish
genome when we were looking into the promoter elements of ZfCx48.5 by genomic
sequencing. A BLAST search revealed that one similar sequence had previously been
deposited in GenBank, and was named Cx33.8 (accession No. AY 135446; Kremer,M.
and Dermietzel,R., 2002, unpublished). Using 5° and 3° RACE, we identified the open
reading frame (ORF) of this novel connexin gene and following careful comparison of

the ORF with that of the previously deposited Cx33.8 in GenBank, we found that an
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upstream ATG sequence located in the first intron was mistakenly considered as the
translation start codon of Cx33.8, thus giving a larger prediction of its molecular weight
and therefore so named. In 2005, mRNA sequence of Cx33.8 was updated as
NM_212825.1 (GI:47086382, Apr., 2005), and this version was subsequently replaced by
a full-length mRNA sequence with accession number NM_ 212825.2 (G1:66472875, May,
2005). Fuﬁher, in May 2005, M. Dickson M. and colleagues also deposited in GenBank a
full-length mRNA sequence of Cx33.8 with accession No. BC095350 (GI:63101893).
Comparing the full-length cDNA sequence of Cx30.3 identified in this study with that of
Cx33.8 in GenBank, it is clear that zebrafish Cx30.3 and Cx33.8 are in fact the same
gene. We therefore re-named this connexin gene as Cx30.3, following the conventional
molecular weight nomenclature of the connexin gene family (Beyer et al. 1990). We
think that Cx30.3 is the more appropriate name for this gene, and will continue to use
this name in the future. The full-length mRNA sequence of Cx30.3 has been deposited
into the GenBank (accession No. GQ469999).

The predicted amino acid sequence of Cx30.3 is consistent with all the features of
a typical connexin gene, having for example, four a-helical transmembrane domains and
two extracellular loops with three highly conserved cysteine residues in each. By the
formation of intramolecular disulfide bonds, these conserved cysteines play essential
roles for normal folding and/or channel function (Unger et al. 1999; Yeager et al. 1998;
Rahman and Evans 1991; John and Revel 1991; Dahl et al. 1992).

Phylogenetic analyses suggest that zebrafish Cx30.3 is the ortholog of
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mammalian Cx26 (Figure 5-3). At least two other groups have also made this suggestion
(Eastman et al. 2006; Cruciani and Mikalsen 2006; Cruciani and Mikalsen 2007). Amino
acid sequence similarity comparisons showed high degree of identities between
7ZfCx30.3 and mCx26. Looking into the genomic organization of both zebrafish and
mouse connexin genes, we also found that the genomic organization has been maintained
during evolution, as a cluster of three connexins. In humans, Cx30, Cx26, and Cx46 are
all found physically linked in the same gene orientation, on one chromosome
(chromosome 13). In zebrafish, Cx30.3 (ortholog of human Cx26) and Cx48.5 (ortholog
of human Cx46) are physically linked on chromosome 9, in a similar organization to that
of human Cx26 and Cx46 (Figure 5-4). These similarities (ortholog connexin genes, and
similar genomic cluster organizations) suggest that these connexin genes are most likely
evolved from a single common ancestor (Eastman et al. 2006).

In such a genomic cluster on zebrafish chromosome 9, about 600 nucleotides
downstream of the poly (A) signal of Cx30.3 is one of the transcriptional start sites of the
Cx48.5 gene, and also notably, both connexin genes are in the same open reading frames
(ORF) orientation. Cx48.5 is primarily expressed and functions in the lens tissue, as well
as in the heart. Expression of Cx48.5 was also detected in the otic vesicle and later in the
inner ear (Cheng et al. 2004). It appears that both 30.3 and 48.5 connexin genes have
distinct and overlapping expression patterns (see below for more details). Given that both
connexin genes are so closely linked to each other, it is possible that there are some

transcriptional regulatory elements of Cx48.5 embedded within the Cx30.3 gene, and/or
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there are potential mechanisms for co-regulation of the expression of both connexin
genes. Further studies of the regulatory sequences of these two connexin genes are

required to address these questions.

5.4.2  Highly structured untranslated regions of zebrafish Cx30.3

In the present study, we identified the traﬁscription start site, 5°- and 3’- UTRs
(untranslated regions) of zebrafish Cx30.3 using RACE methods. The RLM-mediated
5’RACE strategy takes advantage of the 5° cap to selectively capture full-length 5° end of
mRNAs, thus making it feasible to map the transcriptional start sites of a gene. This
method has been demonstrated to be comparable and, in many cases, more accurate than
other approaches, for example, S1 nuclease protection, RNase protection, and primer
extension (Liu and Gorovsky 1993; Schaefer 1995; Gum et al. 2003). 5° RACE identified
a single transcriptional start site for ZfCx30.3, and a TATA box located 28 bp upstream
appears to be responsible for the transcriptional initiation. 3’ RACE identified the 3 UTR
sequence of Cx30.3. These RACE experiments suggest that Cx30.3 gene contains two
exons, with its 5° UTR interrupted by an intron. A two-exon genomic structure module
has been described as the common gene structure for most connexin genes (Sohl and
Willecke 2003; Sohl and Willecke 2004). It appears that zebrafish Cx30.3 follows this
general rule.

In silico analyses of the UTR regions suggest that Cx30.3 has a highly structured

5°UTR and 3’ UTR (Figure 5-6, and 5-7). Generally, UTRs are important in the

200



post-transcriptional regulation of gene expression, including mRNA transportation out of
the nucleus, subcellular localization, mRNA stability, and efficiency of translation. These
regulations can be mediated by interactions between nucleotide patterns or motifs located
in 5 and 3’ UTRs with specific trans-acting proteins, or specific non-complementary
non-coding RNAs. Unlike DNA-mediated regulatory elements, however, the function of
these RNA regulatory motifs relies on a combination of primary and secondary s%ructure
(Mignone et al. 2002; Pickering and Willis 2005; van der Velden and Thomas 1999;

