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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.I, Cx45.6, Cx48.5,

and Cx30.3) in zebrafrsh (Danio rerio) embryonic development and adult tissues.

The transcriptional start sites and 5'UTRs (untranslated regions) of these genes

were identif,red using 5' RACE (rapid amplihcation 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

(intemal 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 altemative transcripts actually encode the same protein product.

Functional analyses using "transcript variant-specific morpholino knock-down"

approaches in GFP (green fluorescent protein)-labelled zebraf,rsh embryos are proposed



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. RIPCR (reverse transcriptase

polymerase chain reaction), real time PCR, and in sira 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 pattem 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 (GJIC)

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

plasmadesmatainplants and gap junctions in animals.

Gap junctions are highly specialized membrane structures found in both

vertebrates and invertebrates from mesozoato mammals. They are thusly named because

they provide physical contact and direct passages between the cytoplasms of adjacent

cells having a 2 - 4 rtm 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 ef al. 2007a). While the cellular functions of gap junctions are dependent

I



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 Ca2*' K*, oAMP, cGMP, AIP, inositol triphosphate (Ip3),

oligonucleotides, siRNAs, glucose, and glutamate (Goodenough et al. 1996; Kumar and

Gilula 1996; Wei et a].2004: Herve et 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. I996b; 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

V/illecke 2009). The tight docking of gap junction proteins between adjacent cells can

also provide an adhesive force between cells and interact with the internal cltoskeleton

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

2



proteins (Giepmans 2004).

1.1.2 Gap junction proteins and basic sfructural organization of gap junctions

Gap junctional channels are formed by end-to-end apposition via non-covalent

interactions of two hemi-charurels, 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.



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 o-helical

transmembrane domains, two extracellular loops, an intracellular loop, and N- and

C-termini located on the cytoplasmic side. Connexìns 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.

1 998; Rahman and Evans 1 99 1 ; John and Revel I 991 ; 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 cefiain 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



code of compatibility among connexins. For example, Cx31 can only form homotypic

channels, whereas Cx46 can interact with other connexins (Elfgang et al. 1995; V/hite 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 between 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 1 996).

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. 1 996b). For example, the zebrafish Cx43, Cx44.l 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



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. C**

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 modif,rcations

such as phosphorylation, thus offering complicated mechanisms for the regulation of

channel properly and function (Herve et a1.2007a; Giepmans 2004).

Initially, it was thought that the exchange of any ions or small metabolites

than 1.2 kDa) through gap junction channels was completely free, passive,

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;

(less
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white 2002).

The biosynthesis, assembly, and trafücking 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 trans-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 ìnteract 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



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 diflerent organisms. For example, hCx43, mCx43, rCx43, and ZfCx43 represent

human, mouse, rat, and zebraftsh orthologues of connexin43 genes, respectively;

ZfCx44.1 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 c,, B, and y according to the degree of

peptide sequence homology and the length of their cltoplasmic domains (O'Brien et al.

1998; Sohl et al. 2001; Harris 2001; V/illecke et al. 2002). Another conventional



nomenclature has been used, which takes such evolutionary relationships into

consideration. For example, GJAS represents Gap lunction Alpha 8, (otherwise known as

Cx50), and belongs to the a subgroup; whereas GJB2 stands for Gap function 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 corurexins may show distinct cell type-specific or

development stage-specific expression patterns. The distinct but overlapping expression

pattems 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 pattems and biological function

of corurexin proteins; and studies on regulation of coruiexin gene expression have

focused mainly on the transcriptional level (Table 1-l).
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Table 1-1. Studies on Gene Structure and Transcriptional Regulation of Cx Genes

Cxs

hCx26

mCx26
hCx30
mCx31

hCx32

mCx32

rCx32

mCx36
rCx36
mCx39
mCx57
hCx40

mCx40

rCx40

mCx45

mCx46

mCx47

Gene Structure

3 exons Cx
Alternative exon-1

Alternative exon-1

Alternative exon-i

Altemative exon-l

Spliced ORF

Spliced ORF

Spliced ORF

Spliced ORF

Alternative exon-1

Alternative exon-l, 3

CXONS

3 exons

Alternative exon-1,

trans-splicing/mCx50
Alternative exon-1

-tsfomoters
,&TTSs,'.-

P1

P1

PI,P2
P1,P2

PI,P2

P1, P2, P3

P7,P2

PI,P2

P1

Pl, P2, P3

(multi-TTSs)

Pl, P2, P3

(multi-TTSs)

Pl, P2, P3

PI,P2

PL,2,3,4

Ir.Fpsites or lllt's, (Jther
regulators
TA-box, Spl/Sp3, DNA
methylation
TA-box, Spl/Sp3
TA-box, Spl, Egr
Egr2lKrox20
Sox10, Egr2lKrox2},
DNA methylation
Spl, NF-l, HNF-I
Spl/Sp3, YinYang-1,
HNF-I, Mistl, DNA
methylation

Spl, Tbx3, Tbx5

Sp1,GATA4, Nkx2-5,
Tbx5, Tbx2,

Spl/Sp3, Nkx2-5,
GATA4, Tbx5
Sp1, AP-1, Tbx3,
retinoids, estrogen,

Ras-RaÊMAPK
signalling, Wnt
signalling, DNA
methylation

Nkx2-5,Tbx2, Wnt
signalling

Sp1, AP-l, Nkx2-5,
C-Fos, cAMP, estrogen,

PGE2, TH/PTH, CNTF,
Wnt signalling, DNA
methylation
Nkx2-5.

P2P1

References

7,2,3,4,5

6

7

8,9, 10

71, 12, 13,

T4, T5

6,76, 17

rJ, 18,19,
20,21,22

23

23,24
25

26

27,28,29
10, 30, 31,

32, 33, 34,
3s

32,36

29, 37, 38,
39, 40, 41,

42, 43, 44,

45,46,4J,
48,49

30, 34, 35,
50, 57, 52,

53

19, 40, 52,

54, 55, 56,
57, 58, 59,

60,67

33,62,63

64

64

hCx43

mCx43 Alternativeexon-1

rCx43 Altemative exon-1

P1

ll



Table 1-1 References: [1] Tu and Kiang,l998. [2] Tu et al. 1998. t3l Tan et al.
2002. [4] Singal et al. 2000. I5l Loncarek et aL.2003 t6l Hennemann et al. 1992.
[7] Essenfelder et al. 2005. [8] Hennemann et al. 1992. [9] Jungbluth et al. 2002.
[10] Anderson et aI.2005. [i1] Neuhaus et al. 1996. [12] Bondurand et al.20Ol.
[13] Hirai et al.2003. [i4] Yano et aL.2004. [15] Houlden ef al.2004. [16] Scihl et
al. 1996. [17] Scihl et al. 2001. [18] Duga et al. 1999. I19l Piechocki et al. 1999.

[20] Piechocki et al. 2000. [21] Field ef aL.2003. [22] Koftler et al. 2002. [23] Scthl
et al. 1998. [24] Condorelli et al. 1998. [25] von Maltzahn et al. 2004. 126l
Hombach et aL. 2004. l27l Dupays et al. 2003. [2S] Fijnvandraaf et al. 2003. t29l
Hoogaars et aL.2004. [30] Kasahara et al. 2001. t31l Bruneau et a|.2001. t32l
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. [3S] Fishman et al.
1991. [39] Petrocelli et al. 1993. [40] Piersanti et al. 1995. [41] Geimonen et al.
1996. l42l Clakmont et al. 1996. [43] Clairmont et al. 1997. [44] Geimonen et al.
i998. [45] Carystinos et aL.2003. [46] Chen etaL.2003. l47lO\fraetal.2003. t4Sl
Vine et aL.2005. [a9] Mitchell et al. 2005. [50] Chen etal.1995. [51] Kasaharcetal.
2003. [52] Pfeifer et al. 2004. [53] Chen et al. 2004. l54l yu et at. 1994. t55l
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.

l2



1.2 Transcriptional Regulation of Connexin Genes

In general, gene expression is achieved by a

controlled by multi-layered regulatory mechanisms.

nucleus, where transcription factors (trans-acting

sequences (czs-regulatory elements) in the proximity

multi-step program that is tightly

It starts in specific areas of the

proteins) bind to specific DNA

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 hrst 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 pattems 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 I (AP-l). 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

"TAIA-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 zebrafishCx43, 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

specifìcally 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-i, Mistl, Sox10 andEgr2/Knox20 were demonstrated to control the

transcription of Cx32 (Piechocki et al. 2000; Hennemann et al. 7992a; Koffler et al. 2002;

Bondurand et al.200I; Rukstalis et al. 2003).

l5



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; Clairrnont 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 Fleyden 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 aI.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

govem 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 avaúety of cellular processes.

Recent studies on connexin gene structure have demonstrated that some

connexins commonly contain variant 5'UTRs (altemative 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 i985).

Splicing is 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

catalltic 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 al1999).

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 pattems 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

altemative splicing involves variable crs-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 regulatory 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

eruiched 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 i996; 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 trans-acÍing factors, such as

hnRNPs, usually bind to splicing silencers (ESSs and ISSs), and function as splicing

repressors. Some well-studied repressors include hnRNPAl, and polypyrimidine tract

binding proteins (PTB/hnRNPI), but there are numerous others (Krecic and Swanson

1999 ; Dreyfuss et al. 2002).

The regulation of altemative 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 (crs-acting elements and trans-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

Komblihtt 2002; Matlin etal.2005; Soller 2006).

Other czs-acting influences include the secondary structure of the RNA, since

secondary structure can either sequester czs-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 signif,rcant 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 Kornbllhtt2002; Kornblihtt 2006; Kornblihtt

2005; Maniatis and Reed 2002).



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 diflerent 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 Valcar:cel2006;Stetefeld and

Ruegg 2005; Maniatis and Tâsic 2002; Graveley 2001). Some altemative 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, c1'toplasmic

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 altemative

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 thanT}Yo of human genes are altematively spliced, and at least 15% (perhaps

as many as 50Yo) of human genetic diseases are caused by defects in altemative splicing
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(e.g., mutations either in splice site sequences or variable cis-regulatory elements

(Modrek et aI.2001; Grasso etal.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 cls-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 ne\il 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-i) (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



(Anderson et al. 2005) and Cx45 (Jacob and Beyer 2001), and zebraftsh 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 aI.2001;

Hennemann et al. 1992b), Cx32 (lrtreuhaus et al. 1995; Sohl et al. 1996; Neuhaus et al.

