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Abstract

Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder
of typically mid-life onset, for which there is currently no cure. HD is one of nine
neurological disorders caused by the expansion of a CAG trinucleotide repeat that
encodes an extended polyglutamine tract within the respective disease proteins (which,
in the case of HD, is Huntingtin). Curiously, despite these proteins having mostly
widespread patterns of expression in the brain, a specific subset of neurons is
preferentially affected in each disease, whilst other neurons also expressing the mutant
protein are relatively unaffected. Furthermore, although the expression patterns of these
disease proteins often overlap in distribution within the brain, the population of neurons
that is most vulnerable differs from one disease to the next. Knowledge of what
determines the specificity of neuronal vulnerability is likely to provide insight into the
molecular mechanism(s) underlying the pathology in these diseases.

The aim of this work was to use the zebrafish model organism to investigate two
factors hypothesised to contribute to the specificity of neuronal vulnerability in HD: 1)
region-specific somatic expansion of the disease allele, and 2) disruption of normal
Huntingtin (Htt) protein function. The most significant findings of this study resulted from
the investigation into the normal function of Htt. Antisense morpholino oligonucleotides
were used to specifically knock down Htt expression in early zebrafish development,
resulting in a wide variety of developmental defects. Most notably, Htt-deficient
zebrafish had pale blood due to a decrease in haemoglobin production, despite the
presence of (apparently unavailable) iron within these cells. Provision of additional iron
in a bio-available form to the cytoplasm restored haemoglobin production in Htt-deficient
embryos. Since blood cells acquire iron via receptor-mediated endocytosis of
transferrin, these results suggest a role for Hit in the release of iron from endocytic
compartments into the cytosol.

Iron is required for the function of many cellular proteins and enzymes that play
key roles in oxidative energy production. Disrupted iron homeostasis and decreased
energy metabolism are features of HD pathogenesis that correlate to the major sites of
degeneration in the HD brain. The findings of this study raise the possibility that
perturbation of normal Hit function (by polyglutamine expansion) may contribute to
these defects, thereby providing a novel link between Htt function and specificity of

neuronal vulnerability in HD.
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Chapter 1: Background

Huntington’s disease

Huntington’s disease (HD) is a devastating neurodegenerative disorder that is
dominantly inherited, and affects approximately 5 to 10 in 100,000 people of European
descent (1). The age of onset usually occurs in the late 30’s to 40’s, but may occur
anywhere between childhood and old age. The disease begins insidiously with subtle
symptoms and progresses without remission for 15 to 20 years, eventually leading to
premature death due to secondary complications. Characteristic features of HD include
progressive development of choreiform (sudden, irregular and purposeless) involuntary
movements, deterioration of cognitive and intellectual abilities, psychiatric disturbances,
and weight loss despite adequate dietary intake. Neurological symptoms are associated
with dramatic neuronal cell loss, primarily affecting the striatum and deeper layers of the
cerebral cortex. Occasionally the disease presents in the first two decades (juvenile
onset HD), in which case neuropathology is more widespread and disease progression
is typically more rapid, with more severe symptoms, including rigidity, dementia and
epileptic seizures, but little or no chorea. The order in which clinical symptoms manifest
differs between HD-affected individuals, even within a given family. Whilst therapeutic
drugs can help manage some of the symptoms of HD, currently there are no treatments
available to cure or slow the progression of this relentless disease.

Genetics of HD

The gene that is affected in HD (interesting transcript 15 (IT15), or the HD gene)
was identified in 1993 (2). The HD gene encompasses 67 exons spanning 180 kb on
chromosome 4p16.3 (2, 3). Structural analysis of the HD promoter region is in
accordance with HD being a housekeeping gene (4). Two alternate transcripts of
approximately 10.3 and 13.7 kb that differ only in the length of their 3’ untranslated
region (5), encode the particularly large huntingtin protein, comprised of ~3144 amino
acid residues and having an approximate molecular weight of 348 kDa (2). HD gene
products are widely expressed in both neural and somatic tissues throughout the body
(5-11).

Note that in zebrafish nomenclature, the first letter of Huntingtin is capitalised.
Since the current work focuses on the zebrafish homologue, in this thesis dissertation
all further references to the Huntingtin protein (Htt) will be capitalised, irrespective of
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species, for simplicity. Gene nomenclature will be species-specific (for example, HD in
human, Hdh in mouse, rhd in rat, hd in zebrafish), or referred to collectively as HD gene
homologues.

Within the coding region of HD exon 1 is a CAG trinucleotide repeat encoding a
stretch of consecutive glutamine residues known as a polyglutamine repeat, beginning
at residue 18 of the Hit protein (2). The CAG repeat contains no interruptions, and in the
normal population is highly polymorphic in length. HD results from the abnormal
expansion of this repeat tract to lengths above the normal range. Normal alleles contain
between 6 and 39 CAG copies (1), and disease alleles contain copy numbers between
36 and ~250 repeats (1, 12), although alleles containing greater than 80 copies are
rare. The overlap between normal and disease ranges (36-39 copies) indicates an
intermediate range of reduced penetrance within which some individuals develop HD
and others do not (13), whilst alleles containing 40 or more repeats have complete
disease penetrance (1). Larger alleles are associated with earlier age of onset, with
lengths greater than 55 repeats frequently causing juvenile onset HD. Interestingly,
disease duration and clinical presentation appear to be independent of CAG repeat
number (14). The expanded repeats are unstable in length and tend to further increase
in size upon transmission from one generation to the next (particularly via the paternal
germline), leading to an earlier age of onset in subsequent generations - a phenomenon
known as ‘genetic anticipation’. The expanded alleles are also commonly unstable
within somatic tissues, leading to mosaicism of repeat length within an individual (15).

Whilst repeat number is the best predictor available for estimating age of onset in
HD, there is still considerable variability in onset age for any given repeat number,
suggesting that other factors influence onset age. An estimated 60% of this variance is
due to environmental effects, whilst an estimated ~40% is attributable to genetic
modifiers (genes other than the HD gene) (16).

HD neuropathology

HD neuropathology is characterised by a striking loss of neurons in the caudate
nucleus and putamen of the neostriatum (17), an area deep within the brain, that is part
of the basal ganglia. The basal ganglia, (a region that also encompasses the globus
pallidus, substantia nigra and subthalamic nucleus) receives information from all parts
of the cerebral cortex, and returns inhibitory signals back to the motor cortex, the part of
the brain that dictates movement. Normally, smooth, coordinated body motion is

maintained by a balance between these inhibitory signals from the basal ganglia, and
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excitatory signals from the cerebellum (18). In HD, this balance is disrupted by the loss
of striatal neurons, leading to hyperactivity of the motor cortex. Whilst this can explain
the involuntary movements associated with HD, it is less clear what determines the
cognitive and psychiatric aspects of the disease.

The striatum is predominantly made up of medium spiny projection neurons that
utilise the inhibitory neurotransmitter, y-aminobutyric acid (GABA). The striatum,
considered the gateway to the basal ganglia, receives most of its input from the cortex
as glutamatergic efferents and sends most of its GABAergic output to the globus
pallidus, from where the circuit continues to the thalamus and back to the motor cortex
(18). The striatum is also interconnected with the dopamine-rich substantia nigra; the
substantia nigra receives GABAergic efferents from the striatum and sends information
back to the striatum via dopaminergic projections (Fig. 1.1).

Within the HD striatum, the earliest signs of cell loss appear in the dorsomedial
caudate and dorsal putamen, and in the most severe cases, up to 95% of cells in the
caudate nucleus are lost (17). However, not all striatal neurons are affected to the same
extent; the GABAergic striatal projection neurons are most sensitive to degeneration in
HD (17, 19). The gradual and selective depletion of these cells is accompanied by
gliosis (17). Affected striatal neurons display abnormal features such as recurvature of
dendrites and altered density and morphology of spines (19), suggesting that cellular
dysfunction precedes cell death.

Among the GABAergic neurons, the enkephalin-rich neurons projecting to the
external segment of the globus pallidus are most sensitive, followed by substance P-rich
neurons projecting to the substantia nigra. Substance P-rich neurons projecting to the
internal segment of the globus pallidus appear to be the least vulnerable, however in
late stages of HD extensive depletion of all striatal projection neurons is seen (20-25)
(Fig. 1.1).

Marked reductions in expression of cannabinoid, dopamine and adenosine
receptors are evident in the striatum and globus pallidus from very early stages of HD,
prior to obvious cell loss (25, 26) and a loss of N-methyl-D-aspartate (NMDA) receptors
has been observed in putamen samples from HD patients (27), and even in a pre-
symptomatic patient (28). That these receptor changes occur prior to major cell loss

further supports the idea that neuronal dysfunction precedes cell death.



cortex

(to brainstem
and spinal cord)

globus pallidus caudate

putamen

thalamus
DOPAMINE

substantia nigra
subthalamic nucleus

Figure 1.1 The striatal and cortical connections relevant to HD pathology. Adapted from
references (18, 29). GABAergic striatal neurons that project to the globus pallidus and
substantia nigra are most affected in HD. Of these, the enkephalin (ENK)-rich neurons
projecting to the external segment (ext.) of the globus pallidus are most vulnerable (red),
followed by substance P (SP)-rich neurons projecting to the substantia nigra (orange), whilst
SP-rich neurons projecting to the internal segment (int.) of the globus pallidus (yellow) appear to
be the least vulnerable of these projection neurons (refs (20-25)).

Intriguingly, a small subset of neurons that make up only a small percentage of
striatal volume is remarkably resistant to degeneration. These neurons include large
cholinergic interneurons, and aspiny interneurons containing nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-d), somatostatin and neuropeptide Y (30).

Although HD atrophy is most evident in the striatum, considerable shrinkage and
thinning of the cortex is also seen (31, 32). Neuronal loss is observed in the deeper
cortical layers (lll, V and VI), particularly affecting large pyramidal neurons (33-37). It is
unclear whether the cortical neurons die as a consequence of striatal defects or
independently in a parallel process.

Whilst the striatum and cortex are most affected in HD, neuronal loss has also
been observed in the hypothalamus (38), cerebellum (39-41) and hippocampus (42)
and a reduction in size of the amygdala and thalamus have been seen (32). Generally
the extent of degeneration is most widespread in severe, juvenile onset cases (39). In
summary, a hierarchy of neuronal vulnerability exists in the HD brain, with the most
dramatic cell loss evident in the caudate nucleus and putamen of the striatum. One of

the most pressing questions in the field of HD research is what determines the selective
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vulnerability of the striatum, and in particular, the GABAergic medium spiny projection

neurons.

Energetic defects, excitotoxicity and oxidative damage in HD

The mechanism by which expanded Htt initiates the gradual demise of specific
neurons is unclear. However, signs of decreased energy metabolism, excitotoxicity and
oxidative stress are all evident in the HD brain, and correlate well with affected regions
suggesting that these detrimental pathways may contribute to the pathogenic process.

In the HD striatum, decreased glucose metabolism is observed prior to the bulk
of cell loss (and clinical symptoms) (43-45), therefore representing one of the earlier
events in HD pathogenesis, and further supporting the notion that cellular dysfunction
precedes cell loss. Indications of decreased oxidative respiration are evident in this
region, including reduced activities of the citrate cycle enzyme, aconitase (46), and
mitochondrial respiratory complexes II-IV (47, 48). Consistent with these findings,
decreased striatal oxygen consumption (49) and increased lactate concentrations in the
basal ganglia and occipital cortex (50, 51) have also been reported. For a more detailed
overview of metabolic defects in HD, see reference (52). Currently the underlying cause
of these energetic deficits is unknown, however a role for decreased energy metabolism
in HD aetiology is suggested by findings that 3-nitroproprionic acid (3-NP) leads to HD-
like striatal lesions. 3-NP is an irreversible inhibitor of succinate dehydrogenase
(mitochondrial complex II), an important component of the citrate cycle and oxidative
phosphorylation pathway. Systemic administration of low doses of 3-NP to animals
causes selective striatal lesions associated with decreased ATP levels and elevated
lactate concentrations (see for review (53)).

Decreased energy metabolism lowers the threshold at which glutamate, an
excitatory amino acid, becomes toxic to neurons (54). The striatum receives most of its
input as glutamatergic efferents from the cortex, and it has been proposed that
excitotoxicity may be one mechanism by which reduced energy levels could lead to
neuronal cell death (52, 55). Excitotoxicity refers to the over-stimulation and consequent
damage of neurons by over-activation of excitatory neurotransmitter receptors, and is
essentially associated with an excessive increase in intracellular calcium (Ca?*) ions.
The hypothesis that excitotoxicity is involved in HD is supported by findings that
intracranial injection of other excitatory amino acids such as quinolic acid (a tryptophan
metabolite that selectively activates the NMDA receptor) in animals leads to HD-like

neuropathology in the striatum, with sparing of aspiny neurons (56-58).



Numerous signs of oxidative stress are also evident in affected areas of the HD
brain, including increased lipid peroxidation, greater occurrence of DNA strand breaks
and stronger immunohistochemical staining of oxidative damage products (59). The
correlation of these markers with sites of pathology suggests that oxidative damage
may be another factor contributing to neuronal cell death, although what underlies this
oxidative damage has not been elucidated. Several studies have reported abnormal
accumulation of iron in HD affected brain regions; either specifically in the striatum (60,
61), or in striatal and globus pallidal tissues (62-64). Due to the potential for iron to
generate free radicals, iron accumulation presents a potential cause of oxidative stress.
I[ron accumulation and oxidative stress are also associated with regions of brain
pathology in a number of other neurodegenerative disorders (65). Another possibility is
that the oxidative damage observed in the HD brain results from energetic defects, or as
a consequence of excitotoxicity (52).

Whilst disrupted energy metabolism, excitotoxicity, oxidative stress and iron
accumulation all represent factors that may contribute to HD pathology it remains to be
determined which are primary, causative effects and which are secondary events in
disease progression. It is also unclear how expanded mutant Htt triggers these effects.

HD is a member of the polyglutamine disease family

HD is the most common of nine neurodegenerative disorders in which the
underlying genetic cause is the abnormal expansion of a CAG repeat encoding
polyglutamine within in the associated disease protein (Table 1.1). The other members
of this group of ‘polyglutamine diseases’ are spinocerebellar ataxias (SCAs) 1, 2, 3, 6, 7
and 17, dentatorubral pallidoluysian atrophy (DRPLA) and spinobulbar muscular
atrophy (SBMA) (66, 67)(Table 1.1). The proteins in which the polyglutamine tracts
reside share no other homology and appear to be functionally unrelated. In three of
these diseases the repeat resides within proteins whose functions are well established;
the androgen receptor in SBMA (68), the a1A subunit of the voltage-dependent P/Q
type calcium channel in SCA6 (69), and the TATA-binding protein in SCA17 (66). In the
other diseases, the repeats lie within novel genes whose functions are gradually being
elucidated. The polyglutamine diseases fall within a broader category of inherited
unstable repeat expansion disorders that also encompasses diseases where the repeat
lies within non-coding DNA sequence of the affected gene (70).



Polyglutamine Normal Expanded Gene Protein function Most affected brain
disease (CAG)n (CAG)n product regions
HD 6-39 36-250 Huntingtin Novel Striatum, cerebral
cortex
SBMA 9-36 38-62 Androgen Testosterone Anterior horn and
receptor binding, bulbal neurons, dorsal
transcription root ganglia
factor
DRPLA 6-36 49-88 Atrophin-1 Novel Cerebellum, cerebral
cortex, basal ganglia,
Luys body
SCA1 6-44* 39-82 Ataxin-1 Novel Cerebellar Purkinje
cells, dentate nucleus,
brainstem
SCA2 15-317 36-63 Ataxin-2 Novel Cerebellar Purkinje
cells, brainstem,
fronto-temporal lobes
SCA3 12-41 55-84 Ataxin-3 Novel Cerebellar dentate
neurons, basal
ganglia, brainstem,
spinal cord
SCA6 4-18 21-33 CACNA1A a1A subunit of Cerebellar Purkinje
voltage- cells, dentate nucleus,
dependent P/Q inferior olive
type calcium
channel
SCA7 4-35 37-306 Ataxin-7 Novel Cerebellum,
brainstem, macula,
visual cortex
SCA17 27-42 47-55 TATA Transcription Striatum, cerebral
binding factor cortex, thalamus,
protein cerebellar Purkinje

cells

Table 1.1 Polyglutamine diseases known to be caused by the expansion of CAG repeat
tracts within the coding region of genes encoding unrelated proteins. *Normal SCA1
alleles with greater than 20 repeats are interrupted by 1 to 4 CAT units. “Normal SCA2 alleles
are frequently interrupted by 1 to 3 CAA units. For references see (12, 13, 66, 67).

Common features of polyglutamine diseases

The underlying genetic cause of HD and other polyglutamine disorders is clearly
the expansion of the CAG repeat, however the mechanism by which the resulting
polyglutamine repeat exerts its toxicity in each disease is unclear. The diseases share a
number of common features, leading to the suggestion that there might be a common
unifying pathogenic pathway involved in some, or even all of them. Firstly, despite the
affected proteins being apparently unrelated and sharing no common domains outside
the polyglutamine tract, all of these diseases are progressive neurodegenerative
disorders and have overlapping (although distinct) arrays of clinical symptoms (67).



Secondly, the polyglutamine diseases are inherited in a dominant manner
(except SBMA which is X-linked) suggesting that the expanded repeat confers a toxic
gain-of-function upon the disease protein. Thirdly, there is a similar disease copy
number threshold, with inherited copy numbers less than 35 generally falling in the
normal allele range, and copy numbers greater than 40 repeats causing disease (Table
1.1). An exception to this general ‘rule’ is SCA6 that has a lower pathogenic threshold of
21 repeats. Fourthly, an inverse correlation exists between repeat copy number and age
of onset, with juvenile onset cases being associated with the largest repeats. Lastly,
these diseases are subject to genetic anticipation due to repeat instability, whereby
disease tends to be more severe or have an earlier age of onset in subsequent
generations, especially through paternal transmission.

Polyglutamine gain-of-function hypothesis

The common features of polyglutamine diseases suggest that the expanded
polyglutamine repeat imparts a toxic function upon the affected protein. Early evidence
to support this hypothesis was provided by the first transgenic mouse model of HD (71).
These mice express a transgene containing the promoter and first exon of the human
HD gene with CAG repeats of lengths that would cause juvenile onset HD in humans
(115-150 copies). Even though these mice expressed the polyglutamine tract in a
severely truncated Htt fragment, they developed progressive HD-like symptoms
including involuntary movements, seizures, weight loss and brain atrophy leading to
premature death after 3 to 4 months (71). Further evidence that an expanded
polyglutamine tract was sufficient to cause a progressive neurological phenotype came
from another study, where expression of an expanded polyglutamine tract of 146
repeats within the unrelated mouse hypoxanthine phospho-ribosyltransferase gene (that
is not associated with polyglutamine diseases or neurodegeneration) was able to
produce a similar progressive neurological phenotype involving ataxia, seizures and
early death (72). Subsequently, expression of disease length polyglutamine repeats has
been shown to cause cellular dysfunction and cell death in all other model systems
tested, including nematode (73), zebrafish (74), Drosophila (75, 76), yeast (77), and
cultured neurons (78), illustrating the intrinsically toxic nature of expanded
polyglutamine repeats.

The relationship between repeat copy number and disease onset/severity is also
observed in transgenic mouse models of HD (71, 72, 79, 80). In general, larger repeats

lead to earlier onset of neurological phenotype, and more premature lethality. The size
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of the peptide backbone in which the polyglutamine tracts are expressed also appears
to have an effect on this correlation, such that a repeat of given disease length copy
number is more toxic when expressed within a short fragment, than in a fragment of
greater length (81). This also holds true in a Drosophila polyglutamine disease model,
where for a given disease-length repeat number, age at lethality is higher when the
repeat is expressed in a longer protein context, than it is when it is expressed in a

truncated fragment (82).

Inclusions/aggregates: causative, consequential, or innocent bystanders?

Another common feature of the polyglutamine diseases is the presence, within
patient tissue, of neuronal inclusions. Such inclusions were first discovered in the
nucleus and processes of neurons in expanded exon 1 transgenic mice (83). The
finding that these inclusions, which stain positively with antibodies against ubiquitin or
the N-terminal of Htt, occurred prior to signs of disease and were absent in brain tissue
from mice expressing a similar transgene with only 18 CAG repeats, suggested that
these inclusions may play a causative role in the pathogenic process (83). Similar
inclusions were subsequently found within neurons and dystrophic neurites in the
striatum and cortex of post-mortem human HD brain samples (84, 85), but not in the
(relatively unaffected) globus pallidus or cerebellum (86), thus seemingly correlating, at
least at the regional level, with the pattern of HD neuropathology. Inclusions have now
been found in all other polyglutamine diseases, although whether the inclusions localise
to the nucleus, cytoplasm, or both, depends on the polyglutamine disease. The hallmark
presence of inclusions in these diseases offered further support to the unifying toxic
polyglutamine hypothesis.

At the biochemical level, these inclusions are believed to be due to the
propensity for expanded repeat proteins to form insoluble aggregates. In vitro, Hit
fragments containing repeat lengths greater than 40 are insoluble, whilst fragments
containing smaller repeats (in the non-pathogenic range) are soluble (87), thus
providing an interesting correlation of this change in solubility with the approximate
repeat copy number threshold of polyglutamine disease pathogenesis. Further evidence
that expanded polyglutamine tracts alter the physical properties of the host protein is
that expanded repeats cause Htt to migrate disproportionately on SDS PAGE gels (88),
and alter immunoreactivity with specific monoclonal reagents (89-91)

Investigations into the toxic nature of polyglutamine aggregates and attempts to

suppress their formation, however, have yielded conflicting results depending on the
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model system and manipulations employed. Consequently there has been much
controversy regarding whether the aggregates are indeed pathogenic, whether they are
protective against disease, or whether they are merely innocent bystanders in the
pathogenic process (for reviews see references (92, 93)). Compelling evidence against
aggregates being the initiating pathogenic trigger in these diseases comes from the
finding that, at the cellular level, the presence of inclusions does not correlate well with
neuronal cell death. Cell death can occur without the formation of inclusions, and
inclusions can exist without cell death (93). For example, in the HD striatum, inclusions
occur more frequently in large interneurons than in the more affected medium spiny
neurons (94). Furthermore, time lapse imagery of cultured neurons using automated
microscopy has revealed that cells that form inclusions appear to clear the cytoplasm of
mutant Htt, and have a reduced likelihood of dying (78). Whilst aggregates may
contribute in some way to polyglutamine disease progression, it appears that they are

not the primary pathogenic agent in these diseases.

What determines the specificity of neuronal vulnerability?

Expanded polyglutamine repeats appear to be inherently toxic in nature, with
their over-expression causing cellular dysfunction and cell death in all model systems
tested. It is thus intriguing that in the human polyglutamine disorders, despite the
disease proteins having mostly widespread and overlapping patterns of endogenous
expression, only a subset of neurons expressing the mutant protein is most prone to
degeneration, while other neuronal cell types also expressing the mutant protein are
less affected or relatively spared. For example, in HD, although Hit is expressed
throughout the brain, greatest cell loss is found in the striatum and cortex. Furthermore,
a different hierarchy of susceptibility to neuronal degeneration exists from one disease
to the next (Table 1.1) as reflected in the variable clinical features of these diseases. In
SCA1, a disease primarily affecting the cerebellar Purkinje cells, the disease-causing
polyglutamine repeat resides in the widely expressed ataxin 1 protein. The fact that
ataxin 1 and Htt are each expressed in both the striatal and Purkinje cells, and yet in HD
polyglutamine expansion affects the striatum (and not the cerebellum), and in SCA1
polyglutamine expansion affects the cerebellar cells (leaving the striatum relatively
unaffected) indicates that it is not simply expression of expanded polyglutamine tracts
that causes pathology. What determines the unique specificities of neuronal
vulnerability in these and other polyglutamine diseases is likely to be mediated by the

different protein contexts in which the polyglutamine tracts reside (95, 96). In support of
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this, mouse models of HD in which the expanded repeats are expressed within the
context of the full-length Hit protein (79, 80) generally show selective
neurodegeneration more closely resembling the human disease than models where the
repeats are expressed within a truncated Htt fragment or ectopically within the unrelated
HPRT protein (71, 72).

There is increasing evidence that unique attributes of the host proteins are critical
for neurodegeneration. For example, in SCA1, neurodegeneration is dependent upon
the phosphorylation of a serine residue within the mutant protein, ataxin-1 (97). In
SBMA, nuclear translocation of the mutant androgen receptor upon binding of its ligand,
testosterone, is required for neurodegeneration (98). In fact this disease, which presents
only in males, may actually be dominantly inherited, with females being protected due to
their low testosterone levels (99).

In some cases where the normal function of the affected protein is known, there
is evidence that polyglutamine expansion causes a disruption of this normal function.
For example, in SCA6 the polyglutamine expansion perturbs the function of the calcium
channel subunit in which it resides (100, 101), and the symptoms of this disease
resemble those of other channelopathies unrelated to polyglutamine (102). Loss of
normal protein function is also observed in SBMA, where affected males often show
signs of androgen insensitivity due to disrupted function of the androgen receptor (103).
However, individuals with a reduction in androgen receptor activity due to non-
polyglutamine related mutations do not experience neurodegeneration (104),
suggesting that the expanded polyglutamine repeat contributes to the
neurodegenerative aspect of the disease.

There are a number of possible pathogenic mechanisms that could hypothetically
explain both the dominant inheritance and selective neuronal vulnerabilities of the
polyglutamine diseases (95, 96). For example, one possibility is that polyglutamine is
the pathogenic agent in some/all of these diseases, but that post-translational
processing mediated by unique amino acid sequences of the affected protein (outside of
the repeat) are required for the expanded repeat to exert its toxicity. If this were the
case then the selective neuronal vulnerability might be due to tissue/cell-specific
processing, or alternatively, to particular sensitivity of certain neurons to the processed,
polyglutamine-containing peptide. Another possibility is that rather than the
polyglutamine repeat itself being toxic, the expanded repeat may alter wildtype protein
function, thus perturbing the molecular pathway(s) in which each normally participates,
in a dominant manner that is deleterious to the cell. This may be by enhancing or

decreasing normal protein function, altering interactions with the protein’s normal
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binding partners and/or cellular components, or by facilitating novel interactions that
have detrimental consequences for the cell. Specificity of neurodegeneration could
therefore be determined by the differential sensitivity of neurons to this abnormal
function. Given that outside the polyglutamine repeat, the affected proteins appear to be
unrelated, this latter hypothesis suggests that the initial event that triggers the disease
process would be different in each disease. These gain- and loss-of-function
mechanisms are not mutually exclusive. For example it is possible that partial loss or
disruption of normal protein function could render certain cells more vulnerable to
polyglutamine-mediated toxicity. Conceivably, a different combination of mechanisms
may contribute to pathogenesis in each disease. In any case, further knowledge of the
normal functions of the proteins associated with these diseases, and the biological
processes within which they belong would appear likely to increase our understanding

of the pathogenic mechanism(s) involved in these diseases.

Huntingtin function and HD

Hit is a soluble protein of ~3144 amino acids with limited similarity to any other
known protein. Although significant advances in knowledge of Htt function have been
made in the past thirteen years since the discovery of the HD gene, the exact biological
function of this protein remains elusive. Htt has been implicated in a large variety of
cellular processes including apoptosis, endocytosis, vesicle trafficking, transcriptional
regulation, and dendrite formation (See for recent reviews, (105, 106)) but as yet no
aspect of its function has been revealed whose disruption (by polyglutamine expansion)
could account for the hierarchy of neuronal vulnerability observed in the HD brain.