Jansen 2001; Bashirullah et al. 2001; de Moor et a]. 2005). Eukaryotic 5° UTRs are

where the 60S subunit enters to form the entire translational machinery, and polypeptide

more pre-initiation complexes, but further increases in 5° UTR length usually
down-regulate the translational efficiency due to secondary structure or alternative
Initiation of translation at upstream AUG codons (Kozak 1991). Most eukaryotic mRNAg

contain short 5°UTRs (usually fewer than 50 nts), and thus, cap-mediated translation of
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such mRNAs is efficient. About 10% of all mRNAs contain atypically long 5° UTRs, and
their protein products typically regulate vital cellular processes, including cell growth,
cell proliferation, apoptosis, etc. A long 5° UTR gives the propensity to form stable
secondary structures that may inhibit translation initiation by impeding the ribosomal
scanning process (Pickering and Willis 2005). In situations where cap-dependent
translation is impaired or suppressed, an alternative mechanism can be used by such long
5’UTRs, as translational initiation can be mediated by a secondary structure called the
internal ribosome entry site (IRES) (Kaminski et al. 1994; Jackson 2005). Recent
estimates suggest that up to 10% of all cellular mRNAs have the potential to initiate
translation via this mechanism (Pickering and Willis 2005). Many of the IRESs identified
in cellular mRNAs are GC-rich, and therefore most likely have complex RNA secondary
structures. However, thus far there is no recognizable conservation of secondary structure
or sequence among these IRESs. It is hypothesized that many cellular IRESs contain
short modules and internal initiation is mediated by the combined effect of these modules
(Stoneley and Willis 2004), such as a Y-shaped double hairpin structure (Le and Maizel
1997), the sequence GNRA (where N is any nucleotide, and R is a purine) (Hoffman and
Palmenberg 1995; Robertson et al. 1999), polypyrimidine tracts, and the sequence
AGACA (Huez et al. 1998). IRES-mediated translational initiation has been studied in
the mammalian Cx43 and Cx32 genes (Schiavi et al. 1999; Hudder and Werner 2000).
These examples have prompted scientists in the gap junction research community to

further look at other connexin genes (Werner 2000). As shown in Figure 5-6, zebrafish
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Cx30.3 has a relatively long 5° UTR (125 nt in size), with a predicted stem-loop with an
extended Y-shaped secondary structure. On closer inspection, the 5° UTR primary
sequence also has the motif sequences “GNRA” and an “AGACA” found in some IRESs
(Figure 5-6). Such short RNA modules in its 5° UTR suggest that the zebrafish Cx30.3
transcript might have potential to use the IRES-mediated mechanism for regulation of
translation.

A search for uORFs revealed that the zebrafish Cx30.3 mRNA contains two
upstream open reading frames (UORFs) within its 5 UTRs. We suggest that this also
might be a common feature for most connexin genes, since a number of connexin genes
have been found to contain upstream open reading frames (WORFs) in their 5> UTRs
(Jacob and Beyer 2001; Pfeifer et al. 2004; Hudder and Werner 2000; Anderson et al.
2005; Meijer et al. 2000). The presence of uORFs in the 5° UTR usually decreases the
efficiency of translational initiation on the downstream main ORF (Morris and Geballe
2000; Iacono et al. 2005). For example, Cx41 of Xenopus laevis has three uORFs in its 5°
UTR, and each of these uORFs largely down-regulates the translational efficiency
(Meijer et al. 2000; Meijer and Thomas 2003). uAUGs and uORFs may also play a role
in the regulation of mRNA stability through either the nonsense-mediated mRNA decay
(NMD) pathway (Ruiz-Echevarria and Peltz 2000), or NMD-independent mechanisms
(Vilela et al. 1999), thus providing an alternative mechanism for the regulation of gene
expression by uORFs. Whether these short uORFs of zebrafish Cx30.3 play an important

role in the translation of mRNA certainly needs further detailed studies.
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Synthesis of proteins involved in vital cellular and developmental processes, such
as growth factors, transcription factors or proto-oncogenes, pro-apoptosis factors, all
need to be strongly and finely regulated. The mRNAs encoding such proteins frequently
have 5’UTRs that are longer than average, with uAUGs or uORFs, and stable secondary
structures impeding efficient translation. In addition, these mRNAs often have the
potential to utilize IRESs to initiate translation under conditions where cap-dependent
translation is reduced or abolished, such as under a patho-physiological cell stress like
heat shock or apoptosis (Pickering and Willis 2005). Recent studies suggest that many
connexin genes possess such similar features in their mRNAs (Jacob and Beyer 2001;
| Pfeifer et al. 2004; Schiavi et al. 1999; Hudder and Werner 2000; Werner 2000; Anderson
et al. 2005). Clearly, the zebrafish Cx30.3 gene shares many features with other connexin
genes, and it will be of interest to determine whether these features play a similar role in

regulating expression of this gene.

5.4.3 Expression patterns are conserved between Cx30.3 and Cx26

Using RT-PCR, in situ hybridization, and real-time RT-PCR, I have investigated
the transcriptional expression of zebrafish Cx30.3 during embryonic development as well
as in some adult tissues. These data clearly demonstrated that the expression of Cx30.3
starts at early embryonic stages and is strongly expressed in some adult tissues, including
the inner ear, lateral line, the fins and the skin. Interestingly, the mammalian ortholog

Cx26, is similarly expressed and functions in the inner ear and the skin (Gerido and
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White 2004; Lefebvre and Van De Water 2000; Richard 2000; Rabionet et al. 2002). In
the inner ear, human Cx26 is the most prevalent connexin gene in both the supporting
cells and hair cells in the cochlea (Kikuchi et al. 1995; Martin et al. 1999; Kikuchi et al.
2000). Cx26 plays an essential role in the recycling of potassium ions during auditory
transduction. Mutations of Cx26 gene may disrupt the recycling pathway of K+ ions,
leading to cellular dysfunction and ultimately cell death, thus resulting in loss or
disorders of hearing (Lefebvre and Van De Water 2000). In the skin, human Cx26 is
expressed in hair follicles and eccrine sweat glands and, at lower levels, in the basal
keratinocytes of the palmar and plantar epidermis, and its expression is up-regulated in
damaged and psoriatic epidermis. Mutations in Cx26 are also associated with skin
disease — a number of disorders with varying phenotypes, but similar genetic
abnormalities (Richard 2000; Richard 2005). As clearly demonstrated in the present study,
in zebrafish, Cx30.3 has similar expression patterns to its mammalian ortholog Cx26. If
Cx30.3 plays similar roles in development and homeostasis in zebrafish, these animals
could serve to model some human hearing defects or skin diseases, as well as evaluating
therapeutic drugs to ameliorate such disorders.

