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Introduction

The study of biological pathways and processes implicated in human disease is the
driving force behind a significant amount of biological research that is undertaken
today. These studies are based on the expectation that a detailed knowledge of the
course and pathogenesis of disease will lead to improved treatment, or at least
preventative measures. This expectation has been realized to a large extent for a
range of nutriticnal and infectious diseases. Significant attention is now being
focused in the area of genetic discase. The difficulty in developing cures or control
approaches for genetic disease highlights the extreme complexity of disease
processes and the difficulty in restoring homeostasis in a disease situation (Murphy,
1985).

The above statement can be illustrated in Figure 5.1, where three distinet states
can be proposed: homeostasis, diseased, and treated. The fundamental problem is
our ability to understand and unrave} the processes that are disrupted or involved in
disease, and the effects of treatments because we are generally dealing with a level of
complexity outside the range of current techniques and understanding. The constant
development of platforms for disease analysis is essential for us to realize any goal of

*To whom correspondence may be addressed (d.love@auckland.ac.nz)

Abbreviations: DGC. dysirophin glycoprotein complex: DIGE. differential in-gel clectrophoresis:
DMD, Duchenne muscular dysirophy: hpf. hours post fertihzation; MALDI. matrix-assisted lascr-
desorption: MQ. morpholino oligonucleotide: MS, mass spectromeiry; PCR. polymerase chain
reaction; gPCR, quantitative PCR: siRNA. short interfering RNA.

Bienechnalogy and Genetic Ehgineering Reviews — Yol. 22, January 2006
{(1264-8723A06/22/77-99 520000 + $3.00 € Lavoisiar/Intercepl. 14 rue de Provigny, F-94236 Cachan cedex. France

77



78 A, DoDD et al.

Homeostasis

Treated m Diseased

Figure 5.1. The three states of discase. Undersianding the refationship between a discased state
and homeostasis is essential in developing effective treatments, while the relationship between the
treated state and homeostasis is central to the effectiveness of the treatment,

effective treatment for genetic disease. Central to this process is the development of
animal medels to provide a platform for experimentation and analysis. The pivotal
nature of the model organism needs to be considered carefully in order to aliow a
detailed understanding of human disease processes and biological pathways.

Genotype/phenotype relationships are not necessarily conserved among different
organisms {Eisea and Lucas, 2002). There is essentially a reliance on some degree of
species conservation in the biological processes that are being studied; the
challenge is to identify a conserved response/process from one that is specific to a
particular organism. One approach to deal with this challenge is to undertake
comparative disease ‘modelling’ and analysis (Rissman, 2004).

COMPARATIVE MODELLING

When making comparisons between different organisms, we are dealing with diver-
sity combined with the underlying conservation of fundamental biological processes.
In using one organism to make inferences about another, it is necessary to determine
how ciosely related they are in order to assess the potential for displaying
appropriate or useful similarities. This determination has usually adopted the
approach of constructing an ‘evolutionary’ tree, Le. displaying relatedness on the
basis of the predicted divergence of the different organisms. While this makes sense
and generally reflects their similarity based on some easily observable characters,
like morphological compiexily, we are now beginning to realize that this certainly
does not hold true for all comparisons. This realization adds uncertainty to the
scientific ralionale underlying the choice of a ‘model” organism in order to make
inferences of functional similarity with another.

Recently, it bas been proposed that a more broad-based comparative modelling
appraach should be used to marginalize organism-specific influences, when they
exist, and to reveal conserved biological processes. In this respect, the identification
of gene co-expression networks offers a means of revealing this conservation. The
complete genome sequences of humans and several model organisms have estab-
lished a nearly complele list of genes required for cellular, developmental, and
behavioural processes (Goffeau er al., 1996; Myers et al., 2000; Lander er al., 2001;
Venter ef al., 2001). These data have been used to undertake microarray-based
analysis in order to highlight regulatory relationships among genes. The concept of
gene co-expression networks has been used 1o uncover and identify conserved
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processes and groups of genes across different model organisms (Stuart ef al., 2003).
The idea behind this approach is that genes encoding for proteins that participate in
the same pathways, or are part of the same protein complex, are often co-regulated.
Furthermore, genes encoding for related functions often exhibit expression patterns
that are correlated under a iarge number of diverse conditions {Stuart et al., 2003).
However, it is important to recognize that apparent co-regufation of genes does not
necessarily imply that genes are functionally related, and that trying to dissect these
relationships in a single species is difficult, as it is nearly impossible to distinguish
coincidentally regulated genes from those that comprise an inter-related sub-
network. The concept of evolutionary conservation is a powerful criterion to
identify genes that are functionally important from a set of co-regulated genes. Co-
regulation of a pair of genes over a large evolutionary distance possibly implies that
the co-regulation confers a selective advantage, most likely because the genes are
functionally related.