1996; Duga et al. 1999; Scjhl 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

V/illecke 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

f,trst 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 altematively 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)

repofed another altemative 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-specif,rc 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 altematively spliced. Thus bovine

Cx32 encodes three different spliced transcripts: exonl- exon2; exonl- exon 1a -exon2;

exon lb- exon2 (Duga et al. 1999). Another example is the Cx45 gene, which contains

th¡ee 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-specificall¡ 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 efhcient transcription rates (Brinster et al. 1988;



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 "TAIA-less" promoter

located upstream of the f,trst 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 CAAI-box and

E-box/E-box-related sequences. In transient transfection experiments, only constructs

including exon-i 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 I970s and early i980s (Streisinger et al. 1981). As

a vefiebrate 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 tissuelorgan

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 Q'{üsslein-Volhard and

Gilmour 2002).

The zebrafish genome has 25 chromosome pairs, and it has a relatively small

haploid size, with 1.7 x 10e 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 vettebrate" 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, zebrahsh, like many fish species, have

portions of their genome duplicated (Postlethwait et al. 1999; Postlethwait et aI.2000),

and it is estimated that about 20o/o 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 Lhe zebraftsh model system, by

examining for example, the orthologues' functions at different developmental stages

andlor 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 ef 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 Murlha 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: Pamg 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, zebraf,rsh 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 at28.5"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 fertllization),

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 zebraftsh model outstanding from other veúebrate 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 zebraf,rsh

embryos are completely transparent during early development. The extemal 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 andlor

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.

Zebraf,rsh 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 invefiebrate 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" (l.trasevicius and Ekker

2000), and TILLING (targeting induced local lesions in genomes) (Wienholds et aI.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 identifred (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, l/-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.

i998; Amsterdam et al. 1999; Amsterdam and Hopkins 7999; Kawakami et al. 2000;

Chen et aL.2002; Golling ef al. 2002; Kawakami et al. 2004), where a known sequence

(e.9., 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

characferized. For example, in situ hybridization screens of zebrafish ESTs (expressed

sequence tags) have identified the embryonic gene expression pattems of numerous
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genes, but the functions of these genes have remained unknown (Crosier et al. 2001;

Thisse et a]^.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 (Ãustin 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. Z004a; Fan et a|.2004b; Fan et al. 2006). In the past few years, however, an

altemate 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 gVienholds 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 Fl generation, and is

followed by a subsequent screening for mutations in target genes. Once a mutation of

interest is identified, this individual Fl 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 zebraf,rsh lines, for

fuither 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 (RNAi) 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 RNAi 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 Hannon2004). 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 efüciency and specificity of RNAi remains unconvincing according to

early studies (Oates et al. 2000; Zhao et al. 200I). Fortunately, another anti-sense gene

silencing technique, morpholino knock-down, has been proven to work ideally in the

zebrafish model Q.{asevicius 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 7997 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

phosphorodiamidate 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 fo 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 junctions (i.e.,

5'or 3'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 altemative 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; V/oodley and Valcarcel2002). 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

Q'{asevicius and Ekker 2000; Sumanas and Larson 2002; Ekker and Larson 200i). MOs

are microinjected into the yolk of zebraf,rsh 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

early development. The anti-sense silencing effects of morpholino oligos are most

effrcient during the first few days during embryonic development. Their effrciencies

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 zebraf,rsh occur during the first two or

three days after fertilizaÍion, 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 Larson2002; Ekker and Larson 200i).

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, diffrculties 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. zebraftsh. MOs were first
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developed as human therapeutic reagents (Summerton and Weller 1997), 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-specifìc

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 ofinterest 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 concems 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 diffrculties 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 that 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-oÊfunction 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 altemative 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 develop ing 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



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 ef aL.2007).

Targeted over-expression has been used to analyze the function of the gene of

interest. For this pu{pose, 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.200l; 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. 2001). 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 el aL.2007;
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Scott et aI.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

repofier gene expression. A number of studies have shown that the transient expression

assay can be used in vivo Lo analyze the cis-acting promoter/enhancer elements of

specific genes that regulate spatio-temporal expression (Westerfield et al. 1992; Moav et

aI. 1993; Reinhard et al. 1994; Marsh-Armstrong et al. 1995; Kim et aL.1996; Moss et al.

1996; Long etal.1997; Meng etal. 1997; Chen 1998; Hieber et al. 1998; Ju etal. 1999;

Meng et al. 1999; Muller et al. 1999; Higashijima et al. 2000; Motoike et al. 2000; park

et aI.2000; Chen et al.2001; Du and Dienhart 200I: Huang et aI.2001;Udvadia et al.

2001; Picker et al. 2002). For example, the analyses of deletion mutations and point

mutations within the GATA-I and GATA-2 gene promoters using GFP transient

expression assays resulted in the isolation of regulatory elements responsible for

tissue-specif,rc expression (Meng et al. 7997; Meng et al. 1999). Another study has

identified different enhancers that can control tissue-specif,rc 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 analyzethe 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 pattems 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

pattems 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 I-SceI 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 Tbl2 (derived from medaka fish) have also been used to reduce F0 mosaic

expression as well as increase germline transmission of transgenes (Fisher et al. 2006;

Kawakami ef aI.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 Kimelman2004).

In contrast, stable transgenic lines can readily provide spatial andlor 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 isletl-GFP transgenic zebraftsh lines has been successfully employed to map the

regulatory elements controlling isletl 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 etal.2002).

Microinjection of either plasmid DNA or bacterial artificial ch¡omosomes (BACs)

into one-cell stage zebrafish embryos has been the most commonly used method for
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making transgenic zebraf,rsh (Stuart et al. 1988; Culp et al. 1991; Amsterdam et al. 1995;

Jessen et al. 7999). The foreign DNA is usually injected into the egg cy{oplasm (or in

some cases, the yolk), rather than one of the pronuclei, which are not actually visible in

fertilized zebrafish eggs. High copy numbers (10s - 10u) 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 chromosomalrcanangements (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 F0 founders is highly

mosaic and the efüciency of transgene transmission to the Fl generation is generally low

(approximately 5 -20%). The mosaic expression pattern of the transgene and overall low

efüciency 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 l-Scel sites, which was

demonstrated in medaka fish (Oryzias latipes) (Thermes et aL.2002). The recognition site
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of I-SceI meganuclease is 18 bp in length, and thus, only one cut might be found in about

7 x 10r0 bp of random sequence. The I-SceI does not cut the medaka genome (-7 x 10s

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-SceI

meganuclease likely counteracts the endogenous ligase activity, preventing the formation

of long concatemers and thus provides more recombinogenic ends that facilitate effrcient

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 zebraf,rsh transgenesis, this method should be very promising because the

zebrafish genome is also relatively small (-3.5 x 10e bp) and it's more likely that the

I-SceI meganuclease does not cut the zebrafish genome.

Another method uses mobile DNA elements known as transposons to enhance the

efflrciency 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 czs-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 aI.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 Tol2 (an Ac-llke transposable element) systems are cur¡ently 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 35o/o (Davidson 2003), while the

Tol2-mediated transgenesis can allow nearly 50%o of the F0 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 concem 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 appliedto zebraftsh 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 ef aL.2007). In order to integrate foreign DNA into the

target cells, retrovirus vectors are engineered to include the c¡s-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 effrciently 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 zebraftsh 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 zebraf,ish 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 F0

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 Fl generation at a relatively high rate (I-20%) (Amsterdam and Hopkins 1999;

Chen et al. 2002; Gaiano et al. 1996a). In addition to efÍicient 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 eL 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 diffrculty in obtaining virus preparations with suffrciently high titer, which are

essential for zebrafish transgenesis (Kawakami 2005). Because different insertion
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sequences in the virus vector can signif,rcantly affect the titer by unknown mechanisms,

the design of specif,rc 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 zebraf,ish

(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 Alestroìn 1998; Liang et al. 2000). This improvement is

significant, especially considering the fact that zebrafish embryos divide very rapidly.

The rapid and effrcient 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 F0 founders as well as increasing the rate of germ-line transmission.

Another study has demonstrated gene transfer by sperm nuclear transplantation, in which

spenn 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 F0 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 zebrafîsh 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. 2005; Cason et al. 2001;

Mclachlan et a1.2003; Valiunas et al. 2004; Christie ef aL.2004; Cheng et aL.2004;

Shearer et al. 2008). 'When I started my thesis research in this lab in 2003, alarge group

of zebrafish connexin genes had been previously isolated and characteized, 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 genetic 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) identifyìng the 5'UTR sequences and dissecting the gene organizational structure of

these connexin genes;

3) analysing the czs-regulatory sequences and activation for transcriptional regulation of

some of these connexins;

analysing mRNA expression patterns of these connexin genes;

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.

4)

s)
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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

organizafion 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 fìbres, 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 fibre

cells deep within the lens tissue (Gerido and White 2004; White et al. 1 992; Cason et al.

2001; Paul et al. l99l; 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 etal. 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 is expressed in the surface epithelial cells (Beyer et al. 1989; Musil et al. 1990;

Yancey ef al. 1992), whereas Cx50 and Cx46 arc expressed in the fibre cells (White et al.

inert
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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 ef al. 2004). The Valdimarsson lab has previously isolated and

characterized the zebrafish Cx44.l 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.I mRNA

immediately downstream the translational start codon AUG, according to general

guidelines from Gene Tools, LLC (Philomath, OR). Morpholino-injected embryos

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 corurexin

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.l and Cx48.5 in zebrafish lens (Cheng et al., unpublished

data), morpholino analyses for zebrafish Cx44.1would 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 order 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. V/ith the 5'UTR sequences of zebrafìsh Cx44.I, 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 altemative 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 identi$r 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 altemative 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.l 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 necessaïy before we could

successfully detennine the functional roles of each types of transcript of Cx44.l using

morpholino techniques. In this study, I performed real-time RT:PCR to characte rize 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.l 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 zebraf,ish (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 l0 h dark

at 28'5 oC. The embryos were incubated in Egg water (60 pglml Instant Ocean sea salts)

in a28.5 oC water bath, and staged using time elapsed since fertilization. Embryos used

for EGFP expression studies were treated with 0.003% l-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 protocols (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 extrâction:

RNA samples in the present study were isolated using Trizol reagent (Invitrogen

Cotp., Carlsbad, CA) according to the manufacturer's general instructions. RNA

concentration was determined by UV spectrometry. The A2601A280 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 S'RACE (Rapid Amplification of cDNA Ends)

5' RACE experiments were performed using a GeneRacerrM Kit (Invitrogen)

according to the manufacturer's recommended protocols. In brief, RNA samples for

S'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

(GeneRacertt RNA oligo, s'-cGA cuc 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 GeneRacerrM oligo dT primer (5'-GCT GTC AAC GAT ACG CTA CGT AAC

GGC ATG ACA GTG (T)z+-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@ TOP 10 chemically competent

E. Coli cells (Invitrogen). Positive colonies were randomly isolated and grown in LB

medium at 37oC 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.I and mouse Cx50.