Ubiquitous expression of HD gene products in the body

Hitt protein and mRNA transcript are widely expressed throughout the body with
particular enrichment in neural tissues (5-11) and testes (8, 107). Htt expression is not
enriched in the striatum, either in the adult brain (6-8, 11, 108), or during foetal
development (109), and the disease-causing repeat expansion does not significantly
alter the pattern of expression in HD-affected tissue, apart from a reduction of
expression in the striatum related to cell loss (6, 11, 88, 108). This suggests that factors
other than the expression levels of expanded mutant Hit contribute to the unique pattern
of neurodegeneration characteristic of HD. The widespread expression of Htt from early
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development to adulthood suggests that this protein plays a ubiquitous role that is not

limited to neurons.

Huntingtin is essential for development and plays a pro-survival role

Htt function is essential in development since homozygous inactivation of the HD
homologue in mouse (Hdh) causes embryos to become developmentally delayed and
disorganised, leading to embryonic lethality from 7.5 days of gestation, prior to
development of the neural system (110-112). The cause of embryonic lethality is not
clear, however homozygous null embryos exhibit an increase in the number of cells
exhibiting morphological signs of programmed cell death (110, 111) and increased
apoptosis has been confirmed using TdT-mediated dUTP-nick-end labelling (TUNEL)
(110). These findings suggest that Hit may play a pro-survival role. This is supported by
an in vitro study in which transfected cells were protected from apoptotic stress by over-
expressing wildtype Htt (113). Another study suggests that a deficit in the transport of
maternal nutrients into the developing blastocyst across the visceral endoderm is
responsible for the early lethality (114).

In contrast to the knockout mouse phenotype, hemizygous mice with only a
single active Hdh allele (Hdh'") are born and develop similarly to wildtype littermates in
two mouse models (110, 111). In a third model, hemizygous mice display cognitive
deficits and enhanced motor activity (112), associated with neuronal cell loss in the
basal ganglia but sparing the striatum (115). Notably, it is possible that the aberrant
phenotype/neuropathology in this latter model may be caused by a dominant negative
effect of expression of a 20 kDa N-terminal fragment of Htt resulting from the genetic
inactivation method employed (112). The fact that signs of a progressive HD-like
phenotype were not observed in hemizygous mice (at least within the time frames
examined) suggests that expansion of the polyglutamine tract does not cause HD
simply by inactivating the normal function of the affected allele. Furthermore human
subjects with a hemizygous deletion spanning the HD gene do not develop HD
symptoms (116), and individuals homozygous for an expanded allele do not display
embryonic lethality, but instead are born, undergo normal development and have a
phenotype similar to heterozygotes (117, 118). Thus it would appear that the HD
mutation does not cause disease through haplo-insufficiency or a dominant negative
loss of function although the possibility that partial loss, or alteration, of function
contributes to disease pathogenesis cannot be ruled out.

A hypomorphic Hdh allele that was serendipitously created during the generation
of a knock-in mouse model of HD, expresses Htt at approximately one third of wildtype
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levels (91). Mice homozygous for this hypomorphic allele exhibit severe cranial and
brain abnormalities, leading to death around the time of birth. Whilst this hypomorphic
allele actually contains 50 CAG repeats (within the pathogenic range in humans), the
developmental abnormalities described in this mouse model are unlikely to be due to
the expanded repeat because mice expressing this expanded allele at wildtype levels
had no developmental phenotype (91). Taken together these Htt deficiency studies
indicate a dose-dependent response to Htt levels in development, such that 50% levels
(in hemizygotes) are sufficient for normal development, but levels less than 50% have
dire detrimental consequences.

In an effort to circumvent the early lethality of homozygous inactivation and
observe later effects of Htt deficiency, one group engineered a mouse model that
allowed conditional inactivation of the Hdh gene postnatally in the forebrain and testis
(119). Postnatal inactivation of Hdh expression caused cellular dysfunction and cell loss
in these regions, and the neural atrophy was associated with motor phenotypes and
premature death (119). This indicates that Htt is essential for the viability of neurons
(and testicular function), although results from an in vitro study suggest that Hit is not
required for the differentiation of embryonic stem cells into functional neurons (120).
Additionally, Htt-deficient embryoid body cells (derived from Hdh” embryonic stem cells)
can differentiate into haematopoietic progenitors, but Hit appears to be required for their
subsequent proliferation and survival (121).

In another study designed to bypass the lethality that results from homozygous
inactivation of the Hdh gene, chimeric mouse embryos (created by the injection of
knockout (Hdh™) embryonic stem cells into wildtype host blastocysts) were allowed to
develop to adulthood and then colonisation of the Hdh' cells within the brain was
examined (122). Whilst Hdh™™ neurons were found to be distributed throughout the
brains of these chimeric animals, they occurred 5 to 10 times more frequently in the
hypothalamus, midbrain and hindbrain than the telencephalon and thalamus. These
findings indicate that Htt-deficient neurons are able to survive in the adult mouse brain
to some extent, but suggest that certain neuronal cell types may be more dependent
upon Hit function for proliferation/survival than others. Interestingly, the striatum lies
within the (less colonised) telencephalon, suggesting that striatal neurons may be more

susceptible to a slight loss of wildtype function in HD than other areas of the brain.
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Evidence suggesting that perturbation of normal Htt protein function might contribute to
HD pathogenesis

Detrimental consequences of the expression of expanded Hit have been shown
to be exacerbated on a background of reduced wildtype Htt levels, whilst increased
expression of wildtype Htt appears to counter the effects of expanded mutant Hit (123-
125). The ability of wildtype Hit to modulate the effects of expanded Htt suggests that
disruption of Htt function may play a role in HD pathology. Furthermore, the colonisation
study described earlier in which Hdh” embryonic stem cells showed decreased
survival/proliferation in the mouse forebrain in comparison to other brain regions (122),
suggests that perturbation of Htt function may contribute to the specificity of HD

neurodegeneration.

Intracellular localisation of Htt, and the effect of Htt depletion on organellar distribution

At the intracellular level, Htt is mostly found in the cytoplasm where it is
concentrated in the perinuclear region (126, 127), although it has also been detected in
dendrites and nerve endings (128, 129) and within the nucleus (130-133). The Hit
protein associates with various cellular structures and organelles including the plasma
membrane, clathrin-coated and non-coated vesicles, endosomes, endoplasmic
reticulum, Golgi complex, mitochondria, and microtubules (9, 126, 128, 134-138). This
wide variety of associations and lack of distinct compartmentalisation does not make the
role of Htt immediately clear.

In one study, a panel of markers and antibodies was used to observe the effect
of Htt deficiency on the distribution of organelles in Hdh” mouse embryonic stem cells
(139). This study revealed a requirement of Htt for the correct distribution of nucleoli,
transcription speckles, mitochondrial clusters, endoplasmic reticulum, Golgi complex
and recycling endosomes. Moreover, the levels of transferrin receptor were up-
regulated in Hdh™ cells, and further investigation showed that Hit levels were increased
in wildtype cells in response to iron chelation. These findings implicated Htt in a variety
of processes including RNA biogenesis, intracellular trafficking and iron homeostasis
(139).

Functional clues from evolutionary conservation
Some insight into the function of Htt and the biological pathway(s) in which it
interacts may be gained from studying its phylogenetic profile (Figure 1.2). Homologues
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of the HD gene have been identified in vertebrates from fish to man (2, 140-144). A
putative homologue has been isolated in the invertebrate, Drosophila melanogaster (fly)
(145), and partial sequences similar to the C-terminal region of vertebrate Htt have been
identified in the ascidian Halocynthia roretzi (sea squirt, a basal chordate), and
echinoderms Strongylocentrotus purpuratus and Heliocidaris erythrogramma (sea
urchins, basal deuterostomes) (146). A predicted protein (Accession No: AAS38622)
with similarity to human Htt has been found in Dictyostelium discoideum (soil-dwelling
amoeba), thus existing prior to the protostome/deuterostome divergence and
representing the earliest homologue identified so far. A gene with similarity to the HD
gene has not been identified in either Saccharomyces cerevisiae (yeast) or Arabidopsis
thaliana (thale-cress plant). Interestingly, Caenorhabditis elegans (nematode worm)
also does not appear to have a homologue, which suggests that Htt was lost in the

divergence of this lineage.

Insects (V) Vertebrates (V')
(Drosophila) (Fishes to man)

Halocynthia roretzi (V)

Nematodes (X) Strongylocentrotus purporatus (V)
Heliocidaris erythrogramma (v/)

Protostoma Deuterostoma

|_— Dictyostelium (V)

.’
-~

A\

Saccharomyces cerevisiae (X)

Fungi/Myxomycetes (X)

Figure 1.2 Phylogeny showing the evolutionary conservation of the HD gene. Adapted
from reference (105). Ticks and crosses indicate presence or absence of an HD homologue.

The phylogenetic profile of the HD gene suggests that Hit may be involved in a
biological pathway that is conserved in vertebrates and insects, but not in yeast,
nematode or plants. This particular pattern of evolutionary conservation is shared by the
NF-kB/Rel/dorsal family of transcription factors, leading one research group to
investigate a possible role for Htt in this pathway (147). Drosophila Htt was found to
associate, and enter the nucleus, with dorsal in a Drosophila S2 cell over-expression
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system. In human HelLa cell extracts, NF-xB (p50 subunit) was also found to co-
immunoprecipitate with human Htt, hinting at a potential cross-species conservation of
function (147). The NF-xB/Rel/dorsal proteins regulate a range of biological processes
such as neuronal survival, haematopoiesis and innate immunity, thereby implicating Htt
in these pathways. Another pathway that is conserved in insects and vertebrates but
has recently been reported to have been completely lost in the divergence of the
nematode lineage is the haem biosynthesis pathway (148). A functional relationship of
Htt with this pathway has not yet been investigated.

Expression pattern of HD gene homologues

Embryonic expression of mRNA transcripts encoding Hit has been detected in
human, rodent, zebrafish, H. roretzi, H. erythrogramma and Drosophila (107, 109, 111,
114, 141, 145, 146). In situ mRBRNA hybridisation studies (performed on rodents and
early chordates) have revealed ubiquitous and uniform expression in early
developmental stages (107, 111, 114, 146). In adulthood, HD (and Hdh, rhd) gene
products are ubiquitously expressed in neural and non-neural tissues in man and
rodents, with particular enhancement in the brain (5-11). Similarly, Hit has been
detected in the adult zebrafish head but not body tissue (141). In the basal chordate H.
roretzii, HrHd mRNA is expressed in neural and mesodermal tissues in late
developmental stages (146). Interestingly, in the basal deuterostome H. erythrogramma,
expression of HeHd mRNA after metamorphosis (juvenile stage) is limited to
mesodermal tissues, and is not detected in ectodermal tissue (including nerve cell-
types) (146). This finding raises the possibility that neural Htt expression is a novel
feature that has arisen in chordate organisms (146).

Huntingtin protein structure and sequence homology

At the N-terminal of the primary amino acid sequence of human Hitt (Fig. 1.3) lies
the polyglutamine repeat (beginning at residue 18), as previously mentioned. A stretch
of consecutive glutamines is present in Htt in mouse (142, 144), rat (107), miniature pig
(140), zebrafish (141) and pufferfish (143), but not in Drosophila (145) or Dictyostelium
Hitt proteins, suggesting it is a feature of vertebrate Hit proteins (Fig. 1.4). Amongst the
vertebrate homologues, polyglutamine repeat length ranges in size from 4 repeats in
fishes to up to 39 copies in (non-HD) human (Figure 1.4), with repeat polymorphisms
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occurring in human and swine (140). Copy numbers of disease-causing lengths have
only been found in humans.

Immediately C-terminal to the polyglutamine repeat lies a proline-rich domain
((149), and see Fig. 1.3) that mediates protein-protein interactions (106). Many proteins
with glutamine and proline-rich domains have been shown to be involved in
transcriptional regulation (150). The proline-rich domain is found only in mammalian
homologues (Fig. 1.4), indicating that if it does play a role in the function of mammalian

Htt, this aspect of its function is not conserved in lower vertebrates.
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Figure 1.3 Schematic illustration of the amino acid sequence of Huntingtin. Adapted from
reference (105). PolyQ indicates the polyglutamine tract (red), which is followed by the proline-
rich domain (PRD; green). The gold regions indicate the 3 main clusters of HEAT repeats.
Cleavage sites for caspase-3 (green arrows) and caspase-6 (blue arrow) are indicated, and
their amino acid positions are shown. Calpain cleavage sites are indicated by black arrowheads
and their amino acid positions are shown. The orange circle indicates the position where three
lysine residues are SUMOylated (SUMO) and/or ubiquitinated (Ub) (amino acid positions
indicated). The blue circle indicates the position at which Htt is palmitoylated and the pink circles
represent phosphorylation sites (amino acid positions shown). NES is the nuclear export
sequence. aa, amino acid.

Another feature of Htt is the presence of HEAT repeats. HEAT repeats (named
after the four proteins in which they were originally found; Huntingtin, elongation factor
3, the A subunit of protein phosphatase 2A, and TOR1) are ~40 residues in length and
divergent in sequence.(151). They are predicted to form a-helical structures, and they
mediate protein-protein interactions (for example, (147)). Other proteins containing
HEAT repeats are involved in cytoplasmic and nuclear transport processes, microtubule
dynamics and chromosome segregation (152).

Three main clusters of HEAT repeats have been identified within the N-terminus
half of the Hit protein (Fig. 1.3) (151). The first and third cluster of HEAT repeats, that
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each contains three consecutive repeat units, are positioned from amino acid residues
205 to 329 and 1534 to 1710, respectively, within the human Htt sequence. The second
region contains four consecutive repeats that are positioned between residues 745 and
942 (151). A total of 36 putative HEAT repeats have been identified in human Htt,
spanning the entire length of the protein (147). HEAT repeats are conserved in other
vertebrates (106, 147) and are also present in Drosophila Htt (147) suggesting that
interactions mediated by these repeats may be evolutionarily conserved.

Htt also contains a functionally active nuclear export signal (NES) near the C-
terminus (***IIISLARLPL?*%) (Fig. 1.3). The NES sequence shows a high degree of
conservation throughout vertebrates (153), suggesting that this signal might be

important for the function of Hit.

(% sequence distance) Identity to Protein | Polyglutamine | PRD HEAT
40 35 30 25 20 15 10 5 human Htt length (aa) tract repeats
— Human 100% 3144 Yes (6-36Q) Yes Yes 3

I' _[ Mouse 90.1% 3120 Yes (7Q) Yes Yes g H
Rat 90.1% 3110 Yes (8Q) Yes ves |13 3
I—— Pig 87.8% 3139 Yes (17-18Q) Yes Yes @ g
Zebrafish 70.2% 3121 Yes (4Q) No Yes 8

_-I Pufferfish 58.2% 3148 Yes (4Q) No Yes

4‘, Amoeba 10.6% 3095 No No ND

Fruit Fly 10.5% 3584 No No Yes

Figure 1.4 Conservation of Huntingtin homologues from various species. The
phylogenetic tree and calculation of percentage identity to human Htt are based on sequence
pair differences using the Clustal method. The NCBI accession numbers of the sequences used
are as follows: human (Homo sapiens) NP_002102; mouse (Mus musculus) NP_034544; rat
(Rattus norvegicus) P51111; miniature pig (Sus scrofa) NP_999129; zebrafish (Danio rerio)
NP_571093; pufferfish (Takifugu rubripes) P51112; amoeba (Dictyostelium discoideum)
AAS38622; fruit fly (Drosophila melanogaster) AAD51369. Conservation of the polyglutamine
tract, proline-rich domain (PRD), and HEAT repeats within each Htt homologue is indicated.
Other abbreviations: aa, amino acids; ND, not determined; Q, glutamine.

Post-translational modifications of Huntingtin

The Htt protein is subject to various kinds of post-translational modification (Fig.
1.3). Within the first 17 amino acids are three lysine residues (K6, K9 and K15) that
compete as substrates for ubiquitination and/or SUMOylation (154). Hit is also
palmitoylated at cysteine residue C214 by Htt interacting protein, HIP14 (palmitoylated
proteins are often involved in vesicle trafficking) (155, 156). Other modification sites
include two phosphorylation sites at serine residues S421 and S434 (157, 158), two
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caspase-3 cleavage sites at aspartate residues D513 and D552 (*'°DSVD®*" and
*9DLND®%?) (159) a caspase-6 cleavage site at D586 (***|VLD®®®) (160) and calpain
cleavage sites at serine residues S469 and S536 (*®*SSS*° and ***VSA®) (161, 162).

The contribution of Htt proteolysis (by caspases and calpains) to normal cellular
function is not clear, however reduction of caspase and calpain activities decreases the
proteolysis and toxicity of expanded mutant Htt, and delays various aspects of disease
progression in cellular and animal models (160, 162-164). Phosphorylation of Htt has
been shown to reduce the cleavage of this protein by caspases (158), and protect
against the toxicity of expanded Htt in cell culture (157). Interestingly, within the normal
human brain, the extent of Htt phosphorylation differs from region to region (at least of
residue S421), with lowest levels seen in the striatum, intermediate levels in the cortex,
and highest levels in the cerebellum (165), thus inversely correlating with regional
susceptibility to degeneration in HD. This raises the possibility that decreased Hit
phosphorylation in the striatum and cortex could permit greater caspase cleavage and
generation of toxic N-terminal fragments of expanded Hit in HD.

Interacting partners implicate Htt in a diverse range of biological processes

Numerous Htt-interacting proteins have been identified, in yeast-2-hybrid
screens, co-immunoprecipitation studies, or by extraction from Htt-positive aggregates
(Table 1.2). The majority of yeast-2-hybrid experiments have used N-terminal fragments
of Htt as bait, since interactions that may be enhanced or decreased by the
polyglutamine repeat expansion in HD are considered to be more likely to interact with
the N-terminus of Hit. Furthermore, in one study no interactors were identified when an
internal segment or C-terminal segment of Htt was used as bait (166). Using alternative
methods, two proteins have been found to interact with regions of Hit other than the N-
terminus: the previously mentioned NF-kB (147), and a 40 kDa Huntingtin-associated
protein, HAP40 (167). Hit interactors are involved in many different biological processes
including endocytosis, vesicle transport, apoptosis, cell signalling, transcriptional
regulation and morphogenesis (Table 1.2) (106), suggesting that Hit may play a
complex role involving a wide variety of biological processes. Due to the large size and
multiple interactions of Htt and the presence of HEAT repeats in its sequence, it has
been proposed that Hit may act as a scaffold that coordinates many different processes
(106). Many of the interactions are altered by the expansion of the polyglutamine tract
(as indicated in Table 1.2). However, identification of these interactors has not yet

provided any clues as to the regional specificity of HD pathology.
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Interacting protein Method of PolyQ length Region of Htt Function Refs
identification dependence involved
o-adaptin C/HYP-J Y2H, human testis ~ Yes ({) NT (aa 1-550) Endocytosis
Akt/PKB Phosphorylation No S421 Kinase
assay
CA150 Y2H, C. elegans No Not known Transcriptional activator (168)
CBP GST-pull down Yes (T) NT (aa 1-588) Transcriptional co- (169, 170)
activator with
acetyltransferase activity
CIP4 Y2H, C. elegans Yes (T) NT (aa 1-152) cdc42-dependent signal (171)
transduction
CtBP Co-IP Yes (1) PLDLS motif (aa  Transcription factor (130)
182-186)
FIP-2/HYPL Y2H, human Not known NT (aa 1-550) Cell morphogenesis (166, 172)
testes
GASP2 Y2H, Co-IP Yes (T) NT (aa 1-90) Membrane receptor (173)
degradation
GIT1 Y2H, Co-IP Not known NT (aa 1-170) Membrane trafficking (174)
Grb2 Co-IP Not known PRD Growth factor receptor (175)
binding protein
HAP1 Y2H, rat brain Yes (1) NT (aa 171-230) Membrane trafficking (176)
HAP40 Isolation from Yes (1)? CT Endosome motility (167, 177)
inclusions (Increased
intracellular co-
localisation)
HIP1 Y2H, human brain ~ Yes ({) NT (aa 1-540) Endocytosis, pro- (178, 179)
apoptotic
HIP2/ hE2-25K Y2H, human brain  No NT (aa 1-540) Ubiquitin conjugating (180)
enzyme
HIP14/HYP-H Y2H, human brain,  Yes ({) NT (aa 1-550) Palmitoyl transferase, (156, 166,
human testes protein trafficking 181, 182)
N-CoR Y2H, rat brain Yes (T) NT (aa 1-171) Nuclear receptor co- (183)
repressor
NF-xB Co-IP Not known HEAT repeats Transcription factor
p53 Isolation from No PRD Transcription factor
inclusions
PACSIN1/syndapin 1 Y2H Yes (T) PRD Endocytosis, synaptic (184)
vesicle recycling
PSD-95 Co-IP Yes ({) PRD Synaptic scaffolding (185)
protein
RasGAP Co-IP Not known PRD Ras GTPase activating (175)
protein
SH3GL3/endophilin 3 Y2H, human brain ~ Yes (1) PRD Endocytosis (186)
Sin3a Isolation from Yes (T) NT (aa 1-171) Transcriptional repressor  (169)
inclusions
Spi GST pull down; Yes (T) NT (aa 1-171) Transcription factor (187, 188)
Y2H
TAFII-130 Y2H interaction No NT (aa 1-480) Transcription factor (188)

Table 1.2 Selected Huntingtin-interacting proteins. Modified from reference (106) to include
additional information. Abbreviations: aa, amino acid; Akt, identified in AKT virus; CA150, co-
activator 150; CBP, cAMP-response-element-binding protein; CIP4, Cdc42-interacting protein 4;
Co-IP, Co-immunoprecipitation; CT, C-terminus; CtBP, C-terminal-binding protein; FIP2, for
14.7K interacting protein; GASP2, G protein-coupled receptor associated sorting protein 2;
GIT1, G protein-coupled receptor kinase-interacting protein 1; Grb2, growth factor receptor-
binding protein 2; GST, glutathione S-transferase; HYP-J Htt yeast protein-J; HYP-L, Htt yeast
protein-L; HAP1, Htt-associated protein1; HAP40, Htt-associated protein-40; HIP1, Hit
interacting protein-1; HIP2, Htt interacting protein 2; HIP14, Htt-interacting protein-14; HYP-H,
Htt-yeast partner-H; HPY-L, Htt-yeast partner-L; N-CoR, nuclear receptor co-repressor; NT, N-
terminal; PACSINT1, protein kinase C and casein kinase substrate in neurons1; PKB, protein
kinase B; PRD, proline-rich domain; PSD-95, postsynaptic density-95; RasGAP, Ras GTPase
activating protein; S421, Serine 421 (Akt consensus phosphorylation site); SH3GL3, SH3-
containing Grb2-like protein 3; Sp1, specificity protein1; TAFIl-130, TATA-binding protein (TBP)-
associated factor; Y2H, yeast two-hybrid; (1), stronger interaction with mutant Htt; (1), weaker
interaction with mutant Hitt.
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Somatic instability and HD

Another mechanism proposed to account for the specificity of neuronal
vulnerability in HD is brain region-specific somatic instability. Somatic instability has
been observed in many polyglutamine diseases (15, 189-192) and could contribute to
the pathogenesis in these diseases by further expanding the length of the
CAG/polyglutamine repeat in the inherited disease allele, above a copy number
threshold that renders it toxic to cells (193)(Fig. 1.5). According to this model, the more
repeats an individual inherits, the fewer years it would take for gradual somatic
expansion to raise the repeat copy number in the disease allele above that critical
pathogenic threshold. In theory, the areas of the brain with the greatest instability would
reach the pathogenic threshold first. For this model to account for the specificity of
neuronal vulnerability in polyglutamine diseases, region-specific somatic instability
would have to correlate to the spatially restricted pattern of neurodegeneration in each
of the diseases, with the specificity somehow mediated by repeat context.

The somatic expansion model offers a potential explanation for the inverse
correlation between inherited CAG copy-number and age of onset in polyglutamine
diseases, since the higher the inherited copy number, the less time it would take to
reach the pathogenic threshold (Fig 1.5). Furthermore, it would be consistent with
pathology being more widespread when inherited repeat copy numbers are higher,

since all cells would be closer to the pathogenic threshold from birth.

Somatic instability correlates to sites of neurodegeneration in HD

In the Huntington’s disease brain, somatic instability has been observed most
significantly in the regions showing the greatest neuropathological involvement such as
the basal ganglia and cerebral cortex, whilst the cerebellum, which is rarely affected in
HD, shows limited repeat instability (15). This instability appears to be age-related since
no mosaicism was observed between various tissues of a foetus carrying an expanded
HD allele (194). Age-dependent somatic instability of the disease allele has also been
demonstrated in a number of mouse models of HD (195-198). In 2000, Kennedy and
Shelbourne reported on the somatic instability in a knock-in mouse model of HD,
containing an expanded CAG repeat of between 72 and 80 copies within one of the
endogenous Hdh alleles (197). In these heterozygous mice (Hdh®"%8/HdhY"), instability
of the inherited disease allele (Hdh®"?®) was expansion-biased, and was most
pronounced in the striatum, with repeat lengths that increased in an age-dependent

manner.
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NOTE: This figure is included on page 23 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 1.5 Model for the relationship between inherited repeat copy number and age at
the onset of symptoms. Taken with permission from reference (193). The time taken ({) for the
repeat to reach a critical copy number threshold by means of incremental increases in repeat
copy number would be determined by the inherited (germline) copy number (green arrows) at
birth (n). The greater is n the shorter is t Time taken (f) to reach a disease-causing copy
number is inversely proportional to ‘starting’ copy number (n), t = k/n (where k is determined by
the repeat context).

By using a small pool PCR amplification technique the authors provided the first
quantitative analysis of expanded allele length and frequency; expansion of the disease
allele above the inherited copy number was observed in more than 80% of cells in the
striatum, whilst only low to medium levels of instability were observed in non-neural
tissues and other brain regions (197). In 2003, the same authors and their colleagues
showed that the extent of somatic instability in these mice correlated with decreasing
performance on a rotarod test for motor coordination (199). They also used small pool
PCR to analyse repeat instability in post-mortem human brain samples from patients
that had died either before predicted age of onset of HD (no visible signs of
neuropathology), or at late stage HD. Vast expansions of the disease allele, most
strikingly in the striatum and cortex, were observed in pre-HD samples, whilst in the late
stage HD brain, in which severe striatal atrophy was evident, there was a notable
absence of largest expansion sizes (199). These results suggest that cells with the
greatest repeat size were lost first, consistent with the general correlation between
larger repeat lengths and disease severity.
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Loss of stabilising repeat interruptions in SCA1 and SCA2 disease alleles

Interestingly, SCA1 and SCA2 alleles in the upper normal range contain repeat
interruptions, which are known to have a stabilising effect on trinucleotide repeat tracts
(200), and are not present in the expanded disease alleles (67). The CAG tract in
normal SCA1 alleles (6-44 repeats) with more than 20 repeats are interrupted by 1 to 4
CAT units (encoding histidine), but expanded disease alleles (39-82 repeats) contain a
contiguous CAG repeat sequence. Similarly, the CAG tract in normal SCA2 alleles (15-
31 repeats) is frequently interrupted by one to three CAA units (encoding glutamine like
CAG), which are not present in the expanded disease alleles (36-57 repeats). The effect
of CAT interruptions on somatic repeat stability in SCA1 was examined by comparing
size heterogeneity of alleles from an unaffected individual with allele sizes of 30 and 39
repeats, and an affected individual with 29 repeats (normal allele) and 40 repeats (one
of the smallest disease causing alleles described) (192). Both alleles of the unaffected
individual, and the smallest (normal) allele of the affected individual were interrupted by
at least one CAT repeat. However, the SCA1 disease allele of 40 repeats was
uninterrupted. When low copy genomic analysis was used to examine instability in
peripheral blood cells from these individuals, all the interrupted alleles were stable, but
in contrast, prominent heterogeneity of allele size was observed in the SCA1 allele with
40 uninterrupted repeats (192). The finding that an interrupted normal SCA1 allele of 39
repeats was somatically stable, whilst an uninterrupted SCA1 allele that was only one
repeat unit larger in size (40 repeats) was markedly unstable and pathogenic, is
consistent with the hypothesis that somatic instability contributes to disease
pathogenesis.