Connexin-expressing hair cells in the inner ear are involved in the sensory
perception of sound and motion in mammals. Like other vertebrates, zebrafish also uses
hair cells to detect sound and motion. Although the anatomy of the zebrafish inner ear
differs significantly from that of the human inner ear, many of the same genetic pathways

are utilized for the development and function of the inner ear in all vertebrates (Whitfield
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2002). For example, myosin VIla is required and functions the same way in hair cells,
whether in human or zebrafish (Hasson 1999). In addition, fish have a lateral line system
of hair cells, which are assembled to form the so-called “neuromasts™, the sensory organs
of the lateral line. Hair cells in neuromasts are directly exposed to the surrounding water
and sense its movement along the surface of the fish head and body, thus play essential
roles in a variety of behaviors, including prey detection, predator avoidance, school
swimming, and sexual courtship (Ghysen and Dambly-Chaudiere 2004). It is the
neuromasts of the lateral line that make zebrafish an excellent model system for studying
hair cell development and function, because fish hair cells are readily accessible on the
surface of the animal (Ghysen and Dambly-Chaudiere 2004; Dambly-Chaudiere et al.
2003; Goodrich 2005). In mammals, Cx26 is primarily expressed in sensory organs
functionally related to hearing and balance, where mechanosensory stimulation of hair
cells is essentially involved. In zebrafish, accordingly, Cx30.3 is dominantly expressed in
the inner ear, the lateral line, the swim bladder, the fins, and the skin, all of which are
functionally related to fish hearing and balance. Although further studies on the function
of zebrafish Cx30.3 are absolutely needed, its expression patterns suggest that this
connexin gene most likely plays significant roles in zebrafish hearing and balance.
Zebrafish is a favorable model organism both genetically and experimentally (Driever et
al. 1994; Lieschke and Currie 2007). In particular, microinjection techniques are
well-developed for zebrafish embryos, and the delivery of anti-sense morpholino oligos

has facilitated numerous studies of gene function during zebrafish embryonic
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development. An obvious next step in our studies of Cx30.3 will be the use of
morpholinos to assess the function of Cx30.3 in hearing and skin development and
function in zebrafish, and perhaps the development of zebrafish as models for
understanding the genetic basis of human diseases of hearing or disorders in the skin. I
have designed morpholino oligos for these future studies (for details, see Appendix II).

In addition, mRNA expression pattern of Cx30.3 in the cardiovascular system and
in the retina tissue is overlapping with that of Cx48.5 (Cheng et al. 2004). This
expression pattern suggests that Cx30.3 might also play potentially significant roles in
the development and function of these other tissues. Overlapping expression and
functional diversity are general features of connexin genes. Whether or not both
connexin genes have similar functions in the retina and cardiovascular systems awaits to

be determined by detailed functional studies of zebrafish Cx30.3 in the future.

5.5 Summary

In the present sub-project of my thesis research, a new zebrafish connexin gene —
Cx30.3 — has been identified and characterized. Consistent with most connexin genes,
Cx30.3 also contains two exons, with its 5S’UTR interrupted by an intron. Its mRINA
contains a relatively long 5° UTR, with two uORFs upstream of the predicted AUG start
codon. RNA secondary structure predictions showed very highly-structured 5 and 3’
UTRs of Cx30.3 mRNA, suggesting potential complicated mechanisms for

post-transcriptional regulation of expression. RT-PCR and ISH experiments with Cx30.3
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demonstrated that its mRNA expression in zebrafish embryos starts from about 1 dpf of
age. Real-time RT-PCR showed that Cx30.3 is expressed in a spectrum of tissues in adult
fish, including the skin, fins, inner ear, heart, and the retina, etc. Its mammalian ortholog
gene, Cx26, has been well established to be expressed and function in the inner ear and
the skin of mammals, including humans. Expression patterns of the zebrafish Cx30.3
gene suggest that this protein may play significant roles in the development and normal
function of hearing and balance in zebrafish. If these expression patterns can be
confirmed, the zebrafish would serve as an excellent model to study the development and
function of hair cells, as well as to model human diseases of hearing and disorders in the

skin.

208



Figure 5-1. Genofnic sequence of zebrafish Cx30.3. Underlined sequence indicates
the first exon of Cx30.3. The box in the first line indicates a TATA-like element of the
core promoter. The parentheses sequence is the intron of Cx30.3, with bold nucleotides
indicating the 5° and 3’ end of the intron. Pre-mRNA splicing follows the “GU-AG” rule.
Sequence between the bold and highlighted nucleotides (ATG and TAA) are coding

sequence. The box in the last line indicates a conserved “AAUAAA?” signal.

209



TCAGGTGCAC CTCTCCCCTA GRAAATAAGT GCTCACTGTC TTCAGTCAAT CACTTCATCT Exon 1

CACTCTGAAG ACCTCAGAGG CACCACACAA GTGATTTGCT CAACTTAGCT CACACTGTCG S‘UTR

GATATATGTC ATGGATTTGA TCTGAATCAT CGTGTAGCCT AACAG{GTAAA CAGAAGTCT

(intron,

CTGTTTGCT GCGTTGGTGC TGTATCAATT TCCTCTCTTT CTTTTCAAAC AG}GAGCTGAG EX
GAGTGAATAA ¢

AGCACCAGTA
ACACTCCACC
CCTGGTCATA
ACAACAGCCT
TTTCTGGTGT
GGCATATCGC
TAAAGGAGAT
GTGGACCTAC
TCTCTATTAC
TTGTCCCAAT
CTTTATGGTG
GATTGTCAAA
CCAAGAGAAA
GTCATCAGCT
TCATGGGAGA
AGCCCTGAGA
GAAGCTGAAA
ATGAAGAAGA
ACAGTACTTA
CCAACCCTAA
ATCTCTGGCA
GAACCGAGTT
ACAACACACA
GTTTTTATGT
TTTTAAATGC
TGTATGTGTG
ACAACTCACA
AATGTGCCTT
AGTTTTAGCC
TGGATGATGT
GGAGTATGTT
ATCGCGTGAG
ACCTGTTGAC
GTCCACATGG
AACTGATTGC
TGAAGGTCTT

~1.6 kb)...