The gene co-expression network approach to identifying gene function has been
suggested to be far more sensitive than scoring phenotypes resulting from loss-of-
function mutants (Stuart et al., 2003). The unpredictable nature of the response to
foss-of-function experiments in different organisms illustrates the need for a com-
parative approach when trying to make inferences from studies in model organisms.
A major limitation in realizing the advantages of a broad-based disease modelling
approach is the limited number of existing model organisms that can be used in a
comparative study. Whilst it is possible to make comparisons between organisms as
distant as Drosephila and mice, modelling based on vertebrate model species is
essential for developing a comparative analysis platform for human disease.

Zehrafish: a critical vertebrate model system

The zebrafish is the most popular vertebrate model species after the mouse and the
rat. Although the zebrafish has been predominantly used to study vertebrate
development, its potential as a platform for disease analysis and drug discovery is
slowly being realized (Zon, 1999, Barut and Zon, 2000; Dodd et «l., 2000; Dooley
and Zon, 2000; Pichier er al., 2003). The zebrafish offers the potential 1o play a key
role in a comparative disease analysis approach. However, significant technical
developments need to be made to allow researchers to perform experiments in
zebrafish that mimic those that can be performed in mice. This lack of technical
parily with the mouse is a considerable hurdle to the zebrafish being fully accepted
as a disease analysis platform.

The zebrafish is a small, freshwater. tropical fish species native to India (Eisen,
1996). The most significant feature of the zebrafish is that they have optically
transparent embryos. An individual female can produce hundreds of eggs in each
clutch, allowing large numbers of progeny to be generated. The eggs are large
enough to be easily manipulated, and can be fertilized naturally or in vifro. The eggs
develop rapidly ex wrern, becoming free-swimming larvae within 4-7 days, and
have a generation time of 3-4 months. The external development of the embryos
lends itself to the easy observation of organogenesis and other developmental
processes. Individual cells can be clearly resolved in vivo using simple microscopic
technigues across a broad range of developmental stages. It is therefore possible to
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track the fate of individual cells as they divide, migrate, and differentiate (Kimmel
and Warga, 1988). Many techniques have been developed to achieve this, including
labelling cells with lipophilic dyes or fluorescent tracers {Westerfield and Eisen,
1988; Eisen, 1991; Ho and Kimmel, 1993). More recently, transgenic lines have
been constructed expressing fluorescent reporter genes, such as green fluorescent
protein {GFP), under the contro] of tissue specific promoters, allowing the detailed
observation of tissue development (Ju ef al., 1999). These techniques have
expanded into different methods for assaying gene function. The microinjection of
synthetic mRNA can be used during embryogenesis in gain-of-function assays
{Hyatt and Ekker, 1999). Other methods, such as RNA caging, can be used at later
stages to control the temporal and spatial expression of a gene (Ando ef al., 2001).

A key aspect in the development of zebrafish as a model organism has been the
development of genctic and genomic reseurces. The zebrafish genome is 1.7
gigabases n size, which is slightly more than half that of other vertebrates, such as
human and mouse, and is divided into 25 pairs of chromosomes. There are regions of
synieny between the chromosomes of fish and mammals, which supports the
assumption that there will be zebrafish orthologues for most human genes (Barbazuk
et al., 2000). There is believed to have been a genome duplication at the base of the
teleost radiation 450 million vears ago (mya), as well as a second duplication 100
mya, with as many as 20% of genes having been duplicated in fish compared to
humans (Postlethwait er ., 1998, 2000, 2004). It is thought that, over time, genes
that have been duplicated have also functionally diverged. Many possible out-
comes exist for duplicated genes. One outcome is where the function of ancestral
genes is split between the two paralogous genes, which has been shown for Na(+),
K{+)-ATPase, Hox and Pax genes (Force er al., 1999; Postlethwait et al., 2000, 2004;
Serluca er af., 2001). An alternative outcome is that one copy becomes inactivated,
resulting in a pseudogene.

Significant effort has been spent in constructing physical and genetic maps of the
zebrafish genome. Genetic maps have been constructed using both microsatellites
{(Knapik er al., 1998; Postlethwait et ¢l., 1998; Shimoeda ¢t al., 1999) and genes
(Hukriede er al., 1999; Kelly er al., 2000; Woods er al., 2000). The sequencing of the
zebrafish genome was initiated in February 2001 by the Sanger Centre using a two-
pronged approach: clone-based sequencing from BAC and PAC libraries, and whole
genome shotgun sequencing from plasmids (blip://www . sanger.ac.uk/Projects/
D_reriof). Further sequence information is being generated by the Washingion
University Zebrafish Genome Resource Project (http://zfish.wustl.edw/), which has
developed ¢DNA libraries for EST sequencing.