Interruptions in SCA1 disease alleles delay the age of SCA1 disease onset

In further support of the somatic instability hypothesis, rare SCA1 alleles exist
that have repeat copy numbers in the disease range, but contain CAT interruptions (89,
201-203). In these cases, the presence of these interruptions appears to delay SCA1
symptoms beyond the age of onset that would normally be predicted for that repeat
length. One explanation for this is that the repeat interruptions in these large SCA1
alleles delay the age of onset by hindering somatic expansion of the SCA1 allele, thus
increasing the time it takes for the repeat to expand above the pathogenic threshold. It
should also be noted, however, that since the CAT interruptions encode histidine
residues, they would therefore lead to interruptions in the polyglutamine tract, potentially
rendering the expanded protein less toxic (as will be discussed at the end of Chapter 3).
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This study

Insight into what determines the unique specificities of neuronal vulnerability in
HD, and other polyglutamine diseases, is likely to increase our understanding of the
underlying pathogenic mechanism(s) at play in these disorders. The aim of this work
was to investigate two factors hypothesised to play a role in mediating the specificity of
HD pathology; tissue-specific somatic expansion of the CAG repeat, and disruption of
normal Htt function. The zebrafish (Danio rerio) model organism was selected for use in
these experiments, as it was hoped that the novel attributes of this model system would
provide new insight into these research areas, and that the outcomes would

complement previous studies performed using other models.

Zebrafish (Danio rerio) as a model system

The zebrafish system provides a useful vertebrate model in which to study early
developmental genetics. Large numbers of embryos are produced from a tank of adult
fish in a single breeding session, providing sufficient numbers for multiple time-points to
be analysed throughout development. The embryos are large, transparent and develop
externally, facilitating non-invasive observation of developing embryonic structures
under a light microscope. Embryogenesis progresses rapidly from the 1-cell zygote
stage (0 hours post fertilisation; hpf) through a series of well-defined stages (Fig. 1.6)
(204). By 26-28 hpf embryos have established a heartbeat and circulation of blood cells,
and by ~72 hpf, the early larva has hatched from its protective encasement (chorion)
and displays food-seeking and active avoidance behaviours (204, 205). Zebrafish have
a reasonably short generation time, reaching sexual maturity after 3 to 4 months.

The zebrafish HD gene homologue (hd)

The zebrafish HD gene homologue, hd, encodes a Huntingtin (Htt) protein of
3121 amino acid residues that is 70% identical to human Htt (141). Many features of
human Htt are conserved in the zebrafish homologue, including the polyglutamine tract
(4 consecutive glutamine residues) and HEAT repeats (106, 147). In accordance with
human and rodent expression, zebrafish Htt has been detected at high levels in late

embryonic development and in the adult head (141).
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Period hpf Description
Zygote 0 The newly fertilised egg through the completion of the
1-cell first zygotic cell cycle.
Cleavage 0.75 Cell cycles 2 to 7 occur rapidly and synchroniously.
2-cell to 64-cell
Blastula 2.25 Rapid, metasynchronous cell cycles
128-cell to 30% epiboly
Gastrula 5.3 Morphogenetic movements of involution, convergence,
50% epiboly to bud stage and extension from the epiblast, hypoblast, hypoblast,
and embryonic axis; through the end of epiboly.
Segmentation 10 Somites, pharyngeal arch primordia and neuromeres
1-somite to 26-somite develop; primary organogenesis; earliest movements;
the tail appears.
Pharyngula 24 Body axis straightens from its early curvatures about
Primordium-5 to high pec the yolk sac; circulation, pigmentation, and fins begin
stage development.
Hatching 48 Completion of rapid morphogenesis of primary organ
Long-pec systems; cartilage development in head and pectoral
fin; hatching occurs asynchronously.
Early larva 72 Swim bladder inflates; food seeking and active
avoidance behaviours.
1-cell 2-cell 128-cell 50% epiboly 75% epiboly Bud stage 10-somite
0.2 hpf 0.75 hpf 2.25 hpf 5.3 hpf 8 hpf 10 hpf 14 hpf
T w'*“",
L |
N =
14-somite 18-somite Long-pec Prﬁ:;“lﬂir:‘g
16 hpf 18 hpf 48 hpf 72 hof

Figure 1.6 Stages of early zebrafish development. Table and selected images taken from
(204). Abbreviatons: hpf, hours post fertilisation; pec, pectoral; Prim, primordium.
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Research aim 1: Investigation of the role of somatic instability in HD

Given the regionally specific and age-related somatic expansion that has been
observed in a knock-in mouse model of HD and also in the human disease (15, 197,
199), the first part of this work was aimed at directly addressing the question of whether
somatic instability contributes to the age of onset and/or disease severity in HD by
developing transgenic zebrafish lines expressing CAG repeats with and without
stabilising interruptions. This part of the study yielded some beneficial outcomes, but the
work was not seen to completion largely due to the fact that during the course of this
study, new data published by others cast reasonable doubt on the somatic instability
hypothesis (206, 207), as discussed at the end of Chapter 3. Consequently, more focus
was then placed on the second aim of this work (below).

Research aim 2: Investigation of the normal role of Htt in development

Previously, lack of a viable mouse model of Hit deficiency has limited
investigation of Htt function in vivo. Here a novel approach was taken by using
antisense methodology (morpholinos) to transiently ‘knock down’ hd gene function in
early zebrafish development. The level of inhibition is dependent upon the dose of
morpholinos administered, thus allowing the effects of partial Hit depletion to be
investigated. The main goal of this part of the study was to investigate the effects of Hit-
deficiency in zebrafish, in the hope that characterisation of the resulting phenotypes
might provide further insight into the biological role of Htt, and offer clues as to the
specificity of neuronal vulnerability in HD. Initial characterisation of Htt-deficient
zebrafish (described in Chapter 4), suggested a role for Htt in iron metabolism. This role
was further investigated, as described in Chapter 5. Finally, in Chapter 6, the significant
outcomes of this work are discussed in the context of Huntington’s disease.
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Chapter 2: Materials and methods

Materials

Bacterial strains

DH5a: F’, 180, lacZAM15, recA1, endA1, gyrA96, thi-1, hsdR17, (rk-, Mk+), supE44,
relA1, deoR, A(lacZYA-argF)U169. Chemically competent cells were prepared by S.

Dayan and electrocompetent cells were prepared by D. Crack.
One shot® Top10 chemically competent E. coli cells (Invitrogen).

All cells were stored in 50 ul or 200 ul aliquots at —80°C

Growth media

Bacterial media:

All bacterial media were prepared with distilled and deionised water and sterilised by
autoclaving, except heat labile reagents, which were filter-sterilised. Where indicated,
ampicillin (SIGMA) was added from a sterile stock solution to the media after

autoclaving.

Luria broth (LB): 1% (w/v) bactotryptone, 0.5% yeast extract, 1% NaCl, pH 7.0.
Supplemented with ampicillin (100 pg/mL).

Luria agar (L-agar) plates: LB with 1.5% (w/v) bactoagar supplemented with ampicillin
(100 pg/mL). If selection for loss of B-galactosidase activity was required (blue/white
transformant selection), 56 yL of 100 mM IPTG (SIGMA) and 40 pL of 20 mg/mL X-Gal
(Promega) were applied to the plate surface prior to spreading of bacteria.

SOC: 2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCly,
10 mM MgSQy4, 20 mM glucose.

Zebrafish embryo medium:
Embryo medium was prepared with sterile liquid stock solutions and MQ water.

NaHCO; was added last, as a powder.

Embryo medium: 13.72 mM NaCl, 0.54 mM KCI, 0.025 mM Na,HPO,4, 0.044 mM
KoHPQO4, 1 mM CaCl,, 1 mM MgSQy, 0.035% (w/v) NaHCOs.
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Buffers and solutions

Commercially obtained:

Ferroject iron dextran injectable solution: Swift and Company Ltd

Formaldehyde Solution (40%):
Hydrogen peroxide (30%):
Tween 20 Solution (10%):

Laboratory prepared:
Agarose gel loading dye (6 x):

Formaldehyde (4%):

Hybridisation buffer:

PBS:

PBST:

o-dianisidine stain:

Prussian blue stain:

AnalaR (MERCK Pty Ltd)
SIGMA

Bio-Rad Laboratories (Hercules, CA)

30% glycerol, 0.2% (w/v) bromophenol blue, 0.2%

(w/v) xylene cyanol.
4% formaldehyde (diluted from 40%) in 1x PBS.

50% formamide (deionised), 5x SSC, 2% Blocking
Reagent (Boehringer Mannheim), 0.1% Tween-20,
0.5% CHAPS, 50 pg/mL yeast RNA, 5 mM EDTA, 50
pg/mL heparin.

7.5 mM Na,HPO4, 2.5 mM NaH»>PO,, 145 mM NacCl.

1x PBS, 0.1% Tween 20.

40% ethanol, 0.01 M sodium acetate (pH 4.5), 0.6
mg/mL o-dianisidine, 0.65% H.O. (added fresh

immediately prior to use).

Whole embryos: 1 part 5% (w/v) potassium
ferrocyanide and 1 part 5% (~0.5 M) HCI, combined
immediately prior to use.

Isolated blood cells: 3 parts 1% HCI and 1 part 2%
potassium ferrocyanide combined immediately prior to

use.

Sodium citrate buffer: 0.1% (w/v) sodium citrate, 0.1% Triton X-100, 1x PBS.

SSC (20x%): 1.75% (w/v) NaCl, 0.88% (w/v) sodium citrate, pH 7.0.

TBE (20x): 1.8 M Tris, 1.8 M boric acid, 0.05 M EDTA, pH 8.3
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Chemical reagents

All chemical reagents were of analytical grade, or of the highest grade obtainable.

Compounds

CHAPS:

Potassium ferrocyanide:

o-dianisidine:

Bovine Serum Albumin (BSA), dessicate:
Agarose (DNA Grade):

Enzymes and indicators

Enzymes

Pfu DNA polymerase:

Pfu Turbo DNA Polymerase:
Proteinase K:

Restriction endonucleases:

Shrimp Alkaline Phosphatase (SAP):
SP6 RNA Polymerase:

SuperScript II™ RNase H™ Reverse Transcriptase:

T4 Polynucleotide Kinase, 3’ phosphatase free:
T4 DNA Ligase:

T4 DNA Polymerase:

T7 RNA Polymerase:

Taq Polymerase:

ABI Prism™ Dye Terminator Cycle Sequencing

Ready Reaction Mix:

Indicators and antibodies

BCIP:

Digoxigenin-11-UTP:

NBT:

SigmaFast™ DAB/urea tablets:
Anti-digoxigenin-AP, Fab fragments

SIGMA
SIGMA
SIGMA
SIGMA
Progen Biosciences

Stratagene
Stratagene

SIGMA

New England Biolabs
USB

Roche

Invitrogen

Roche

Roche

New England Biolabs
Roche

Invitrogen

Perkin-Elmer

Roche
Roche
Roche
Sigma-Aldrich

Roche
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Kits

Expand Long Template (ELT) PCR System: Roche
GENECLEAN® || Kit: Qbiogene
GenElute™ Plasmid Miniprep Kit: SIGMA

In Situ Cell Death Detection Kit, POD: Roche

In Situ Cell Death Detection Kit, TMR red: Roche
PCR Purification Kit: QIAGEN
pGem®-T Vector System I: Promega
QIAGEN® Plasmid Midi Kit: QIAGEN
QlAprep® Spin Miniprep Kit: QIAGEN
QlAshredder™: QIAGEN
QuikChange® Site-Directed Mutagenesis Kit: Stratagene
RNeasy® Mini Kit : QIAGEN
Plasmids

Commercial plasmids

pGem®-T: Promega
pCS2+: D. Turner, The University of Michigan (208)
pIRES2-EGFP: BD Biosciences Clontech

notch2 (notch6) clone
BJ1: M. Lardelli, The University of Adelaide (209)

DNA oligonucleotides

DNA oligos were synthesised and purified by GeneWorks Pty Ltd (Thebarton, SA).
Oligos used for cloning or in vitro mutagenesis were purified by HPLC. Oligos used for
PCR amplification and sequencing were obtained at the standard PCR grade.

Oligo sequences are given in the 5° — 3’ direction. Sequence complementary to the
template is underlined. Restriction sites in non-complementary 5’ additions are shown in
bold. Not all restriction sites were utilised in this study. Bases that anneal to, or create,
coding sequence are grouped in the open reading frame of that sequence (except for
the quantitative PCR primers). F, forward primer; R, reverse primer.
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Amplification of hd ORF(1-1503):
ZHD.F7+EcoRl: CTGATGAATTCC ATG GCC ACC ATG GAG AAGCTAA
ZHD.R7+Xbal: GACTGTCTAGATGACATCTGGTTGGCATCGGTT

Amplification of hd exon 1 and flanking sequences:
ZHD.F3+BamHI: GTCGCGGATCCCGTGCTATCAACTACCTTCAGA
ZHD.R3+EcoRI: GACCGGAATTCACATCAGTTCAGCACTCACTG T

In vitro mutagenesis to create a Kpnl site within hd CAG repeat:
ZHD.QC.F1: CTA AAATCA TTC CAG GTAC CAG CAG CAA GGC CCG CTG TC
ZHD.QC.R1: GA CAG CGG GCC TTG CTG CTG GTAC CTG GAATGA TTT TAG

Amplification of hd promoter region (~1.2 kB) and first 15 bp of hd ORF (Ncol site in
italics):

ZHD.F8+Sphl: GATGCATGCTGACCTACCATCCCATCTGAGA

ZHD.R8+Sacll: GTACCGCGG CTC CAT GGT GGC CAT TTTAACAGAAG

Addition of myc tag sequence (italics) and stop codon (TAG) to 3’ end of hd exon 1:
ZHD.R9+MTtag: CTA CAAATC TTC TTC AGAAATCAACTTTIGTTCCTIG TTT
CTG GAC GA

Oligos that anneal to create a double-stranded DNA 30mer of pure CAG repeat
sequence and were also used for PCR-based expansion of pure repeat sequences:
(CAG)10: CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG

(CTG)10: CTG CTG CTG CTG CTG CTG CTG CTG CTG CTG

Oligos that anneal to create a double stranded DNA 30mer of CAG/CAA mixed repeat
sequence and were also used for PCR-based expansion of mixed repeat sequences:
(CAG/CAA)1o: CAG CAA CAA CAG CAA CAG CAG CAA CAA CAG

(CTG/TTG)10: CTGTTGTTG CTGCTGTTGCTG TTG TTG CTG

Amplification of EGFP ORF and polyadenylation (pA) signal from pIRES2-EGFP:
pl2EGFP.F2: TGGCCACAACC ATG GTG AGC AA

pI2EGFP.F4+Sacl: AGGAGCTC ATG GTG AGC AAG GGC GAG GA
pl2EGFP.R2+Ncol: GTCCATGGACAAACCACAACTAGAATGCA

Amplification of IRES-EGFP-pA region from pIRES2-EGFP:
pI2EGFP.F3+Sacll: GATCACCGCGGTCTAGATCTCGAGCTCAAGCTTCGA
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Colony PCR screening, and sequencing:
M13F: GTAAAACGACGGCCAG
M13R: CAGGAAACAGCTATGAC

Quantitative PCR (primers are complementary to exonic sequence, and each primer
pair flanks an intron near the 3’ end of the respective transcript):

DrTfR1aF: AATCGCATTATGAGGGTGGAA

DrTfR1aR: GGGAGACACGTATGGAGAGAGC

DrTfR1bF: AAGAATAGTGACCTGGAAGACATGG
DrTfR1bR2: AATGAGACGTAAGGAGAGAGGAAATT

actalF: TGCCCAGAGGCCCTGTT
actalR: ACCGCAAGATTCCATACCCA

Morpholino oligonucleotides

Morpholino oligos (MOs) were designed and synthesised by GeneTools (LLC Ore.).
Oligo sequences are given in the 5 — 3’ direction.

MO sequences antisense to the zebrafish hd gene mRNA transcript:

haMO1: GCCATTTTAACAGAAGCTGTGATGA

(+5 to -20 with respect to the start of the hd ORF, initiation codon underlined).

haMO2: GATATAATCTGATCGGAGATAGGGT
(-22 to -46 with respect to the start of the hd ORF).

Standard negative control MO with no known target in zebrafish:
cMO: CCTCTTACCTCAGTTACAATTTATA

Mispair control MO representing hdMO1 with 5 base alterations (lower case):
mcMO1: GCgATTTcAACACAACCTGTCATGA

Methods

DNA manipulation

Standard molecular genetic techniques were performed as described in (210).
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Annealing oligonucleotides
To generate double-stranded, blunt-ended DNA fragments for cloning, equimolar

quantities of two complementary single-stranded oligos were combined in MQ water
such that each oligo was at a concentration of 100 ng/puL and then the mixture was
heated to 95°C and cooled slowly to room temperature. The 5 ends were then
phosphorylated using T4 polynucleotide kinase in the supplied kinase buffer (50 mM
Tris-HCI, 10 mM MgCl,, 5 mM dithiothreitol, pH 8.2) supplemented with 1 mM ATP, for
30 minutes at 37°C. The resulting double-stranded DNA fragments were then ready for

ligation.

Restriction enzyme digestion of DNA
Digests were carried out as suggested by the manufacturer’s instructions. When

digested DNA was to be used for cloning, reactions were terminated by heat inactivating
the enzyme where possible. In the case of enzymes that were not able to be heat
inactivated (such as Kpnl), digested DNA was purified by agarose gel electophoresis
and gel extraction.

Dephosphorylation of vector DNA
Vector DNA to be used for cloning was dephosphorylated, after linearisation by

restriction enzyme digestion, by adding 1-2 units of SAP to the digestion reaction, and
incubating at 37°C for 1 hour. Afterwards, SAP was heat inactivated by incubating at
65°C for 15 minutes.

Blunting of 3’ overhangs generated by Kpnl digestion
Vector DNA linearised by Kpnl was dephosphorylated, then the 3’ overhangs

were removed by T4 DNA polymerase (due to its 3 — 5 exonuclease activity) in the
supplied 1x NEB buffer 2 (10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 1 mM
dithiothreitol, pH 7.9) supplemented with 100 uM dNTPs (100 uM of each dNTP) and 50
pg/mL BSA (NEB). The reaction was undertaken at 12°C for 20 minutes and then the
DNA was purified using the Qiagen PCR Purification Kit according to the manufacturer’s
instructions, except that the DNA was eluted in MQ water rather than buffer in the final
step.

Purification of DNA from agarose gels
DNA bands excised from agarose gels were purified using the GENECLEAN® ||

Kit, according to the manufacturer’s instructions. MQ water was used in the final elution

step, rather than buffer.
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Ligations
Ligations of PCR-generated products into pGem-T were carried out using the

manufacturer’s instructions. For other ligations, DNA fragments to be ligated were
placed in a mix (total volume 10-20 pL) containing 1-2 units of T4 DNA ligase and 1x
ligation buffer. All ligation reactions were incubated at room temperature (22°C) for at

least 16 hours.

Transformation of bacteria

In general, transformation of E. coli with plasmid DNA was performed by heat
shock, using chemically competent DH5a cells. When higher efficiency was required,
transformation was performed by electroporating electrocompetent DH5a cells, or by
heat shock using One shot® Top10 cells.

Transformation by heat shock

Chemically competent cells were thawed on ice (from —80°C), and 50 ul added to
2-5 pL of each ligation reaction. The mixture was incubated on ice for 20 minutes, heat-
shocked for 45-50 seconds at 42°C and then returned to ice for 2 minutes. 450 ul LB
were added, and the mixture was inverted gently. The cells were incubated for 1 hour at
37°C then pelleted for 30 seconds at 6,500 rpm. 400 pl of the supernatant was
removed, and the cells were gently resuspended in the remaining LB, plated onto L-

agar plates with appropriate supplements, and incubated at 37 °C overnight.

Transformation by electroporation

Ligated DNA was first purified as follows. Ligase was inactivated by incubating
the ligation reaction at 65°C for 10 minutes. Ligation volume was made up to 50 pL with
MQ water and 500 pL of n-butanol was then added. After vortexing for 5 seconds, the
reaction was centrifuged at 12,000 rpm for 10 minutes. The DNA pellet was retained,
dried, and resuspended in 10 pL of MQ water. Typically, 5 puL was then used for
electroporation.

For transformation, electrocompetent cells were thawed at room temperature,
added to ligation reaction mixture and incubated on ice for 1-2 minutes. Cells were then
transferred to an ice-cold 2 mm electroporation cuvette and electroporated in a Bio-Rad
E. coli Pulser set to 2,500 V, 25 mFD capacitance and Capacitance Extender set to 500
mFD. The cells were immediately flushed from the cuvette with 1 ml of SOC, and the
suspension incubated at 37°C for 1 hour. Cells were then pelleted for 5 mins at 2,500

rpm, then 800 ml of the supernatant was removed, and the cells gently resuspended in
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the remaining SOC. The cells were then plated onto L-agar plates with appropriate
supplements, and incubated at 37°C overnight.

Isolation of plasmid DNA from bacteria

Small-scale preparation of plasmid DNA was performed using the GenElute
Plasmid Miniprep Kit and large-scale preparation was performed using the Qiagen
Plasmid Midi Kit. For each procedure the manufacturer’s instructions were followed,
except that MQ water was used instead of buffer in the final elution step so that the
DNA samples could be made more concentrated by evaporation, if required, using a
SpeedVac Concentrator (SAVANT).

Agarose gel electrophoresis

Molten 1% agarose dissolved in 0.5x TBE and containing ethidium bromide was
poured onto a glass plate or into a plastic gel-cast (sealed at each end with masking
tape) and set with well combs in place. The gel was submerged in 0.5x TBE in an
electrophoresis tank. DNA samples were mixed with agarose loading buffer and loaded
into wells alongside a well containing DNA markers of known size (1 Kb Plus DNA
Ladder (Invitrogen)). DNA was size-separated by applying 40-120V to the tank, and was

visualised by UV light exposure, using Gel-Doc™ apparatus (Bio-Rad).

PCR amplification of DNA

All PCR reactions were cycled in an MJ Research PTC-200 Peltier Thermal
Cycler. For amplification of PCR products < 500 bp in length, “File21” PCR conditions
were used, and “Longfile21” cycling conditions were used for products larger that 500
bp (see below, under “Cycling conditions”). Special conditions were used for PCR-
based expansion of repeat sequences as described in section below entitled “PCR-
based expansion of pure and interrupted repeats”.

PCR amplification of DNA to be used in cloning steps
PCR amplification for cloning was generally performed using the Expand Long

Template (ELT) PCR System since the DNA polymerase mix provided in this kit has
proofreading activity, but also adds 3’ A-overhangs that facilitate cloning into pGem-T.
For a given primer pair, three PCR reactions were set up, using ELT buffers 1, 2 and 3,
respectively, according to the manufacturer’s guidelines. PCR products were visualised

by agarose gel electrophoresis to see which reaction resulted in the purest and most
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abundant PCR product. The appropriate band was then excised, gel purified, and used
for cloning. For PCR ampilification of the first 1.5 kB of the hd ORF, Taq polymerase

was used, according to the manufacturer’s guidelines.

Colony PCR
Each selected transformant colony was transferred, using a sterile toothpick, to a

master plate (L-agar plus Ampicillin) then into a 10 yL PCR reaction mix containing 0.25
units of Taq polymerase, 1x supplied polymerase buffer, 0.2 mM dNTPs, 2 mM MgCl,
and 2.5 ng/uL of each primer (M13F and M13R).

Cycling conditions
File21: 10 cycles of 94°C (30 seconds), 60°C (30 seconds), 72°C (30 seconds), 25

cycles of 94°C (30 seconds), 55°C (30 seconds), 72°C (30 seconds), and finally, 72°C
for 10 minutes.
Longfile21: As for ‘File21’, except the time allowed for extension (72°C) in the cycling

steps was lengthened to 90 seconds.

In vitro site-directed mutagenesis

Primers for the site-directed mutagenesis were designed following the
instructions provided in the QuikChange Site-Directed Mutagenesis kit (Stratagene).
The reaction was carried out in a 50 pL volume. To each reaction the following was
added: 5 pL of 10x Pfu reaction buffer, 200 ng double-stranded DNA template, 125 ng
forward primer (ZHD.QC.F1), 125 ng reverse primer (ZHD.QC.R1), 1 uL of 10mM dNTP
mix (10 mM each dNTP), 5 uL DMSO and MQ water to a final volume of 49 uL. 1 uL Pfu
Turbo DNA polymerase (2.5 units/puL) was added last. The reaction was cycled in an MJ
Research PTC-200 Peltier Thermal Cycler, as follows: 150 seconds at 95°C, then 30
cycles of 30 seconds at 95°C, 60 seconds at 55°C and 20 minutes at 68°C. The
parental (non-mutated) DNA was digested by adding 1 pL of Dpn | (20 units) to the
reaction, and incubating at 37°C for 4 hours. 1 pL of this digest reaction was then
transformed by heat shock into DH5a cells and transformants were screened by
digesting colony PCR products with Kpnl to see whether the introduced restriction site

was present. The introduced mutation was further confirmed using sequencing analysis.
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PCR-based expansion of pure and interrupted repeats

The repeat tracts in plasmids hdex1(CAG).s and hdex1(CAG/CAA)4 were
expanded using an adaptation of a previously described method for introducing repeat
expansions into CAG-repeat-containing genes (211), that also proved successful for

expanding the interrupted repeat.

Expansion of CAG repeats
Preparation and execution of PCR1: 100 ng of hdex1(CAG).; plasmid was linearised

downstream of the repeat by the restriction enzyme BseRl in a 10 pL reaction volume.
A 1/100 dilution of this reaction was made, and 2 pL (2 ng) were used for PCR1 in a
total reaction volume of 20 pL, using primers ZHD.F3+BamHI| and (CTG)+o, each at a
final concentration of 2.5 ng/pL. The reaction also contained 2 mM dNTPs, 1 unit of Pfu
DNA polymerase, and 1x Pfu buffer. The PCR reactions were carried out using cycling
conditions described previously (211). Since the trinucleotide repeat primer could
anneal at various positions overlapping the template repeat sequence, PCR products
with variable and increased repeat length were generated.

Preparation and execution PCR2: 100 ng of hdex1(CAG).; plasmid was linearised

upstream of the repeat by the restriction enzyme Mscl in a 10 uL reaction volume.
Dilution and PCR amplification was carried out as for PCR1 except that primers (CAG)1o
and ZHD.R3+EcoRI were used.

Preparation_and execution of PCR3, and re-cloning of expanded products back into
pGem-T: 1 puL of PCR1 and 1 pL of PCR2 were combined with 18 uL MQ water. The

DNA species were denatured at 94°C for 5 minutes, and annealed at 65°C for 2

minutes. The reaction volume was then increased to 50 pL with the addition of 2 mM
dNTPs, 1x Pfu buffer (final concentrations) and 2.5 units of Pfu DNA polymerase, and
hybrid DNA species were elongated for 5 minutes at 72°C to reconstitute the unique
sequences flanking the repeat. Only hybrids formed between the sense strand from
PCR1 and the antisense strand from PCR2 could be extended by the polymerase, each
acting as both a primer and a template for the other. Also, since the expanded repeats
at the 3 end of each DNA species can anneal to each other in various positions
overlapping the repeat at the 3’ end of the complementary strand, further repeat
expansion could occur in this step. A 1/50 dilution was then prepared from this sample,
and 5 pl was used as template for PCR reaction 3 (PCR3), designed to amplify the
successfully reconstituted products. Additionally this reaction contained external primers
ZHD.F3+BamHI and ZHD.R3+EcoRlI (3 ng/uL each), dNTPs (0.5 mM), 0.75 ul of ELT
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enzyme and 1x ELT buffer 2 in a 50 pL total reaction volume. Since the original
template was cut between these primers by restriction enzymes BseRl or Mscl (prior to
PCR1 and PCRS, respectively) amplification of the original sequence was avoided. This
reaction yielded products ranging in size from ~400 bp (the original size) to >5 kb
viewed as a smear on an agarose gel. DNA products migrating in the size range of 650
to 1,000 bp (predicting repeat lengths of 80 to 200 repeats) on an agarose gel were
excised in a single block, purified, and ligated back into pGem-T. Transformants were
screened by colony PCR to identify expanded clones that were then sequenced to

determine the exact repeat copy number.