GACAGGATGA
AGCTTGGGGA
GCAGCAGAGA
GGTTGCAARA
CTGCAGCTCA
ARGCGCAACA
GACCTGGAGA
ACATCCAGCC
GTCTATGATG
ARAGTTGACT
GGATCTTCTG
GCATTGCTCA
ATGTCCACAG
TCGGACTCAT
TGATAACAGT
ACACATCAAA
TTCTTTCCCC
TCTGAGGGTT
GGAGTGTCCA
TCAAACACAC
GGTGTGTTGA
TGCACACCCC
CGTTCAARGG
TGTACAGAAA
ATTTTAGTCT

GTTGGGGAGC
AGATCTGGCT
CGGTCTGGGG
ACGTCTGCTA
TCTTTGTGTC
TGAAAAAGAA
GCTTGAAGAA
TGTTCTTCAG
GCTTTCAGAT
GTTTCATCTC
CTATCTGCAT
GGTGCTCAGC
AAAAGGCGCA
CGAGCAATAA
AGATTTAACA
AGACACACAC
TAGCCGAAAG
GTTGAGATAT
ACTTTGGTCC
CTGAACCAGC
AGCAAGTTGG
TGGGCATTAG
CCGCCTTTGC
TGCATCTCTA
TTCAGTTTCC

ATTTGTTTTT
AGGTCAGTCT
GTTACATGAA
TTATAGTCAA
TTGCTGAAGA
ATTGTAATAC
AATGTTTACT
AGATGAGAGC
TATTGGTTGA
CAGCGTAATA

pATAARRAAT

GGGTTTTTAA
TACATTCAAC
TCTGCAGTAT
TCATTAAAGC
GTAAGCACTA
AGTCTTATTT
TTTTTACTAG
GCATTCAGTG
ATCTTGTTTC
CATGTTCTTT
CTCTAAARA

ACTTTATGCT
GTCTGTCCTC
AGACGAACAG
TGACCACTTC
CACACCGGCT
AAGCATTTTA
CCGGCGTCTA
ACTTCTTTTC
GGCACGCCTT
AAGGCCGACA
TGTGCTCAAT
CAGAGCCAARA
CCTACAGAAT
GACTGTTTAA
GTATGTGCTT
TTGAAAGCAG
ATGATTCAGA
ATTTGTAATT
TGGAGGACCG
TAATTAAGCT
AGCTAAACTA
AARAGCGAAA
ACAGAATTTG
TATTTGGACA
TACCACCAAT
TATTCTTTTG
CGTACCTGGT
TTAATGAGCA
AAGCCATTRA
CATGACATAT
ATTAGCCGTT
TCGCGCTTCT
ACAGAAGTTG
CCARAGCAAG
GCGATTTTGG
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CAGCTGGGAG
TTCATCTTCC
TCAGACTTCA
TTTCCAGTCT
TTACTGGTAG
GCCAAGCGTG
CCCATCACTG
GAGGCCGGAT
GTGAAGTGTG
GAGAAGACGG
GTGGCTGAAC
GGGAGGCGCT
GAAAAAAATG
GATGATCTTC
TGTAGCTCTT
GTTTCAGCGT
GTTATAACAC
TTTTTACTTG
GTGTCCTGGA
CTTACTAGAT
TGCAGGACAC
GAGTGACTCC
TGTCCTGTTT
CTTTGCTATG
TTTAGCATGC
GTAAACGATT
ATTTCATAGC
ATAATAGATA
GTATTTCTAT
CCCAAAAGAG
AGAGTTGCAA
CTTTGACATC
GGAATGATGC
CTGTGATCTT
CTARACAACTA

GCATTTGCAT
CCTGCAACAC
CGCACATACG
CTATGCATGT

GTGGTAATGG

GGCCACTGTG
TCATGTATGC
AGCAATGGCC
TCTTCACCAT
TGGCCTATCT
CATTTGTACA
CAAGGTTGCT
AACTCCGCCA
TTTGACAAGT
GGCTCTTTCC
TGCATGGTCA
CTAACTGATT
GAGTTTAGCT
ATACTAGARA
CGGCCGTCCA
TAGTGGTCAA
TTGAAGGATC
TTTACTTAAT
AAATGTTTTT
CAAATGTTTC
AGCTTAAAGC
TTTCARAACAA
TTGGACTACT
TAGTGGCTCT
ACAGGCTGCA
TAGTCAGGAT
GTACCTAAAT
TTTTATTGTC
ATATTTTATA

3UTR




Figure 5-2. Amino acid sequence multi-alignment of ZfCx30.3. Zebrafish Cx30.3,
and its two most closely related sequences, mouse Cx26 (mCx26), and human Cx26
(HuCx26) are aligned using Kalign program. Solid lines under the sequences indicate the
four predicted transmembrane domains (M1, M2, M3, M4). The X symbols indicate the

six conserved cysteine residues within the two predicted extracellular loops of ZfCx30.3.
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Figure 5-3. Phylogenetic analysis of zebrafish and mammalian connexins.
Neighbour-joining tree shows that zebrafish Cx30.3 is most closely related to human

Cx26. Figure kindly provided by Dr. Gunnar Valdimarsson.
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Figure 5-4. Genomic organization of connexin gene clusters. Connexin genes are
represented by arrows. Similar to a cluster of three human connexins (Cx30, Cx26, Cx46)
on human chromosome 13, ZfCx48.5, the zebrafish ortholog of Cx46, is closely linked to

7£Cx30.3, the zebrafish ortholog of human Cx26. Gene distance is not drawn in scale.
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Figure 5-5. Gene structure of zebrafish Cx30.3. ZfCx30.3 contains two exons
separated by an intron of about 1.6 kb in length. The complete coding region and 3’°UTR
are located in the second exon. The first exon is 110 bp in size, and the coding sequence

is 804 bp, while the 3°UTR is about 1.3 kb in size.

l"' SUTR cDS SUTR.
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Figure 5-6. ZfCx30.3 5’UTR secondary structure. The most thermodynamically stable
structures are shown with free energy at 37 °C (AG = -36.4 kcal/mol). The 5° UTR of
zebrafish Cx30.3 forms a semi-conserved Y-shaped structure with extended stable stem
loop. IRES cis-acting elements, such as the GNRA (nt 35-38) and the AGACA (nt
127-131), are marked by blue boxes. Normal translational start codon is marked by the
red box, while two upstream AUGs (uAUGs) are indicated by red lines (nt 70 and 75,

respectively). Both upstream open reading frames (uORFs) contain 5 codons, and both

terminated by a UGA codon.
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Figure 5-7. ZfCx30.3 3’UTR secondary structure. The most thermodynamically

stable structures are shown with free energy at 37 °C (AG = -344.3 kcal/mol).