DESEASE MODELLING USING THE ZEBRAFISH

Three main approaches exist for attempting to model human disease in the zebrafish.
First, mutants can be isolated that have similarity to disease at either the genotype or
phenotype level. These mutants have been reviewed exlensively (Amatruda and
Zon, 1999; Barut and Zon, 2000; Docley and Zon, 2000; Shin and Fishman 2002;
Berman ef al., 2003). Although a genetic screen is a powerful technique for identify-
ing genes invelved in specific pathways leading to specific morphological
differences. the identification of the mutated gene can be a laborious process
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involving positional cloning. Recently, screening methods have been developed
for identifying specific mutations after random mutagenesis in a process termed
target-selected gene inactivation (Wienholds ef al., 2002}, although this approach is
not widely accessible.

The second approach in generating human disease models is by transgenesis, or
homologous recombination (HR)-based gene targeting; the latter technique typify-
ing the standard approach taken in mice. Some successes have been reported in
generaling models of neurodegeneration and T-cefl leukaemia in zebrafish through
transgenesis (Tomasiewicz ef al., 2002; Langenau ef al., 2003). However, the
generation of targeted gene knockout or knockdown in the zebrafish for disease
analysis has yet 1o be realized due to the lack of stable gene targeting techniques,
Although ES-like cells from zebrafish have been isolated (Ma er al., 2001}, the
preference of non-homologous DNA-end joining over HR in zebrafish raises some
doubt over the efficiency of HR-based gene targeting (Hagmann ef ¢/., 1998; Dodd
et al., 2004b).

The third approach that has received significant attention is that of transient gene
targeting. This approach has been applied to the study of development and signal-
ling pathways, but has also been applied to disease modeliing,

Transient gene targeting in the zebrafish

A significant development in transient gene targeting in the zebrafish has been the
use of antisense morpholino-modified oligonucleotides to block the translation of
specific genes (Nasevicius and Ekker, 2000). Morpholinos do not elicit RNAse H
mediated mRNA degradation, but hinder ribosome binding to a target transcript,
thus blocking translation (Figure 5.2). This technique has revolutionized gene-
targeting in zebrafish, and has allowed researchers to target genes transiently during
the first few days of development (Ekker, 2000; Heasman, 2002). Although this
approach has proved of great benefit, several significant limitations exist. Most
gene-targeting experiments utilizing morpholinos rely heavily on phenotype as a
measure of targeting success. While this approach is reasonable, given the existence
of known phenotypes associated with characterized mutants, it becomes more
problematic if one is unsure about the expected phenotype; a circular problem if you
are using gene-targeting to help uncover the function of genes.

It is important that inferences of genotype/phenotype relationships that are made
based on the use of morpholinos involve an analysis of specificity between a target
gene and a morpholino. Here lies one of the significant problems with targeting via
transtation inhibition. To measure the specificity and efficacy of targeting, protein-
based studies must be undertaken. These studies would require either enzyme-specific
assays, protein-specific antibodies, or the use of cross-reacting antibodies from
another species. Unfortunately, a lack of these resources in the majority of
cases Himits the level of testing that is generally performed in the zebrafish.
The problem in confirming gene-targeting specificity is further exacerbated by the
use of scrambled or mismatched morpholinos as controls. Unreported data of non-
specific phenotypic effects using scrambled/misimatched morpholing controls, and
even using morpholinos designed against gene targers, give cause to consider how
best to substantiate proposed genotype/phenotype relationships. Even with these
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Figure 5.3. RT-PCR assay lo analyse splicing cvents, This flow diagram illustrates the analytical
process lo detect morpholino-direcled mis-splicing of a nuclear transcript (hnRNA). To determine
il mis-splicing has cccurred, mRNA is isolated and amplified using primers designed to bind exons
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{ragment in lane 2 indicates thal mis-splicing has been detected fogether with the normally spliced
amplicon, whereas in lane 3 only a mis-spliced amplicon is detected.

limitations, morpholinos remain a popular tool for transient gene targeting in the
zebrafish.

Recently, a different approach has been taken with antisense oligonucleotides,
which involves splice site targeting (Draper er al., 20010; Xu et af., 2002; Yan ef al.,
2002; Dodd er af., 2004b). This approach uses antisense oligonuclcotides to target
either a splice acceptor or donor site, resulting in mis-splicing of the nuclear
transcript, which can cause an in-frame deletion or frame-shift mutation. The effi-
cacy of this approach can be measured at the transeript level by RT-PCR (Figure
3.3). Although this is an interesting technique that offers the ability to make specific
changes 1o the transcript, more comparative studies are required to determine the
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optimum backbone modification of the antisense oligonucleotide in order te achieve
stability and target-specificity {Dodd er al., 2004b).