Expansion of CAG/CAA mixed repeat
Expansion of the interrupted repeat in plasmid hdex1(CAG/CAA)4 was achieved

in the same manner as described above for the pure repeat, except that primers
ZHD.F3+BamH| and (CAG/CAA), were used for PCR1 and primers (CTG/TTG)1, and
ZHD.R3+EcoRI| were used for PCR2. The design of the mixed repeat primers allows
them more than one possible annealing site, and the expansion procedure resulted in a
spread of product sizes similar to that obtained with the pure repeat.

Automated sequencing

DNA was sequenced using the ABI PRISM® BigDye™ v3.0 Terminator Ready
Reaction Cycle Sequencing Kit with AmpliTag™ DNA polymerase, FS (Applied
Biosystems). Typically a sequencing reaction contained 500 ng of purified double-
stranded template DNA, 20 ng of primer, 4 uL of BigDye Terminator mix (half the
amount suggested by manufacturers) and MQ water up to a 20 uL volume. Reactions
were performed using an MJ Research PTC-200 Peltier Thermal Cycler, with the
following conditions: 25 cycles of 96°C for 30 seconds, 50°C for 15 seconds and 60°C
for 4 minutes. Afterwards, the samples were purified as follows. Extension products
were precipitated for 15 minutes at room temperature (~22°C), following the addition of
80 uL of 75% isopropanol to each sample. Precipitated DNA was pelleted by
centrifugation for 20 minutes at 13,000 rpm and the supernatant was carefully removed
by pipetting. The pellet was washed by briefly vortexing in 250 pL of 75% isopropanol.
After 5 minutes of centrifugation the supernatant was carefully removed, and the pellet
was air-dried. Running of Dye Terminator gels was conducted by the Sequencing
Centre at the Institute of Medical and Veterinary Science, and the output was returned
as a Macintosh®-compatible chromatogram file that was then analysed using SeqMan

[I™ software.
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RNA extraction from zebrafish embryos and preparation of cDNA
RNA extraction

RNA was prepared from a frozen sample of 100 zebrafish embryos (72 hours
post fertilisation) as follows. The tissue was thawed, homogenised with an eppendorf
pestle in guanidine thiocyanate-containing “RLT” buffer from the RNeasy Mini Kit, and
filtered through a QlAshredder column to remove most of the insoluble debris. The flow-
through was centrifuged at maximum speed to pellet any particulate matter, and the
supernatant was transferred to a new tube. The DNA was precipitated by adding an
equal volume of ethanol, and then the RNA was extracted from the sample using the

RNeasy Mini Kit according to the manufacturer’s instructions.

Preparation of cDNA
To obtain cDNA from extracted RNA, reverse transcription was performed using

SuperScript Il RNase H Reverse Transcriptase according to the manufacturer’s

instructions.

Generation of DNA constructs not containing repeats

hdORF(1-1503): The first 1503 bp of zebrafish hd open reading frame (ORF) was
amplified from total cDNA using primers ZHD.F7+EcoRI and ZHD.R7+Xbal, and cloned
into pCS2+ (208) as an EcoRl/Xbal fragment (not shown diagrammatically).

hd(1.2):EGFP: The published zebrafish hd cDNA sequence (141); Genbank accession
no AF052603) was used to perform a BLAST search of the Sanger Centre Zebrafish
Sequencing Project genomic DNA database in order to obtain additional 5’ sequence. A
region of DNA sequence spanning ~1.2 kb 5’ to, and including, the first 15 nucleotides
of the hd ORF was amplified from zebrafish genomic DNA using primers ZHD.F8+Sphl
and ZHD.R8+Sacll and was ligated into pGem-T. A region containing the EGFP ORF
and SV40 polyadenylation (pA) signals was amplified from pIRES2-EGFP (Clontech)
using primers pl2EGFP.F2 and pl2EGFP.R2+Ncol, and ligated in frame as a Ncol
fragment downstream of the hd sequence, utilising the Ncol sites spanning both the
fourth codon of the hd ORF, and the start codon of EGFP. A schematic illustration of
this construct is shown in chapter 3 (Fig. 3.1 C).

Sequencing of this plasmid revealed 3 nucleotides within the hd 5’ sequence that
differed from the published sequence (141). Relative to the translation start site (+1),
these were G—C (-558), A—G (-529), and T—C (-223). While it is possible that these

alterations could have been introduced by DNA polymerase during PCR ampilification,
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the error rate for the polymerase enzyme mix used (from the ELT System; 4.8 x 10°) is
not sufficient to account for the observed variation (3 in 1227 nucleotides). Since the
laboratory zebrafish strains used in this study are not inbred, sequence variation is
expected, and therefore these alterations are likely to be polymorphisms.

Generation of repeat-containing constructs
Isolation of hd exon I and preparation to receive repeats

A region containing the ORF of the zebrafish hd exon 1 (99 bp), flanked by 250
bp of 5° sequence and 18 bp of intron 1, was PCR amplified from zebrafish genomic
DNA using primers ZHD.F3+BamHI| and ZHD.R3+EcoRI. This product was ligated into
the pGem-T vector in the forward orientation with respect to the vector sequence (Fig.
2.1A).

The four consecutive glutamine residues comprising the ‘polyglutamine tract’ in
zebrafish Htt are encoded by the sequence (CAG)sCAA. In order to facilitate the
expansion of this tract to pathological length, site-directed mutagenesis was performed
(using primers ZHD.QC.F1 and ZHD.QC.R1) to introduce 4 bases (GTAC) between the
first and second CAG repeat, creating a Kpn1 restriction site (Fig 2.2; method adapted
from (212)). A successful clone was selected by screening transformants using colony
PCR methods (vector primers M13F and M13R), and digesting the products with Kpn1.
Incorporation of the 4 bases was confirmed by sequencing (Fig. 2.1 B). In preparation
for the insertion of expanded repeat sequences, this vector was linearised with Kpn1,
dephosphorylated, and treated with T4 DNA polymerase to remove the resulting 3’
overhangs, providing a blunt-end insertion point into which the various repeats could be
ligated, in frame with the zebrafish hd ORF (Fig. 2.2).

Introduction of pure and interrupted repeats of modest length
To introduce initial modest expansions into the repeat tract, two pairs of complementary

oligo 30mers were used. The oligos of the first pair, for creating uninterrupted repeats,
were 5’- (CAG)o and 5’- (CTG)0. The oligos of the second pair, for creating interrupted
repeats, were 5- CAG CAA CAA CAG CAA CAG CAG CAA CAA CAG and 5- CTG
TTG TTG CTG CTG TTG CTG TTG TTG CTG (referred to as (CAG/CAA)y, and
(CTG/TTG)10, respectively). Each pair of oligos was annealed to create blunt-ended
units of 10 triplet repeats. These 10-repeat units were phosphorylated, and ligated into
the blunted Kpn1i site of hd exon 1. Resulting transformants were screened by colony
PCR methods to identify expanded clones, and selected clones were sequenced to
identify those with inserts the correct orientation. In most cases, only a single 10 repeat
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Figure 2.1 Schematic diagram illustrating the sequential steps (A-H) involved in the
generation of repeat-containing contructs (G and H), as referred to in the main text. All
inserts lie within the bacterial cloning vector, pGem-T. Inserts are in the same orientation as that
of the pGem-T vector sequence, except where indicated by an apostrophe (E and F) in which
case the insert is in the reverse orientation. Purple block colour represents sequence derived
from the zebrafish hd gene. Purple striped and paved patterns indicate pure and mixed repeat
sequences, respectively, that were inserted into the Kpnl site. The EGFP ORF is indicated in
green. Positions of the IRES and polyadenylation (pA) signals (black) and myc tag (grey) are
indicated.
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Q Q Q Q

Unmodified repeat sequence: 57’ CAG CAG CAG CAA
(within hd exon 1) 3’ GTC GIC GTC GTT
Sequence following 5’ CAG GTAC*CAG CAG CAA
site-directed mutagenesis 37 GTC*CATG GTC GTC GTT
(Kpn1 cut sites shown)

Q Q Q Q
After Kpn1 digestion and 5’ CAG CAG CAG CAA
3’ overhang removal 37 GTC GTC GTC GTT

Repeat insertion point

Figure 2.2 Introduction of a Kpnl site into the hd polyglutamine-encoding region, to
facilitate the insertion of longer repeat sequences. CAG and CAA codons each encode
glutamine (Q).

unit was incorporated. However, for the pure repeat, one transformant contained two
10-repeat units ligated in tandem, resulting in a vector containing a total of 23 CAG
repeats (plasmid ex1(CAG).3). For the interrupted repeat, a transformant with a single
10-repeat (mixed) insertion was selected (plasmid ex1(CAG/CAA)4; Fig. 2.1 C).

Further expansion of pure and interrupted repeats to pathogenic lengths
The repeat tracts in these plasmids were further expanded using a previously

described method for introducing repeat expansions into CAG-repeat-containing genes
(211), that also proved successful for expanding the interrupted repeat. The strategy is
described in the section of this Chapter, entitled ‘PCR-based expansion of pure and
interrupted repeats’.

Expanded plasmid DNA was transformed into E. coli and transformants were
analysed by colony PCR methods. For the pure repeat, 27/43 screened transformants
yielded products that appeared to have increased in size above the original length, as
visualised by agarose gel DNA electrophoresis. For the interrupted repeat, 16/29
screened transformants had increased in size. Selected transformants with predicted
repeat lengths of 80 to 100 triplets were sequenced, and clones ex1(CAG)gs and
ex1(CAG/CAA)qs were selected for further cloning steps (Fig. 2.1 D). The configuration
of CAG and CAA triplets in these clones are shown in Table 2.1.
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Clone Repeat sequence
ex1(CAG)gs CAG| (CAG)es| CAGCAGCAA
ex1(CAG/CAA)qs CAG | (CAGCAACAACAGCAACAG);sCAGCAACAACAG | CAGCAGCAA

Table 2.1 Configuration of CAG and CAA triplets within the repeat sequence in expanded
exon 1 clones hdex1(CAG)qs and hdex1(CAG/CAA)qs. Vertical bars represent the boundaries
between endogenous hd gene sequence and additional repeat sequence.

Fusion of myc tag sequence
Sequence encoding a 10 amino acid myc tag and stop codon (TAG) were added

to the 3’ end of each of the expanded hd exon 1 ORFs by PCR amplification using
primers ZHD.F3+RS and ZHD.R9+MTtag. The PCR products were ligated back into
pGem-T, and clones in which the insert had integrated in the reverse orientation were
selected by restriction analysis. Sequencing of selected clones revealed sequence
alterations within the pure repeats in 3/3 clones that were analysed. In two clones,
repeat length was unchanged but 1 or 2 nucleotide substitutions had occurred (C—T in
2 cases, G—A in one case) despite the use of ELT DNA polymerase mix that has
proofreading activity. In the third clone, the CAG repeat had contracted from 98 to 95
triplets, but there were no nucleotide substitutions so this clone (hdex1(CAG)gsmyc’)
was chosen for further steps. For the interrupted repeat, one clone was sequenced and
the integrity of the repeat sequence was conserved. This clone was named
hdex1(CAG/CAA)gsmyc’ (Fig. 2.1 E).

Addition of the hd(1.2) promoter region
In the next step, the myc-tagged exon 1 fragments were placed downstream of

the hd(1.2) promoter region. First the promoter region was amplified from genomic DNA
using primers ZHD.F8+Sph and ZHD.F3+BamHI, and ligated into pGem-T (not shown
diagrammatically). A transformant with the promoter fragment in the reverse orientation
was selected. Each myc-tagged expanded exon 1 fragment was subsequently inserted
downstream of the promoter as a Ncol fragment. The resulting clones were named
hd(1.2):ex1(CAG)gsmyc’ and hd(1.2):ex1(CAG/CAA)gsmyc’ (Fig. 2.1 F).

Addition of EGFP reporter as a bi-cistronic sequence

A fragment containing the IRES sequence, EGFP ORF and two pA signals was

PCR amplified from the eukaryotic expression vector pIRES2-EGFP, using primers
pl2EGFP.F3+Sacll (Sacll site not subsequently used) and pl2EGFP.R2+Ncol. This
product was ligated into pGem-T and a clone containing the insert in the forward
orientation was selected (IRES-EGFP; not shown). Sequence analysis revealed a
nucleotide within the IRES region that differed from the published vector sequence
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(Clontech). This G—A variation was subsequently found in the parent vector (pIRES2-
EGFP) at nucleotide position 1146, and was thus disregarded, as the vector is known to
successfully express EGFP.

The hd(1.2):ex1(CAG)gsmyc and hd(1.2):ex1(CAG/CAA)gsmyc fragments were
each released from pGem-T and ligated as Sphl/Sacll fragments, upstream of the IRES
in vector IRES-EGFP. The resulting clones were named hd(1.2):ex1(CAG)gsmyc-IRES-
EGFP and hd(1.2):ex1(CAG/CAA)gsmyc-IRES-EGFP (Fig. 2.1 G).

Addition of EGFP reporter as a fusion protein
Another set of plasmids was created in which the EGFP ORF was fused in frame

to the 3’ end of the expanded hd exon 1 fragments (the last 4 codons of hd exon 1 were
lost in doing so). First the EGFP ORF and pA signals were first PCR amplified from the
pIRES2-EGFP vector using primers pl2EGFP.F4+Sacl and pl2EGFP.R2+Ncol, and the
resulting product was ligated into pGem-T. A clone containing the insert in the forward
orientation was then selected, enabling the insert to be released with the Sacl restriction
enzyme. The myc-IRES-EGFP-pA region was removed from bi-cistronic vectors
hd(1.2):ex1(CAG)gsmyc-IRES-EGFP and  hd(1.2):ex1(CAG/CAA)gsmyc-IRES-EGFP
using Sacl (utilising an endogenous Sacl site that cuts 4 codons upstream from the 3
end of hd exon 1, and a unique site within the pGem-T vector), and was replaced with
the EGFP-pA Sacl fragment, creating fusion vectors hd(1.2):ex1(CAG)gsEGFP and
hd(1.2):ex1(CAG/CAA)esEGFP (Fig. 2.1 H).

Zebrafish maintenance and staging

Zebrafish were maintained at 28.5°C under standard conditions as described
(213). Developmental stages were determined by using both hours post fertilisation
(hpf) and morphological features (204).

Zebrafish embryo fixation

Zebrafish embryos were fixed by placing them in 4% formaldehyde (in 1x PBS)
at 4°C for at least 16 hours. Embryos 22 hpf and older were manually dechorionated
prior to fixation so that they would not be fixed out of shape. Embryos of earlier time-
points were dechorionated either before or after fixation since their shape was not

restricted by the chorion.
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Whole-mount in situ hybridisation of mRNA
Generation of probes

For synthesis of labelled RNA probe antisense to hd mRNA, template vector
hdORF(1-1503) was linearised at the 5 Clal site and transcribed with T7 RNA
polymerase in the presence of digoxigenin-labelled UTP. notch2 (notch6) probe was
prepared by linearising vector BJ1 with BamHl and transcribing with T3 RNA
polymerase in the presence of digoxigenin-labelled UTP.

Whole-mount in situ hybridisation
Pre-treatment and hybridisation of whole-mount zebrafish embryos was

performed as described (214). Proteinase K was used at a concentration of 10 ug/mL in
PBST, to further permeabilise embryos aged 36 hpf (5 minutes) and 48 hpf (10
minutes). The hybridisation buffer used is as listed earlier in this chapter. AP-conjugated
anti-digoxigenin antibody and BCIP/NBT substrate were used for probe detection, as
described (214). Embryos were stored in 80% glycerol for microscopy and photography.

Embryo microinjection conditions and solution concentrations

All MOs were solubilised in MQ water to create 2 mM stocks. Prior to
microinjection, MO stock samples were diluted to the required concentration, in MQ
water. For all experiments involving microinjection, zebrafish embryos were injected into
the cytoplasm at the 1-cell stage using an MPPI-2 Pressure Injector (Applied Scientific
Instrumentation Inc.).

In preparation for experiments involving the injection of DNA, vector DNA was
linearised (Xmnl) and purified using the QIAquick PCR Purification Kit. DNA injections
for experiments described in Chapter 3 (mosaic expression of EGFP constructs) were
performed either by S. Nornes or myself, and typically involved the injection of ~5 nL of
DNA sample at a concentration of 40 pg/uL.

Experiments involving the use of MOs (described in Chapters 4 and 5) were
performed by B. Tucker, S. Nornes, S. Wells or myself, as indicated in Table 2.2. The
MO doses administered in different experiments are also detailed in Table 2.2. For iron-
rescue experiments, Ferroject iron dextran injectable solution (Swift and Company Ltd)
(referred to here as iron-dextran) was co-injected as indicated (Table 2.2).
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Chapter Experiment MO sample | Approximate MO dose Co-injected
concentration injection (ng) sample
(mM) volume (nL) concentrations
4 EGFP knockdown?® 0.5 5 21.3 hd(1.2):EGFP
(40 pg/nL)
4 Western? (T. Henshall) 0.5 5 21.3 -
4 Initial assessment® 0.25 5 10.6 -
0.5 5 21.3 -
1.0 5 42.3 -
4 Low dose assessment® 0.1 5 4.3 -
4 Dose response’® 0.05 5 2.1 -
0.1 5 4.3 -
0.15 5 6.4 -
4 Pigment quantification® 0.1 7.5 6.4 -
4 TUNEL (POD)? 0.5 5 21.3 -
4 TUNEL (TMR red)*? 0.5 5 21.3 -
4 0.2 5 8.5 -
5 Initial o-dianisidine 0.5 2 8.5 -
assessment’
5 Prussian blue (whole- 0.2 5 8.5 -
mount)?
5 Prussian blue (isolated 0.5 2 8.5
blood cells)”
5 Iron rescue experiment 12 0.2 5 8.5 iron-dextran
(20 ng/nL)
Iron rescue experiment 2° 0.5 2 8.5 iron-dextran
(25 ng/nL)
5 Assessment of effect of 0.2 5 8.5 hd(1.2):EGFP
iron-dextran on hdMO (40 pg/nL)
function® iron-dextran
(40 ng/nL)
5 Assessment of tfr1a and 0.5 2 8.5
tfr1b transcript levels by
gPCR? (S. Dayan)

Table 2.2 Details of injection volumes and concentrations used in MO studies. Injections
were performed by a: S. Nornes, b: B. Tucker, ¢: A. Lumsden (myself), or d: S. Wells, as
indicated.

Detection and analysis of apoptosis in zebrafish whole-mount embryos
Preparation of tissue

Zebrafish embryos were fixed in 4% formaldehyde. To facilitate reagent
penetration, tissue was permeabilised as previously described (215). Briefly, embryos
were dehydrated in a graded ethanol series (50, 70, 95, 100%, 20 minutes in each),
followed by 10 minutes in acetone at —20°C. After a rinse in PBS embryos were further

permeabilised in sodium citrate buffer for 15 minutes and rinsed twice in PBS.

Detection of apoptotic cells
The fragmented DNA of apoptotic cells was labelled by TUNEL (terminal

deoxynucleotide transferase (TdT)-mediated dUTP nick-end labelling) using either the
POD (peroxidise) or TMR (tetramethylrhodamine) red In Situ Cell Death Detection Kit
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(Roche), according to the instructions of the manufacturer. For the POD (peroxidase)
kit, PBS-dissolved SigmaFast DAB/urea (H-O,) tablets (Sigma-Aldrich) were used as
the peroxidase substrate. In negative control experiments, embryos were treated in an
identical manner except that the TdT enzyme was omitted from the labelling incubation.
No staining was observed in these embryos. Embryos were equilibrated in 80% glycerol

at 4°C prior to microscopy (in the dark for TMR red-labelled embryos).

Scoring criteria
The level of apoptosis in embryos stained using the TMR red In Situ Cell Death

Detection Kit was analysed using fluorescent microscopy (See below in section entitled
‘Microscopy’). The embryos depicted as ‘low’ and ‘high’ in Chapter 4 (Table 4.1) were
designated as standards for classing the embryos. Those with a similar, or lower level of
apoptosis than that in the ‘low’ standard embryo were classed as ‘low’, and those with a
similar or higher level than that in the ‘high’ standard embryo were classed as ‘high’.
Embryos with a level of apoptosis between the ‘low’ and ‘high’ standards were classed
as ‘medium’. Classification was performed by M. Lardelli, who was unaware of the

injection status of the embryos.

Histochemical staining of haemoglobin
Staining of whole embryos

Haemoglobin activity was detected in whole embryos by performing o-dianisidine
staining, essentially using methods previously described (216). Live embryos were
placed in o-dianisidine stain for 15 minutes in the dark (the embryos die within the first
10 seconds). After incubation, the stain was removed and embryos were rinsed 2-3
times with MQ water. Embryos were post-fixed in 4% formaldehyde and stored in 80%

glycerol for microscopy.

Scoring criteria

Each stained embryo was observed under the microscope at 10x and 20x
magnification, such that individual blood cells (stained with o-dianisidine) were clearly
visible on the yolk ball. Within any given embryo, the intensity of staining was similar in
most blood cells. Embryos were scored based on whether the blood cells exhibited

weak or strong o-dianisidine staining.
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Histochemical staining of ferric iron
Staining of whole embryos

For detection of ferric iron in whole zebrafish embryos, a 3,3-diaminobenzidine
(DAB)-enhanced Prussian blue staining method was used, as follows. Fixed embryos
were immersed in a freshly prepared working solution containing 2.5% potassium
ferrocyanide and 0.25 M HCI, for 30 minutes at room temperature, then rinsed 3 times
in PBST. Potassium ferrocyanide reacts with ferric ions in the embryo, producing ferric
ferrocyanide (Prussian blue). In preparation for stain enhancement, endogenous
peroxidase activity was quenched by incubating the embryos in 0.3% H>O, (in
methanol) for 20 minutes at room temperature. Following two rinses in PBST, embryos
were incubated for 7 minutes in DAB substrate using PBS-dissolved SigmaFast
DAB/urea (H.O,) tablets (Sigma-Aldrich). Ferric ferrocyanide catalyses the H>O.-
mediated oxidation of DAB, producing a reddish brown colour. Finally embryos were
rinsed 3 times in PBST, and stored in 80% glycerol for microscopy.

Isolation and staining of blood cells
Live embryos (33 hpf) were placed in a solution of PBS, containing tricaine

(anaesthetic). Blood cells were released by cardiac puncture onto a poly-L-lysine coated
slide. Embryo debris was carefully removed with tweezers and blood cells were allowed
to settle and adhere to the slide for 30 minutes. The cells were then fixed in 4%
formaldehyde (in PBS) for 30 minutes. Ferric iron was detected using a DAB-enhanced
Prussian blue staining method similar to that used for whole embryos described above,
with a few modifications, as follows. Cells were incubated in a working solution of 0.5%
potassium ferrocyanide and 0.75% HCI (conditions previously used for staining blood
cells (217)) for 30 minutes. The cells were then rinsed 3 times in PBST. Endogenous
peroxidase activity was quenched by incubating the cells in 0.3% H20- (in methanol) for
20 minutes. Following two rinses in PBST, embryos were incubated for 4 minutes in
DAB substrate using PBS-dissolved SigmaFast DAB/urea (H.O,) tablets (Sigma-
Aldrich). Finally, cells were rinsed 3 times in PBST, and air-dried before being covered

with 80% glycerol and a coverslip for microscopy.

Microscopy

Whole live embryo images
For live embryo images, a Nikon TE300 inverted microscope was used, with
bright field optics. Black and white images were captured using a Photometrics

Coolsnap fx black and white digital camera and Digital Optics V++ precision digital
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imaging system software. Colour images (of circulating blood in the heart) were
captured using Nikon COOLPIX 995 digital camera and image colour was optimised
using Adobe Photoshop 6.0 software.

mRNA in situ hybridisations
For mRNA in situ hybridisation images, a Zeiss Axiophot microscope was used

with DIC (Nomarski differential interference contrast) optics. Images were captured
using a Fujix HC1000 digital 3CCD colour camera and Fujix Photograb imaging
software. Image collages were compiled using Adobe Photoshop 6.0 software.

EGFP fluorescence
For EGFP fluorescence images, a Nikon TE300 inverted microscope was used in

conjunction with UV excitation. Images were captured using a Photometrics Coolsnap fx
black and white digital camera and Digital Optics V++ precision digital imaging system
software. Contrast was adjusted and green colour was added to the images using

Adobe Photoshop 6.0 software.

TUNEL staining of apoptotic cells

For images of embryos TUNEL-labelled with POD, a Zeiss Axiophot microscope
was used with DIC (Nomarski differential interference contrast) optics. For images of
embryos TUNEL-labelled with TMR red, a Nikon TE300 inverted microscope was used
in conjunction with UV excitation. Images were captured using a Photometrics Coolsnap
fx black and white digital camera and Digital Optics V++ precision digital imaging
system software. Red colour was added to the images using Adobe Photoshop 6.0

software.

Prussian blue staining
Images of Prussian blue-stained whole embryos and isolated blood cells were

obtained using a Zeiss Axiophot microscope. For whole embryos, staining was
visualised using bright field optics, and DIC (Nomarski) optics was used to aid the
identification of blood cells in the intermediate cell mass. Staining of isolated blood cells
was observed using bright field optics. All images were captured using a Fujix HC1000
digital 3CCD colour camera and Fujix Photograb imaging software. Colour and contrast

were optimised using Adobe Photoshop 6.0 software.
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Quantitative PCR

The following procedures were carried out by S. Dayan, according to the
instructions of the manufacturers. Total RNA was extracted from zebrafish embryos
(approximately 30 embryos per sample) using the RNeasy mini kit (QIAGEN). From this
RNA, cDNA was synthesised using Superscript || RNase H Reverse Transcriptase
(Invitrogen). Quantitative PCR (gPCR) was performed on an ABI 7000 sequence
detection system (Applied Biosciences), using the relative standard curve method for
quantification, as described by the manufacturers. The primers used to detect tfr1a,
tfr1b and actat transcripts are listed in the appropriate section of this chapter. Primers
for tfr1ia and tfr1b were designed by S. Dayan, and acta? primers were designed by T.

Henshall, using Primer Express software (Applied Biosystems).
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Chapter 3: Investigation of the role of somatic instability in HD
pathogenesis, and progress towards a transgenic zebrafish model of
HD

Introduction

In most polyglutamine diseases, including HD, the disease-causing expanded
repeat is unstable in length. Upon transmission from one generation to the next
(particularly via the paternal germline), these expanded repeats tend to further increase
in size, leading to an earlier age of onset in subsequent generations. The disease
alleles are also commonly unstable within somatic tissues, leading to mosaicism of
repeat length within an individual. The current views on potential mechanisms of
germline and somatic repeat instability are discussed in a recent review (218).

It has been proposed that somatic instability may play a role in the pathogenesis
of CAG/polyglutamine repeat diseases, whereby the repeat length increases with age
(above the inherited copy number) until reaching a certain pathogenic threshold, above
which it becomes toxic to cells (193). This model is in agreement with inherited CAG
copy number being inversely related to age of onset in these diseases, since the more
repeats an individual inherits, the fewer years it would take for gradual somatic
expansion to raise the repeat copy number in the HD allele above that critical disease
causing length.

Interestingly, in the human HD brain (15), and in a mouse knock-in model of HD
(197), somatic instability has been observed most significantly in the regions showing
the greatest neuropathological involvement (such as the basal ganglia and cerebral
cortex), whilst the cerebellum, which is rarely affected in HD, shows limited repeat
instability;. This correlation gave rise to the suggestion that somatic expansion may
contribute to HD pathogenesis and to the specificity of neurodegeneration in this

disorder.