216



Figure 5-8. RT-PCR analyses of ZfCx30.3 mRNA expression. Expression of Cx30.3
was detected at 1 dpf (day past fertilization) stage, and thereafter maintained throughout
embryonic development. Zebrafish EFla gene was used as positive control to
demonstrate the integrity and genomic-DNA-contamination-free status of the cDNA

samples.
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Figure 5-9. In situ hybridization of ZfCx30.3 mRNA in embryos. Embryos were
stained by whole-mount in situ hybridization with a Cx30.3 anti-sense riboprobe. Signal
was detected (and highlighted with arrows) in 1 dpf stage embryos, in the otic vesicle (A)

and dorsal fins (B). At 2 dpf (C, G, H) or 3 dpf (D, E, F), Cx30.3 mRNA signal was

readily detected in the skin (C), the inner ear (D), the lateral line (E, G), and the fins (C).

Sense-probe (negative) controls are shown in (F) and (H

A | ‘
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Figure 5-10. Sections of ZfCx30.3 ISH stained embryos. Embryos were stained by
whole-mount in situ hybridization with Cx30.3 anti-senses riboprobe, then embedded in
plastic. 5 um sections were cut with a microtome. Only sections from embyos at 2 dpf
(days post fertilization) are shown. The staining pattern in later stage embryos is similar.
(A) transverse cross-section of embryonic eyes, showing (lack of accumulation) of probe;
(B) shows developing inner ear with probe labeling the otic vesicle (arro§v); and (C)
shows a tranverse section of the embryonic fish tail and fin, with probe accumulating

around the peripheral skin and on the fin (far right).
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Figure 5-11. Tissue distribution of ZfCx30.3 mRNAs. Cx30.3 mRNA is
predominantly expressed in the adult skin, fin, inner ear, ovary, liver, heart, retina, while
a relatively low level of Cx30.3 expression was also detected in the gill, swim bladder,
skeletal muscle, spleen and gut. mRNA levels are expressed by ratios to that of zebrafish
EFla.. The expression ratios were calculated by comparing ACt between mean Cts of
Z1Cx30.3 and zebrafish EFla‘mRNA in two replicate experiments, and presented as a

column graph.
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CHAPTER SIX
GENERAL CONCLUSIONS

This thesis has presented a series of studies that were aimed at exploring the
molecular genetic mechanisms that regulate the expression and function of connexin
genes using zebrafish as the model system.

Using 5° RACE techniques, this thesis has mapped the transcriptional start sites
and identified the 5’ UTR sequences of several zebrafish connexin genes (including Cx43,
Cx44.1, Cx45.6, Cx48.5, and Cx30.3), as well as mouse Cx46 (the ortholog of zebrafish
Cx44.1) and Cx50 (the ortholog of zebrafish Cx48.5). The 3° UTR sequences of
zebrafish Cx48.5 and Cx30.3 were also identified using 3° RACE method. Sequence
analyses showed that most of these connexin genes (except zebrafish Cx43 and Cx30.3)
have alternative 5> UTR variants (differing in their first exons) that are generated by
different promoter usage and alternative pre-mRNA splicing. This could be a more
widespread feature of connexin gene expression, as it was also shown in some other
connexins (Anderson et al. 2005). Also significantly, this feature of connexin gene
expression appears to be evolutionarily conserved between species, as shown in this
thesis by comparative analyses of some zebrafish and mouse connexin genes (Z{Cx44.1
vs mCx50, ZfCx45.6 vs mCx40, and ZfCx48.5 vs mCx46).

As UTRs are generally important for post-transcriptional regulation, the
complicated 5° UTR diversity demonstrated in this thesis suggests that the expression of

connexin genes are tightly regulated at both transcriptional and post-transcriptional levels.
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In this thesis, I performed both in silico and in vivo comparisons between promoter
activities of zebrafish Cx44.1 and mouse Cx50. Preliminary results suggest that
transcription of homologous connexin genes might share regulatory networks between
species, though further analyses will be needed to dissect the cis-elements and
trans-factors for both connexin genes (Chapter 2). I also performed GFP transient
expression experiments to test the capacity of a ~12 kb upstream promoter fragment of
zebrafish Cx48.5 (Chapter 4). The promoter analyses in this thesis have laid the
groundwork for further studies that map the regulatory elements in these connekin
promoters, as well as provided useful information on which regulatory sequences may be
useful in future genetic studies using transgenic zebrafish lines. In silico analyses of 5’
UTRs of these connexin genes revealed relatively long primary sequences and very
strong loop-stem secondary structures for all connexin genes in this thesis (Chapter 2 to
5). 5 UTRs of these connexins are also rich in uORFs, which are generally thought to
regulate the translation efficiency by inhibiting the initiation of translation. These
analyses suggest that 5° UTRs could play an important role in the translational regulation
of connexin genes, and some mechanisms for translational regulation, such as IRESs,
could be used by the 5° sequences of the connexin genes examined in this study. Based
on these analyses, in vitro reporter assays have béen suggested for future studies, to
investigate the functional roles of the 5° UTR variants in the translational regulation of
connexin gene expression.

While alternative transcripts of these connexin genes have their variable first
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exons, a significant feature is that all alternative transcripts have common coding
sequences, thus translating the same protein product. This feature of gene organization
raises interesting questions, for example, why alternative transcripts are needed or what
the functional role of the individual transcript variants can be. We hypothesized that
transcript variants may have distinct (and overlapping) functional roles during zebrafish
embryonic development and in adult tissues. For future studies, functioﬁal analyses have
been proposed to use “transcript variant-specific morpholino knock-down” approaches
with fluorescent protein tagged transgenic zebrafish embryos (see Appendix II).

Interestingly, identification 5° UTR variants of zebrafish Cx45.6 in this thesis has
revealed two tandem alternative splice acceptors in the “CAGCAG” motif, which
produce alternative transcripts that only differ by 3 nucleotides. This is the first study that
has demonstrated tandem alternative splicing events in the connexin gene family. Real
time RT-PCR analyses showed that the ratio between the selection of the intron-proximal
and distal AG splice acceptor sites appears to be constant (about 4:1) during embryonic
development and in adult tissues. In future studies, it would be interesting to investigate
whether or not the tandem alternative splicing of zebrafish Cx45.6 have specific
biological significance.