2.2.4 Sequence analyses of ZfCx44.1 and mCx50 promoters

Analyses of zebrafish Cx44.I (ZfCx44.I) 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

s ervi ce (httg.* //www. geno matix. de).
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2.2.5 Real Time RT-PCR

RNA samples for real-time RIPCR 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-dT1rs; (Invitrogen), for t hour at 52"C, in a

reaction volume of 20p1. The resulting oDNA was then diluted to 100p1 with ddHzO for

further use. A reverse transcriptase negative control was also used for monitoring

genomic DNA contamination.

Primer pairs for ZfCx44.I 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 free software OligoAnalyzer 3.0

(http://www.idtdna.com/ANALYZER/Applications/OligoAnal)'zerldefäult.aspx?err=rue,

Integrated DNA Technologies, Coralville, IA, USA). Zebrafish elongation factor lcr

(zEFlo) and mouse elongation factor lcr-l (mEFlol) were used as reference genes for

analyses of ZfCx44.l and mCx50 respectively. Similarly, both primer pairs of the

reference genes were designed to span their first introns respectively, so as to avoid

by
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amplifuing 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 effrciency of all primer pairs. All primer pairs gave acceptable high

specificities and efüciencies, thus allowing the comparative cycle threshold (ACÐ

method of analysis to be used (Pfaffl 2001). All primer pairs and their anticipated

amplicon size are summarize d in Table 2-2.

PCR reactions were performed on an iQ5 Real-Time PCR detection system

(BIO-RAD, Hetcules, CA, USA). cDNA samples (2p"1per reaction) were mixed with 250

nM of each primer and 10¡rl of SYBR Green Supermix (BIO-RAD) reagent in a final

volume of 20¡il. 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 95oC 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,

andlor monitor genomic DNA contamination.

Each sample was tested in at least duplicate reactions and all PCR runs

performed twice with cDNAs prepared from independent batches of RNA samples.

Ct values were calculated, and then used for the calculation of ACt. Results

expressed as a ratio of mRNA expression level to that of the EFls references. The

were calculated by calculating ACt between mean Ct values of test and reference

and were presented as column graphs using MS Excel program.

were

Mean

were

ratios
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2.2.6 EGFP transient expression driven by connexin promoters 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@ Taq DNA Polymerase High Fidelity (Invitrogen) was

used to ensure the sequence accuracy of PCR products. The detailed method is described

in Appendix I. In brief, by two rounds of PCR reactions, the zebrafish Cx44.1 promoter

(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 Cx5O-EGFP construction, and two

different Cx5O-EGFP constructs were prepared (Figure 2-2,8 and F). For one promoter

(P2), the entire 5'UTR sequence was retrieved from mouse oDNA 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 (Figurc 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 2-2,8). 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 ngl¡rl in 100 mM KCI solution with 0.05% of

phenol red (as the injection indicator). DNA constructs were injected into l-cell stage

zebraf,rsh embryos. Injected and non-injected control embryos were separately incubated

in egg water in a water-bath incubator with the temperature set at28.5"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 4Yo 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 ZfCx${.l 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



amplification, and thus only the full-lenglh of the 5'ends can be amplified and sequenced.

This feature makes it possible to identiff 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, Sl 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.l 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

AIG 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 (Pl 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 Pl,
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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 TAIA-box revealed a

TATA-like element at nucleotide -590. As also shown in Figure 2-4, transcript I is

transcribed from Pl, whereas IIa 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 IIa and IIb

are from P2. Interestingly, both transcript I and IIa 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 I and IIa 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.l, 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, II, and III), in

terms of different promoter usage (Pl, P2, and P3) and different splicing events. Among

16 transcripts identified in the 5'RACE experiment, twelve were produced from pl;

three were transcribed from P2; and only one was detected that was generated from p3.

This, to some degree, suggests that Pl 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 Pl may be initiated from alternate TSSs at positions -5586 and -5581, however

no alternative TSSs were detected for transcripts driven byP2 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 S'urRs of zfcx44.l 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"37: -16.60 kcal/mol for Cx44.1-I). The

alternative 5' UTRs of zebrafish Cx44.l 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 uAUGs 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 (Monis and Geballe

2000; Iacono et al. 2005). The existence of uAUGs might provide a mechanism that

allows fine control of translational initiation from the conectAUG codon.

2.3.3 Expression Patterns of zfcx44.1 and mcx50 Transcript variants

The expression pattem of zebrafish Cx44.I mRNA was previously characteized

in this lab, using Northern blot analyses and in sittt hybridization techniques, on embryos

at various developmental stages. The zebrahsh 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 stud¡ 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

possible of mRNA integrity. The zebrafish EFls gene was selected as a reference gene in
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these real-time PCR experiments, since EFls 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 EFlcr-specific primers, zEFlo/q/Fl, was

designed to span the junction of exon 1 and exon 2, while zEFla/q/Rl 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 Pl 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,

Cx44IlqlRl, is situated in the common coding region of all transcripts. Two forward

primers, Cx44llotlllFl (which anneals to transcript I and IIa) and Cx44llql2bÆ1 (which

anneals to transcript IIb), were each designed to span one of the two altemate 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 effrciently eliminate

genomic DNA contamination when doing RT-PCR without DNase pre-treatments.



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 zebraftsh 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.l in the adult lens. As mentioned, the primers

Cx44l/qlllF1 and Cx44llql2blF1 were designed to specifically target the two alternative

5' splicing sites. It is worth noting that the Cx44llqlllFl primer actually targets both

transcript I and IIa (Figure 2-4). To address this problem, we designed an additional

primer pair Cx44llil2alFl and Cx44llql2alRl, which specifically targets transcript IIa.

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

zBFla/qlR2 for the reference, with zEFls/q/Fl together, which can produce a 133 bp

PCR fragment. The real-time RIPCR analyses show that the three types of transcripts of

Cx44.1 are expressed at a very similar abundance, about 4%o of EFlo transcripts, in the

lens (Figure2-15).
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Since all three types of transcript variants were detected in adult zebraf,rsh 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 RIPCR 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 Cx44J transcripts in the embryo is very low relative

to EFla, expression levels (Figure 2-16). In contrast, expression of these Cx44.l

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 diflerences in

expression among transcripts I, IIa, and IIb could simply be the result of experimental

variation. Further analyses would need to be performed to assess whether these changes

in expression are biologically relevant. Expression of Cx44.7 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 Cx44.1was detected from I dpf and later on

(Cheng et al. 2003; Cason et al. 2001). Therefore, it is speculated that expression of

Cx44.l could be initiated somewhere between 0.5 and 1 dpf, upon the time of zebrafish

eye development.

We also performed expression analyses for altemative 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 II 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 PromoterAnalyses of Zebrafish Cx44.l 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 signif,rcant

sequence conservation was found. Using Matlnspector 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.l 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, APlR (Maf and AP1 related factors),

BRNF (Bm Pou domain factors), FKHD (Fork head domain factors), HoxF

(Homeobox factors), NR2F Q.Juclear receptor factors), PAX6 (PAX-4/PAX-6 paired

domain binding factors), SORY (So)IsRY-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).

Tianscription 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_Pl andP2, as well as Cx50 Pl and P2, respectively. It is noted

that Pl andPZ are alternative core promoters for Cx44.7 and Cx50 respectively. A further

search for a TAIA box revealed one TATA-like element in Cx44.7 P2 and Cx50 P2

respectively, but no TATA-like element was found for Cx44.1 Pl and Cx50 Pl. This

structural arangement of the INRE and TATA box, probably together with other czs-

elements or lrans-factors, might provide the switch for the selection of core promoters of

bothCx44.1 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



conserved between fish and mouse. In order to test this, promoter activities of zebrafish

Cx44.l 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. Forthe analyses of Cx44.i, we tested -1 kb genomic

DNA immediately upstream of the translational start codon ATG. As this Cx44.I-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. Figure

2-19 (A) shows that these Cx44.I 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 Pl 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 caries - 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 Pl and P2. Figure 2-lg (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) 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.I 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, S'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 V/illis 2005; Mignone et aL.2002). It is probable that alternative 5'UTRs of

these connexin genes allow their expression and function to be f,rnely 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 efücient enough. A longer 5' UTR usually increases

effrciency of translation by facilitating to recruit more pre-initiation complexes, but

further increases in 5' UTR length usually down-regulate the translational effrciency due

to secondary structure or altemative initiation of translation at upstream AUG codons

(Kozak 1991). About l0%o 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

structure tbat may inhibit translation initiation by impeding the ribosomal scanning



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 intemal

ribosome entry site (IRES) (Kaminski et al. 1994; Jackson 2005). Recent estimates

suggest that up to 10o/o 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 fuither 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.I 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 pattem 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.l) is also predominantly expressed in the lens. The tissue expression

pattems 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

zebraf,rsh Cx44.I 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.l raised an interesting question

for our future studies - what are specific f,unctional 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 altemative splicing of ZfCx44.1 during lens development in

zebraf,rsh 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 ZfCx44.7 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.I promoter construct was built using the PCR strategy, and it

carries the entire 3'UTR fragment of Cx44.I replacing the SV40 poly-A sequence in the

previously used construct (Figure 2-I,D). Upon 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.t probably has important

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 pattems of ZfCx44.1 and mCx50, but nevertheless, the analyses

in this study suggested that Cx44.7 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 fuither investigation into

the regulatory conseruations 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.I 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 vÌvo 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.i were examined using real-time pCR

and in most cases, each transcript variant was expïessed equally. With the identification

of different transcript isoforms of zebrafish Cx44.l, 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.