Research aim

The objective of this study was to investigate the contribution of somatic
instability to age of onset and disease severity in an animal model of HD. The intended
strategy was to generate transgenic zebrafish that would express the hd gene
containing either a pure CAG repeat of disease-causing length, or an interrupted repeat
tract of comparable length, comprised of a mixture of CAG and CAA codons. The CAA

codon also encodes glutamine, therefore the repeat tract would be interrupted only at
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the nucleotide level, whilst not affecting the polyglutamine tract at the protein level. As
interruptions are known to have a stabilising effect on trinucleotide repeats, it was
expected that the CAA triplets would hinder somatic expansion and allow the effects

that this has on neuropathology and on age of onset to be assessed.

Rationale behind transgene design

In the design of the transgenes to be used in this study, care was taken in
deciding 1) the protein context in which to express the repeat, 2) the appropriate repeat
length to use, 3) what promoter to use to drive expression, and 4) what reporter gene to
use. The rationale behind the decisions made in transgene design is outlined below.
The resulting expression vectors that were generated (as described in Chapter 2,
Materials and methods), and used in the experiments presented in this chapter, are

illustrated schematically in Figure 3.1.

hd(1.2):ex1(CAG)ysmyc-IRES-EGFP
— hd(1.2) promoter (CAG)gg

{ EEITEE-|  EGFP BB
pA

 ENCEEE-|  EGFP (BB
pA

hd(1.2):ex1(CAG/CAA)gmyc-IRES-EGFP
- hd(1.2) promoter (CAG/CAA)gq

hd(1.2):ex1(CAG),;EGFP

- hd(1.2) promoter (CAG)g5 EGFP ———
B pA
hd(1.2):ex1(CAG/CAA)s;EGFP
— hd(1.2) promoter CAG/CAA)q EGFP ———
pA
hd(1.2):EGFP
C = hd(12) promoter EGFP -
pA
500 b
Scale: -

Figure 3.1 Schematic representation of the expression vectors used in experiments
described in this chapter. All constructs are driven by a 1.2 kb fragment of zebrafish hd 5’
DNA sequence, and contain 2 polyadenylation signals at the 3’ end. Purple block colour
represents sequence derived from the zebrafish hd gene. (A and B) Pure (CAG)gs (striped
pattern) and mixed (CAG)gs (paved pattern) expanded repeats were incorporated into the hd
exon 1 open reading frame (ORF). Expanded hd exon 1 sequences were linked to the EGFP
ORF (green) either (A) bi-cistronically (separated by an IRES), or (B) so as to create a fusion
protein. In (A), sequence encoding a single myc tag was incorporated in frame at the 3’ end of
the exon 1 fragments. (C) Reporter construct hd(1.2):EGFP encodes a fusion protein comprised
of the first 3 amino acids of Hit (Met-Ala-Thr) followed by EGFP.
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Context of the repeat
Since the isolation of the human HD gene in 1993 (2), numerous mouse models

of HD have been generated that replicate many of the symptoms of the human disease
(summarised in (219, 220)). The models differ in various ways including whether the
expanded repeat is introduced into the endogenous Hdh gene (knock-in models), within
a truncated cDNA fragment as a transgene, or within a YAC genomic fragment
containing the whole gene (and others). Expression levels of the disease allele vary
depending on the promoter used, and the number of integrated copies of the transgene.
In general, the larger the repeat, and the shorter the fragment in which it resides, the
more severe the outcome. However, the models in which the mutation resides within
full-length Htt (such as the knock-in models and the YAC transgenic mice) show
selective neuronal cell loss that more closely resembles HD pathogenesis than models
in which a short fragment is used. Given the apparent importance of repeat context in
determining specificity of HD neurodegeneration, it would be ideal to express the repeat
in the context of the full-length gene. Currently the technology is not available to make a
knock-in model in zebrafish, therefore a transgenic approach was taken. Transgenes
were created that would express the expanded repeats within an exon 1 fragment of the
zebrafish hd gene (similar to the widely recognised R6/2 model that expresses exon 1
of the human HD gene containing an expanded repeat (71)). Although expression of the
exon 1 fragments may not lead to region-specific neurodegeneration it would still be

possible to study the effects of instability on age of onset and disease severity.

Promoter selection
In an effort to express the transgene in a similar spatial and temporal pattern to

the endogenous hd gene it is preferable to drive the transgene using the endogenous
promoter. In the R6/2 mouse model, ubiquitous transgene expression is driven by ~1 kb
of human DNA sequence upstream of the HD open reading frame (71). However, it was
unclear whether a mammalian HD promoter would be effective for driving expression in
zebrafish. Therefore a 1.2 kb region of the zebrafish hd upstream sequence was tested
for its ability to drive reporter gene expression and was found to be suitable for driving
transgene expression (as will be described in the ‘Results’ section).

Strategy for expanding the hd CAG repeat tract
As in the mouse and human Htt proteins, the polyglutamine tract in zebrafish Hit

begins at amino acid 18 (141) but is comprised of only 4 consecutive glutamine
residues (encoded by the sequence (CAG);CAA), and is not polymorphic in length.

Expanded alleles containing 70 and 140 repeats have exhibited somatic instability in
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mouse models of HD (195-197, 199), so the aim was to achieve lengths within this
range. Previously described methods for introducing trinucleotide repeats into
endogenous genes and for expanding existing repeat regions (211, 212) were adapted
for use in this study. Pure (CAG) and interrupted (CAG/CAA) repeats encoding ~100

glutamine residues were achieved (as described in Chapter 2, Materials and methods).

Reporter gene configurations
Since zebrafish embryos are transparent and develop externally, a reporter gene

encoding a fluorescent protein is a particularly useful tool for screening live embryos for
transgene expression and the enhanced green fluorescent protein (EGFP) was chosen
for this study. The constructs were designed in two ways. In one pair of constructs,
EGFP was co-expressed downstream of the mutant Htt fragment from a single bi-
cistronic mRNA transcript, by use of an internal ribosomal entry site (IRES) (Fig. 3.1 A).
In the other pair, EGFP was expressed as a fusion protein, attached near the carboxy
terminus of the mutant Htt exon 1 fragment (Fig. 3.1 B). Each design had advantages
and disadvantages and it was not initially clear which would be the most useful. As a
fusion protein, the advantage was that fluorescence would indicate the actual presence
and location of the mutant Htt peptide, but there was a risk that extending the length of
the mutant Htt peptide (by fusing to EGFP) would diminish the pathogenic effects of the
repeat. By co-expressing EGFP and the mutant Htt fragment from a bi-cistronic
transcript (separated by IRES sequence), the presence of EGFP would indicate
expression of the mutant fragment, whilst not diminishing its pathogenic effects.
However, it was unclear whether the IRES (routinely used in mammalian expression
studies) would function efficiently enough in zebrafish to facilitate EGFP expression.
Therefore a single myc-tag (10 amino acids) was fused to the carboxy terminus of the
mutant Htt fragment (in the bi-cistronic constructs) so that anti-myc antibodies could be
used to assess whether or not the mutant fragment was being expressed, in the
absence of visible EGFP fluorescence. Two polyadenylation signals were included at

the 3’ end of all transgenes to aid mMRNA processing.
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Results

Evaluating the efficacy of DNA sequence upstream of the #d ORF as a suitable transgene
promoter

To determine whether DNA sequence upstream of the hd open reading frame
(ORF) would provide a suitable promoter to drive transgene expression, the normal
pattern of hd gene expression was first examined by in situ hybridisation. This
expression pattern was then compared to the expression pattern seen when a 1.2 kB
fragment of sequence upstream of the hd ORF was used to drive expression of EGFP
using vector hd(1.2):EGFP (Fig. 3.1 C).

Normal distribution of hd mRNA in the developing zebrafish embryo
Whole-mount in situ hybridisation was performed on zebrafish embryos of

various developmental stages from 1-cell to 48 hours post fertilisation (hpf) using an
antisense probe prepared from the first 1.5 kb of hd ORF. Expression of hd transcript
was detected in all stages examined (Fig. 3.2). At the 1-cell stage, before the onset of
zygotic transcription (which begins between 2.3 and 5.3 hpf (221)), hd mRNA was
apparent at a high level and is therefore maternally supplied (Figure 3.2 A). The
distribution of transcript was uniform during gastrulation (Fig. 3.2 B), but as
development progressed, expression decreased in non-neural tissues and became
stronger in the head (Fig. 3.2 C-F). At 36 hpf, expression was also increased in the
intermediate cell mass (ICM; the major site of early haematopoiesis; Fig. 3.2 E), above
basal levels observed throughout the trunk and tail (Fig. 3.2 E). Expression in the ICM
was examined more closely, and will be described in Chapter 5. At 48 hpf, hd mRNA
was expressed highly in the head (Fig. 3.2 F), branchial arch primordium, and
developing pectoral fins (not shown), whilst basal levels persisted in the trunk and tail
(Fig. 3.2 F). The early expression of the hd gene in zebrafish development is consistent
with mammalian expression studies (107, 111, 114).

hd promoter-driven expression of EGFP in transgenic zebrafish embryos
A region of genomic DNA sequence spanning ~1.2 kb 5’ to, and including, the

first 15 nucleotides of the hd ORF was ligated in frame with, and upstream of, the EGFP
ORF (and two SV40 polyadenylation signals) in the bacterial cloning vector, pGem-T
(Promega) to create plasmid hd(1.2):EGFP (Fig. 3.1 C).
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Wildtype embryos that were injected with hd(1.2):EGFP (Fig 3.3 A) exhibited
fluorescence due to mosaic EGFP expression which was first detected throughout the
blastoderm at 8 hpf (12 hpf shown in Fig. 3.4 A,B). Expression persisted throughout
early development (Fig. 3.4 C-H) and could still be observed in a similar distribution, 8
days post fertilisation (not shown). Mosaic expression was observed in neurons, muscle
fibres (myotubes), and cells of the eye, developing heart and pectoral fins although the
extent of mosaic expression varied from embryo to embryo. After onset of circulation
(26-28 hpf), it was not uncommon to also see the occasional circulating blood cell
fluorescing. Whilst expression was mosaic, the distribution of cells expressing EGFP
was comparable to the ubiquitous distribution of endogenous hd gene expression that
was shown by mRNA in situ hybridisation (Fig. 3.2).

1-cell 10 hpf 18 hpf

oY

22hpf 36 hpf 48 hpf

Figure 3.2 Whole-mount in situ hybridisation of hd mRNA (stained purple) in early
zebrafish development. (A) Zebrafish hd transcript was detected at the 1-cell stage, prior to
the onset of zygotic expression, and is therefore maternally deposited. (B) Distribution was
uniform throughout gastrulation (10 hpf shown). (C-F) From 18 to 48 hpf expression became
stronger in the head, and weaker in the trunk/tail. At 36 hpf, transcript was detected in the
haematopoietic ICM region (E). In images (E) and (F), dark brown melanophores are visible.

58




A

Injection of S
hd(1.2):EGFP , o
construct d_
—
F, mosaics

F, germline founder

%PX

l Q Wildtype

F, progeny @ @ g
6 0O E

C D
= x T || i X
F, & l F, Q F, ¢ l 4

0% = b

Maternal expression

E
N _
9 F, 8 P Wildtype
l P Mosaic

@ @ P Heterozygote
@ @ d.’? F Homozygote

Figure 3.3 Diagram summarising the creation and breeding of hd(1.2):EGFP transgenic
zebrafish. (A) Injection of the hd(1.2):EGFP construct at the 1-cell stage produced F, founder
embryos that expressed EGFP mosaically. (B) A single F, germline founder (male) was
identified that produced transgenic embryos amongst the progeny (F1) of a pairwise mating with
a wildtype female. No EGFP expression was observed in F; embryos prior to zygotic
expression. (C) The progeny of a self-cross between male and female F; transgenics exhibited
maternal expression of EGFP. After this faded, embryos could be identified as having either
similar expression to Fy embryos, stronger expression, or no expression, putatively representing
heterozygous, homozygous and wildtype embryos, respectively. (D) Maternal expression of
EGFP was evident in the progeny of a pairwise mating between an F; transgenic female and a
wildtype male. Once this faded, embryos could be identified as being transgenic (heterozygote),
or non-transgenic (wildtype) embryos. (E) A pairwise mating between an F; transgenic male and
a wildtype female produced transgenics in the progeny, with no EGFP expression prior to
zygotic expression.
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Figure 3.4 Mosaic hd promoter-driven expression of EGFP in live F, embryos at various
developmental stages. Embryos were injected with plasmid hd(1.2):EGFP at the 1-cell stage
and observed at 12, 24, 48 and 96 hpf. Bright field (A, C, B and G) and UV illuminated (B, D, F
and H) images of the same embryos are shown. Note that at 24 hpf, embryos are particularly
active, therefore some embryos are not in the same position within the chorion in (C) as they
are in (D).

The hd(1.2):EGFP plasmid was injected into ~1100 wildtype embryos (founder
(Fo) embryos) over a number of injection sessions, of which ~350 survived to 24 hpf
(Fig. 3.3 A). In the interest of minimising progeny-screening efforts, Fo embryos
expressing EGFP were sorted into ‘high’ and ‘low’ expression groups, and these groups
were raised in separate tanks. Highly expressing embryos (for example, see Fig 3.5)
generally expressed EGFP in cells of at least two tissue types (most typically in neurons
and muscle cells) and sometimes also expressed EGFP in a few blood cells, the eye,
and/or the pectoral fin buds.
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Figure 3.5 Example of an F, zebrafish embryo exhibiting a high level of mosaic hd
promoter-driven EGFP expression in neurons, myotubes and cells of the eye and heart
at 30 hpf. Bright field (left) and UV illuminated images of the same embryo are shown.

At the time this work was performed, a high rate of embryo attrition was
experienced, with the majority of embryos (both injected and uninjected) failing to
survive past a 14-day critical period. Consequently only 13 embryos survived to
adulthood (>3 months). Eight of these had been classed as highly expressing embryos
(2 females, 6 males), and were therefore screened preferentially for germline
transmission; the reasoning being that embryos with a wider distribution of expression
would have a greater chance of the transgene having also integrated into the germline.
In a clutch of Fy embryos collected from this tank of highly expressing Fo adults, EGFP
expression was detected in 24 out of 160 embryos, indicating germline integration of the
hd(1.2):EGFP construct in at least one of these F, fish (Fig. 3.3A). To identify the
germline founder fish, pairwise crosses were performed between F, transgenic fish and
wildtype mates. A single germline founder (male) was identified, that produced 38%
transgenic progeny overall from 3 clutches (17/39, 8/43, 74/180, the denominator
representing the number of fertilised embryos in the clutch) (Fig. 3.3B). Expression was
easily detectable at 36 hpf, but not at 24 hpf, and persisted at 6 days post fertilisation.
The distribution of EGFP fluorescence in the F1 generation was ubiquitous and relatively
uniform throughout the head, trunk and tail, and also in the lens of the eye (a
characteristic that made transgenic embryos easy to recognise amongst non-transgenic

siblings) (Fig 3.6).
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Figure 3.6 Ubiquitous hd promoter-driven expression of EGFP in a transgenic F; embryo
(lower) compared to a wildtype sibling (upper) shown at 62 hpf.

Transgenic Fi embryos collected from crosses between the founder germline
transgenic male and wildtype females were subsequently raised to adulthood and were
either self-crossed to each other or out-crossed to wildtype fish. Interestingly, when F4
embryos were self-crossed (Fig. 3.3 C), all of the resulting embryos expressed a high
level of EGFP in the blastocyst from the 1-cell stage, indicating maternal product
deposition (Fig. 3.7).

Figure 3.7 Maternal expression of EGFP in the progeny (F.) of a self-cross between a
pair of F, transgenic fish. Bright field (left) and UV illuminated images shown of 128-cell stage
embryos (2.25 hpf).

By 3 days post fertilisation, fluorescence from the maternal product had faded
and the embryos could be separated into 3 groups, based on their level of (zygotic)
EGFP expression. The intensity of fluorescence at this time was either identical to F;
transgenic embryos, more intense than F; transgenic embryos, or not detectable,
putatively representing heterozygotes, homozygotes and non-transgenics, respectively
(Fig. 3.3 C). As expected, when female F; embryos were mated to wildtype males, all F»

embryos fluoresced at the 1-cell stage (Fig. 3.3 D), but when male F; embryos were
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mated to wildtype females, no maternal product was detected, and like in the F;
embryos derived from the male germline founder, fluorescence was best detected after
36 hpf (Fig. 3.3 E).

Unfortunately failure of one of the water circuitry systems in our zebrafish facility
resulted in the loss of this transgenic line, and no additional germline transgenic
founders were identified amongst the remaining 5 less highly expressing mosaic
founder fish. However the results that were achieved indicated that the 1.2 kb hd
promoter fragment contains cis elements that are sufficient to promote maternal and
zygotic expression reminiscent of endogenous hd gene expression. Therefore, this
fragment was deemed suitable for driving expression of the repeat constructs.

Conserved HD promoter elements identified by in silico analysis

Since 1.2 kb of 5’ sequence from the hd gene was able to drive ubiquitous and
maternal expression, a comparative promoter analysis was performed (in silico) to
identify transcription factor binding sites within this 1.2 kb region that are conserved in
other vertebrate HD gene promoters. The rationale was that evolutionary conservation
of a binding site would increase the chance that this site was a functional regulatory
element, and knowledge of the type of gene responses regulated by the corresponding
transcription factors may provide insight into the biological pathway(s) in which Htt acts,
thus complementing the investigation into Htt function (Chapters 4 and 5).

The Matlnspector search engine (222) was used to identify putative transcription
factor binding sites within 1.2 kb of genomic DNA sequence immediately upstream of
the translation start codon, from human, rat, mouse, pufferfish and zebrafish, and the
resulting lists were compared. Two transcription factors were found to have at least one
putative binding site in all vertebrates examined: 5 TG3-interacting factor (TGIF), and
‘cooperates with myogenic proteins 1° (COMP1) (Table 3.1). Interestingly, in each
species, one TGIF and one COMP1 site occurred in close proximity of each other, on
opposing strands, and within 400 bp of the start of translation. In human, rat, mouse and
pufferfish, the TGIF site occurred on the positive stand and the COMP1 site on the
negative strand, and the two sites were overlapping. In zebrafish, the sites occurred on
the opposite strands with respect to other species, and were adjacent to each other, but
not overlapping (Table 3.1 (bold text) and Fig. 3.8). The presence of these sites (albeit
in altered configuration) in these diverse species suggests that TGIF and COMP1 may

perform some conserved function in the regulation of HD gene expression.
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The TGIF and COMP1 target sites identified here lie upstream of (but in close

proximity to) a previously identified region of high homology between rat, mouse and

human HD promoter sequences (between positions —56 and —206 in the rat rhd

promoter) that was found to be both necessary and sufficient to drive expression of a

reporter gene in neural and somatic cell lines (223).

Position Strand Core Matrix Sequence
similarity similarity
TGIF
CONSENSUS nnntGTCAnnn
Human -238 to -228 + 1.000 1.000 ggctGTCARatc
Rat -226 to -216 + 1.000 1.000 cgctGTCAatt
Mouse -226 to -216 + 1.000 1.000 gcctGTCAatt
Pufferfish -1139to-1129 + 1.000 1.000 agctGTCAaac
-1018 to -1008 - 1.000 1.000 ccctGTCAgaa
-358 to -348 + 1.000 1.000 tcatGTCARatc
Zebrafish -773t0 -763 - 1.000 1.000 ttatGTCAgat
-334 to -324 - 1.000 1.000 tcctGTCAaaa
COMP1
CONSENSUS nnwtsATTGrcrrsranmrrnnn
Human -246 to -224 - 1.000 0.870 gcatgATTGacagccctagectg
Rat -234 to -212 - 1.000 0.804 gcagaATTGacaagcggatgetg
Mouse -234 to -212 - 1.000 0.797 gcagaATTGacaggcggatgegt
Pufferfish -366 to -344 - 1.000 0.908 tcttgATTGacatgagaaccgac
-333to -311 - 1.000 0.827 ttttgATTGgctactgagtttga
Zebrafish -562 to -540 - 1.000 0.801 aatatATTGgcaaatatacccta
-323 to -301 + 0.826 0.794 gttttATTAacccggaaatacag

Table 3.1 Putative TGIF and COMP1 binding sites occurring within 1.2 kb upstream of
the HD ORF in human, rat, mouse, pufferfish and zebrafish. Consensus binding sequences
for each transcription factor are shown in italics. The core sequence of each binding site is
capitalised. The most informative positions within the binding sequence are indicated in red.
Core and matrix similarities (calculated by Matlnspector, as described (222)) are shown
(maximum = 1.000). Positions given are relative to the translation start site (+1). In each
organism, one TGIF site and one COMP1 site overlap (or lie adjacent to each other), on
opposing strands; these sites are indicated in bold, and are also illustrated in Figure 3.8.
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H 5’ caggctagggctGTCAatcatgc —-224
uman 3’ gtccgatcecegacaGTTAgtacg
Rat 5"acgcatccgettGTCAattctge -212
a 3’ tgcgtaggcgaacaGTTAagacg
M 5’ cagcatccgectGTCAattctge -212
ouse 3’ gtcgtaggcggacaGTTRAagacg
Pufferfish 5’ gtcggttctcatGTCAatcaaga -344
utteriis 3’ cagccaagagtacaGTTAgttct
Zebrafish 5’ ttttgacaggagttttATTAacccggaaatacag -301
ebrafis 3’aaaACTGtcctcaaaataattgggcctttatgtce
Figure 3.8 Location of overlapping/adjacent putative TGIF and COMP1 binding sites
within vertebrate HD promoters. TGIF binding sites are indicated in blue, COMP1 sites
are indicated in grey. The core sequence of each binding site is capitalised, and the most
informative positions are indicated in red. Positions given are relative to the translation start
site (+1).

Mosaic expression of repeat constructs

Given that the 1.2 kb hd promoter was sufficient for driving ubiquitous
expression, and that EGFP was a useful reporter under this promoter, the promoter and
EGFP DNA sequences were incorporated into the repeat constructs (as described in
Chapter 2, Materials and methods) to produce two pairs of constructs: one pair with
EGFP expressed bi-cistronically downstream of the expanded exon 1 fragments (Fig
3.1 A), and one pair with EGFP expressed as a fusion to the carboxy terminus of the
expanded exon 1 fragments (Fig 3.1 B). One of each pair of constructs had a pure
expanded repeat of (CAG)gs within exon 1, and the other had an interrupted repeat;
CAG(CAG(CAA).CAGCAACAG)15CAG(CAA)(CAG)sCAA.
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When the IRES-containing vectors (Fig. 3.1 A) were injected into 1-cell zebrafish
embryos, EGFP expression was detectable in a proportion of embryos at 10 hpf, but
expression was weaker than the expression seen when the hd(1.2):EGFP construct
was injected. After 24 hours, minimal, if any, cells exhibited fluorescence (not shown).
Altering vector concentration and injection volume did not improve this outcome. It is
likely that the poor fluorescence was due to inefficient IRES-mediated translation of the
EGFP reporter, rather than death of cells expressing the expanded repeats (and
EGFP), since another laboratory also experienced difficulty driving fluorescent reporter
gene expression in zebrafish embryos using an IRES sequence (B. Key, personal
communication). Additionally, around the time of these experiments, Miller and
colleagues (2005) reported having successfully expressed expanded polyglutamine
repeats (fused to green fluorescent protein; GFP) in zebrafish embryos using similar
methods, and mosaic expression was evident at 24 hpf (74).

When the expanded Hit-EGFP fusion constructs were injected, mosaic EGFP
expression was evident at 10 hpf, in a pattern indistinguishable from embryos injected
with the hd(1.2):EGFP construct. Expression persisted at 48 hpf (Fig. 3.9), and was still
evident after 6 days.

]

hd(1.2):EGFP hd(1.2):ex1(CAG)esEGFP hd(1.2):ex1(CAG/CAA)ssEGFP

Figure 3.9 Mosaic expression of expanded Htt-EGFP fusion constructs in zebrafish
embryos. Embryos injected at the 1-cell stage with expanded Htt-EGFP constructs
hd(1.2):ex1(CAG)gsEGFP (B) or hd(1.2):ex1(CAG/CAA)gsEGFP (C), exhibit a similar pattern of
mosaic transgene expression to hd(1.2):EGFP (A), shown at 48 hpf.

Discussion

The primary aim of this work was to address the question of whether somatic
instability contributes to the age of onset and/or disease severity in HD. The approach
was to develop transgenic zebrafish lines expressing expanded CAG repeats with and

without stabilising interruptions, and assess differences in phenotype severity.
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Towards this aim, constructs were generated that express an N-terminal
fragment of zebrafish Htt housing a polyglutamine tract of ~100 repeats encoded by
either pure CAG repeat sequence, or by a mixture of CAG and CAA codons. Expression
was driven by 1.2 kb of hd 5’ sequence. This sequence was first shown to be able to
promote ubiquitous (and maternal) expression of EGFP in a similar distribution to the
normal pattern of hd gene expression, and at levels high enough to be able to visually
detect EGFP fluorescence in mosaic and germline transgenic embryos. In order to
detect transgenic expression of the repeat constructs, EGFP was used as a reporter,
integrated either bi-cistronically using an IRES, or as a fusion protein at the carboxy
terminus of the mutant Htt fragments.

The expanded Htt-EGFP fusion constructs (Fig. 3.1 B) were able express EGFP
mosaically in injected zebrafish embryos, at a level sufficient to facilitate visual
screening of transgene expression. This was not the case for the IRES constructs (Fig.
3.1 A). The next step would have been to make several transgenic lines from the
expanded Htt-EGFP fusion constructs, and assess them for phenotypes analogous to
those found in other model systems such as 1) behavioural/motor abnormalities, 2)
reduced lifespan, 3) aggregate formation and 4) neuropathology, and then compare the
severity of these phenotypes in the pure (CAG) versus interrupted (CAG/CAA) repeat
lines. Small pool PCR (197), or laser dissection and single-cell PCR amplification (191)
would have been appropriate techniques for the assessment of somatic expansion,
allowing correlations between phenotype severity and somatic instability to be
assessed.

In case the Htt-EGFP fusion constructs did not produce obvious disease
phenotypes within the lifespan of the zebrafish (~3 years), the IRES constructs could be
further assessed for their use as an alternative strategy for the creation of transgenics,
since disease length polyglutamine tracts are generally more pathogenic when
expressed within shorter peptide sequences than longer sequences (81, 82). Anti-myc
antibodies could be used to assess whether the expanded Htt-myc fusion proteins are
expressed in the IRES constructs, despite the absence of visible EGFP fluorescence. If
the expanded Htt-myc fusion proteins are expressed, these constructs could be used to
create transgenic fish. Germline transgenics would be able to be identified in the F4
generation by taking fin cuttings and screening by PCR-based methods for the
presence of the transgene.

Progress of this work was delayed by a number of unforeseen technical
difficulties. Recent upgrade of the zebrafish facility has overcome these and will

increase the success of future transgenesis work. However, this investigation was
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discontinued, largely due to new data published by others that cast doubt on the
somatic instability hypothesis (see below).

Recent evidence against the somatic instability hypothesis

During the course of this study Watase and colleagues (2003) published some
work that cast doubt on the hypothesis of a causative role for somatic expansion in
polyglutamine disease pathology (206). The authors assessed the instability of an
expanded Scat allele (154 CAG repeats) in a knock-in mouse model of SCA1 by
performing small-pool PCR amplification on DNA obtained from various neural and non-
neural tissues (in a manner comparable to that employed by Kennedy and Shelbourne
for examining somatic instability in HD knock-in mice (described earlier) (197)). This
SCA1 model recapitulates many features of the human disease, including specific loss
of cerebellar Purkinje cells and cells of the brainstem (224). However, Watase and
colleagues found that somatic instability did not correlate with the areas of greatest
pathology. They observed the greatest instability in the striatum, with moderate
instability in other brain regions except for the cerebellum, in which the disease allele
was relatively stable (206). Thus, in the affected regions, cell loss was observed without
somatic expansion, and in the striatum, somatic expansion was observed without any
cell loss.