The sequencing of an upstream promoter fragment of Cx48.5 led to the
identification of a new connexin gene, Cx30.3, in the zebrafish genome (Chapter 5).
Sequence similarity and biophysical analyses suggest that zebrafish Cx30.3 could be the

ortholog of mammalian Cx26, which has been well established to be expressed and
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function in the inner ear and the skin of mammals including humans (Lefebvre and Van
De Water 2000; Richard 2000; Rabionet et al. 2002; Gerido and White 2004). In this
thesis, the transcriptional start sites and full-length cDNA sequence of Cx30.3 have been
identified. Its expression patterns were extensively studied using RT-PCR, real-time
RT-PCR, and ISH. Cx30.3 is expressed in early embryos, and in adult tissues including
the skin, inner ear, fin, heart, and retina. The expression pattern suggests that zebrafish
Cx30.3 might play significant roles in the development and function of hearing and
balance in zebrafish, as does Cx26 in mammals. Taking advantage of the zebrafish model,
Cx30.3 potentially provides an excellent model to study the development and function of
hair cells, as well as to model human diseases of hearing and disorders in the skin. For
this purpose, I have designed two non-overlapping morpholino oligos that can target
either the 5° UTR sequence or the 3’ splicing site, and proposed to use fluorescent protein
labelled stable transgenic zebrafish embryos to perform the morpholino analyses (see
Appendix II). The data presented in this thesis have provided groundwork for future
functional studies.

Most of the zebrafish connexin genes studied in this thesis were previously
isolated from a genomic library and their mRNA expression patterns were extensively
characterized by former researchers in this lab (excluding Cx30.3). In this thesis,
however, tissue mRNA distribution of all these connexin genes was further analyzed
using real-time RT-PCR (Chapters 2 to 5). These results confirmed their distinct but

overlapping tissue-specific expression patterns in adult zebrafish. For example, Cx44.1
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and Cx48.5 are both lens-specific connexins; Cx45.6 is a heart-specific connexion; and
Cx30.3 is a skin-specific connexin. Expression of specific genes in specific tissues
frequently implicates certain functional importance in the development and function of
the correspondent tissues. With the identification of the 5’ UTR sequences of these genes,
morpholino oligos have been designed. Targeted gene knockdown could provide a very

powerful approach for future functional studies of these connexion genes.
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APPENDIX-I EGFP TRANSIENT EXPRESSION ASSAY
Introduction

Transgenesis has been widely used to study the expression and function of
specific genes in vivo as well as endow the host organism with properties of interest.
Taking advantage of the accessibility and optical clarity of zebrafish embryos,
fluorescent reporter genes can be assayed in live and developing embryos, making it
possible to visualize and track the details of dynamic gene expression as well as cellular
processes during embryonic development. One of these applications is to analyze the
function of putative transcriptional regulatory sequences by in vivo EGFP transient
expression assay. The capacity of a specific regulatory DNA sequence to drive EGFP
expression can be rapidly tested in developing embryos by micro-injecting recombinant
DNA construct into early embryos.

The conventional method for preparation of DNA injection includes multiple
steps with constructing DNA plasmids as the necessary first step. Making recombinant
DNA plasmids is usually a laborious and time-consuming procedure; and in some cases,
the expected constructs are not easily attainable. During my PhD research, I developed a
simple method to prepare DNA constructs for micro-injection into zebrafish embryos.
Since linear DNA molecules are recommended for micro-injection, it could be much
more efficient if constructs are direct products of PCR reactions. Based on this idea, I
made my EGFP expression constructs taking advantage of the powerful PCR strategy. In

an example described below, specific constructs can be easily prepared only by two
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rounds of PCR reactions; and purified PCR products can directly be used for

micro-injection.

Method

The zebrafish aA-crystallin promoter has been well studied using in vivo EGFP
transient expression assays by another group: a promoter fragment greater than 564 bp
has been used to drive EGFP expression in the lens in developing embryos (Kurita et al.
2003). I selected this promoter as a positive control to test the feasibility of my method.
The preparation of the recombinant DNA construct includes the following four steps. For
all PCR reactions described here, the Platinum® 7aq DNA Polymerase High Fidelity

(Invitrogen) was used to ensure the sequence accuracy of PCR products.

(A) Zebrafish aA-crystallin promoter fragment
A ~1 kb promoter fragment of zebrafish aA-crystallin was PCR amplified from
genomic DNA. The forward primer used was ZfCrs/aA/F1 (5°- GAG TAT TTG GGT

GTT TCC CAG -3°), and the reverse primer was ZfCrs/aA/gfp/R1 (5°- TCC TCG CCC

TTG CTC ACC ATA GTT GGA TCG CAA TAT CCT TAA TG -3°). It should be noted

that the underlined part of the reverse primer is an adapter sequence that can be annealed

against the N-terminal of EGFP coding sequence from the ATG codon (Fig Al-1).
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aA-crystallin promoter

5UTR: eGFP adapter

Figure Al-1. Zebrafish aA-crystallin ~1kb promoter fragment.

(B) EGFP-SV40polyA fragment

The EGFP-SV40polyA fragment was amplified by PCR from RARE3E(-SP6), a
well-established EGFP expression vector (generous gift from Dr. Robert Davis, Harvard
Medical School). The fragment includes the EGFP coding sequence (starting at the ATG
codon and ending at the TAA stop codon), and the SV40 poly-A tail. The forward primer
is gfp/F1 (5°- TGG CCT CCT CCG AGG ACG TCA TC -3°), while the reverse primer is
gfp/R1 (5°- TAG ATG AAG GAG CCG TCT TGC AGG G -3°). It should be noted that:
the first nucleotides were selected to be a “T” in order to ensure there was no 3’ hanging

“A” to be added on the ends of PCR products (Fig AI-2).
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Figure A1-2. Amplification of the EGFP-SV40polyA fragment.

(C) Final recombinant DNA molecule
The above PCR products (A) and (B) were mixed at a ratio of about 1:1, and used
as the template for the following round of PCR. The forward primer is ZfCrs/aA/F1, and

the reverse primer is gfp/R1 (Fig. A1-3)

ZfCrsfaAfF1

aA-crystallin promoter

gip/R1
5UTR eGFP adapter

: PCR amplification

L aA-crystallin promoter vl i 4‘”'/5"’ SV40 poly-A

Zebhrafish aA-crystallin promoter-eGFP construct

Figure A1-3. Amplification of ZfCrs-eGFP construct.
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(D) Purification of final PCR products and micro-injection

The final PCR products (i.e., the recombinant DNA constructs) were purified using the
GENECLEAN® Spin Kit (BIO-101 Inc., Vista, CA,USA), and then the concentration
was adjusted to about 100 ng/pl in 100 mM KCI solution with 0.05% of phenol red (as
the injection indicator). DNA constructs were injected into 1-cell stage zebrafish

embryos.

Result
Strong lens-specific EGFP expression can be driven by zebrafish aA-crystallin ~1kb

promoter.