The desire to regulate the expression of specific genes in a temporal and tissue-
specific manner, and the need to target multiple genes at once, is driving researchers
1o consider alternative techniques to achieve gene targeting (Koepman, 2003). The
first technique to offer the potential of regulated/tissue-specific gene targeting is
that of gene silencing using deuble-stranded RNA (dsRNA)Y. The use of gene silenc-
ing has revolutionized gene targeting in C. elegans and Drosophila, and is considered
an exciting alternative to the use of homologous recombination in generating
traditional gene knockouts in mice (Buckingham ef af., 2004).

DOUBLE-STRANDED RNA-BASED GENE TARGETING IN THE ZEBRAFISH

The use of dsRNA gene targeting has not gained wide acceptance in the zebrafish
community, possibly because of early concerns about non-specific effects (Qates er
al., 2000). These experiments used long dsRNA, but recent developments in our
understanding of gene silencing mechanisms in mammalian systems suggest that
off-site effects using long dsRNA might be common to vertebrates. In this respect,
short interfering RNAs (siRNAs) appear to exhibit efficacy in terms of mammalian
gene targeting, while avoiding the off-site effects seen with long dsRNA (Hannon
and Rossi, 2004; Meister and Tuschl, 2004).

In the absence of constructs that might enable the expression of siRNAs in
zebrafish, this species lends itself to the direct microinjection of siRNAs. However,
testing the efficacy of this approach, which is essentially uncontrolled and transient,
requires the consideration of at lcast two key issues (Figure 5.4). The first issue
concerns the time at which the gene silencing machinery becomes active during
cmbryo development. There are several lines of evidence to suggest that this activa-
tion might happen very early in development. The first line of evidence comes from
previous gene silencing experiments performed in zebrafish. Wargelius and col-
leagues targeted the pax 2.7 gene and demonstrated a significant reduction in target
RNA at I hpf (Wargelius ef af., 1999), and Li and colleagues targeted the zebrafish
ntl gene and demonstrated a significant reduction of ntf mRNA at 12 hpf (Li er al.,
2000). Both these studies indicate that embryos have gene silencing potential at 11—
12 hpf. The second line of evidence comes from the involvement of the gene
silencing machinery in microRNA-based gene regulation mechanisms. Although it
is uncertain what role RNA-based regulation piays in developmental pathways in
zebrafish, it is likely 10 be a significant role {based on studies in other vertebrates).
The second key issue in assessing the suitability of assaying siRNA efficacy in
microinjected zebrafish embryos is the change in concentration of siRNAs as the
embryo develops. The ditution and degradation of siRNAs will limit the develop-
mental window where effective gene silencing can be achieved. The specific
dynamics of these two processes might be expected (o play a role in the assessment
of siRNA-based gene silencing using an embryo-based transient assay.

TESTING siRNAS: PHENOCOPYING V. TRANSCRIPT ANALYSIS

A common approach to determine the cffectiveness of siRNA-based gene targeting
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Figure 5.4. Critical gene silencing parameters. The expression of gene silencing machinery and
the dilution of siRNAs over time are represented as critical factors in testing siRNA-based genc
targeling.

in zehrafish embryos could involve phenocopying well-recognized developmental
mutants. This approach was central to the development and demonstration of
antisense techniques in zebrafish (Naseviciug and Ekker, 2000). Although popular,
the suitability of this approach for measuring gene targeting should be carefully
considered. The first issue is that phenocopying generally lacks any quantitative
value, 1t is generally unclear what level of gene targeting is required to produce a
specific phenotype, or what dynamic might exist in a particular genotype/pheno-
type relationship. This dilernma can be illustrated using two contrasting examples
(Figure 5.5).

In the first example (Figure 5.5a), we consider targeling a gene that is acting in a
system as a simple genetic swilch. For the switch to turn on, transcript levels must
accumulate to a level above a threshoeld at a particular time during development. In
this instance, transcripl levels muslt fall below a nominal threshold value within a
narrow window of temporal expression in order to detect an altered phenotype
compared to normal embryos. This situation requires limited gene targeting activity
for an effect to be detected, with the phenotype possibly lasting long after the gene
targeting activity has finished. In the second example (Figure 5.50). we consider
targeting 2 gene that has a dynamic genotype/phencotype relationship. Similar to the
previous exaniple. the targeted transcript level must fall below a threshold in order to
interfere with the functional readout of the gene, but this reduction must be sus-
tained for a phenolypic outcome to be detected. What is clear is that these two
situations potentially require guite different levels of gene targeting to generale a
mutant phenotype. Possibly, the first situation might make a gene targeting tech-
nique look more successful than the second. These examples illustrate that the
ability o phenocopy a particular mutant is heavily influenced by its genotype/
phenotype relationship.
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Figure 5.5, Gene targeting dynamics, The potential of transient gene targeting during early
development depends en the expression profile of the target genc. A gene (a) with a restricted
lemperal expression profile reguires less targeting activity compared to a genc (b} that is
continuously expressed. Plots represent potentiol mRNA profiles of normal and treated embryos.