The instability profile is similar to that which was observed in the HD knock-in
mouse model by Kennedy and Shelbourne (197), suggesting that rather than somatic
instability being correlated to affected regions in different polyglutamine diseases, the
striatum appears to possess properties that result in greater repeat instability than that
of other brain regions. Whilst it cannot be ruled out that somatic instability makes some
contribution to HD pathogenesis, it appears that somatic instability is not the primary
determinant of specificity of neurodegeneration in the polyglutamine diseases.

Other evidence that originally supported the somatic instability hypothesis was
that in expanded SCA1 alleles (of human SCA1 subjects), the unusual presence of CAT
interruptions suppress the onset of SCA1 symptoms beyond the age predicted for a
given repeat length (89, 201-203). It was hypothesised that the presence of these
interruptions might hinder somatic instability, thereby delaying onset of the disease.
However, this is unlikely to be the case, since the findings of Watase and colleagues in
the SCA1 mouse (206) suggest that somatic instability does not play a role in SCA1
pathogenesis. The CAT interruptions encode histidine, and therefore interrupt the
repeat tract at the protein level as well as at the DNA level. These interruptions have
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been reported to alter the conformation of polyglutamine tracts (89), and reduce their
propensity to aggregate (207). Therefore it is conceivable that SCA1 disease onset is
suppressed in these cases because the histidine interruptions within the polyglutamine
tract reduce the toxicity of the mutant ataxin-1 protein.

Given the delays due to technical difficulties, and the new findings contradicting
the hypothesis being tested, it was decided not to continue with this work, but to
concentrate on the second research aim - the investigation of normal Htt function - as

this project was producing some promising findings by this stage (Chapters 4 and 5).

Positive outcomes

Although the initial somatic instability hypothesis was not addressed in this work,
a number of beneficial outcomes were generated that complement the work that will be
described in Chapters 4 and 5.

The distribution of hd transcript in whole zebrafish embryos during developmental
stages was determined using mRNA in situ hybridisation. hd transcript was detected
prior to the onset of zygotic expression and is therefore maternally deposited. Uniform
distribution of transcript was detected throughout the embryo in early development, but
expression was later decreased in non-neural tissues and became more highly
expressed in the head in later developmental stages. This pattern of zebrafish hd
mRNA distribution is consistent with the early uniformity (107, 111, 114) and
subsequent down-regulation in non-neural tissues (107) of Hdh and rhd mRNA
transcript levels in rodent development. A large scale in situ hybridisation screen has
been performed previously by Thisse et al. (225), the results of which are accessible
from the Zebrafish Information Network (http://zfin.org). By comparison with this screen,
the general pattern of hd expression in development was found to be similar to that of
ubiquitous housekeeping genes, normally associated with the maintenance of a basal
cellular function (226). The early expression of the hd gene in zebrafish development
also indicated that this gene would be an ideal candidate for the morpholino knockdown
studies.

The expanded repeat-containing constructs (particularly the EGFP fusion
constructs) generated in this study will be useful for future generation of transgenic
zebrafish models of HD. The hd(1.2):EGFP reporter construct generated for this work
also proved useful in the morpholino studies presented in Chapters 4 and 5, since this
construct contains the morpholino target sequences (5 to and spanning the hd
translation start site) and was therefore able to be used as a tool for demonstrating the

69



effectiveness of had-directed morpholinos at binding their target sequences and
preventing protein translation.

A cross-species promoter comparison revealed two transcription factors, TGIF
and COMP1, that each has a conserved putative binding site within 400 bp of the start
of translation in human, rat, mouse, pufferfish and zebrafish HD promoter sequences.
COMP1 is a DNA-binding factor that was identified by its ability to interact with muscle-
specific transcription factor, myogenin (227). Whilst this factor is largely
uncharacterised, COMP1 binding sites have been found to be common amongst
glycolytic and respiratory chain genes (228), suggesting that this factor may play a role
in the regulation of genes involved in energy metabolism.

TGIF is a transcriptional repressor that was originally isolated by its ability to bind
the retinoid X receptor (RXR)-responsive element found in the promoter of the cellular
retinol-binding protein Il gene (229). In this promoter, the binding elements for RXR and
TGIF overlap, and the two factors exhibit mutually exclusive binding in vitro (229). TGIF
also binds to DNA sequence from the promoter of the D;s4 gene that encodes the
predominant striatal dopamine receptor (230). A positive transcriptional regulator,
Meis2, binds an overlapping site on the complementary strand. TGIF competes with
Meis2 for binding to DNA at these overlapping sites, and D;a gene expression appears
to be differentially regulated by TGIF and Meis2 in various cell types (230).

TGIF mRNA is expressed in a variety of tissues, and appears to be most
abundant in proliferative and differentiating cell lineages (229, 231). Given that TGIF is
a negative regulator of transcription, it is interesting that TGIF mRNA is barely
detectable in the brain, where the HD gene is most highly expressed (229). The TGIF
gene is, however, expressed in defined regions of the brain during developmental
stages (231), and is likely to play a critical role in brain development since loss-of-
function mutations in the TGIF gene lead to holoprosencephaly, a human birth defect
caused by incomplete cleavage of the foetal forebrain (232).

The finding that putative TGIF and COMP1 binding sites overlap in human, rat,
mouse and pufferfish HD promoters raises the possibility that these factors might
compete for binding to DNA and differentially regulate HD gene expression. However, if
this were to be the case, then the regulatory mechanism may differ in zebrafish since
although the putative COMP1 and TGIF binding sites are adjacent to each other, they
do not appear to overlap. Furthermore, the respective DNA strands on which each site
occurs in zebrafish are opposite to that of the other vertebrate promoters.

Whilst the evolutionary conservation of TGIF and COMP1 binding sites in

vertebrate HD gene promoters is not sufficient evidence to indicate transcriptional
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function conclusively, the existence of these conserved sites puts forward TGIF and
COMP1 as interesting candidate regulatory proteins for future experimental verification.
If these are indeed true binding sites, further understanding of the gene responses
regulated by TGIF and COMP1 may offer further insight into the biological role of Htt.
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Chapter 4: Developmental defects associated with Hit deficiency in
zebrafish embryos

Introduction

Huntingtin (Htt) is a ubiquitously expressed protein that is essential for embryonic
viability, but as yet its function and the biological process in which it is involved remain
unclear. Expansion of a polyglutamine tract within the N-terminus of the Htt protein
leads to the neurodegenerative disorder, Huntington’s disease. However, it is yet to be
determined whether the expanded repeat tract causes disease by attributing a toxic
novel function to the Htt protein, by disrupting normal Htt function, or by a combination
of both. Elucidation of the role of Htt and the biological pathway in which it is involved
are therefore likely to further our understanding of HD pathogenesis.

In a novel approach towards investigating Htt function, antisense morpholino
oligonucleotides (MQOs) are used in this study to transiently inhibit, or ‘knock down’ hd
gene expression during early zebrafish development. Given the early expression of the
hd gene in zebrafish embryos (Chapter 3), and that in mouse studies, Hdh inactivation
causes major developmental defects and embryonic lethality (110-112), it was
hypothesised that depletion of Hit protein levels in zebrafish embryos using MOs would
have a detrimental effect on embryonic development and produce phenotypes that
would provide insight into the normal role of Htt.

MOs are synthetic 25mer oligos that are commonly used to knock down genes of
interest in the zebrafish model system. When specifically targeted to mRNA 5’ leader
sequences or spanning the AUG translational start site, MOs inhibit translation by
annealing to the transcript and physically preventing ribosomal binding (233). MOs can
be injected at any time during the first few cleavage steps, at which stage they are able
to diffuse between cells of the blastocyst. However, due to fact that hd mRNA is
maternally deposited (Chapter 3), all MO injections in this study were performed at the
1-cell stage in order to prevent translation as early as possible. The non-degradable
nature of MOs means that after initial injection into embryos knockdown lasts until the
MOs become too diffuse to have any further effect (approximately 2-3 days, depending
on MO concentration and the abundance of target transcript).

Past investigations of Htt function in vivo have been somewhat limited by the lack
of a viable mouse model of Htt deficiency. Mouse Hdh'™ null embryos gastrulate but fail
to neurulate and rapidly degenerate causing lethality prior to birth, between 7.5 and 10
days of gestation (110-112). A major advantage of using the zebrafish/ MO system is
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that zebrafish produce optically transparent embryos that develop externally, allowing
the morphological effects of Hit knockdown to be observed in live embryos, non-
invasively, under the microscope. Furthermore, the MO method of gene knockdown
enables the extent of inhibition to be adjusted by modifying the dose of MOs

administered.

Results

Preparation for MO experiments

To identify any polymorphisms or nucleotides differing from the published hd
gene sequence (141) to be avoided when designing hd-specific MOs, a genomic region
spanning the hd translation start site was PCR amplified and sequenced. No nucleotide
variations were found within the target vicinity. Two non-overlapping MOs (hdMO1 and
haMO2) antisense to the hd 5’ untranslated region and translation initiation codon (Fig.
4.1), were subsequently designed by and purchased from Gene Tools (LLC, Ore), in
addition to a standard negative control morpholino (cMO) that lacks specificity to
zebrafish transcripts. In later studies (Chapter 5) a mispair control morpholino (mcMO1;
representing hoMO1 with 5 base modifications out of 25, see Materials and methods)
was also used. Neither of the control MOs produced any morphological defects upon

injection into 1-cell stage zebrafish embryos at the concentrations used in this study.

~ haMO1 .
AGTAGTGTCGAAGACAATTTTACCG
5’ ..AAAUAUUACCCUAUCUCCGAUCAGAUUAUAUCUUCAUCACAGCUUCUGUUAAAAUGGCCACCAUG...3’
-40 -20 +1

hd mRNA

Figure 4.1 Positions within the hd mRNA sequence targeted by antisense
morpholinos hdMO1 (red) and hdMO2 (orange) are shown relative to the translation
start site (+1; start codon underlined). hd ORF sequence is indicated in purple.

Initial optimisation of MO injection conditions

The manufacturers of MOs (Gene Tools) suggest injecting up to 10 nL of 1.0 mM
MO into the zebrafish oocyte (1-cell embryo). At the time this study commenced,
colleagues in the Lardelli laboratory were using an injection volume of ~5 nL and MO
sample concentration of 1.0 mM to successfully knock down their gene of interest, so
these measurements were used as a guide. In initial trials for this study, an injection
volume of ~5 nL, and MO sample concentrations of 1.0, 0.5 and 0.25 mM were used,
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equating to approximately 42.5, 21.3 or 10.6 ng of MO per embryo. Upon first
assessment, it appeared that 21.3 ng was the best dose to use for characterisation of
the consequences of Htt deficiency (see below), as this dose produced a greater
number of obvious morphological phenotypes (in the hdMO-injected groups) than the
lower dose (10.6 ng). The highest dose (42.5 ng) produced the same phenotypes as
21.3 ng, but the embryos were more severely affected and it was reasoned that using
the higher dose might increase the risk of encountering non-specific effects.

Different volumes and concentrations of MOs were used at various times
throughout this study, as summarised in Table 2.2 (Chapter 2). Therefore, MO dose will

be given in ‘ng’ in order to simplify comparisons between experiments.

Evaluation of morphological defects in Htt-deficient embryos

For initial phenotypic characterisation of the morphant phenotype, a 21.3 ng dose
of MOs was injected into 1-cell zebrafish embryos that were then examined throughout
early development in comparison to ¢cMO-injected and uninjected embryos. The same
spectrum of phenotypes was produced using either haMO1 or hdMO2, indicating
specificity of Htt knockdown. In general however, the effects of haMO1 were slightly
stronger than hdMO2 suggesting that hdaMO1 (targeting the translation initiation codon)
is more effective at inhibiting translation of the hd mRNA transcript than the more 5’
morpholino, hdMO2.

Early in development, throughout gastrulation, somitogenesis and early
neurulation (formation of the neural plate, neural keel and notochord), haMO-injected
embryos appeared similar to cMO-injected embryos. By 18 hpf, hdMO-injected embryos
often exhibited slight growth delay (Fig. 4.2 A-C). Brain necrosis was evident at this
time, and this persisted at 24 hpf when it was also evident that the brain ventricles had
not enlarged like they had in control embryos (Fig. 4.2 Q-S). At 26 hpf (Fig. 4.2 D-F) the
yolk extension (YE) was notably thinner than in control embryos and had totally
disappeared in most haMO-injected embryos by 48 hpf (Fig. 4.2 G-K). At this stage,
hdMO-injected embryos were shorter, and had delayed or paler pigmentation of
melanophores, small head and eyes, and pale or colourless blood. In more severely
affected embryos, the tail was often twisted and/or truncated (Fig. 4.2 | and K). By 96
hpf, the melanophores had developed in colour, but were obviously disrupted in their
patterning along the length of the body (Fig. 4.2 L-P). The body was also thinner than
control embryos, and appeared necrotic. At this stage the hdMO-injected embryos
appeared to have poorly formed jaw and branchial arch structures and the swim bladder
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Figure 4.2 Morphological appearance of Htt-deficient zebrafish embryos. Zebrafish
embryos injected with 21.3 ng of cMO (A, D, G, L, Q), haMO1 (B, E, H, I, M, N, R) or haMO2
(C, F, J, K, O, P) were examined at various developmental stages. The ¢cMO group show
normal embryonic development (A, D, G, L). At 18 hpf, hdMO-injected embryos exhibit slight
developmental delay (B, C). At 26 hpf, the yolk extension (YE) is pronounced in the control
embryos (D) but thinner in Htt-deficient embryos (E, F). At 48 hpf, hdMO-injected embryos lack
the YE and have delayed pigmentation and small eyes (H-K) in comparison to control embryos
(G). The more strongly affected embryos exhibit tail abnormalities such as curling (I) or
truncation (K). By 96 hpf, Hit-deficient embryos have small head and eyes (M-P), and the
normal alignment of melanophores along the trunk (L, arrows) is disrupted (M-P). Pericardial
oedema is often seen (for example, M, arrowhead). The more severely affected embryos are
shorter and ventrally curved (N, P). Hit-deficient embryos exhibit brain necrosis (R, S;
arrowhead) and failure to enlarge ventricles (R, S; arrows) compared to ¢cMO embryos (Q)
shown here at 24 hpf. Visible regions of the brain are labelled in (Q): cb, cerebellum; hv,
hindbrain ventricle; fv, forebrain ventricle; me, mesencephalon; mv, midbrain ventricle; nc,
neural crest; op, olfactory placode; ret, retina; te, telencephalon. Images A-P are lateral views of
live embryos that were manually dechorionated. Images Q-S are dorsal views of live embryos

within their chorion.
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had not inflated as it had in cMO-injected embryos by this time. hdMO-injected embryos
also appeared to be less responsive to touch stimuli (such as being poked with a
needle). These phenotypes were often accompanied by pericardial oedema (swelling
around the heart; Fig. 4.2 M). Very few (if any) hdMO-injected embryos survived to 8
days post fertilisation (dpf).

Assessing the effectiveness of hd-targeted MOs
Knockdown of reporter protein expression

The finding that both hdMO1 and hdMO2 produce the same spectrum of
phenotypes supports these effects being specifically due to Htt deficiency. To further
test the effectiveness of the MOs at binding the hd mRNA transcript and blocking
downstream translation, the hd(1.2):EGFP construct (described in Chapter 3) was used.
This construct contains ~1.2 kb of DNA sequence 5 to, and including, the first 9
nucleotides of the hd ORF (encompassing the hd morpholino target sequences), fused
in frame to the EGFP ORF encoding enhanced green fluorescent protein. Injection of
hd(1.2):EGFP vector DNA into zebrafish embryos at the 1-cell stage, resulted in strong
fluorescence at 10 hpf due to mosaic EGFP expression (100%, n = 45, Fig. 4.3 A). Co-
injection of cMO with hd(1.2):EGFP did not affect EGFP expression (100%, n = 28, Fig.
4.3 B), but co-injection of a mixture of hd(1.2):EGFP and either hdMO1 or haMO2 (21.3
ng) inhibited EGFP expression (hdMO1: 0%, n = 39; haMO2: 0%, n = 27, Fig. 4.3 C and
D). These results show that both haMlO1 and hdMO2 are each able to bind their hd-
specific target sequence and prevent downstream translation.

Knockdown of endogenous Htt protein (performed by T. Henshall)
In conjunction with the EGFP knockdown experiment described above,

antibodies raised (in rabbit) against the N-terminus (first 17 amino acids) of zebrafish Hit
were also used to confirm a reduction in endogenous Htt levels by western analysis.
This complementary experiment was performed in our laboratory by T. Henshall, and is
reported here only for the purpose of project completeness. Embryos were injected at
the 1-cell stage with cMO or haMO1 (21.3 ng), and extracts were prepared from these
and wildtype uninjected embryos after 48 hpf. Western blot analysis using the antisera
showed that Htt was greatly reduced in embryos injected with hdMO1 compared to
uninjected or cMO-injected embryos (Figure 4.3 E).
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hd(1.2):EGFP

hd(1.2):EGFP + haMO1 [ hd(1.2):EGFP + hdMO2

wt cMO hdMO1

240 k- R O ~Htt
40 kD . — n H-Actin

Figure 4.3 Knockdown of an EGFP reporter and endogenous Htt levels by hd-targeted
morpholinos. To test the effectiveness of the hdMOs at binding their hd target sequences and
blocking downstream translation, the hd(1.2):EGFP reporter construct (driven by DNA sequence
upstream from the zebrafish hd coding region that encompasses the haMO target sequences)
was used. (A) Injection of hd(1.2):EGFP at the 1-cell stage, resulted in strong fluorescence at
10 hpf due to mosaic EGFP expression. (B) This expression was unaffected when
hd(1.2):EGFP was co-injected with 21.3 ng of cMO. Co-injection of hd(1.2):EGFP with 21.3 ng
of haMO1 (C) or haMO2 (D) inhibited EGFP expression. (E) T. Henshall used antibodies raised
against the N-terminus of zebrafish Htt to confirm a reduction in endogenous Htt levels; Western
blot analysis of Htt expression in lysates prepared from 48 hpf embryos showed that Hit is
markedly reduced in embryos injected with 21.3 ng of haMO1 in comparison to uninjected, or
cMO-injected embryos. Actin loading control also shown.

The effect of Htt deficiency on apoptosis levels

Htt knockdown produced a large range of developmental defects. As a starting
point towards characterising the Htt-deficient embryos, apoptosis levels were assessed,
since an increased number of apoptotic cells have been observed in mouse Hdh”
knockout mice using the TdT-mediated dUTP-nick-end labelling (TUNEL) assay (110).
A pro-survival role for Htt is also supported by the finding that in vitro, transfected cells
are protected from various apoptotic stressors by over-expressing wildtype Hitt (113).

For initial assessment of apoptosis in zebrafish by TUNEL, embryos injected with
hadMO1 (21.3 ng), and wildtype uninjected embryos were fixed at 24 hpf, and stained
using the POD (peroxidase) In Situ Cell Death Detection Kit (Roche), used previously
by Cole and Ross (2001) for the characterisation of apoptosis in zebrafish development
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(215). At this time-point, a high level of apoptosis was evident both in uninjected and
haMO-injected embryos (Fig. 4.4). The staining also appeared to be superficial, even
though methods were employed to permeabilise the embryos prior to staining (see
Chapter 2, Materials and methods, and reference (215)). The pattern of apoptosis was
disrupted and less organised in the morphant embryos compared to the control group,
thus making it difficult to assess whether there was more apoptosis occurring in the

morphant embryos.

wt uninjected hdMO1

FY e Y

Figure 4.4 The normal pattern of apoptosis is disrupted in Htt-deficient embryos at
24 hpf. Apoptotic cells (stained red/brown) was detected by TUNEL (POD) in wildtype
uninjected embryos (A, C, E) and embryos injected with 21.3 ng of hdMO1 (B, D, F). In
uninjected embryos, a regular distribution of apoptosis was observed on the dorsal surface of
the head (A), in the eye, as seen in a lateral view of the head (tail also visible) (C), and in the
tail (E). The normal distribution of apoptotic cells in these regions was perturbed in Hit-
deficient embryos (B, D, F). In images A-D, rostral is to the left.

In order to reduce background levels of apoptosis, embryos were examined at 19
hpf, a stage when normal levels of apoptosis are relatively low in the developing
zebrafish (215) so an increase in apoptosis could be more easily observed.

Embryos injected with hdMO1 or ¢cMO (21.3 ng) and uninjected embryos were
TUNEL-stained at 19 hpf using the POD kit. As expected, levels of apoptosis were
minimal in all of the uninjected embryos (Fig. 4.5 A). However, a greater number of
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apoptotic cells were observed in embryos in both the ¢cMO and haMO1 groups (Fig. 4.5
B and C) compared to the uninjected embryos, suggesting that apoptosis was being
induced to some extent by the injection process itself, or as a non-specific effect of
using a relatively high morpholino dose. There was a lot of heterogeneity within each of
the eMO and hdMO1 groups regarding apoptosis levels, with some embryos showing

near wildtype levels of staining.

A
wt uninjected

e h‘ r-ﬁ
___“u-' 4

Fig 4.5 Heterogeneous levels of apoptosis amongst embryos injected with cMO or
hdMO1 in comparison to minimal levels in uninjected embryos at 19 hpf. Lateral (left) and
dorsal (right) views of 3 representative wildtype uninjected embryos (A), 8 randomly selected
cMO-injected embryos (B), and 8 randomly selected haMO1-injected embryos (C), stained
using TUNEL (POD) to detect apoptotic cells. Unfortunately, the images of wildtype embryos
were taken without the use of the microscope condenser, whilst the condenser was employed
for cMO and haMO1 images. However, whilst this resulted in increased brightness of the yolk
ball in the injected groups (B and C), the red/brown staining of the apoptotic cells is clearly
visible under both microscope conditions. Minimal apoptosis was observed in all uninjected
embryos (A). Increased apoptosis was observed in a proportion of embryos in the cMO (B) and
haMO1 (C) groups.

Apoptosis was also examined using the TMR red In Situ Cell Death Detection Kit
(Roche). Embryos injected with either haMO1 or cMO (21.3 ng) and wildtype embryos
were fixed at 19 hpf, stained using the TMR red kit, and examined by fluorescence
microscopy. Apoptosis levels were semi-quantitatively evaluated by classifying embryos
using the embryos depicted in Table 4.1 as ‘low’ and ‘high’, as designated standards;
those embryos with a level of apoptosis similar to or lower than that seen in the ‘low’
standard embryo were classed as ‘low’, and those with a level similar to or higher than
that in the ‘high’ standard embryo were classed as ‘high’. Embryos with a level of
apoptosis between the ‘low’ and ‘high’ standards were classed as ‘medium’.

Classification was performed by M. Lardelli, who was unaware of the injection status of
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Low Medium High
A
MO dose:
21.3 ng Total n
wt uninjected 24 25 0 49
(49%) (51%)
cMO 2 20 8 30
(6.7%) (66.7%) (26.6%)
haMO1 1 29 3 33
(3%) (87.9%) (9.1%)
B
MO dose:
8.5ng Total n
wt uninjected 20 16 0 36
(55.6%) (44.4%)
cMO 13 27 2 42
(30.9%) (64.3%) (4.8%)
haMOA1 3 32 2 37
(8.1%) (86.5%) (5.4%)

Table 4.1 AQuantification of apoptosis levels at 19 hpf in uninjected embryos and
embryos injected with either cMO or hdMO1. Apoptosis was detected using TUNEL (TMR
red) and classification was performed as described in the main text (and see Chapter 2,
Materials and methods). Signal in the yolk is autofluorescence (AF). Examples of individual
apoptotic cells are indicated with arrows. Injected embryos received a 21.3 ng MO dose (A), or
8.5 ng MO dose (B).

the embryos. Category allocation was done by visual estimation rather than cell-
counting, using fluorescence microscopy.

The data indicated that in both the cMO and haMO1 groups, there was a similar
shift in distribution from the ‘low’ category into the higher categories in comparison to
the uninjected group (Table 4.1 A). Therefore, consistent with earlier results using the
POD Kkit, this suggested that the process of MO injection, or non-specific effects of this
MO concentration, were causing an increase in apoptosis.

Background levels of apoptosis in the injected groups were decreased by using a
lower MO dose of 8.5 ng. Classification was performed by M. Lardelli, in the same
manner, and using the same standards as in the previous experiment. Using 8.5 ng of
MOs, the proportion of embryos (19 hpf) with a low level of apoptosis decreased from
55% (uninjected) to 30.9% in the ¢cMO group indicating a slight shift in distribution
towards the ‘medium’ and ‘high’ apoptosis categories in response to injection of cMO. In

the hdMO1-injected group the proportion of embryos with a ‘low’ level of apoptosis was
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markedly reduced to 8.1%, one quarter of the cMO value, indicating an even greater
shift (particularly from the ‘low’ to ‘medium’ category) in the haMO1-injected group. A
Chi-squared contingency comparison confirmed that the number of ‘low’ classed
embryos was significantly decreased in the hdMO1 group in comparison to the cMO-
injected group (p < 0.03). These results are consistent with previous findings of
increased apoptosis in Hdh’~ knockout mouse embryos (110), and suggest conservation

of the pro-survival role of Hit.

Pale blood and thin yolk extension phenotypes occur in the absence of other morphological
defects, using a low hdMO dose

To look for further clues as to the function of Htt, the morphant phenotype was
examined in more detail. Since Htt deficiency had such a global effect on zebrafish
development it was difficult to ascertain which aspects of the morphant phenotype were
primary effects of Htt depletion and which were secondary consequences. To address
this, embryos were injected with hdMO1 or ¢cMO using a lower dose of 4.3 ng (5 nL of
0.1 mM MO), and were closely monitored during development.

At 19.5 hpf (and stages prior to this time), hdMO1-injected embryos were
indistinguishable from embryos in the control group. The somites were forming in the
correct chevron shape, the notochord looked normal, the yolk extension looked normal
as it began to extend caudally from the yolk ball, and the tails were beginning to twitch
intermittently, like the cMO group. In all hdMO1-injected embryos the brain
compartments appeared to be forming correctly, the otic capsule (ear) was visible, and
the eyes looked normal, with both the lens and retina visible.

By 25 hpf, the head and brain of the embryos in the haMO1 group looked similar
to control embryos. Brain necrosis was not evident as it had been when the higher
concentration (21.3 ng) of hdMOs was administered. The first morphological defect
observed was a notable decrease in the width of the yolk extension that was evident at
this stage (similar to Fig. 4.2 E and F).

At 26 hpf, prior to the onset of circulation, hdMO1 embryos were thrashing their
tails like the control group. In response to each thrash of the tail, large, round,
colourless blood cells could be seen moving through the vasculature in both groups.
Many of these cells were visible in the intermediate cell mass (ICM; the main site of
early haematopoiesis) in the ventral tail region. Within the next hour, the heart started to
beat, slowly and irregularly at first, and then becoming regular, and blood began to
pulse around the early vasculature. At this stage, the only morphological difference was

the thinner yolk extension in hdMO-injected embryos compared to controls.
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After 48 hours, the hdMO-injected embryos appeared generally healthy and were
the same length as control embryos. Their head, eyes, somites and notochord looked
similar to control embryos. The pectoral fin buds had formed and the distribution of
pigment cells looked normal. All hdMO1-injected and control embryos had established
good circulation by this time and blood cells could be seen circulating through the
intersegmental blood vessels and brain as well as through the main axial vessels.
However, whilst the blood cells in control embryos had developed a reddish colour by
this stage, the blood cells in the hdMO1-injected embryos were pale, or even colourless.
The yolk extension was still thin.