Figure Al-4. Lens-specificZfCrs-GFP expression. (A) 2dpf. Some
autofluorescence is observed in the yolk sac (lower right), but fluorescence is

obvious in the eye lens  (B) 7dpf.

Discussion

As described in previous chapters and Appendix II, all of my recombinant DNA
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constructs for zebrafish micro-injection (either linear or plasmid DNA molecules) were
built using such a PCR strategy. I found this is a very powerful and flexible method to
make recombinant DNA constructs.

The EGFP transient expression strategy described herein has many advantages.
First, it is very efficient. The conventional method for linear DNA constructs preparation
usually includes making plasmid DNA constructs, transformation to bacteria, isolating
plasmid, restriction cutting, purification etc. This is a very laborious and time-consuming
procedure. In contrast, in our method, it takes only two rounds of PCR followed by
purification of PCR products. That is, it takes only several hours to get the DNA
constructs ready for injection. This efficient method makes it possible for the researcher
to work with several genes and lots of promoter deletion analyses in parallel. Second, in
conventional methods for plasmid DNA constructs, the flexibility of selecting cloning
sites are frequently limited by specific restriction enzyme sites. In contrast, our method
provides much more flexibility, because the site where the two fragments are linked only
depends on the design of PCR primers. Third, this strategy can also be readily used to
make protein fusion constructs, as well as site-directed mutations. In addition, besides

saving time, it also saves money.
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APPENDIX-II
CX30.3-RFP/CX48.5-EGFP DOUBLE FLUORESCENT TRANSGENIC FISH

AND POTENTIAL TRANSCRIPT VARIANT-SPECIFIC KNOCK-DOWN
ANALYSES OF CX48.5

Introduction

As discussed in Chapter 4, the discovery of four types of transcript isoforms of
Cx48.5 in the present study may raise questions, such as, why different transcripts are
needed, or what are the functional roles of each individual transcript variant during
zebrafish embryonic development and in adult tissues. Similar questions also may be
asked about zebrafish Cx44.1. To address these questions, morpholino knock-down could
provide a very powerful strategy, and we have proposed that “transcript variant-specific
morpholino knock-down” could be employed for such functional analyses. Generally
proteins determine phenotypes. However, as these transcript variants of Cx48.5 (and
Cx44.1) only differ in their 5° UTRs and actually they lead to the production of the same
protein, it is very challenging to link each individual transcript to potential fish
embryonic phenotypes. Obviously there is a “black box™ blocking this linkage (Figure
A2-1, A). To address this question, I proposed to use fluorescently- labelled stable
transgenic zebrafish embryos to perform such “transcript variant-specific knock-down”
analyses. Fluorescent reporter proteins can be assayed in live and developing embryos,
making it possible to visualize and track the details of dynamic gene expression as well

as cellular processes during embryonic development. By this strategy, the “black box”
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that blocks the linkage between transcript variants and potential phenotypes hopefully
becomes transparent (Figure A2-1, B).

A

Transcript variants Protein —» Phenotypes

B
GFP-labelled Cx48.5
Transcript variants > — Protein —} Phenotypes
—>

* Dynamic spatio-temporal expression
- Cell type- or tissue- specific
- Time-course

e Dynamic Subcellular distribution

Figure A2-1. Relationship between transcripts and potential phenotypes.

As discussed in Chapter 5, the genomic organization of a cluster of three
connexins, Cx30, Cx26, and Cx46, has also been found physically linked, all with the

same gene orientation, on human chromosome 13; and in zebrafish, Cx30.3 (ortholog of
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human Cx26) and Cx48.5 (ortholog of human Cx46) are physically linked on
chromosome 9, in a similar organization to that of human Cx26 and Cx46 (Figure 5-4).
Based on these similarities (ortholog connexin genes, and similar genomic cluster
organizations), I hypothesized that the Cx30.3 and Cx48.5 gene cluster could be an
excellent model to investigate regulatory mechanisms for the diversity of expression and

function between connexin genes.

ZF x48. 5 and x30. 3 Ti ssue Expression

[ ZF 08. 5
H 7 (x30.3

Figure A2-2. Tissue distribution of ZfCx48.5 and ZfCx30.3 mRNAs. The
expression ratios were calculated by comparing ACt between mean Cts of test
transcripts and zebrafish EFlo mRNA in two replicate experiments, and presented as

a column graph.
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The distance from the poly (A) signal of Cx30.3 to the transcriptional start sites
of Cx48.5 is only about 600 nucleotides, and notably, both connexin genes are in the
same orientation. Cx48.5 is predominantly expressed and functions in the zebrafish lens
as well as in the heart during development and in adult tissues. Expression of Cx48.5 was
also detected in the otic vesicle and later in the inner ear during embryonic development
(Cheng et al. 2004). In adult tiséues, it appears that both connexin genes have distinct and
partially overlapping expression patterns (Figure A2-2). Considering the above, we
hypothesize that there might be some mechanisms for co-regulation of the expression of
both connexin genes, or some sequence elements of both genes could function as
regulatory sequences for each other. To address such questions will require further
detailed studies of the Cx30.3-Cx48.5 gene cluster.

For these studies, I proposed to establish Cx30.3-Cx48.5 double fluorescent
protein labelled stable transgenic zebrafish lines. In addition, the expected stable
transgenic fish can also be used for functional analyses of ZfCx30.3 using morpholino

knock-down.

Z£Cx30.3-RFP/Cx48.5-eGFP Expression Plasmid

I designed and constructed a recombinant DNA plasmid that contains a ~15kb
fragment of this genome cluster. In this plasmid, the coding sequences of the Cx30.3 and
Cx48.5 genes are replaced by Cx30.3-DsRFP and Cx48.5-GFP fusion coding sequences,

respectively, so that protein products of these two genes are labelled by different
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fluorescent markers, but without modifying any regulatory components (Figure A2-3).