76



Figure 2-1. Zebrafish Cx44.l-eGFP expression constructs. Gray shadow boxes

represent the 5'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.l-eGFP recombinant DNA (C). An additional construct was made by

replacing the SV40 poly-Atail with Cx44.l endogenous 3'UTR tail (D).
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Figure 2-2. Mouse Cx50-eGFP expression constructs. Gray shadow boxes represent

the 5'UTR sequences of Cx50 cDNA. Fragment (A) is the genomic region immediately

upstream the translational starl 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 (8, and F) are Cx5O-eGFP recombinant

construct used for transient expression assays after DNA purification.
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Figure 2-3. Alignment

variants are derived from

of zebrafish Cx44.1 transcript variants. Three transcript

Transcript I is transcribed

different promoter usage and alternative pre-mRNA splicing.

from Pl, whereas both IIa and IIb are from P2. Transcription

can start from multiple transcriptional start sites (TSSs, indicated by + above the specific

nucleotides). Transcript I and IIa share the same splicing event, but difler from that of

transcript IIb. Splicing events follow the conserved "GU-AG" rule. The adenine site in

AIG 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.I 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 (Pl or P2) and pre-mRNA alternative splicing

(altemative 5' sites). Real-time PCR primer pairs were designed to target specific

transcript variants of Cx44.1. Forward primers are indicated by red arïows, 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 III 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 altemative

5'UTRs are derived from different promoter usage (Pl, 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

thermodynamically stable structures predicted

calculated free energy (AG'¡z : -16.60 kcal/mol).

of ZfCx\ .l transcript I. The most

by mFOLD program are shown with
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transcript IIa. The most

program are shown with

Figure 2-8. Secondary structure of 5, UTR of ZfCxil4.l

thermodynamically stable structures predicted by mFOLD

calculated free energy (AG'¡z : -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":z : -ll .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"¡z: -15.90 kcal/mol).
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Figure 2-11. Secondary structure of 5' UTR of

thermodynamically stable structures predicted by

calculated free energy (AG"¡z: -38.90 kcal/mol).
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mFOLD program are shown with
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Figure 2-12. Secondary structure of 5' UTR of

thermodynamically stable structures predicted by

calculated free energy (AG'¡z: -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.I mRNA is

primarily expressed in the adult lens tissues, while a relatively low level of Cx44.l

expression was also detected in the testis. The ratios were calculated by calculating ACt

between mean Ct values of test and EFls 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 4o/o of EFls transcripts). The ratios were

calculated by calculating ACt between mean Ct values of test and EF1a, 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 weïe

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 EFlo, 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 I dpf. All three types of transcripts are

expressed at a similar abundance at specif,rc 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 EFlu genes in two replicate experiments, and

the results were presented as a column graph.

mGx50 Splice Variants in Adult Lens

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0

mCx50 -l mCx50 -ll mCx50 -lll

r
(0

LL
I.IJ

o
o
(u
t
õ
c)
-J
c
o.U'

U)
o
L
o-
X
ul

93



Figure 2-18. Prediction of potential transcription factor binding sites within the

proximal promoters of both zebrafish Cx44.l and mouse Cx50. Analyses were

performed by Matlnspector web-based software using the eye as the tissue filter with

default parameters. Resultant figures were downloaded from the Matlnspector 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 - lkb

promoter fragment immediately upstream of the AUG codon of zebrafish Cx44.l 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 e2 e' P3) could also drive EGFP expression in the retina of zebrafish

embryos (C & D).
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Table 2-1. Primers used for S'RACE of zebrafïsh cx44.l and mouse cx50.

Primer,Name

GeneRacerrM RNA oligo
CGA CUG GAG CAC GAG GAC ACU GAC AUG
GAC UGAAGGAGUAGAAA

GeneRacertt 5'P.i-". CGA CTG GAG CAC GAG GAC ACT GA

GeneRacerrM s'Nested Primer GGA CAC TGA CAT GGA CTG AAG GAG TA

Cx44.15'RACE Primer CCA GAC GAAACT TCT TGC TGC CCT TTG

Cx44.l 5'RACE Nested

Primer
TCT GCG GCT GTG CCC AAG ATG AGG A

Cx50 5'RACE Primer GGC TGC TGG GTG TTG CATACAAAA TCA G

Cx50 5'RACE Nested Primer GAT TGC TCA TCG CCC CAC ACA AAC TC
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Table2-2 Zebrafish cx44.l and Mouse cxsO Real-time pcR primers

Templates
,,Ampl!,con

Cx44.I_l
(Cx441 / ql 1 lF 1) CTCTGGGAGCTCTTACTGTGTG

93 bp
(Cxaat I ( |/RI) CCGTCGAATGCTCATTTACTTCCTC

Cx44.l_IIa
(Cx441 I ql2alF 1) CGACAAGGATTGGAGGCCATAG

l28bp
(Cx441 /o,/2alR i ) CCATGGTTGACTGTCAGCACAC

Cx44.i_IIb
(Cx44I I ql2blF 1) GACAAGGATTGGAGGCCATAGTG

94bp
(Cx44t I ql t /R1) CCGTCGAATGCTCATTTACTTCCTC

zEFla
(zEF I al qlF l) GAGGAGTGAICTCTCAATCTTGAAAC

94bp
(zEFl o/q/Rl) TTTCCGGAGTCGACGTGGCCAATAAC

zEFlo,
(zEF I ul o,lF t) GAGGAGTGAICTCTCAATCTTGAAAC

133 bp
(zEF 1 u/ qlR2) CCACCGCATTTGTAGATCAGATGG

Cx50 I
(mCx50/q/1/Fl) GTGGGACGCTACTCAGACGTGAGC

I44bp(mCx5O/q/Rl)

C TG C TGTC C C GA GGATGAG GATGC G GAAG

Cx50 II
(mCx50lql2/Ft) GCCTTCTGCTTCCTTGGTAGTGAGC

147 bp(mCx5O/q/Rl)

C TGCTGTC C C GAGGATGAGGATGC GGAAG

Cx50 III

(mCx50/q/3/F1)

GGAAGTTGGAGGTGGGCTTTTAGGTG
133 bp(mCx50/q/3/Rl)

CAGTC GC C CATTGC TCAC GTC TGAGTAG

mEFl ol

(mEF1o1/q/Fl)
GTTTGCCGTCAGAAC GCAGGTGTTGT

147 bp(mEF1o1/q/Rl)
CACATTTGTAGATCAGGTGG C C GGTTG
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Table 2-3. PCR primers for ZfCx 4.l-GFP and mCxSO-GFp constructs.

underlined sequences are primer adapters for eGFp coding sequence.

ZfCx44l/PF10 CTC GAG TTG AGT TTG ATC TTA TAG TG

ZfCx44.1/gfp/R1 TCC TCG CCC TTG CTC ACC ATA GAA ACT CCA C'TC ACC
GAT GGT TG

gfplZfCx44llFl TCG GCA TGG ACG AGC TGT ACA AGT AAT TGA CGG TAT
AAG TGA TCC AGT G

mCx50/PF4 CTG CAG AAG CCC CAG CTAAGC

GAG TAG CGT CCC ACG GAG AAA

GCA GCAAGA GAG AAA GAC AGC

GCTATC CCAAAA GTC CCC CGTAC

mCx50/gfp/Rl TCC TCG CCC TTG CTC ACC ATA GAA ACT CCA GTC GCC
CAA TGC TC

ATG GTG AGC AAG GGC GAG GAG

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 aderiosus (Lohr and

Yost 2000; Hu et aI.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 hearl is remarkably similar to that of other vertebrates, including mammals

(Lohr and Yost 2000;' Opitz and Clark 2000). For example, the zebrahsh 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

zebraf,rsh, 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 diflusion (Waren 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 obser-ved 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 rh¡hmic

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 marìner (Gros and Jongsma 1996; Jongsma and V/ilders 2000; Coppen

and Severs 2002; van Veen et aI.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 McWhorfer 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 zebraf,ish Cx45.6 gene (the ortholog of

mammalian Cx40) from a genomic library, and its mRNA expression pattems have been

extensively charucTerized using Northern blots, KI-PCR and in situ hybidizarion

(Christie ef 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, fuither 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 5'UTR sequences of

Cx45.6 were identified 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 pattems of Cx45.6 total mRNA were
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also characterized by real-time

future studies on the regulatory

Cx45.6 in the development and

KI-PCR method. These studies lay the groundwork for

mechanisms for gene expression and functional roles of

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 A2601A'280 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 S'RACE (Rapid Amplification of cDNA 5' Ends)

5' RACE experiments were performed using a GeneRacerrt 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 prg 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 AIC 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 i - 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 ¡rg of total RNA were teverse transcribed by Superscript

III (Invitrogen), with a mix of random hexamers and oligo-dTira¡ primers (Invitrogen),

for t hour at 52"C, in a reaction volume of 20¡rl. The resulting cDNA was then diluted to

100¡rl with ddHzO for further use. Areverse transcriptase negative control was also used

for monitoring genomic DNA contamination.

Primer pairs for ZfCx45.6 were designed to specifically target their splice
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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 pu{pose,

the primers were manually designed, and their propefties were checked by free software

OligoAnalyzer 3.0 (Integrated DNA Technologies, Coralville, IA, USA). Zebraftsh

elongation factor 1o (zEFla) was used as reference gene. Similarly, in order to restrict

the amplification of genomic templates, the forward primer spanned the junction between

exon I and exon 2, while the reverse primer was located in exon 2. Standard-curve tests

were performed in order to validate the specificity and effrciency of all primer pairs. All

primer pairs gave acceptable high specificities and effrciencies, thus allowing the

comparative cycle threshold (ACÐ 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 (2¡l 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 20¡i. 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,61oC -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'urRs

Using 5'RACE method, we identifled the transcription start site and the 5'UTR

sequences of zebrafish Cx45.6. As discussed previously, this 5'RACE strategy can

selectively capture the fulllength of the 5'ends of the transcript, thus making itpossible

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 i9 positive

clones were randomly picked for sequencing. Sequencing results were then aligned

against the genomic DNA sequence, resulting in the identif,rcation of the transcriptional

start sites and the 5'UTR sequences of zebraf,ish Cx45.6 (Figure 3-l).

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 (Pl, P2, and P3; Figure 3-2). P1 and

P2 are alternate core promoters, whereas P3 is located about 4 kb upstream of both Pl

and P2. A search for a TATA-box did not find TATA-like elements for either Pl or P2,

while a TATA-like element was found upstream of the TTS driven by P3 (Figure 3-1).

Transcript variants produced by Pl 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, IIa, and IIIa) 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 (IIlIIa and III/IIIa) 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., AGo3z : -91.50

kcal/mol for Cx45.6-II). It appears that all transcripts (except I/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 III 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 pattems 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 bladdeq inner ear, skin, f,rn, 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 EFls

gene was selected as the reference gene, since EFls 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 a]..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-g).

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 EFla (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 II/IIa and III/IIIa were designed

specifically to amplify these variants. Primer pairs for transcript IlIa actually can target

all transcript variants of Cx45.6. Therefore, the ¡esults for transcri pt-IlIacan be corrected

by calculation. The results showed that transcripts I and Ia are predominant among these

six types of isoforms. Only trace

among these tissues (Figure 3-9).