At 56 hpf the thin yolk extension and pale blood phenotypes persisted.
Pericardial oedema was observed in a small proportion (3 out of 34) of haMO1-injected
embryos. By 72 hpf (3 dpf), haMO1-injected embryos looked generally healthy despite
having a thin yolk extension and pale blood. The pale blood phenotype was best
observed by looking at the heart where the blood cells are concentrated in number (Fig
4.6). At this time the pectoral fins had developed, and embryos in both groups were
spending more time upright than on their sides, due to the inflation of the swim bladder.

/

Figure 4.6 Htt-deficient embryos have a pale blood phenotype. Blood flowing through
the heart (arrows) of 72 hpf embryos treated with 4.3 ng of cMO (A) or hadMO1 (B). The
blood of Htt-deficient embryos is pale (B), in comparison to the red blood of control embryos
(A). Lateral view shown, rostral to the left.

hdMO1

At 5 dpf, many of the circulating blood cells in embryos of both groups appeared
to be the lentiform shape of differentiated erythrocytes rather than the round basophilic
shape of the immature pro-erythroblasts. In the hdMO-injected embryos, the erythroid
cells had developed some red colouration but overall the blood appeared paler than in

the control group.
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In summary, many phenotypes that were evident using the higher hdMO dose of
21.3 ng such as brain necrosis, small head and eyes, pericardial oedema, body
curvature and failure to inflate the swim bladder were not common using the lower dose
of 4.3 ng. That the thin yolk extension and pale blood phenotypes presented in the
absence of other phenotypes indicates that they are not secondary consequences of
these other phenotypes, and are therefore more likely to be primary effects of Hit

depletion.

Phenotypic frequencies are responsive to hdMO dose modifications

Next a dose-response relationship between hdMO concentration and the
frequency of occurrence of various phenotypes was assessed. Embryos were injected
either with haMO1, hdMO2, or cMO using doses of 2.1, 4.3 or 6.4 ng. The frequency of
occurrence of evident phenotypes (pale blood, thin yolk extension and tail curvature)
was then recorded at 48 hpf (Table 4.2). The tail curvature scored here was mild
arching of the tail (either dorsally or ventrally), or a wave at the tip of the tail (not
shown), and was not as severe as the curling observed using the 23.1 ng dose
described earlier. The pale blood phenotype was assessed visually, by observing the
colour of the blood passing through the heart under the microscope. The ‘thin YE’
classification included embryos that had either a thin YE or no YE at all.

From the resulting data it was evident that the phenotypes associated with Hit
deficiency presented with a hierarchy of penetrance. Pale blood was the most common
defect, followed by the thin yolk extension phenotype. Tail curvature was the least
frequent of these phenotypes, occurring only with the highest dose (6.4 ng). These 3
phenotypes were cumulative; pale blood was often observed without other phenotypes,
but a thin yolk extension was rarely observed without the co-presence of pale blood,
and tail curling was rarely seen without the co-presence of both thin yolk extension and
pale blood. To illustrate this further, out of a total of 187 embryos injected with either
hadMO1 or haMO2 in this set of experiments, 54 embryos had a thin yolk extension, and
of these, 51 also exhibited pale blood. Similarly, 13 out of 14 embryos that exhibited tail
curling also had a thin yolk extension and pale blood.

The frequency of occurrence of each phenotype increased in an haMO-dose-
dependent fashion, and these phenotypes were not observed in cMO-injected embryos.
Consistent with earlier observations using the 21.3 ng dose, the phenotypes occurred
with a higher frequency amongst hadMOf1-injected embryos than hdMO2-injected
embryos.
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MO dose: 2.1ng 4.3 ng 6.4 ng
haMO1  haMO2 MO | hdMO1  haMO2 MO | haMO1  haMO2 MO
0 0 0 25 24 0 25 24 0
Pale blood (71%)  (56%) (96%)  (96%)

. 1 0 0 12 8 0 17 16 0
Thin YE (3%) (34%)  (19%) (65%)  (64%)
Paleblood | 0 0 0 12 6 0 17 16 0
& thin YE (34%)  (14%) (65%)  (64%)

Tail curve 0 0 0 0 0 0 12 > 0
(46%)  (8%)

Paleblood | 0 0 0 0 0 0 12 1 0

& thin YE (46%)  (4%)

& tail

curve

Not 28 29 13 9 17 16 1 i 28

affected 97%)  (100%) (100%) | (26%)  (40%) (100%) | (4%)  (4%)  (100%)

Total n 29 29 13 35 43 16 26 25 28

Table 4.2 Dose-dependent effect of hdMO1 and hdMO2 on phenotypes associated with
Htt deficiency in zebrafish embryos at 48 hpf.

Failed swim bladder inflation

The swim bladder of the fish is an air-filled sac that is inflated or deflated in order

to maintain neutral buoyancy at various water depths (234) and is also used as an

auditory organ for sound production and detection. Initial bladder inflation normally

occurs at approximately 84 hpf in the zebrafish (235).

The embryos observed at 48 hpf in the dose-response study described above

were also observed at 5 dpf. At this time the majority of embryos that had been injected
with 6.4 ng of haMO1 or haMO2 had not inflated their swim bladder, and were lying on
their side (Fig. 4.7 B), whilst cMO-injected embryos were all floating upright without

exception (Fig. 4.7 A). This phenotype of failed swim bladder inflation was not apparent

in embryos injected with lower doses of 4.3 or 2.1 ng of haMO1 or haMO2.

Figure 4.7

Swim bladder
impaired in Htt-deficient embryos. The swim
bladder (arrow) is inflated by 5 dpf in control
embryos injected with 6.4 ng of cMO (A), but
often fails to inflate in embryos treated with 6.4
ng of haMO1 or haMO2 (B; representative
haMO1-treated embryo shown).

inflation

is
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Disruption of melanophore alignment at 96 hpf

From 24 hpf of zebrafish development, dark brown pigment cells called
melanophores migrate from the head, extending ventrally across the yolk ball and
caudally along the length of the body, reaching the tip of the tail by 42 hpf (204). By 96
hpf, a subset of these melanophores aligns centrally at the level of the horizontal
myoseptum of the somites. These melanophores later converge to form the central
stripe in the adult zebrafish.

One of the phenotypes of Hit-deficiency initially observed using the 21.3 ng
hdMO dose was a disruption in the alignment of melanophores along the central axis at
96 hpf (Fig. 4.2 L-P). Rather than aligning along the central axis, they appeared
enlarged, and in a haphazard distribution throughout the trunk/tail. Melanophores are
derived from the neural crest, so this disruption raised the possibility that Htt may play a
role in neural crest pathways. However, it was unclear whether or not the disrupted
pigment patterning was a secondary consequence of the overall tissue disorganisation
that was evident at this high dose.

To explore this phenotype further, embryos were injected with 6.4 ng of haMO1,
hadMO2, or cMO and the patterning of melanophores was examined at 48 and 96 hpf. At
48 hpf the melanophores appeared along the entire length of the tail in Htt-deficient
embryos, similarly to control embryos (Fig. 4.8 A and B). By this stage, a few
melanophores at the rostral end of the tail had begun to align to the horizontal
myoseptum in control embryos (Fig. 4.8 A; arrow) but not in Htt-deficient embryos (Fig.
4.8 B). At 96 hpf, melanophores were centrally aligned in control embryos (Fig. 4.8 C;

arrows) but this alignment was disrupted in hdMO-injected embryos (Fig. 4.8 D; arrows).

48 hpf 96 hpf

Figure 4.8 Alignment of melanophores to the horizontal myoseptum is disrupted in Htt-
deficient embryos. Distribution of melanophores in embryos injected with 6.4 ng of cMO (A, C)
or haMO (B, D) was examined at 48 hpf (A, B) and 96 hpf (C, D). Since haMO1 and hdMO2
produced the same result, representative examples of hdMO-injected embryos are shown in B
and D. At 48 hpf, melanophores have migrated along the length of the tail in control (A) and Hit-
deficient embryos (B), and have begun to centrally align to the horizontal myoseptum in control
embryos (A; arrow). At 96 hpf the normal alignment of melanophores along the central axis (C;
arrows) is disrupted in Htt-deficient embryos (D; arrows).
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To quantify this phenotype, embryos were classed as having disrupted
pigmentation if melanophores were not centrally aligned along the central axis (Table
4.3). Pigment disruption was seen in 78% of hdMO1-injected embryos (n = 53/68) and
82% of hdMO2-injected embryos (n = 77/94), whilst no disruption was observed in
cMO-injected embryos (0/100).

Normal Disrupted
e e e | B B e T
W‘-—__ Total n
cMO (1:)%2/0) ’ >
haMO1 (7%:3@ (21253/0) >
haMO2 (8722/0) (1133/0) i

Table 4.3 Quantification of pigment disruption at 96 hpf in embryos injected with cMO,
hdMO1 or hdMO2. Classification was performed as described in the main text. Data was
pooled from 3 experiments. MO dose was 6.4 ng per embryo.

The failure of melanophores to line up along the central axis was not due to an
absence of the horizontal myoseptum (to which the melanophores normally align), as
this feature was visible in haMO-injected embryos when viewed using Nomarski
(differential interference contrast) microscopy (not shown).

Discussion

It has previously been shown that homozygous inactivation of the Hdh gene in 3
mouse models leads to embryonic lethality after 7.5 days of gestation (110-112). The
effect of Hit deficiency is first evident during gastrulation, when although the three germ
layers are formed, development is retarded. These embryos fail to neurulate and rapidly
degenerate without forming nodes, notochord or somites. These effects are
accompanied by an increased level of apoptotic cell death in the embryonic ectoderm
(110). Whilst these studies indicate the importance of Htt during development, the
severity of the knockout phenotype has made elucidation of the exact function of Hit
difficult using these models.

The aim of this work was to transiently knock down Htt levels in zebrafish
embryos using antisense MOs, and to look for developmental consequences that could
offer novel clues as to the function of Htt. The external development and optical
transparency of zebrafish embryos facilitated the visualisation of a variety of

morphological phenotypes associated with Htt deficiency. These included pale blood,
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thin yolk extension, disrupted melanophore patterning, failure to inflate the swim
bladder, tail curling, small head and eyes, disrupted jaw/branchial structures, pericardial
oedema and reduced touch sensitivity. The same spectrum of phenotypes was
produced by either of two independent, non-overlapping hdMOs, and none of these
phenotypes were observed in cMO-injected embryos, indicating that they are specific
effects of Htt depletion. The use of TUNEL methodology also indicated an increased
level of apoptosis in Htt-deficient embryos, consistent with previous findings in mouse
(110).

The morphological effects of Htt knockdown in zebrafish manifested later in
development than in the mouse knockout models, even though hdMOs were
administered at the 1-cell stage. Using a relatively high MO dose of 21.3 ng, stages of
gastrulation, somitogenesis and early neurulation (formation of the neural plate, neural
keel and notochord) appeared to occur normally in Hit-deficient zebrafish embryos,
unlike null mouse embryos. The earliest sign of abnormal morphology in the morphants
was brain necrosis, first evident 14 to 18 hours post fertilisation.

The delayed/less severe effect of Hit deficiency in zebrafish is likely to be due to
incomplete saturation of hd mRNA transcripts by hdMOs, as suggested by the
incomplete knockdown of Hit observed in the western analysis performed by T.
Henshall (Fig. 4.3 E). It is also possible that some translation of hd mRNA may occur
prior to hdMO injection, given that a high level of maternally deposited hd transcript is
present in 1-cell embryos (Chapter 3). The ability to knock down hd gene function
incompletely is an advantage of using the MO system, since embryos are able to
survive to later stages of development and MO dose can be adjusted to observe more
subtle effects of Htt deficiency.

Knockdown of Htt levels in zebrafish revealed a requirement of Htt in multiple
developmental processes, and provided a variety of morphological phenotypes that had
investigative potential for further study of Htt function. Each of these phenotypes was
considered in the context of the current literature and information available on the
Zebrafish Information Network website (ZFIN; http://zfin.org/), to determine which

aspect would be most informative to pursue further.

Pale blood phenotype

Of all the morphological defects observed in Htt-deficient embryos, the pale
blood phenotype occurred most frequently, and (at the lowest concentrations) often
presented in the absence of other visible defects suggesting that it is a primary effect of
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Htt deficiency. Pale or ‘hypochromic’ blood is also observed in mutant zebrafish strains
with deficits in haemoglobin production (236, 237) and is often caused by a disruption in
iron metabolism (238-240). This was particularly interesting since wildtype Htt has been
implicated in haematopoiesis and iron homeostasis in cultured cells (121, 139), and also
in the transport of nutrients such as iron across the visceral endoderm from maternal to

embryonic tissues in the mouse foetus (114).

Thin yolk extension, and other phenotypes common to mutant strains with defects in
housekeeping genes

After pale blood, the thin yolk extension phenotype was the next most common
phenotype of Hitt deficiency. Whilst the yolk extension initially forms correctly by
protruding caudally from the yolk ball (18 hpf), it becomes thinner by 24 hpf and often
disappears completely.

A search of the mutant zebrafish gene database listed on the ZFIN website
revealed 34 mutant strains that also exhibit a thin yolk extension phenotype. In general
the mutations affect ubiquitous genes with essential housekeeping functions such as
those encoding polymerases, ribosomal proteins, RNA processing factors and
translation initiating factors (see Appendix A). Other phenotypes that are observed in
Htt-deficient embryos such as brain necrosis, pericardial oedema, enlargement of
melanophores and failure to inflate the swim bladder are also common amongst these
mutant strains, suggesting that these phenotypes are symptoms of general cellular
dysfunction. Therefore, these phenotypes are likely to be secondary consequences of
Htt-deficiency, and may not be particularly informative regarding the specific role of Hit.
However, the presence of these phenotypes in Htt morphants is consistent with Hit

having an important housekeeping function.

Phenotypes suggesting neural crest involvement

Some of the phenotypes associated with Htt knockdown in zebrafish suggest that
neural crest pathways are affected by Htt deficiency. Pigment cells and craniofacial
structures are derivatives of the neural crest (241) and are affected in Htt-deficient
embryos. The small head and poorly formed branchial/jaw structures observed in Htt-
deficient zebrafish might be analogous to craniofacial abnormalities that have been
observed previously in mouse embryos/pups expressing less than 50% of normal Hit
levels from a hypomorphic allele (91).
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However, since the phenotypes of small head and enlarged melanophores
observed in Hitt-deficient embryos are common amongst strains with defects in
housekeeping genes, these neural crest-related phenotypes may be secondary
consequences of cellular dysfunction, and thus may not be the most informative

phenotypes for ascertaining the role of Htt.

Increased apoptosis

Htt has been implicated as a pro-survival protein, largely due to the findings that
an increased level of apoptotic cell death is observed in knockout mice (110), and
wildtype Htt can protect cells from apoptosis caused by stress (113). Consistent with
these previous findings, a general increase in apoptosis was observed in Htt-deficient
zebrafish embryos, suggesting conservation of this aspect of Htt function.

Characterisation of this phenotype was complicated by variable background
levels, since the injection process itself appeared to induce apoptosis to some extent.
Furthermore, vast heterogeneity of apoptosis levels was observed among any given
batch of injected embryos.

A limitation of the TUNEL methods used here is that the staining appeared to be
somewhat restricted to the surface layer of embryos. In future experiments it may be
useful to stain tissue sections, or to use an alternate method of cell death detection that

has greater tissue penetrance, such as acridine orange staining of live embryos (242).

Failed inflation of the swim bladder

Htt-deficient zebrafish embryos often fail to inflate the swim bladder. Interestingly,
haemoglobin oxygen transport is involved in swim bladder inflation in adult fish, and
functional ablation of haemoglobin (by chemical modification with phenylhydrazine)
significantly impairs initial swim bladder inflation in zebrafish embryos, suggesting an
involvement of haemoglobin in this process (235). The pale blood phenotype of Hit-
deficient embryos suggested a defect in haemoglobin function in these embryos. It was
therefore thought possible that the impaired bladder inflation in Hit-deficient embryos
might be a secondary consequence of reduced haemoglobin function. However,
contradicting this argument, zebrafish genetic mutant strains that have pale blood due
to a reduction in haemoglobin levels have not been reported as having any defects in
swim bladder inflation (236, 237).
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In any case, the loss-of-swim bladder phenotype was considered a late effect in
relation to other phenotypes, and is observed in housekeeping gene mutants as
mentioned above. This phenotype is therefore most likely to be a secondary effect of

Htt-deficiency and was not investigated further in this study.

Conclusion

Of all the phenotypes associated with Hit knockdown in zebrafish embryos, the
pale blood phenotype appeared to be the most informative for investigating Htt function.
Pale blood was observed at low doses of hdMO, below the threshold required to
visualise any other morphological phenotypes, and is thus likely to be one of the primary
consequences of Htt depletion. This phenotype also suggested a requirement for Htt in
haemoglobin production, which is interesting given that previous studies support a role
for Htt in iron transport and homeostasis (114, 139).

Intriguingly, there is evidence of iron misregulation in HD. Patients exhibit
numerous signs of disrupted iron homeostasis such as decreased serum ferritin levels
(243, 244), increased striatal iron accumulation (60) and a significant increase in basal
ganglia ferritin levels early in HD progression (63, 64). Regional iron accumulation is a
suspected cause of pathology in a number of other neurodegenerative diseases due to
the potential for iron to generate reactive oxygen species. In view of the possibility that
the pale blood phenotype in Hit-deficient zebrafish embryos may be caused by a
disruption in iron metabolism, thereby hinting at a potential link between normal Hit
function and specificity of HD pathology, this aspect of the Htt morphant phenotype was
further investigated, as described in the next chapter.
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Chapter 5: Identification of a role for Huntingtin in intracellular iron
compartmentalisation

Introduction

In the previous chapter, a blood phenotype was identified as a primary
consequence of Huntingtin (Htt) knockdown in zebrafish embryos. Whilst similar
numbers of blood cells were observed in Htt morphant and wildtype embryos, the cells
appeared pale or even colourless in comparison to the redness of wildtype blood cells.
This suggested that Htt-deficient blood cells had a decreased capacity to produce
haemoglobin, the oxygen-carrying haemoprotein that gives erythrocytes their
characteristic red colour. In this chapter, the pale or ‘hypochromic’ blood phenotype of
erythroid cells was further characterised in the hope that the findings would identify a
function for Htt that would be applicable to all Htt-expressing cells.

Haemoglobin (Hb) is a tetramer of subunits each comprised of a globular protein
(globin) and a prosthetic haem group containing a single iron atom (245). Thus a
reduction in functional Hb could be caused by a disruption in either cytoplasmic globin
synthesis, regulation/initiation of mitochondrial haem biosynthesis, or iron transport and
compartmentalisation. Mutagenesis screens for defects in early zebrafish
haematopoiesis (236, 237) have generated a number of strains with hypochromic blood,
due to mutations affecting one of these 3 processes (238-240, 246-249). A previous
study into the effect of Htt deficiency on mouse haematopoiesis demonstrated that Hit
was not essential for differentiation of embryoid body cells (derived from Hdh™
embryonic stem cells) into haematopoietic progenitors, but was required for their
subsequent proliferation and survival (121). Notably, B globin expression (embryonic
BH-1 and adult B) was not reduced in these Hit-deficient haematopoietic cells (121),
suggesting that the hypochromia phenotype in Htt-deficient zebrafish was unlikely to be
caused by globin deficiency. Since Htt has been implicated in intracellular iron
homeostasis (139), and in the transport of iron from maternal to embryonic tissues
(114), it was hypothesised that Hitt deficiency was causing hypochromia due to some
perturbation of the iron pathway.

As an introduction to this work, a review of early zebrafish haematopoiesis, iron
homeostasis, haem and Hb production, and previously characterised hypochromic
zebrafish mutants will be given.
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Primitive zebrafish haematopoiesis

As in all vertebrates, zebrafish haematopoiesis occurs in two successive waves:
‘primitive” and ‘definitive’ (205). Whilst definitive haematopoiesis gives rise to cells of all
haematopoietic lineages, the first, primitive wave of haematopoiesis produces
predominantly erythroid cells. It is this period of haematopoiesis that was examined in
the current study. The site of primitive zebrafish erythropoiesis is the intermediate cell
mass (ICM), analogous to the extraembryonic yolk sac blood islands in mammals and
birds. The zebrafish ICM is located in the ventral trunk region, bordering the yolk
extension, and arises from the convergence (at the ventral midline) of two parallel
bands of lateral mesoderm (Fig. 5.1). By the completion of ICM formation at
approximately 19 hours post fertilisation (hpf), approximately 300 large, round,
basophilic cells morphologically identifiable as proerythroblasts are present within this
region (205). These cells begin to circulate through the vasculature at 24-26 hpf. The
primary function of these cells is to produce Hb.

hbbe1
16.5 hpf 2\ Figure 5.1 Position of the intermediate cell mass
(15 somite) l \ (ICM) in developing zebrafish embryos, highlighted by

the erythroid-specific distribution of haemoglobin beta
embryonic-1 (hbbe1) mRNA. Dorsal (16.5 hpf) and
lateral (20 hpf) views shown.
20 hpf These images were taken from Wingert et al, 2004,
reference (238), and are shown here to illustrate the
position of the ICM.

Iron homeostasis

For most organisms, iron is an essential element for cellular function, acting as a
vital co-factor in numerous haemoproteins (such as Hb) and non-haem iron-requiring
proteins and enzymes. However, unless appropriately chelated, high levels of iron can
be toxic, primarily due to its potential to generate reactive oxygen species (250).
Therefore, tight regulatory mechanisms have evolved that maintain a fine balance
between iron deficiency and overabundance, in order to meet cellular iron requirements
(251).

Iron is acquired via dietary absorption through the intestinal lining into the
bloodstream where it is subsequently transported throughout the body to sites of
utilisation and storage (252). Since the body has only limited physiological means of
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getting rid of excess iron, iron homeostasis is maintained by regulatory feedback
between body iron needs and intestinal iron absorption. For reference, an overview of

the pathway of iron acquisition is illustrated in Figure 5.2.

Absorption of iron

Dietary iron can be taken up into duodenal enterocytes either in an inorganic
form or as haem (252). Non-haem iron is transported across the apical surface of
enterocytes by the divalent metal transporter, DMT1 (also known as DCT1 or Nramp?2)
(253, 254). Since DMT1 transports only divalent ions, the ferric reductase duodenal
cytochrome B (Dcytb) aids in the conversion of any ferric iron to its ferrous form (255).
The uptake of haem iron is less well characterised, however HCP 1 (haem carrier
protein 1) has recently been proposed as the transporter responsible for this (256) (not
shown in Fig. 5.2). Haem absorbed into the enterocytes is degraded and the released
iron follows the same path as iron acquired from non-haem sources (252).

The plasma membrane iron exporter, ferroportin 1 (240), mediates the release of
iron from the enterocytes across the basolateral membrane into the plasma, and is
thought to act in conjunction with the membrane-bound ferroxidase, hephaestin (257).
Once in the plasma, extracellular iron is bound tightly, but reversibly by the glycoprotein,
transferrin (Tf) (251). Tf maintains ferric iron in a soluble and non-toxic form and
enables its transport throughout the body between sites of absorption, storage and
utilisation.

Iron-loaded Tf (but not iron-free apo-Tf) is specifically recognised by the Tf
receptor (TfR) on the cell surface (251). Two TfR types have been described (TfR1 and
TfR2). The first discovered and most characterised of these is TfR1 (258), which is
expressed by all iron-requiring cells and is much more abundant than TfR2 that is
predominantly expressed in the liver (259). Binding of iron-loaded Tf to the TfR initiates
clathrin-mediated endocytosis of the receptor/ligand complex into endocytic vesicles
that rapidly lose their clathrin coat and fuse to early endosomes (260). Acidification of
these endosomes by the vacuolar (V)-ATPase proton pump (261) facilitates the
disassociation of ferric iron from the Tf/TfR complexes. Steap3 has recently been
identified as the endosomal ferrireductase responsible for converting ferric iron to its
ferrous state (262), allowing its transport across the endosomal membrane into the
cytosol via DMT1 (263), the same transporter expressed in the duodenal enterocyte.
Iron free apo-Tf/TfR complexes are then recycled back to the cell surface, where the
extracellular pH releases apo-Tf from the TfR, making each available for re-use (Fig. 5.2

A).
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Figure 5.2 Diagram illustrating the key proteins involved in iron acquisition, and the
regulation of homeostatic responses to cellular iron availability by IRE-IRP interactions.
(A) Iron is absorbed from the intestinal lumen into enterocytes via divalent metal transporter
DMT1 (aided by Dcytb) and is transported through basal membrane into the plasma via
ferroportin 1 (aided by hephaestin) (ref. (252)). In the plasma, iron is bound by transferrin
(Tf). Binding of iron-loaded Tf to TfR on the plasma membrane of cells initiates clathrin-
mediated endocytosis of the receptor/ligand complex into endocytic vesicles that lose their
clathrin coat and fuse to early endosomes (ref. (260)). The decreased internal pH of the early
endosome causes iron to disassociate from apo-Tf/TfR, facilitating its release into the cytoplasm
via DMT1, aided by Steap3; (refs (262, 263)). Iron-free apo-Tf/TfR complexes are recycled back
to the cell surface for re-use. Once released iron enters the mitochondria (Mitoferrin is the
proposed solute carrier responsible for this, at least in erythroid cells; ref. (246)) where it is
incorporated into haem and iron-sulfur clusters (ISCs). Haem synthesis is initiated by ALAS
(ALAS2 is the erythroid-specific isoform) (ref. (264)). Haem is then utilised by mitochondrial and
cytoplasmic haemoproteins (ref. (252)). In erythroid cells, most haem is utilised (in conjunction
with globin) as haemoglobin (Hb). ISCs are important co-factors in many mitochondrial and
cytoplasmic proteins and enzymes (refs (265, 266)). Glutaredoxin 5 is required for ISC
formation (ref. (249)). Iron is also utilised by a number of hon-haem, non-ISC, iron-requiring
proteins such as hydroxylases (ref. (267)). Excess iron not immediately required for cellular use
is stored in the intracellular iron storage molecule, ferritin (ref. (268)).

(B) In conditions of low iron availability, iron regulatory proteins IRP1 and IRP2 translationally
regulate expression of a number of proteins by binding to iron response elements (IREs) in the
target transcripts, either in the 5° UTR to inhibit translation (in the case of ferritin, ALAS2 and
mitochondrial (m-) aconitase) or the 3° UTR to stabilise the transcript and increase translation
(in the case of TfR1) (refs (251, 252)). (C) However, in conditions of high iron availability,
IRP1 exists in its ISC-bound (non IRE-binding) form as cytosolic (c-) aconitase, and IRP2 is
degradation prone. Consequently, translation of ferritin, ALAS2 and m-aconitase is permitted,
and the TfR1 is down-regulated due to mRNA transcript degradation (refs (251, 252).

In previously characterised hypochromic zebrafish mutants (discussed later in this chapter), Hb
production is disrupted due to mutations affecting zebrafish orthologues of DMT1
(chardonnay), ferroportin 1 (weissherbst), TfR1 (chianti, affecting the erythroid-specific tfr1a
gene), Mitoferrin (frascati), ALAS2 (sauternes), Glutaredoxin 5 (shiraz) and globin
(zinfandel) (refs (238-240, 246-249)).
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Once in the cytoplasm, iron is available for utilisation by non-haem iron-requiring
proteins (such as aromatic amino acid hydroxylases (267)), or for mitochondrial haem
biosynthesis and iron-sulfur cluster (ISC) formation (Fig. 5.2 A). Haem and ISCs are
important co-factors in many mitochondrial and cytoplasmic proteins and enzymes. In
addition to Hb, other haemoproteins include myoglobin, respiratory cytochromes,
oxygenases, peroxidases, nitric oxide synthase and guanylate cyclase (252). I1SC-
requiring proteins and enzymes include mitochondrial and cytosolic aconitases, and

components of mitochondrial respiratory complexes |, Il and 11l (265, 266).