Unfortunately, usually little is known about the processes that influence the expres-
sion of a particular genotype, and thus what events lead to a particular phenotype. In
this situation, it is difficult to use a phenotypic measure, which is the result of a
highly complicated and largely unknown series of processes in order to make dircet
quantitative inferences about a genotypic or ranscriptional stale.

An alternative to the phenocopying approach is (o directly measure the genc
targeting effect. In this respect, the fact that siRNAs affect the integrity of a gene’s
transeript enables guantitative PCR {qPCR) assays to be undertaken using primers
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that flank the site of siRNA cleavage. Importantly, there is also a need to assess the
relationship between a deficit in transcript levels and the yield of the encoded
proteir, and if relevant, its spatial localization. The aim here is to distinguish
between a gene silencing effect that leads to no observabie phenotype, and a gene
that is resistant to targeting, With these issues in mind, it is proposed tha: SIRNA-
based gene targeting in the zebrafish should be quantified and related to what is
known about the dynamics of the system being targeted before significant
conclusions about a gene’s {unction can be inferred.

The importance of measuring gene targeting at both the transcript and protein
level directly influences the choice of a target gene. Specific antibodies are avail-
able for few zebrafish genes, and this presents a significant limitation in using most
genes associated with well-characterized mutants. As a means of overcoming these
limitations, a resource-intensive focus should be adopted. In this respect, modelling
the human neuromuscular disorder, Duchenne muscular dystrophy (DMD), offers
the resources required to assess the efficacy of siRNA-based gene targeting in the
zebrafish, while also offering outcomes in terms of functioral genomics relfated to
this disorder. In this respect, although several animal models exist for DMD, there are
many ourtstanding unanswered questions concerning the dystrophin gene. Among
these is the need to explore the temporal expression profile of the large variety of
transcripts expressed by this gene, and to understand the role of each transcript’s
protein product.

Zebrafish dystrophin gene as a reporter for siRNA action

Zebrafish are well suited for the study of muscle development since somitic muscle
comprises a large portion of the body. Fish somitic muscle forms initially from
segmented paraxial mesoderm, and muscle fibres differentiate 10 span an entire
somite in the anterior—posterior axis. By 24 h, the somite adopts a distinctive
chevron shape, with the dorsal and ventral halves being separated by a sheet of
matrix called the vertical myoseptum. These myosepta, along with the notochord,
provide the attachment sites for somitic muscle fibres. It has been suggested that
these structures are essentially laminar tendons that transmit [oree to the notochord
and the vertebral column (Bassett and Currie, 2003},

Much of our knowledge of dystrophin function has been derived from studying
niice that are null mutants of the dystrophin gene, such as the imdy and mdx3Cy
mutants, which mimic some of the features that characterize human DMD (Bulfield
er al., 1984; Sicinski et al., 1989; Cox ¢t al., 1993). Importantly, the pathology
manifesied by these mice does not mimic entirely that found in human patients,
while the developmental role of many of the fult-length, as well as shorter, dystrophin
isoforms expressed in tissues other than muscle remains unclear (Blake er al., 1999;
Dodd er al., 2004a).

In terms of the zebrafish, this species contains gene orthologues of dystrophin,
and the sarcoglycans and dystroglycans that comprise the dystrophin glycoprolein
complex (DGC: see Figure 5.6; Bolanos-Jimenez e al.. 2001a.b: Chambers er al.,
2001, 2003). The zebrafish duchenne muscular dystrophy (dind) gene also expresses
a number of isoforms that are similar in size to those found in human tissues
(Rolanos-Jimenez et al., 2001b). Zebrafish dystrophin and the DGC are found in the
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sarcolemma, with strong localization to transverse myosepta (Chambers er al,,
2003). Interestingly, zebrafish treated with a morpholino (MO) targeted to the
translational start site of the full-length 427 kDa isoform expressed in muscie
{(Dpd27m; Guyon er al., 2003). and the sapje zebrafish mutant that carries a nonsense
mutation in exon 4 of the dmd gene (Bassett er al., 2003), exhibit a lack of localiza-
tion of dystrophin in the myoseptae. Recent studies on the disruption of the DGC
have only involved MO-based translational knockdown of the dystroglycan gene
{Parsons et af., 2002). This research showed that dystroglycan is essential for normal
muscle fibre differentiation, and that the lack of dystroglycan results in irregular
arrays of sarcomeric protein. In contrast, the recent publication of Bassett and
colleagues in examining the sapje zebrafish mutant showed that the deficiency of
DpdZ7m in zebrafish embryos caused a muscle attachment fatlure and progressive
loss of muscle integrity (Basset ef al., 2003). Taken together, these data support the
view that the zebrafish offers an amenable system for examining muscle disease at
the gene expression, protein, and cellufar levels, and that this species offers advan-
tages in modelling the early events of neuromuscular disorders compared to the
more conventional use of the mouse (Bassett and Currie, 2003).