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 IlIa and II/IIa

are expressed during zebraf,rsh early embryonic development, while only small traces of

expression of transcript III or IIIa 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 UIa is the most abundant transcript. It appears that the

intron-proximal AG is preferably selected as the 3' splice site, with about 800/o 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 zebraf,rsh 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 t\¡/o exons, which is similar to typical connexin genes. Interestingly,

however, there are other types of transcripts (III and IIIa) that are transcribed from an

alternative distal promoter (about 4kb upstream) and contain three exons. These

transcripts have an extra exon that carries l2J nucleotides and share sequences with part

of the first exon of the other, shorter transcripts (Figure 3-1 and 3-2). This f,rnding is

interesting as connexin genes typically contain only two exons (Sohl and Willecke 2003;

V/illecke et aL.2002), and to date, only a very few connexin genes have been found to

have three exons (reviewed in Chapter i). 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/IIIa, 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,andCx47) (Anderson et al.

2005), and our own data on zebrafishCx44.I, Cx48.5, and mouse Cx50 (see Chapter2

and 4). Generally, 5'UTRs play essential roles in the regulation of gene expression by

affecting mRNA nuclear export, cytoplasmic locahzation, translational efüciency and

stability (Vilela et al. 1999; Wang et al. 1999: Kindler et a].2005; Gebauer and Hentze

2004; Pickering and Willis 2005; Mignone eL 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 leasf I3Yo ofgenes undergo alternative splicing

in their 5'UTRs (Caminci et al. 2005). Multiple promoter usage is strongly linked to

alternative splicing of 5'UTRs (Kornblihtt 2005), and gene regulation via alternative

S'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/IIIa 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 analyzedto

help look into whether this gene employed such regulatory mechanisms. 5'RACE

demonstrated that these 5'UTR variants, especially transcript IIlIIa and III/IIIa, 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 3-4,1o 3-6). Transcript-l/Ia

of Cx45.6 has moderately stable secondary structures, whereas transcripts IIlIIa and

ilI/IIIa form very stable structures. It has been suggested that the effrciency 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 1,0% 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 10o/o 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. Howeve¡ 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 Maizel1997), 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 fha: zebraftsh Cx45.6
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might have the potential to use the lRES-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 altemative

splicing at such acceptor sites produces mRNAs that differ only by 3 nucleotides. To date,

the present study is the f,trst 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 altemative

splicing acceptor (and donor) sites are very close to each other, and they produce subtle

splice variants with only a few nucleotides of differenc e (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 aI.2006;

Tadokoro et al. 2005; Hiller et al. 2007). In vítro 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

ca'r.aly4ic 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 effrcient 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 aI.2004; Hu et al. 1999; Koenig Merediz et aL.2000; Takeda et al. 7994;

Yan et aL.2000; Xu et al'2004). This is not surprising because altemative splicing is a

highly regulated process. It was shown that splicing factors (SF2/ASF and hnRNP Al)

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.200l; Unoki et aL.2006; Tsai and Lin2006; Burgar et aL.2002; Li and Howe 2001;

Rivers et al. 7999; 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 effrciency of translation

with the protein products identical between splice variants (Joyce-Brady et al. 2001). By

conttast, some tandem splice variants do not necessarily show functional differences, for

example, acceptor variants in the Arabidopsls PIMT2 gene (Xu et aL.2004). This type of

tandem altemative splicing events is thought to be evolutionary neutral and thus simply

tolerated by the cell (Hiller et a1.2004).

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 5'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 fuither 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 zebraf,rsh 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 studies 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

variants) for the development of the cardiovascular system in zebrafîsh 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 fuither 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'UTRs,

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 altemative 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 RIPCR in early zebraf,rsh 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 II(IIa) and III(IIIa) 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 IIa, and III vs IIIa), which suggests that the tandem acceptors of Cx45.6 possibly

play a role in the regulation of translational effrciency. 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, in 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 imporlant. 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 AIG

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 altemative 3' splicing sites

were found among these transcripts. Transcript I(Ia) and II(IIa) have two exons each,

whereas transcript III (IIIa) are three-exon transcripts.
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Figure 3-2. Sketch of ZfCx45.6 transcripts.

transcripts, while bold lines (or blank boxes) are

transcripts share the same coding sequence and

are derived from different promoter usage (P1,

splicing (tandem alternative 3'sites). 5'UTRs are

Figure 3-1.

Boxes represent the exons of Cx45.6

genomic sequences or introns. All three

3'UTR, whereas alternative first exons

P2 or P3) and pre-mRNA alternative

marked by the same colors as shown in

I codiuglegion
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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 VIa also targets two other transcripts). Forward primers are

indicated by red alrows, while reverse primers by blue affows. 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/Ia 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) (AGo¡z: -11.90

kcal/mol and -8.90 kcal/mol, respectively).
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Figure 3-5. ZfCx45.6 transcript-IVlla 5'UTR secondary structure. Predictions

were performed using Sfold software. The most thermodynamically stable structure is

shown with calculated free energy. Transcript-Il (using the intron-proximal AG) is shown

in (A) and transcript IIa (using the intron-distal AG) is shown in (B) (AG":z: -91.50

kcal/mol and -92.80 kcal/mol, respectively).
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Figure 3-6. ZfCx45.6 transcript-IlVlllc 5'UTR secondary structure. Predictions

were performed using Sfold software. The most thermodynamically stable structure is

shown with calculated free energy. Transcript-Ill (using the intron-proximal AG) is

shown in (A) and transcript IIIa (using the intron-distal AG) is shown in (B) (AGo:z :

-50.20 kcal/mol and -50.10 kcal/mol, respectively).
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Figure 3-7. uORFs in S'UTRs of ZfCx45.6. The normal translational start codons

(AUG) are indicated by green solid triangles. uORFs (upstream open reading fi'ames) 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 III 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 EFlcl 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. ZfCx45.6could be

regarded as a heart-specific connexin.
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Figure 3-9. ZfCx45.6 transcripts in adult tissues. The expression ratros were

calculated by calculating ACt between mean Ct values of test and EFlo, 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 EFlü, 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 ldpf (day post ferlilization).

The expression ratios were calculated by calculating ACt between mean Ct values of test

and EFlo 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. mRNA

levels are expressed by ratios to that of zebrafish EF1s.
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Table 3-1 ZfCx45.6 real-time PCR primers

Templates.,,

ZfCx45.6 -I
(F) CACAAGTCAGCAGTCACACAGCA

173 bp
(R) CATGATGACTCTGC CGCTGTGC CTAAC

ZfCx45.6 -Ia
(F) CTCACAAGTCAGCAGTCACACAGTG

l72bp
(R) CATGATGACTCTGCCGCTGTGCCTAAC

ZfCx S.6 -Il
(F) GCTCAGTTTA IACTTG CTGTCATACAG

175 bp
(R) CATTA CTC CTCAC CTACACTG CTGT

ZfCx45.6 -l[a
(F) GCTCAGTTTATACTTGCTGTCA.TACAG

I74bp
(R) CCCATTACTCCTCAC CTACACTGTG

ZfCx45.6 -III
(F) GAGAAGGGATCATGTGATCAGATA| CAG

169 bp
(R) CATTACTC CTCAC CTACACTGCTGT

ZfCx45.6 -IIIa
(F) GAGAA GGGATCATGTGATCAGATATCA G

168 bp
(R) CCCATTACTCCTCACCTACACTGTG

zEFla
(F) GAGGAGTGATCTCTCAATCTTGAAAC

171 bp
(R) CTTCCTTCTCGAACTTCTCGATGGTTC

r3l



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

ZfCx48.5 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 thatZfCx48.5 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 zebrahsh 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 zebrahsh 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 Ìn 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 functionalby 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 (Wanen 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

obserued 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 altemative

first exons which arise from different promoter usage and altemative pre-mRNA splicing.

Second, I have performed real-time RIPCR 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. Foufih, 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 zebrahsh Cx48.5 and its mouse ortholog Cx46, the

tissue distribution of mRNA expression of Cx48.5 as well as the expression pattems 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 A2601A280 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 S'UTRs

5' RACE (Rapid Amplication of cDNA 5' Ends) experiments were performed

using a GeneRacert* 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 (GeneRacerrM 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 t 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-t.

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@

TOPl0 chemically competent E. coli cells (Invitrogen). Positive colonies were randomly

picked and grown in LB medium at37"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://sf-old.wadsworth.ore.)

(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 oDNA Ends) experiments were performed

using the GeneRace.rt 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 ¡lg of total RNA sample was reverse transcribed at 52"C for t hour using

SuperScript III reverse transcriptase (Invitrogen) with the GeneRacerrM oligo dT primer

(5',-GCT GTC AAC GAT ACG CTA CcT AAC ccc 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 RIPCR 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 ¡rg of total RNA were reverse transcribed by Superscript III

(Invitrogen), with oligo-dTira¡ (Invitrogen), for i hour at52"C, in a reaction volume of

20¡rl. The resulting cDNA was then diluted to 100p1 with ddH2O 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 amplif,rcation of potential

contaminating genomic DNA, all primer pairs have at least one primer spanning an

exon-exon boundary. For this pu{pose, the primers were manually designed, and their

properties were checked by free software OligoAnalyzer 3.0 (Integrated DNA

Technologies, Coralville, IA, USA). Zebrafish elongation factor 1u (zEF1o) and mouse

elongation factor 1o-1 (mEFlol) 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 effrciency of all primer pairs. All primer pairs gave acceptable high

specificities and efflrciencies, thus allowing the comparative cycle threshold (ACÐ

method of analysis to be used. All primer pairs used for real-time PCRs and their

anticipated amplicon size are summarizedinTable 4-2.

PCR reactions were performed on an iQ5 Real-Time PCR detection system

(BIO-RAD). cDNA samples (2¡rl per well) were mixed with 250 nM of each primer and

10¡rl of SYBR Green Supermix (BIO-RAD, Hercules, CA, USA) reagent in a final

volume of 20¡:J. 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.S-EGFP transient expression assays in zebrafish embryos

By the screening of a zebrafish PAC library (RZDP Deutsches

Ressourcen-Zenlntm für 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 32P-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

reJigated 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 fuither cloning use.

The EGFP coding sequence and the SV40 poly-A adenylation sequence (canying

NotI 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 zebtafish genomic DNA by PCR. In order to fuse the EGFP coding sequence in

frame to the 5'UTR leading sequence of Cx48.5, a specific fusion primer was designed

(ZfCx{\SlgfplRl, Tâble 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 reacrions

described above used Platin um@ Taq DNA Polymerase High Fidelity (Invitrogen) to

ensure the sequence accuracy of pCR products. The resulting

"Cx48.5-eGFP-SV40-Poly-4" recombinant DNA fragment was then double digested

with EcoRI and NotI restriction enzymes, and then cloned into the above modified

Cx48.5-pBlueScript subclone; thus a plasmid with Cx48.5 -l2kb 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/pl 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

water-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 -2ml 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 4Yo Tricaine (Sigma). Images were captured

and recorded using a Zeiss Axioskop FS microscope equipped with a Sony DXC-950

CCD camera and Northem Eclipse software (Empix, Mississauga, ON).