I previously isolated and characterized an EcoRI- pBlueScript sub-clone from a
Cx48.5 positive genomic PAC clone (see Chapter 4 & 5). This sub-clone contains a
~12kb genomic fragment of the gene cluster of interest, but is missing the Cx48.5 coding
region and 3’UTR. This sub-clone was digested with HindIIl and then re-ligated to
remove the 5 upstream EcoRI site, and then digested by PstI. to remove part of Cx30.3
sequence. This intermediate plasmid was used as a “vector plasmid” for the following
cloning steps. Briefly, RFP and EGFP coding sequences were retrieved by PCR from a
pCMV-DsRed express vector (gift from Dr. Steve Whyard, University of Manitoba) and
RARE3E(-SP6) express vector (gift from Dr. Robert Davis, Harvard Medical School),.
respectively. Fusion coding sequences (Cx30.3-RFP and Cx48.5-eGFP) were generated
by PCR, and then linked to their 3°UTR sequences by one more round of PCR,
respectively. The resulting recombinant DNA fragments were then digested with suitable
restriction enzymes and cloned into the above “vector plasmid”. For Cx30.3-RFP, Pstl
sites were used, while for Cx48.5-eGFP, EcoR1-Notl sites were used (Figure A2-3).
Sequences surrounding all cloning sites were confirmed by sequencing. In the final
plasmid construct, all endogenous components of the Cx30.3-Cx48.5 gene cluster remain

intact, except that their coding sequences were tagged by fluorescent proteins.
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ZfCx48.5 Exon2
> ~EcoR1-

ZfCx30.3 Exon-1

ZfCx30.3-RFP-Cx48.5-eGFP
Plasmid »
18682 bp

>

/
Hind 11 pBSK Backhone

Figure A2-3. ZfCx30.3-RFP/Cx48.5-eGFP plasmid

Design of Transcript Variant-specific Morpholino Oligos for ZfCx48.5
I have designed a set of morpholino oligos (MO 3-8) that specifically target
individual transcript isoforms of zebrafish Cx48.5, as shown in Figure A2-4 (red or blue

arrows). Sequences of these six morpholino oligos are listed in Table A2-1.
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Figure A2-4. Design of ZfCx48.5 morpholino oligos. The left panel shows the
4 transcript variants and their associated morpholinos, while the right panel

indicates the tissues in which the variants have been detected by 5° RACE.

Morpholino oligos (MO3, 4, 5) can modify pre-mRNA splicing events, as they
were designed to span specific exon-exon boundaries. Morpholino oligos MO6, MO7,
and MOS8 can each specifically target a fraction of these transcript variants. This design
makes it possible to use one (or a subset of) morpholinos to modify the ratio (or
composition) of Cx48.5 transcripts in early fish embryos. By using Cx48.5-EGFP stable
transgenic zebrafish embryos, the disruption (or interference) of expression of Cx48.5
transcripts will be traced in real time, and potential phenotypes will be assayed during

early embryonic development.

Design of Morpholino Oligos for ZfCx30.3
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In order to investigate the role of zebrafish Cx30.3 in embryonic development, we
proposed to perform morpholino analyses (as discussed in Chapter 5). I designed two
morpholino oligos for this purpose (Figure A2-5). Sequences of both morpholino oligos
are listed in Table A2-1. MO1 was designed to span the 3’ splicing site (boundary of the
intron and the second exon), and thus it will interfere with the pre-mRNA splicing and
result in non-functional transcripts. MO2 was designed to target the first exon, and thus
interfere with the initiation of translation of Cx30.3 mature mRNAs. Co-injection of both
morpholino oligos into embryos is expected to have synergetic effects, thus ensuring
sufficient specificity. Functional analyses of ZfCx30.3 await the establishment of stable

transgenic fish lines described in this Appendix.

Mo2 MO1  ATG TAA
coding seq. IUTR }——
Intron Exon 2
AUG UAA
ZfCX30.3 mRNA coding seq. FUTR I~polyA

Figure A2-5. Design of ZfCx30.3 morpholino oligos.

Transient Expression of ZfCx30.3-RFP/Cx48.5-eGFP Plasmid

Transient expression experiments were performed to test the capability of the
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Cx30.3-RFP/Cx48.5-eGFP plasmid to drive fluorescent protein-tagged expression of
both connexin genes (Figure A2-6). Cx30.3 and Cx48.5 show distinct but overlapping

expressions.

Figure A2-6. Transient expression of Cx30.3-RFP/Cx48.5-eGFP construct. (A)

Cx48.5-eGFP expression in the lens. (B) Cx30.3-RFP expression in the retina. (C)
overlay image. (D) EGFP expression in the vascular system. (E) DsRed

expression in vascular system. (F) overlay image.
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Table A2-1. Morpholino oligos for zebrafish Cx48.5 and Cx30.3.

Cx48.5 -MO3 AAGUCCUUAAUUACAUGAUAAUAAA
Cx48.5 - MO4 AACUUGAGG CAUACCUUGACU GAAG
Cx48.5 - MOS5 GCA GCACUG CCAGCUUACCAAACUC
Cx48.5 —-MO6 AAG UUCUUCACA CAGAGACCCGAGG
Cx48.5 - MO7 CAA GCG CAG CUG UCU CCC GUU CCCA
Cx48.5 -MO8 AUC UAA GCAAAG CAAUAU CCAGCG G
Cx30.3 -MO1 UGU CUACUG GUG CUC UCA GCU CCU G
Cx30.3 -MO2 CAAAUCACU UGU GUG GUG CCU CUG AG
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APPENDIX-III

STUDIES ON ZEBRAFISH CX43

Transcriptional start sites and the 5° UTR sequence of zebrafish Cx43 were
identified by 5° RACE technique using mRNA samples from adult lens tissue. Results

were published in 2005. For details, please see the below article.

Bishwanath Chatterjee*, Alvin J. Chin*, Gunnar Valdimarsson*, Jennifer M. Sonntag,
Carla Finis, Linda Choi, Liang Tao, Krithika Balasubramanian, Carolyn Bell, Alison
krufka, David J. Kozlowski, Ross G. Johnson, and Cecilia W. Lo.. (2005)
Evolutionary conservation of structure and developmental regulation of the
zebrafish connexind3 gene. Developmental Dynamics. 233(3): 890-906. (* these

authors contribute equally)
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APPENDIX-1V

ELECTRO-PHYSIOLOGICAL PROPERTIES OF ZFCX30.3

This work was conducted in collaboration with Dr. T. W. White (Department of
Physiology and Biophysics, SUNY, Stony Brook) in order to examine the physiological
properties of -the gap junction channels composed of Cx30.3 using patch clump

techniques with the Xernopus oocytes expression system.

Table A4-1. Boltzmann parameters for zebrafish Cx30.3 gap junctions.

Vj Vo Gjmin A
Cx30.3 + 91 0.51 0.05
Cx30.3 - -93 0.43 0.04

Gjmin represents the minimum conductance value, V) indicates the voltage measured
midway through the G; decline, and 4 denotes the cooperativity constant, reflecting the
number of charges moving through the transjunctional field. Signs + and — for Vj indicate

transjunctional membrane potential polarity.
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