A recent study of siRNA-based targeting of the zebrafish dind gene transcripts
showed a reduction in transcript fevels, and delayed localization of Dp427m (Dodd
er al.. 2004a). This level of analysis involved the use of gPCR, protein localization
by immunohistochemistry, as well as electron microscopic analysis of zebrafish
muscle. However, it should be stressed that other measures of compromised muscle
function could aiso be brought to bear in examining perturbed dind gene expression
in the zebrafish.

IMAGING CALCIUM FLUX IN THE ZEBRAFiSH

Calcium homeostasis is critical to many aspects of muscle development and func-
tion (Ferrari and Spitzer, 1999; Blake er al., 2002). Early reports have shown that
resting levels of intracellular calcium {[Ca™]) might be abnormally high in
dystrophin-deficient muscles, and it has been suggested that this is an important
cause of the pathophysiological process leading to dysfunction, and ultimately to
cell death (Blake er af., 2002). In this context, the develepment of fluorescence-
based Ca™ reporters (Tsien, 1980) represents a major technological advancement,
and they have been applied extensively to isolated muscle fibres, myotubes, and
myocytes (Cullican and Ohlendieck, 2002).

It is now generally accepted that the Ca* levels in human DMD and midx mouse
muscles can be abnormally and persistently elevated. Indeed, 1t has been suggested
that contraction-induced sarcolemmal disruption in mature dystrophic myotubes
begins a Ca’-mediated cascade of events that leads to abnormally active Ca™-
specific leak channels, accelerated Ca® entry through these channels, and
increasingly higher levels of Ca**-dependent proteolysis (Alderlon and Steinhardt,
2000). This posilive feedback foop in contracting dystrophic myotubes would result
in sustained higher Ca**-dependent proteolytic rates, further abnormalities, and
uitimately in cell death. It should be noted, however, that current Ca** measuring
technigues have not been successfully applied to intact animals. Thus, a major gap
in our knowledge stili exists: what is the nature of the [Ca®] changes in the
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developing and functional muscle cells of an intact dystrophic animal compared to
a control? This question could be addressed through the use of Ca* imaging
techniques to explore signalling events during zebrafish embryogenesis. These
techniques could comprise low-resolution, luminescence-based imaging, followed
by high-resolution, fluorescence-based confocal analysis involving the use of ultra-
sensitive acquorins (Shimomura ef al., 1990) to image free cytosolic Ca®,

Aeqguorins are non-toxic; do not buffer Ca® to any great extent; involve ultra-low
background signal (there is no autoluminescence analogous to autofiuorescence);
show inherent contrast enhancement (i.e. light increases in a relationship that
appreximates the second power of the Ca® concentration); have a very wide
dynamic range (from 0.01-10 uM in vivo); can be transgenically expressed and
targeted; and they can be used to image Ca’* in intact zebrafish embryos {Webh and
Miller, 2003a,b}. The advantage of using aequorin-based imaging is that it allows
continuous, non-disturbing tmaging of intact zebrafish embryos over the entire
period of time required for development of the musculature (i.c. from ~10 to ~40
hpf). By injecting embryos with acguorin at the 04-128-cell stage. cells can be
loaded that subsequently forms the muscies. Despite the low resolution, aeguorin-
based imaging can be used to establish where and when Ca® transients arise in the
developing musculature for subsequent examination via high-reselution, 2-photon
conlocal microscopy. It is tempting to speculate that whole organism studies of Ca®'
flux couid be used aiso to support a mathematical model of this biclogical process
(Sneyd er al., 2004).

Thus far, we have argued for transcript and protein studies to form a critical part of
functional genomics in the zebrafish, coupled with other measures that provide
biological data regarding specific disease outcomes. In terms of transcript studies,
we shali not discuss the use of microarray technology that has been presented by us
elsewhere (Love er al., 2004; Pichier er al., 2004a.b). However, the use of advanced
proteomic analysis for the zebrafish has received little attention in the literature. The
following discussion seeks to address this deficiency.