4.3 Results

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

mCx{6

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, 51 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 (Pl and

P2) in the present study. As shown as stars in Figure 4-2,franscription 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 TAfA-box did not find any TATA-like element for both Pl

andP2.

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 Pl, whereas transcripts IIa, 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 IIb were not

detected; while in the heart, transcript I was not detected. Although their tissue

distribution pattems 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

IIc use the same 5' splicing site at nucleotide -1974, generating an intron of 874 bp in

length (intron 1). Transcript IIa is spliced from positions -2254, generating an intron of
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1154 bp in size (intron 1a). 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., IIa, 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 S'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

RLPCR (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 Pl 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 Pl and P2 of mouse Cx46. These preliminary results thus
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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.

4.3.2 S'UTRs of ZfCx48.5 and mCx46 are highly structured

The secondary structure of 5' UTRs of zebrafish Cx48.5 and mouse Cx46 were

analyzedbyusingsoftwareSfold(theServerWebsite:htt@.)(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 cal'culated free energy indicated in the figures (e.g., AGo37: -34.30

kcal/mol for Cx48.5-I). 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 S'UTRs. Similar to zebrafish Cx48.5, both

5'UTRs of mouse Cx46 are also relatively long 5'UTRs, and their length are

signif,rcantly 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-I0,4-II).

A search for upstream AUG codons (uAUGs) revealed a couple of uAUGs within

the 5'UTR variants of zebrafish Cx48.5 (Figure 4-I2, 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 4-72, red arrows). It has been

thought that upstream AUGs can inhibit cap-dependent translation (Monis and Geballe

2000; Iacono 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 21 1 8 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'¡z : -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 altemative transcripts of Cx48.5 in the adult lens, retina, and heart, respectively. The

zebrafish EF I o gene was selected as a reference gene, since EF 1 o, 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 eL al.2007). The primers for zebrafish

EFlcr are the same as that used in Chapter 2 (also see Table 4-2). As mentioned, primer

pairs for ZfCx4\.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, IIa, and IIb

share the reverse primer that spans the boundary of exon 2 and 3. Forward primers for

transcript I, IIa, 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 IIc, since the

primer pair targeting transcript-I also targets transcript IIc (Figure 4-3). The reverse

primer for transcript IIc spans the boundary between exon I and exon 2, while the

forward primer is situated within a unique 5'UTR region of transcript IIc. The results for

transcript-I 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-specif,ic ma¡ner.
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For example, transcript I, IIa, and IIb are primarily expressed in the lens, whereas

transcript IIc is mostly expressed in the heart tissues. Transcript IIb is the most abundant

transcript in the lens tissues, whereas transcript IIc 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-I5). Although the mRNA expression of Cx46 was detected in both

tissues, it is primarily expressed in the lens. Both lens and retina express transcript L

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 RIPCR analyses with

embryos af 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 EFlo (less than 0.02% of EFlcr 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 I dpf and later stages. Similar

to adult lens tissues, transcript IIb is the most abundant transcript; but unlike adult lens

tissues, expression of transcript IIc is also very strong in the embryos. The expression

148



pattems 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 RI-PCR analyses. According to the results obtained from adult tissues,

transcript IIc 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 IIc 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 pattems of these

transcript variants in living embryos.

The expression pattern of zebrafish Cx48.5 mRNA was previously studied in this

lab. Using aprobe spanning from 612 nucleotides downstream of the start codon to 8i

nucleotides downstream of the stop codon, mRNA expression of ZfCx48.5 was detected

by in situ hybridization in the otic vesicles in I dpf embryos (but not at later stages), and

in the lens at 1.5 dpf and at later stages. RT-PCR showed thatZfCx48.5 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 adulttissues 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, IIa, IIb) of

Cx48.5. The common reverse primer, together with a mixture of these th¡ee forward

primers, was used as a "primer pair", which can ampli$ all four types of transcripts of

Cx48.5 and produce almost the same PCR products in a single reaction. RI: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 -72 kb promoter fragment of

Cx48.5 originating from a zebrafish PAC subclone. In this expression construct, the

EGFP coding sequence (plus SV40 poly-A fragrnent) 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-I9, 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 accomparry 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 I 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 5'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, howeve¡ 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 stafi 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 altemative splicing and promoter usage (Figure 4-2, and 4-3).

Also in this study and others (Anderson et al. 2005), multiple variants of exon I are also

evident for the mouse Cx46 (ortholog of zebrafish Cx48.5). These discoveries, together

with previous data regarding ZfCx44.l 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 ofconnexin expression appears to be evolutionarily conserved across species.

UTRs play essential roles in the regulation of gene expression by affecting

mRNA nuclear export, cy'toplasmic localization, translational effrciency 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 (uORFs) (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.

t52



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 analyzedto 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 lengths are signif,rcantly different. Notably, most eukaryotic mRNAs contain short

5'UTRs (frequently fewer than 50 nucleotides), and thus cap-mediated translation of

such mRNAs is effrcient. A longer 5'UTR usually increases the efhciency 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 5'UTR variants. Transcript I of

Cx48.5 has moderately stable secondary structures, whereas transcripts IIa, IIb, and IIc

form very stable structures. It has been suggested that the efficiency oftranslation 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 l0%o 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 10Yo 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 shorl modules and internal

initiation is mediated by the combined eflect of these modules (Stoneley and Willis 2004),

including a Y-shaped double hairpin structure (Le and Maizel1997), the sequence GNRA

(where N is any nucleotide, and R is a purine) (Hoffrnan 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 Wemer 2000). These examples have interested scientists

in the gap junction community to further look into other connexin genes (Wemer 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 lRES-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 lRES-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 RI-PCR also

confirmed that different transcript variants of Cx48.5 are indeed expressed in a

tissue-specific manner (Figure 4-I4). A combination of differential promoter activation

and altemative 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 V/illis 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. 7999; 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 of connexin gene

expression in response to a wide variety of intrinsic and extrinsic signals.

Using real-time RT-PCR, expression pattem analyses has shown that zebrafish

Cx48.5 is 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 rnRNA 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 conseled. 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 cataracf

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 stud¡ the identification of the mRNA sequences of Cx48.5 fuither 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 -I2 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 hearl. 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 pattems of endogenous genes (Udvadia and Linney 2003). However, these

observations certainly suggest that this Cx48.5-eGFP construct contains suffìcient

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 pattems 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 Íhat in vivo GFP transient assays were used to rapidly analyze

the cis-acting promoter/enhancer elements of specific genes (reviewed in Chapter i), 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 stud¡ 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 chapte¡ 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 pattem 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 altemative selection

of 5'splice sites are cornmon 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 -I2kb upstream fragment can

effectively drive eGFP expression in the lens and retina tissues in living embryos. Further

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 ZfCx4B.S-eGFp plasmid. (A)

digested from a cx48.5 PAC clone, was sub-cloned and screened

An EcoRI fragment,

in a pBluescript II SK

ZfCx48.5 Exon-l

ZfCx48.5 Exon2

ZfCx.lB.5 Exon-f

eGFP Coding Region

SV40 Poly-A

il- vector. (B) The above plasmid was modified to remove one extra EcoRI site, into

which a NotI-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.

A

DBSK Backborìe

B

ZfCx4B. 5-EcoRl-subclone
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ZfCx48.5-eGFP Plasmid

l6r
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Figure 4-2. Alignment of ZfCx48.5 transcripts against genomic DNA. Cx48.5 is a

three-exon connexin gene. Four transcript variants share the same exon 2, exon 3 (mostly

coding sequence and 3'UTR), while their f,rrst exons are derived from different promoter

usage and alternative pre-mRNA splicing. Transcript I is transcribed from Pl, whereas

IIa, IIb and IIc are from P2. Transcrìption can stad 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 (IIa and IIb).
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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 þenomic

sequences or introns. All four transcripts share the same coding sequence and 3'UTR,

whereas alternative first exons are derived from different promoter usage (Pl 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. 4Y390398). See the text for details. Transcript variants arise from

different promoter usage (Pl 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 (Pl 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. ZfCx48.5 transcript-I 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 energies (4G"37 : -34.40 kcal/mol and -20.20 kcal/mol, respectively).
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Figure 4-7. ZfCx48.5 transcript-Ila 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

energy (AG':z : -33.10 kcal/mol and -26.00 kcal/mol, respectively).
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Figure 4-8. ZfCx48.5 transcript-Ilb 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

energy (AGo¡z : -75.80 kcal/mol and -65.80 kcal/mol, respectively).
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Figure 4-9. ZfCx48.5 transcript IIc 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

energy (AG"¡z : -13 1 .70 kcallmol, and -122.80 kcal/mol, respectively).
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Figure 4-10. mCx46 transcript-I S'UTR secondary structure. 5'UTR sequence

was predicted using Sfold software. The most thermodynamically stable structure is

shown with its calculated free energy AGo:z : -92.60 kcal/mol.
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5'UTR sequence

stable structure is

Figure 4-11. mcx46 transcript-Ir s'urR secondary structure.

was predicted using sfold software. The most thermodynamically

shown with its calculated free energy AGo:z : -l5g.7Okcallmol.
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Figure 4-12. UORFs of ZfCx48.5 and mCx46 S'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":z : -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 IIc is the most abundant.

The expression ratios were calculated by comparing ACt between mean Cts of ZfCx4g.5

transcripts and zebraftsh EFla 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-specif,rc. Transcript I 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 I and later on. The expression ratios were calculated

by comparing ACt between mean Cts of ZfCx48.5 transcripts and zebrafish EFlcr 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 oZfCx48.5 and zebrafish EFlo genes in two replicate experiments,

and presented as a column graph.
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Figure 4-18. ZfCx48.5-eGFP transient expression in zebrafish embryos. A - 12 kb

promoter fragment immediately upstream of the AUG codon of zebrafish Cx4g.5 could

drive EGFP transient expression in the lens and retina of fish embryos (8, D, F).
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Table 4-1. Primers used for 5'and 3, RACE of zfcxftg.S and mcx46.

Sequences (5?,-'3:¡

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

GeneRacerTM 5'p.im", CGA CTG GAG CAC GAG GAC ACT GA

GeneRacerrM s,Nested primer GGA CAC TGA CAT GGA CTG AAG GAG TA

GeneRacerTM 3,p.im", GC TGTCAAC GATA C G C TAC GTAA C G

GeneRacerrM 3'Nested primer C GCTA C GTAA C GGCATGACAGTG

Cx48.5 5'RACE primer GCG GCA TGTGGGAGAATGGGGAAGGC

Cx48.5 5'RACE Nested primer GATCTGGAGCACC CAGAAGCGGATGTG

Cx48.5 3'RACE primer CCT TAG 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 CGTAGC 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

ì rr::. . .i

Templatei Àmþticon

105 bp
ZfCx48.5 -I

(F) GAT AAG TTT ACT TCA GTC AAG GCT CAT
AG
(R) GCC TAG AGA GAA AGT ACA GTT AAA
ATG AAG

ZfCx48.5 -IIa

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

105 bp(R) GCC TAG AGA GAA AGT ACA GTT AAA
ATG AAG

ZfCx48.5 -IIb

(F) GGC CAC TTT CAA AAG AGT TTG GCT CÆ
AG

i05 bp(R) GCC TAG AGA GAA AGT ACA GTT AAA
ATGAAG

ZfCx48.5 -IIc
(F) CTG CTA CCT TTG GGA GGT CTG TAT GC

131 bp

94bp

(R) GGT TCT AAA TCA AGT CTA TGA CCC TTG
AC

zEFla, cDNA
(F) GAG GAG TGA TCT CTC AAT CTT GAAAC

(R) TTT CCG GAG TCG ACG TGG CCAATAAC

zEFlo cDNA
(F) GAG GAG TGA TCT CTC AAT CTT GAAAC

133 bp
(R) CCA CCG CAT TTG TAG ATC AGA TGG

mCx46 oDNA-I
(F) CGC GGC CGA GCG GGG TTA GCT G

143 bp(R) CTA ACA CCA GAA TGC GGA AGA TGA
ACA G

mCx46
cDNA-II

(F) TTC CCC AGA CGG GAC CCG GTT AGC

147 bp(R) CTA ACA CCA GAA TGC GGA AGA TGA
ACA G

mCx50-mCx46
Trans-splicing

cDNA

(F) GTG GGA CGC TAC TCA GAC GTG AGC

148 bp(R) CTA ACA CCA GAA TGC GGA AGA TGA
ACA G

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

147 bp
(R) CAC ATT TGTAGA TCA GGT GGC CGG TTG

l8l



Table 4-3- PcR primers used for zfcxilg.S-eGFp construct.
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CHAPTER FIVE

ZEBRAFISH CONNEXIN 30.3

5.1 Introduction

This lab has previously cloned and characterized several zebraf,ish 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 comexin gene with the 5' UTR located in alternative first

exons and a comlnon 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 fo 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 -I2 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,

8C095350 ,8C165699, 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 a1.2002).

My hypothesis is Íhat zebrafish Cx30.3 has similar expression pattems 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 zebraftsh 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

zebraf,rsh model system, I suggest that zebrafish Cx30.3 can 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 zebrahsh (Danio rerio) were purchased from a local pet store and

maintained in an aquarium facility at28.5 oC on a daily photoperiod of 14 h light and 10

h dark. The embryos were incubated in egg water (60 ¡rglml 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. Zebraftsh 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 Zebrafrsh PAC library (RZDP Deutsches Ressourcen-Zentrum flir

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 PstI, 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 3tP-lubell"d Cx48.5 probe (located in exon 2) andseveral 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 selver (http://www.expas)r.ors/tools/protparam.html ) (Gasteiger et al. 2003),

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

Prediction" server (http://www.sbc.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).

5.2.3 Phylogenetic analyses and multiple sequence alignment

To assess which sequences were most closely related to Cx30.3, a phylogenetic

analysis was performed on

parameters. Connexin

protein sequences aligned using Kalign with default

sequences obtained from GenBank

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

RNA concentration was determined by UV spectrometry. The A26014280 ratios were

between 1.8 and 2.0 for all samples. The quality of RNA samples was also tested by

RNA gel electrophoresis. For RI: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.

5.2.5 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 ro 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 ccc ATc ACA GTG (T)24 -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 TGAAGA CCT CAG-3'for the first round of PCR and 5'-GAG AAA

ATG TCC ACA GAAAAG 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 af 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).

5.2.6 RT-PCR

Two separate sets of total RNA samples from embryos at different developmental

stages (0.5, 1, 2, 3, 4, 5 dpÐ were isolated for KI-PCR experiments. For each sample, 3

pg of total RNA was treated with DNase I and then reverse transcribed using Superscript

II reverse transcriptase (Invitrogen) with oligo-dT1rs) primers (Invitrogen) for t hr at

52"C in a reaction of 20p1. The resulting oDNA was diluted to 50pl with ddHzO, and lpl

of cDNA was used in each 25pl 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 1o (EFia) was also amplified as a positive control to

assess the presence and integrity of the cDNA in the samples. Accordingly, EFlo primers

(forward: s'-cAA GGG crc crr cAA GTA cGC crc-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-dT1ra¡, for I hr at

52"C, in a reaction volume of 20p1. The resulting cDNA was then diluted to 100¡rl with

ddH2O. 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 1o (EFlcr) 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 ampli$ring 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 S'-CCA CCG CAT TTG TAG AIC AGA TGG-3' and the amplicon

was 133 bp in length. The specificity and efficiency of the Cx30.3 and EFla primers

were validated by standard-curve methods according to the manufacturer's specifications

(Bio-Rad).

cDNA samples (lpl per well) were mixed with 250 nM of each primer and lgpl

of SYBR Green Supermix (Bio-Rad) reagent in a f,rnal volume of 20p1. 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 amplif,rcation, melting curve analysis was employed to

check PCR specificity, andlor 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 from independent batches of RNA samples. The

relative amounts of Cx30.3 gene transcripts were normalized to the EF1a, reference gene,

using a modifìed comparative Cs method (Pfaffl 2001).

5.2.8 In situ hybridization

Digoxigenin-labelled anti-sense and sense RNA probes for Cx30.3 were

synthesized by in vítro transcription with DIG-I1 UTP (Roche, Mississauga, ON). The
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DNAtemplate was from one of the 3'RACE products of Cx30.3 and contained the entire

3'UTR region plus a 94bp C-terminal fragment. The resulting anti-sense and sense RNA

probes were about 1.4 kb in size. The in situhybridization (ISH) was carried out with

various developmental stages of embryos between I 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 pm 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 Northem Eclipse software (Empix, Mississauga, oN).

5.2.9 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.

Electrophysioloeical analvses
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Analysis performed by Dr. T. v/. 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 matched a

putatively- identified connexin gene, referred to as Cx33.8. (accession No. Ayl35446;

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 identi$r 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.g gene

was misidentified, and instead, this connexin gene contains a coding region of g04

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

[) (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 seryer http://www.sbc.su.seÂrniklos/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.7999; Yeager et al. 1998; Rahman and Evans 1991; John and

Revel i991;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). V/e therefore

suggest that Cx30.3 is the zebrafish ortholog of mamm aljan Cx26.

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

Using the S'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 AfG 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 intemrpted by an intron of 1627 nucleotides in size, which

starts from position -i56i nt to position -24 nt upstream of the ATG codon. Pre-mRNA

splicing uses the conserved "GIJ-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 AfG codon, a couple of nucleotides following the conserved hexamer

"AAUAAA" poly (A) signal (Figure 5-1) Q.{ag et aI.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 intemrpting its

5'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'¡z : -36.4 kcal/mol for 5'UTR, and AGo3t: -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 RIPCR (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 oDNA samples. Results from these parallel RT-PCR

experiments were consistent with each other. The zebraf,rsh EFlu 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

amplif,rcation from genomic DNA templates (569 versus 733 bp). Therefore, the parallel

AS
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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 I dpf and

later stages.

V/hole mount in situ hybridization (V/MISH) 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

conseled than other regions, thus providing higher specificity for mRNA hybridization

than probes from coding regions. Cx30.3-speciftc 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 dpl the Cx3O.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 fuom2 dpf stage embryos are presented (Figure 5-10, A- C), and the staining

pattem 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
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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 zebraf,rsh EFla gene

as the reference gene in these real-time RT-PCR experiments, as EFla, has been

demonstrated as the most suitable reference gene for zebraftsh real-time PCR analyses,

both in time-course and tissue based experiments (Tang et al.200l). 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 heafi, 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_l35446; 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 AIG 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 (GI:66472875,May,

2005). Further, in May 2005, M. Dickson M. and colleagues also deposited in GenBank a

full-length mRNA sequence of Cx33.8 with accession No. 8C095350 (GI:63i01893).

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. GQa69999).

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 etal.1992).

Phylogenetic analyses suggest that zebrafish Cx30.3 is the orlholog of
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mammalian Cx26 (Figure 5-3). At least two other groups have also made this suggestion

(Eastman ef al. 2006' Cruciani and Mikals en 2006; Cruciani and Mikals en 2007). Amino

acid sequence similarity comparisons showed high degree of identities between

ZfCú0.3 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 connexln

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 identif,red the transcription 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 i993; Schaefer 1995; Gum et aL.2003).5'RACE identified

a single transcriptional starl site for ZfCx30.3, and a TATAbox located 28bp 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



post-transcriptional regulation of gene expression, including mRNA transpofation out of
the nucleus' subcellular localization 

'RNA stability, and efficiency of transration. These
regulations can be mediated by interactions between nucreotide patterns or motiß 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 ¡elies on a combination of primary and secondary structure
(Mignone et al' 2002: Pickering and willis 2005;van der velden and Thomas lggg;
Jansen 2001; Bashirullah et al. 2001: de Moor et at. 2005). Eukaryotic 5, UTRs are
important for regulation of protein synthesis by influencing mRNA stability and
translational efüciency (vilela et al. I 999;wanger ar. 1999; Kindler er al. 2005;Gebauer

and Hentze 2004; pickering and Willis 2005; Mignone et al. 2002). The initiation of
*RNA t¡anslation begins with the binding of the smail ribosomar subunit (40s) to rhe 5,
cap structure' The 40s subunit then scans the 5'uTR until it encounters an AUG codon,
where the 60s subunit enters to form the entire transrational machinery, and porypeptide
synthesis begins' Most cellular mRNAs use this cap-dependent mechanism for protein
synthesis' and the 5' uTRs are required to contain more than 72nts. A ronger 5, uTR
usually results in increased efüciency of transration by facilitating the recruitment of
more pre-initiation comprexes, but further inc¡eases in 5, uTR rength usuary
down-regulate the translational efficiency due to secondary structure or artemative
initiation of translation at upstream AUG codons (Kozak rggr).Most eukaryotic mRNAs
contain short 5'uTRs (usually fewer than 50 nts), and thus, cap-mediated translatjon of
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such mRNAs is efficient. About l0% 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 V/illis 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%o 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

sttuctures. 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 intemal 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) (Hoffrnan 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, zebrafrsh
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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 lRES-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 (uORFs) in their 5' UTRs

(Jacob and Beyer 2001; Pfeifer et al. 2004; Hudder and Wemer 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 (Monis 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 effrciency

(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 altemative 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 efücient 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 conserryed between Cx30.3 and Cx26

Using RT-PCR, in situ hybridization, and real-time RLPCR, 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, Tateral 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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V/hite 2004; Lefebvre and Van De Water 2000; Richard 2000; Rabionet et al. 2002). ln

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 signif,rcantly 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 VIIa is required and functions the same way in hair cells,

whether in human or zebrafish (Hasson 1999).In addition, fish have alateral 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-Chaudierc 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

corurexin gene most likely plays significant roles in zebrafish hearing and balance.