Zebrafish proteomics

As a model of disease states, the zcbrafish provides an analytical platform to
investigate pathologies that are directly reflected by changes in the proteome (the
protein complement of the gerome). Importantiy, the proteome is a more complex
and dynamic entity than the genome as it constitutes a mix of alternatively spliced
variants and post-translationally modified protein species that vary in form and
amount depending on the physiological state at the time of sampling. Since they are
the functional output of genes, proteins provide a range of potential molecular
markers, and therefore a direct means for profiling a disease state (Mirkes e/ al..
2003; Shrader ef «f., 2003). Germane to this discussion has been the emergence of
functional proteomics, which reflects a paradigm shift from mere protein identifica-
tion to defining protein function. In this respect, the vast array of individual proteins
isolated from cells, a tissue, or an entire organism, such as the developing zebrafish
embryo, can be studied in order to rationalize the physiological changes manifested
in a disease condition {Hondermarck, 2004).

In analysing the prateome, proteins have o be extracted and solubilized. A range of
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new detergents has been developed to assist in the sequential extraction of proteins
since no one set of conditions will be ideal for all proteins; some will always remain
recalcitrant to any one treatment. Obtaining subsets, such as membrane proteins, is a
useful way toreduce the complexity of the sample, as well as narrowing the isoelectric
point or molecular weight range of the protein fraction of interest via pre-fractionation
and microdialysis. New precipitant and immunoaffinity resins help enrich proteins of
interest and remove contaminating substances and high abundance proteins so as to
accommodate the 10°-fold range in concentration observed.

The analysis of proteins has recently advanced to such an extent that performing
detailed studies on small numbers of embryos, or even single embryos, is now a
realistic and potentially rewarding endeavour. The two most common approaches
for the analysis of complex protein mixtures are based on either separation of intact
proteins by 2-dimensional (2-D) gelelectrophoresis before preparing tryptic peptides,
or the separation of peptides themselves derived from digests of the total protein
mixture using a combination of ion exchange and reversed-phase HPLC. This step of
separation is followed in both instances by MS-based identification. These
principles are outlined in Figure 5.7. In terms of identification. several major tech-
nological improvements are worth noting. These improvements, discussed below,
include differential in-gel electrophoresis (DIGE), the increased sensitivity and
range of operalional modes of modern mass spectrometers, and the range of
bioinformatics tools now available for interrogating databases for the identification
of proteins of interest,

DIGE (www.gehealthcare.com) is a form of multiplexed dye analysis that high-
lights proteins exhibiting a change in molecular weight or charge as a result of a
post-translational modification, or by a change in expression jevel, and is observ-
able as a shift in position or intensity, respectively, when analysed by 2-D gel
electrophoresis (Tong er al., 2001). Diseased and normal samples are reacted with
different reactive fluorescent dyes, then mixed together and subjected to 2-D
electrophoresis in the same gel before scanning at optimal wavelengths to visualize
each fluorophor independently. Image analysis can then differentiate changes in
protein spot intensity to target a reduced set of proteins that specifically change in
the disease state. Even a 20% change in intensity over replicated gel sets can be
statistically signilicant. Moreover, fewer replicated gels are required since the gel
samples are multiplexed.

Advances in mass spectrometry have been instrumental in increasing the sensitiv-
ity so that sub-femtomole levels of proteins can be analysed by a range of mass
spectrometry systems. The two common jonization modes are matrix-assisted laser-
desorption (MALDI) and nanoelectrospray. These techniques can be coupled to
different mass analysers, depending on the type of information that is required.
Time-of-flight mass spectrometers generate primarily peptide mass fingerprint pro-
file information, whereas ion-trap or multistage instruments preduce tandem
(MS-MS) mass spectral data via a collision-induced dissociation step, resulting in
the fragmentation of individual peptides to produce actual amino acid scquence
information. Search algorithms are now capable of quickly and automatically match-
ing acquired spectra with spectra derived from virtual digests of protein sequence
information. Nanoelectrospray at flow rates of sub microlitre per minute using 75 pm
reversed phase columns ensures that small quantities of hydrolysed proteins
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can be separated efficiently in low volume with fast data-dependent scanning to
capture the rapid concentration transients and coincident peaks.

The linear ion-trap mass spectrometer with an ion cyclotron resonance celi pro-
ducing data that is interpretable by Fourier transform analysis has become a new
benchmark in the analysis of proteins. An example is the ThermoFinnigan LTQ-FT
MS (www.thermo.com} with its high mass resolution, accurate mass assignments,
and MS" capability, such that database search results can be more conclusively
assigned. Moreover, using a top-down approach, proteins of mass <30 kDa can be
introduced by infusion and fragmented in situ, circumventing the need for protease
digestion (Wu et al., 2004). The full applicability of this recent development awaits
further experimentation.