Zebraftsh 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

206



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 zebraftsh 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 pattem 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 5'UTR interrupted by an intron. Its mRNA

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



demonstrated that its mRNA expression in zebrafish embryos starts from about I 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 orlholog

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 pattems 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.
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Figure 5-1. Genomic 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.
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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 (Ml, M2, M3, M4). The X symbols indicate the

six conserved cysteine residues within the two predicted extracellular loops of ZfCx3\.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 chromosom e 13, ZfCx48.5, the zebrafish ortholog of Cx46, is closely linked to

ZfCx31.3,the zebraftsh 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.
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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 kcallmol). The 5' UTR of

zebrafish Cx30.3 forms a semi-conserved Y-shaped structure with extended stable stem

loop. IRES cis-acfing elements, such as the GNRA (nt 35-38) and the AGACA (nt

121-131), 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 at37 "C (AG : -344.3 kcal/mol).

ttì
,.:l

,:. t :-

';:',, i.!r -'I l:ì'-¡
- ))r .:i.

;ì \ti-,
'.. '.t1,

-(_

216



Figure 5-8. RT-PCR analyses of ZfCß0.3 mRNA expression. Expression of Cx30.3

was detected at I dpf (day past fertilization) stage, and thereafter maintained throughout

embryonic development. Zebrafish EFls 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 lÐ and (H).
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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 pm 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 (anow); 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

EFls.. The expression ratios were calculated by comparing ACt between mean Cts of

ZfCx30.3 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.I, 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 altemative 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 (ZfCx44.l

vs mCx50, ZfCx45.6 vs mCx40, andZfCx48.5 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 cls-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

zebrafìsh Cx48.5 (Chapter 4). The promoter analyses in this thesis have laid the

groundwork for further studies that map the regulatory elements in these connexin

promoters, as well as provided useful information on which regulatory sequences may be

useful in future genetic studies using transgenic zebrafish lines. 1n 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 effrciency 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 vilro reporter assays have been 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, functional analyses have

been proposed to use "transcript variant-specific morpholino knock-down" approaches

with fluorescent protein tagged transgenic zebrahsh embryos (see Appendix II).

Interestingly, identification 5' UTR variants of zebrahsh 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 zebraftsh Cx30.3 could be the

ortholog of mammalian Cx26, which has been well established to be expressed and



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 V/hite 2004).In this

thesis, the transcriptional start sites and full-length oDNA sequence of Cx30.3 have been

identified. Its expression patterns were extensively studied using RT-PCR, real-time

RI-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 signif,rcant 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, Cx44.7
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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 lhe

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 crA-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@ Zaq DNA Polymerase High Fidelity

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

(Ã) Zebr afis h crA-cry s tallin p ro m ote r fra gm ent

A -1 kb promoter fragment of zebrafish oA-crystallin was PCR amplified from

genomic DNA. The forward primer used was ZfCrslaVFl (5'- GAG TAf TTG GGT

GTT TCC CAG -3'), and the reverse primer was ZfCrslaAlgfp/Rl (5'- TCC TCG CCC

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

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

agaìnst the N-terminal of EGFP coding sequence from the AIG codon (Fig AI-1).
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ZfCrs/aA/F1

-Þ
Zf Genomic DNA
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ZfCrs/aÂJgfplRl "Þ

PCR amplification

eGFP adapter

Figure A1-1. ZebrafÏsh aA-crystallin -1kb promoter fragment.

(B) EGFP-SV40polyA fragment

The EGFP-SV4OpolyA 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 AIG

codon and ending at the TAA stop codon), and the SV40 poly-A tail. The forward primer

is gfp/Fl (5'- TGG CCT CCT CCG AGG ACG TCA TC -3'), while the reverse primer is

gfp/Rl (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

"4" to be added on the ends of PCR products (Fig AI-2).
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eGFP expression vector

PCR amplification

(A)rG

SV40 poly-A

Figure Al-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 ZfCrslaNFi, and

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

ZlCrslaNFl

:

i _-_
¡ PL:H amplrlrcatron

t
t

Zeb rafìsh cA-cryslal I in promoter-eGFP constru ct

Figure Al-3. Amplification of ZfCrs-eGFP construct.

eGFP adapter

oA-crystallin promoter 
I i:Wtrffiffi sV40poly-A

gfpi R1
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(D) Purification of finat 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 l-cell stage zebrafish

embryos.

Result

Strong lens-specific EGFP expression can be driven by zebrafish uA-crystallin -lkb

promoter.

Discussion

Figure 
^l-4. 

Lens-specificZfCrs-GFP

autofluorescence is observed in the yolk sac

obvious in the eye lens (B) 7dpf.

expression. (A) 2dpf. Some

(lower right), but fluorescence is

chapters and Appendix
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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 effrcient. 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 efücient 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 fi'equently 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

CX3O.3-RFP/CX48.5-EGFP DOUBLE FLUORESCENT TRANSGENIC FISH
AND POTENTIAL TRANS CRIPT VARIANT-SPECIFIC KNOCK-D O\ryN

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.I. 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 zebraf,rsh 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 strateg¡ the "black box"

232



that blocks the linkage between transcript

becomes transparent (Figure A2-1, B).

A

-ÞTranscript variants 

=-------->

GFP-labelled Cx48.5

variants and potential phenotypes hopefully

Protein -Þ Phenotypes

B

---------Þ

Transcript variants 

=

"+"?.¿:ï¡íf:?j
fÍî:fJ:f::;:1â

i::i;fi::::::1
i::t::::t:ì:ìt

Protein -Þ Phenotypes

. Dynamic spatio-temporal expression

- Cell type- or tissue- specific
- Time-course

" DynamicSubcellulardistribution

Figure A2-1. Relationship behveen 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

organizafions), 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.

Z&48.5 and G30.3 Tì ssue Þ<pression

6'0.035
E
o 0.03

.9 o. ozs
E
- 0.02
õ
I o. ors
co
'ø, 0.01
Ø
O

5ä0. oos
4Goc

,"å..þt*.qì".åu"o)' *;îìst .a. <'"+þ"

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 zebraftsh EFlcr mRNA in two replicate experiments, and presented as

a column graph.

234



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 tissues, 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.

ZflCx30.3-RFP/Cx48.5-eGFP Expression Plasmid

I designed and constructed a recombinant DNA plasmid that contains a -i5kb

fragment of this genome cluster. In this plasmid, the coding sequences of the Cx30.3 and

Cx48.5 genes are replaced by Cx3O.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

-lzkb 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 HindIII 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, PstI

sites were used, while for Cx48.5-eGFP, EcoRl-NotI 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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ZfCx30.3 3'UTR

ZfCx48.5 Exon-l

ZfCx4B.5 ExonJ

ZfCx3tl.3 Exon-1 5:UTR

ZfCx.l8.5

ZfCxdt.S 3'UTR

pBSK Eackbone

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

Design of Transcript Variant-specific Morpholino Oligos Tor ZfCx48.5

I have designed a set of morpholino oligos (MO 3-8) that specifically target

individual transcript isoforms of zebraf,rsh Cx48.5, as shown in Figure A2-4 (red or blue

arrows). Sequences of these six morpholino oligos are listed in Table 
^2-1.

ZfCx30. 3 -RFP -tx48. 5-eGFP
Plasmid
18682 bp
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Lens Retina Heart

+

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, }úO7,

and MO8 can each specifically target a fraction of these transcript variants. This design

makes it possible to use one (or a subset of) morpholinos to modiff 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

+++

+

++

+
€

238



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. MOl 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

suff,rcient specificity. Functional analyses of ZfCx30.3 await the establishment of stable

transgenic fish lines described in this Appendix.

coding seq 3'UTR
\ lntron

Exon 2

MCI1M02

AUG

ZfCX3O 3 mRNA itlie.laÊxÈ-rj:rlil coding seq I ¡,Ufn -poly A

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

Transient Expression of ZfCx30.3-RFP/Cx48. S-eGFP Pl asmid

Transient expression experiments were performed to test the capability of the
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Cx30.3-RFP/Cx48.5-eGFP plasmid

both corurexin genes (Figure A2-6).

expresslons.

to drive fluorescent

Cx30.3 and Cx48.5

protein-tagged expression of

show distinct but overlapping

Figure 
^2-6. 

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.

Name Sequence,(J? -:f l),:

Cx48.5 - MO3 AAG UCC UUAAUU ACA UGA UAA UAAA

Cx48.5 - MO4 AAC UUG AGG CAU ACC UUG ACU GAA G

Cx48.5 - MO5 GCA GCA CUG CCA GCU UAC CAAACU C

Cx48.5 - MO6 AAG UUC UUC ACA CAG AGA CCC GAG G

Cx48.5 - MO7 CAA GCG CAG CUG UCU CCC GUU CCC A

Cx48.5 - MO8 AUC UAA GCAAAG CAAUAU CCA GCG G

Cx30.3 - MO1 UGU CUACUG GUG CUC UCA GCU CCU G

Cx30.3 -}l4O2 CAAAUC ACU 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,

CarlaFinis, 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 connexin43 gene. Developmental Dynamics. 233(3): 890-906. (+ these

authors contribute equally)
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APPENDIX-ry

ELECTRO-PHYSIOLOGICAL PROPERTIES OF ZFCX3O.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 Xenopus oocytes expression system.

Table 
^4-1. 

Boltzmann parameters for zebrafish Cx30.3 gap junctions.

Vj Vo G¡,nin A

cx30.3 + 9i 0.51 0.05

Cx30.3 - -93 0.43 0.04

G¡ntin rêprasents the minimum conductance value, V6 indicates the voltage measured

midway through the G., decline, and A denotes the cooperativity constant, reflecting the

number of charges moving through the transjunctional field. Signs + and - for \ indicate

transj unctional membrane potential polarity.
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