Bioinformatics plays a pivotal role in the analysis regime dictating which method
is likely to be most successful, conditional on how much genome sequence is
available. In the case of the zebrafish, genome sequence data are updated daily
(www.cnsembl.org) with a completion date of the entire genome estimated some
time in 2005. The use of peptide mass fingerprinting is of limited benefit where
genome coverage is low and only a few representative protein sequences exist. Since
the zebrafish does not have close relatives that have aiready been sequenced, then
the direct comparison of MS-MS data with orthologues is not particularly viable,
unless the peptide sequences are identical (Kwon er al., 2003). Nevertheless, it is still
worth passing the data across what sequences are available. Most information will
likely be gleaned from de novo sequencing and BLAST analysis against a wider
phylogenetic comparisen. De nove sequencing uses peak differences of the M5-MS
data to fit amino acid residues iteratively, and has the advantage of detecting post-
tranglational modifications. Orthologue comparisons are then performed using
BLAST analysis.

With the maturation of current proteomic technologies, increasing attention is
being directed towards the analysis of complexes that proteins form and interact
with, Protein—protein and protein-ligand interactions are fundamental to ali cellular
processes, not least of these being signailing pathways. Any alteration to these
associations is central to the development of many diseases, including
neurodegenerative disorders, infectious diseases, and cancers. It is now typical lo see
the use of bi-functional coupling reagents to covalently link complexed
components together for analysis, assorted affinity methods for pull-down of intact
complexes, and blue gels lor the separation of native protein compiexes (Schagger
and von Jagow, 1991; Camacho-Carvajai et al., 2004). These, and other develop-
ments, ensure that proteomics continues to develop as an important approach for
deciphering discase conditions, which are ideally performed in model erganisms
such as the zebrafish.

Zebrafish as an integrated disease analysis and drug discovery platform

The final part of the discase analysis process is the development of therapies.
Therapeutic approaches for genetic disorders at present fall into two general
categories: ‘gene therapy’ via gene replacement, or the traditional use of drugs to
targel a pathogenic process or conier some compensatory effect.

The zebrafish has recently received significant attention as a model system for
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drug discovery due to the ability to screen potential drug compounds in a high
throughput manner. This approach has been reviewed by the author’s laboratory,
which can fall into the area of chemical genomics (Pichler er al., 2003; Love ef al.,
2004). This interest has also initiated the development of several zebrafish-based
drug development companies (Pichler er al., 2004b). Although the process is con-
ceptually simple. its successful application requires developments in two key areas.
The first of these is concerned with producing models of pathology for subsequent
screening of compounds, and the second is the development of targeted high
throughput assays to measure the potential impact of compounds on biological
processes.

The second area is directly related Lo the development of therapeutic drugs for
disease. In this process, zebrafish might be manipulated to recapitulate a specific
disease-related pathology or process, which would allow the analysis of compounds
that could interfere with or modulate the disease process. This approach is discussed
widely in the literature, but at present is one which we are far from realizing. The
ceniral problem directly relates to two critical factors discussed here, which are the
need to develop robust and simple gene targeting methods, and the ability to assess
disease processes in zebrafish.

Another key area in the development of zebrafish-based drug screening platforms
is how best to design assays for testing a drug’s action. This problem goes hand-in-
hand with model development. An assay must be applicable (eventually) to a high
throughput process, but offer the ability to answer potentiailly complex questions
related to the disease process. It should not go unnoticed that a high throughput
approach lends itself to screening thousands of small molecules, which has received
recent attention with respect to the use of zebrafish embryos (Pichler ef af., 2003;
Goldsmith, 2004;: Love er al., 2004: Peterson, 2004; Peterson ef al., 2004). The
principal outcome to these studies should be to provide high biclogical value to the
discase being studied, while at the same time achieving a throughput that serves as
a drug discovery platform.

Conclusions

The discussion presented here attempts to bring together different disciplines to
converge on what we see as the unifying platform of zebrafish. Although this species
has received little attention in terms of developing genetic manipulation tech-
niques, we are of the view that siRNA-based gene targeting in the zebrafish offers a
facile means of establishing human disease models. Although the work thus far has
only involved the direct injection of siRNAs, the need is 1o develop zebrafish
expression constructs in order to achieve temporal and spatial regulation of siRNAs
{Dodd er al., 2004a). It is important to realize, however, that modelling human
disease requires inlerrogation at multiple biological levels, and that only a few of
these levels are presented here.

The added value of working with the zebrafish is that drug discovery and therapeu-
tics can be studied in an accessible manner. Mention has been made of imaging
calcium flux in the developing embryos, but imaging technologies are currently being
deveioped that offer the means of capturing other biological events within the living
animal (Huisken er al., 2004; Prescher er al., 2004). All these methods should provide
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the critical means by which to develop and assess zebrafish models of human discase,
and provide an essential platform for high throughput drug screening approaches.
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