Iron storage

Surplus iron that is not immediately required for cellular use is sequestered within
the intracellular iron storage protein, ferritin. Ferritin is a hollow shell-like structure
(comprised of 24 subunits of heavy (H) and light (L) chains) that can accommodate up
to 4500 ferric ions (268). Different cell types typically contain varying levels of ferritin
depending on their function and iron requirement. Erythroid cells have a very high iron
requirement, containing the majority of the body’s iron within Hb. Ferritin is not normally
expressed in these cells, as imported iron is quickly utilised in Hb production. Most iron
is stored in the hepatocytes of the liver, and in reticuloendothelial macrophages (252).

Haem biosynthesis

Haem biosynthesis is a multi-step pathway requiring eight nuclear encoded
enzymes (see for review (269)). The pathway begins and terminates in the
mitochondria, but intermediate steps take place in the cytosol. The first step is catalysed
by 5-aminolevulinic acid synthase (ALAS). Two ALAS isoforms exist; ALAS1, a
housekeeping isoform, and ALAS2 that is erythroid specific. In the final step of haem
synthesis, a ferrous ion is inserted into protoporphoryn IX, catalysed by ferrochelatase
in the mitochondria (269). Haem is then utilised in mitochondrial haemoproteins such as
respiratory cytochromes, or is transported into the cytosol to be incorporated into other
cellular haem-requiring proteins such as Hb and myoglobin in the blood and muscle,
respectively.
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Composition of haemoglobin

The haemoglobin (Hb) molecule is a tetramer composed of two a-globin subunits
and two B-globin subunits, each coordinated with a prosthetic haem group. Haem is a
heterocyclic porphyrin ring containing a single iron atom that, in its divalent (Fe?*, or
ferrous) form, is responsible for the binding of oxygen (245).

Regulation of cellular iron homeostasis by the IRP/IRE system

The expression levels of many proteins involved in iron homeostasis are
regulated post-transcriptionally by the presence of ‘iron responsive elements’ (IREs) in
the untranslated regions (UTRs) of mRNAs encoding these proteins (251, 252)(Fig 5.2
B and C). When cellular iron levels are depleted, iron responsive proteins IRP1 and
IRP2 are activated to bind to the stem-loop structure formed by the IRE motif. Whether
the IREs lie in the 5’ or 3 UTR of a particular mRNA determines whether IRP binding
results in translational silencing, or transcript stabilisation, respectively.

Expression of TfR1 (but not TfR2) and ferritin (both H and L chains) is
reciprocally regulated by the IRP-IRE system (Fig. 5.2 B and C). In low iron conditions,
the interactions of IRPs with five IREs in the 3" UTR of TfR1 mRNA stabilises the
transcript which would otherwise be sensitive to ribonuclease degradation. This mRNA
stabilisation results in the up-regulation of TfR1 expression levels, leading to an
increase in TfR-mediated iron uptake. In the case of ferritin mMRNA, the IRP-IRE
interaction in the 5 UTR inhibits translation, resulting in decreased ferritin synthesis.
Conversely, in iron-replete cells IRP1 and IRP2 are inactivated, allowing TfR1 mRNA
degradation and ferritin mRNA translation to occur. As a result, iron uptake is reduced,
and excess intracellular iron is able to be sequestered within ferritin.

Other proteins whose expression is also regulated by the IRP/IRE system include
ALAS2 and mitochondrial aconitase (m-aconitase) (Fig. 5.2 B and C). Incompletely
characterised IREs have also been found in ferroportin 1 and DMT1 mRNAs.

Iron regulatory proteins (IRPs)

IRP1 and IRP2 both bind IREs in conditions of iron deficiency but not in iron
replete cells, and thus act as cellular iron sensors (Fig. 5.2 B and C). The two proteins
share some homology, but their activity is differentially regulated (251, 252). In iron-
replete cells, IRP1 assembles an ISC to become enzymatically active as cytosolic

aconitase (c-aconitase), an enzyme involved in the citrate cycle. In this form it is unable
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to bind IRE sequences. Iron starvation conditions result in the disassembly of the ISC,
and IRP1 regains IRE-binding activity. In contrast, IRP2 is subject to proteasomal
degradation in iron-replete cells, but is synthesised de novo and is stable under

conditions of iron deficiency (or hypoxia).

Hypochromic mutants generated previously in zebrafish haematopoietic screens

The zebrafish has been identified as an ideal model organism in which to study
early haematopoiesis (205). The transparency of zebrafish embryos allows the
observation of the relative number and colour of blood cells from onset of circulation.
The blood cells generally resemble those of other vertebrates. Hb in erythroid cells has
the typical aoP. quaternary structure of higher vertebrates, and the pathways of iron
transport and haem biosynthesis are well conserved.

Two chemical mutagenesis screens for defects in primitive zebrafish
haematopoiesis have generated over 40 mutant strains comprising 26 complementation
groups. These groups are categorised as having either no red blood cells (bloodless
mutants), progressive anaemia (decreasing numbers of pigmented blood cells),
hypochromic anaemia (blood cells having reduced pigmentation and decreasing blood
count), or photosensitive blood cells that autofluoresce and lyse upon light exposure
(236, 237).

The blood phenotype of Htt morphants described in Chapter 4 resembles the
mutants in the category with hypochromic anaemia of which there are currently 9 (236,
237, 246). Decreased Hb production was confirmed in these mutants, by o-dianisidine
or diaminofluorene staining. Seven of the hypochromic mutant loci including
chardonnay, chianti, frascati, sauternes, shiraz, weissherbst and zinfandel have been
mapped by positional cloning, to genes required for Hb production (238-240, 246-249),
as described below (and see Fig. 5.2 A).

The weissherbst hypochromic mutation mapped to the gene encoding
ferroportin 1, that as well as being required for absorption of iron from the gut, was also
found to be required in early zebrafish development for absorption of iron from the
maternally supplied yolk stores, into the bloodstream (240). Mutations in dmt1 are
responsible for hypochromia in chardonnay mutants (239). In zebrafish, gene
duplication has given rise to two isoforms of TfR1: an erythroid specific isoform encoded
by tfria and a ubiquitously expressed isoform encoded by tfr1b. In chianti mutants,
hypochromia is caused by a mutation in the erythroid specific tfria gene (238).
Hypochromia in frascati mutants is caused by mutation of the mitoferrin gene, which
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encodes a mitochondrial solute carrier protein (of the SLC25 family). Mitoferrin is
essential for erythroid haem synthesis due to its role in importing iron into the
mitochondria (246). Mutations in alas2 (encoding alas2, responsible for catalysing the
first step in erythroid haem biosynthesis) are responsible for sauternes hypochromia
(247). The shiraz hypochromic mutation mapped to the grx5 gene, encoding
glutaredoxin 5, a mitochondrial protein that is required for ISC formation in the erythroid
lineage (249). In shiraz mutants, lack of ISC assembly prevents the shift of IRP1 from its
IRE-binding form to its non-IRE-binding (c-aconitase) form. Consequently, IRP-IRE
binding in the 5 UTR of alas2 mRNA inhibits translation, thus preventing haem
biosynthesis and Hb production. The zinfandel hypochromic mutation maps in close
proximity to the major zebrafish globin locus and perturbs expression of all six known
zebrafish embryonic globin genes (248). This mutation is suspected to cause a
regulatory defect, since no coding mutations were detected within closely linked
embryonic globin genes.

Zebrafish mutations affecting enzymes downstream of alas2 in the haem
biosynthesis pathway, such as uroporphyrinogen decarboxylase (270) and
ferrochelatase (271), cause photosensitivity rather than hypochromia. The erythrocytes
in these mutants autofluoresce and lyse due to the increased accumulation of toxic
haem precursors. This effect was not observed in hdMO-injected embryos.

The hd gene would not be identified in haematopoietic mutant screens such as
those described above, since mutants with only blood-specific phenotypes were
characterised, and Htt-deficient embryos display a wide range of phenotypes in addition
to pale blood (Chapter 4). The hypochromic mutant strains described above have only
minor additional phenotypes (for example cardiomegaly), if any, during development,
and affect genes that are predominantly or exclusively expressed in the erythroid
lineage (in the ICM; Fig. 5.1) or in the peripheral layer surrounding the yolk, in the case
of iron transporter, ferroportin 1. Since the hd gene is ubiquitously expressed (Chapter
3), it was hoped that characterisation of the hypochromia phenotype would reveal a

global role for Htt that would apply to all Htt-expressing cells.

Results

Expression of #d mRNA in zebrafish erythroid tissue

Zebrafish embryos hybridised with hd mRNA probe were re-examined with a
focus on the ICM, to see if hd is normally expressed in erythroid cells that manufacture
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Hb, as this would be consistent with Htt having a role in these cells. hd mRNA was
detected ubiquitously throughout the tail, including the ICM at 22 hpf, prior to the onset
of circulation of erythroid cells (Fig. 5.3 B). Expression is shown here in comparison to
notch2 expression, which is detected in somites but is notably absent in the ICM (Fig.
5.3 A). Expression of hd mRNA was also detected in the posterior ICM at 36 hpf (Fig 3
G), at higher levels than the rest of the tail. At this time the majority of circulating cells
are of the erythroid lineage, although haematopoietic activity in the ICM tissue is not
exclusively erythroid by this time (205). Consistent with the expression of hd mMRNA in
the ICM, Hdh gene products have also been detected in a range of mouse
haematopoietic tissues (121).

Figure 5.3 Detection of hd mRNA expression in the
ICM. In comparison to notch2 mRNA expression that is
not detected in the ICM at 22 hpf (A), hd mRNA is
expressed in the ICM (and throughout the tail) at 22 hpf
(B). At 36 hpf hd mRNA expression is increased in the
posterior ICM above basal expression throughout the
rest of the tail (C).

Transient suppression of haemoglobin production in response to Htt knockdown

The hypochromic appearance of the blood in Htt-deficient embryos (Chapter 4)
was not due to a lack of red blood cells since similar cell numbers were seen circulating
in Htt-deficient and wildtype embryos (Fig. 5.4 A and B). Rather, the blood cells were
lacking red pigment (Chapter 4, Fig. 4.6). Whilst the colour of embryonic erythroid cells
gives a general indication of Hb levels, o-dianisidine staining is a more sensitive and
definitive method for detecting Hb. The basis of this assay is that Hb catalyses the
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H.O.-mediated oxidation of o-dianisidine, producing a dark red stain in Hb-positive
cells.

To assess Hb levels in Hit morphant zebrafish, embryos were injected with 8.5
ng of haMO1 or cMO, and were collected at 33 or 72 hpf for o-dianisidine staining (see
Chapter 2, Materials and methods). At 33 hpf, a marked reduction in Hb production was
observed in the blood cells of Hit-deficient embryos (Fig. 5.4 G and H) when compared
to control embryos (Fig. 5.4 C and D). Very weak staining was detectable in the blood
cells of the Htt morphants at this stage, however, confirming that the general low level of
staining was not due to an absence of these cells. By 72 hpf all morphant zebrafish
exhibited strong o-dianisidine staining in the blood, similar to control embryos (Fig. 5.4 |
and J, compared to E and F), indicating that suppression of Hb production was

transient.

wt uninjected

33 hpf

Figure 5.4 Transient suppression of Hb production in response to Htt knockdown.
Similar numbers of blood cells are visible circulating across the yolk of wildtype uninjected
embryos (A) and embryos injected with 8.5 ng haMO1 (B) at 36 hpf. Boxed area in the insets
indicates the magnified region. Arrows indicate an example of a single blood cell in each image.
Hb production was detected by o-dianisidine staining in zebrafish embryos injected with 8.5 ng
of cMO (C-F) or haMO1 (G-J). At 33 hpf, Hb production was suppressed in hdMO1-injected
embryos (lateral, G; and ventral, H, views of a representative embryo) in comparison to ¢cMO-
injected embryos (C, D). By 72 hpf, Hb levels in hdMO1-injected embryos (I, J) returned to a
level similar to cMO-injected control embryos (E, F).
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Iron staining in whole mount embryos and isolated blood cells

In the zebrafish embryo, iron is absorbed from maternally derived stores in the
yolk (240) and erythroid cells endocytose iron from the plasma as transferrin (Tf) via the
Tf receptor (TfR) (238). To investigate the possibility that the decrease in Hb levels
could be due to a disruption in iron transport, DAB-enhanced Prussian blue staining was
used to detect the presence of ferric ions in morphant and control embryos ((114), and
see Chapter 2, Materials and methods) in order to assess any differences in iron
distribution.

The basis of this iron staining procedure is that potassium ferrocyanide in the
substrate reacts with ferric ions in the embryo, producing ferric ferrocyanide (known as
Prussian blue due to its colour). Staining is enhanced by the addition of DAB since ferric
ferrocyanide catalyses the oxidation of DAB, producing a reddish brown colour that is
easier to detect. The use of Prussian blue staining in zebrafish has not previously been
described. Therefore the method was first tested on wildtype embryos of various
developmental stages from 1-cell to 48 hpf. Staining was easily visible when enhanced
with DAB, and revealed the ubiquitous presence of ferric iron throughout the developing
embryo at all stages examined (not shown).

Iron staining was then performed at 36 hpf, on wildtype embryos and embryos
injected with 8.5 ng of hdaMO1. Ferric iron was detected throughout the animal (non-
yolk) part of Hit-deficient embryos at a level at least the same, and in many cases
higher, than in wildtype embryos (Fig. 5.5 A and B). In wildtype embryos ferric iron was
also present in the yolk syncytial layer (the peripheral layer that surrounds the
embryonic yolk sac, just below the yolk membrane) presumably representing the yolk
iron stores (100%, n = 52/52; Fig. 5.5 A, arrow). Embryos injected with haMO1
frequently lacked staining in this region (Fig. 5.5 B, arrow), with only 54% staining
positively in the yolk syncytial layer (n = 32/59). All of the hdMO1-injected embryos that
lacked iron staining in the yolk syncytial layer also had a thin yolk extension. These
results indicated that hypochromia was not due to impaired uptake of iron from the
maternally derived yolk stores into the embryo.

Blood cells visible in the ventral tail region of morphant embryos (predominantly
of the erythroid lineage at this stage) stained positively for ferric iron suggesting that iron
was able to enter the Htt-deficient blood cells (Fig. 5.5 C-F). Furthermore, blood cell
staining in the Htt morphants appeared stronger than in wildtype embryos. To examine
blood iron staining more closely, embryos were injected with 8.5 ng of haMO1 or
mcMO1 (mispair control MO; see Chapter 2, Materials and methods), and blood cells

104



Figure 5.5 Histochemical staining
for ferric iron, detected by DAB-
enhanced Prussian blue staining
(reddish brown). Histochemical ferric
iron staining was examined in 36 hpf
wildtype embryos (A, C, D’, D”) and
embryos injected with 8.5 ng of
haMO1 (B, E, F’, F”). Ferric iron was
detected throughout wildtype (A) and
Hitt-deficient (B) embryos. Ferric iron
present in the yolk syncytial layer in
wildtype embryos (A, arrow) was
frequently absent in hdMO1-injected
embryos (B, arrow). Blood cells visible
in the ventral tail region of haMO1-
injected embryos (E, arrowheads)
appeared to stain more strongly for
ferric iron than blood cells in wildtype
embryos (C). At higher magnification,
round basophilic blood cells identified
by Nomarski optics (D* and F,
arrowheads) stained positively for
ferric iron, as viewed using bright-field
optics (D”, F”, arrowheads). Blood
cells extracted at 33 hpf from embryos
injected with 8.5 ng of haMO1 (H)
appeared to contain at least as much
ferric iron as blood cells from
mcMO1-injected control embryos (G).
Scalebars represent 10 pM.

were extracted by cardiac puncture at 33 hpf, for enhanced Prussian blue staining. As

mentioned above, the Prussian blue staining procedure detects ferric iron (Fe**). This is

the stable state of iron in most of its biological complexes (including when it is bound to

Tf). Hb, however, utilises ferrous iron so Prussian blue stain should not detect iron in

Hb. Ferric iron was detected both in control and Hit-deficient blood cells, and the
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staining appeared to be stronger in Htt-deficient cells (Fig. 5.5 G and H). Since
erythrocytes acquire iron exclusively via TfR-mediated endocytosis of Tf (238), this
placed the disruption of Hb production downstream of TfR-mediated endocytosis of iron

in the Htt-deficient blood cells.

Rescue of hypochromia and thin yolk extension phenotypes by provision of iron to the
cytoplasm

Following the detection of iron within the blood cells of Htt-deficient embryos, it
was hypothesised that Hit may be required for rendering this intracellular iron available
for cellular use (perhaps by facilitating iron release from endocytic vesicles). If this were
the case, then provision of bio-available iron to the cytoplasm ought to bypass the need
for Hitt, and thereby rescue the hypochromic phenotype of Htt-deficient embryos.

A ‘targeted rescue’ experiment was therefore performed, based on a technique
used to rescue the hypochromic phenotype of chianti zebrafish. In chianti mutants,
hypochromia is caused by a mutation in the gene encoding the blood specific isoform of
the TfR1 gene, tfr1a, resulting in the inability of blood cells to absorb iron (as Tf) from
the plasma (238). Hb production is restored in these embryos by injection of iron-
dextran into the cytoplasm at the 1-cell stage such that all cells of the developing chianti
embryos contain bio-available iron in the cytoplasm, hence circumventing the need for
trf1a function (238).

To test whether provision of bio-available iron to the cytoplasm would restore Hb
production in Htt-deficient embryos, iron-dextran was co-injected with 8.5 ng of haMO1
at the 1-cell stage. Uninjected control embryos, hdMO-injected embryos, and embryos
co-injected with hdMO1 and 100 ng iron-dextran were stained with o-dianisidine at 33
hpf (Fig. 5.6 A-F) and were scored with regards to Hb production and yolk extension
(YE) status (Fig. 5.6 G, Experiment 1). All wildtype embryos (n = 20/20) had a normal
YE and exhibited robust Hb staining. The number of embryos with normal Hb levels was
reduced to 14% (np.3= 3/22) in haMO1-injected embryos, and co-injection of iron-
dextran rescued to 62% (n1.2= 13/21) (bracketed numbers indicate the quadrants
added (see Fig 5.6 G) to achieve the n value, which is shown as a fraction of the total).
Interestingly, iron supplementation also rescued the YE phenotype from 5% normal YE
in morphants (np.1)= 1/22) to 71% normal YE (n(1.4= 15/21) in the rescue group (Fig.
5.6 F).

Similar results were achieved in a second rescue experiment (Fig. 5.6 G,
Experiment 2), this time using greater population numbers, and using mcMO1-injected

embryos as the control group. The MO dose was 8.5 ng as in the previous experiment,
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however the dose of iron-dextran used for the rescue was halved (50 ng). All control
embryos (mcMO1-injected) had a normal YE and robust Hb staining (n = 47/47). The
number of embryos with normal Hb levels was reduced to 20% (n@.e= 10/49) in
haMO1-injected embryos, and co-injection of iron-dextran rescued to 66% (Ng9.+10=
29/44). Only 6% of haMO1-injected embryos had a normal YE (n@.1)= 3/49), and iron
supplementation was able to increase the number of embryos with a normal YE to 48%
in the rescue group (nue.2= 21/44). These results support the hypothesis that Htt is

required to render intracellular iron available for cellular utilisation.

Control
A

Figure 5.6 Provision of iron to the
cytoplasm rescues hypochromia and
reduced yolk extension phenotypes in
Htt-deficient embryos. Detection of Hb
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Morpholino effectiveness is not diminished by iron-dextran treatment

To ensure that iron-dextran did not decrease hdMO1 function, the hd(1.2):EGFP
reporter construct (used to demonstrate hdMO-mediated translation knockdown in
Chapter 4) was co-injected with 8.5 ng of either cMO, haMO1, or both hdMO1 and iron-
dextran (200 ng). All cMO + hd(1.2):EGFP embryos exhibited mosaic EGFP expression
at 10 hpf (n = 29/29). No fluorescence was observed in either the haMO1 +
hd(1.2):EGFP embryos (n = 0/20) or hdMO1 + hd(1.2):EGFP + iron-dextran embryos
(0/18), indicating that the ability of hdMO1 to bind the hd target sequence and prevent
translation was not inhibited by the presence of iron-dextran (not illustrated).

Htt-deficiency leads to an increase in TfR1 mRNAs

The results presented so far suggest that although iron is detected within the
blood cells of Htt-deficient embryos, this iron is unavailable for cellular use, hence the
decrease in Hb production. To further validate this model, quantitative PCR (gPCR)
methodology was used to examine the levels of TTR1 mRNA transcripts in Hit-deficient
and control embryos. Since cells typically respond to iron starvation by up-regulating
expression of TfR1 (251), it was predicted that levels of TfR1 mRNAs would be
increased in Htt-deficient embryos. As mentioned earlier in this chapter, two
differentially expressed paralogues of the TfR1 gene exist in zebrafish: tfr1a (erythroid
specific) and tfr1b (ubiquitously expressed) (238). Levels of tfria and tfr1b transcripts
were both examined in the experiments described here.

This experiment was performed three times. On each occasion, embryos injected
with 8.5 ng of hdMO1 or meMO1 (mispair control MO), as well as wildtype uninjected
control embryos were collected at 33 hpf. Subsequent sample preparation and gPCR
were then carried out by S. Dayan, a senior research assistant in the Richards
laboratory. Each qPCR reaction was performed in triplicate to take into account any
apparatus error or pipetting inaccuracies. Levels of tfria and tfr1b transcripts were
normalised to transcript levels of actal’ (Accession No. NM_131591), a housekeeping
gene encoding actin alpha 1. All data values can be found in Appendix B of this thesis.
Normalised tfr1a and tfr1b triplicate values from the three independent experiments are
represented graphically in Figure 5.7. One haMO1/tfr1b value was considered to be an
obvious outlier from the rest of the data (indicated in Fig. 5.7 B, and see Appendix B)
and was excluded from further statistical analyses. One hdMO1/actal value was
omitted for the same reason, prior to calculation of normalised receptor values (see
Appendix B).
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Figure 5.7 Levels of tfrla and tfr1b transcripts are increased in response to Hit
knockdown. Quantitative PCR was used to compare the levels of tfr1a (A, C) and tfr1b (B, D)
transcripts in zebrafish embryos injected with either mcMO1 or haMO1, and uninjected
embryos. Levels of tfr1a and tfr1b transcripts were normalised to the level of acta? transcript.
Normalised triplicate values from three independent experiments are graphically represented for
tfria transcript levels (A) and tfr1b transcript levels (B). A data point that was considered an
outlier is indicated (B). In (C and D) the same data shown in (A and B), excluding the outlier, is
represented in box-plot format. The ‘box’ contains the middle 50% of the data (with the upper
and lower edges representing the 75" and 25" percentiles, respectively), the ‘horizontal line’
within the box represents the median value. The dotted lines, or ‘whiskers’, indicate minimum
and maximum data values for each embryo class, unless data points extend further than 1.5
times the inter-quartile range, in which case these values are represented as individual points,
as in (C).

Increased levels of TfR1 transcripts were observed in haMO1-treated embryos in
each of the experiments. However, there was some variability in the actual values

generated from one experiment to the next (Fig. 5.7 A and B). This may be due to slight
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inconsistencies in morpholino dose, or age of embryos at collection, for example,
although care was taken to keep these variables as constant as possible. Student t
tests were performed (by S. Pederson) on the collated data to assess the statistical
significance of the results. These showed that in haMO1-injected embryos, the level of
erythroid specific tfr1a transcript was significantly increased in comparison to mcMO1-
injected (p<0.0002) and uninjected (p<0.002) embryos. Furthermore, the level of
ubiquitous tfr1b transcript was also significantly increased in hdMO-injected embryos in
comparison to mecMO1-injected (p=0.032) and uninjected (p<0.008) embryos.

These results provide strong support for cellular iron starvation in Htt-deficient
embryos. Additionally, the increased level of ubiquitously expressed tfr1b transcripts in
these embryos provides evidence that the role of Htt in intracellular iron
compartmentalisation is not limited to erythroid cells.

Discussion

Htt is involved in the intracellular compartmentalisation of iron

One of the primary effects of Htt knockdown in zebrafish embryos is pale, or
hypochromic blood. The aim of the work presented in this chapter was to investigate the
cause of this hypochromia, in order to gain insight into the normal function of Hit.
Characterisation of this phenotype revealed a requirement for Htt in intracellular iron
compartmentalisation and/or transport. Production of Hb was decreased in Htt-deficient
blood cells despite the presence of iron within these cells, and provision of additional
iron in a bio-available form to the cytoplasm restored Hb production (Fig. 5.8). This
indicates that the intracellular iron present in Htt-deficient blood cells is unavailable for
cellular use. The increased level of erythroid-specific tfr1a transcript observed in Htt-
deficient embryos supports this model by suggesting that the availability of iron within
the blood cells is compromised.

Since erythroid cells acquire iron solely via TfR-mediated endocytosis (238),
these findings suggest a role for Hit in the release of iron from endocytic compartments.
The majority of cell types (at least in vertebrates) acquire iron via the Tf/TfR endocytic
pathway. Since Htt is ubiquitously expressed, it is likely that the role of Htt in this
pathway is applicable to all cells that acquire iron in this manner. The finding that the
ubiquitous tfr1b transcript is up-regulated in response to Htt knockdown supports this.

Furthermore, provision of bio-available iron was able to rescue the thin yolk extension
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phenotype, a phenotype not normally associated with hypochromic blood, but rather
with global cellular dysfunction.

Another finding was that Htt-deficient embryos often appeared to have exhausted
their maternally derived yolk iron stores (Fig. 5.5 B). Given the indications of cellular iron
starvation in these embryos (such as decreased Hb production and increased TfR1
transcripts), it is likely that the depleted iron stores are a response to embryonic iron
starvation. The results of this study suggest that Htt-deficiency disrupts cellular iron
acquisition downstream of TfR-mediated endocytosis, leading to cellular iron deficiency,

and the accumulation of unavailable iron.
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Figure 5.8 Schematic model illustrating how disruption of Hb production in Htt-deficient
zebrafish blood cells is rescued by provision of bio-available iron (iron-dextran) to the
cytoplasm. In the absence of Htt, iron endocytosed by the Tf/TfR pathway is not available for
utilisation in Hb. Supplementing the cytoplasm with bio-available iron (iron-dextran) restored
Hb production, suggesting a role for Htt in the release of iron from endocytic compartments.
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What is the role of Htt in iron transport/compartmentalisation?

According to the current model of cellular TfR cycling (251, 252), binding of iron-
loaded Tf to TfR on the plasma membrane initiates clathrin-mediated internalisation of
the Tf/TfR complex into early endocytic vesicles. These vesicles rapidly lose their
clathrin coat and are transported towards the perinuclear recycling compartment
(PNRC), fusing with early endosomes along the way. The decreased internal pH of the
early endosome disassociates iron from apo-Tf/TfR, facilitating its release into the
cytoplasm for cellular utilisation. Once this has occurred, iron-free apo-Tf/TfR
complexes are able to be redirected from the PNRC back to the cell membrane for re-
use (Fig. 5.2).

As previously mentioned, erythroid cells acquire iron for Hb production solely by
TfR-mediated endocytosis (238). Therefore, a likely explanation for intracellular iron not
being available for Hb production in Htt-deficient cells is that this iron has not been
released from endocytic vesicles, suggesting a role for Hit in the
targeting/transport/fusion of iron-containing endocytic vesicles to early endosomes.

Further studies are required in order to elucidate the exact role of Htt in the
Tf/TIR recycling pathway but known interactions and properties of Htt support a role for
Hitt in vesicle/endosome dynamics. Hit associates with clathrin-coated and non-coated
vesicles, and endosomes (9, 127, 128, 135, 136, 177), and co-fractionates with TfR in
density gradient studies (9, 136). Many proteins that interact with Htt are involved in
clathrin-mediated endocytosis, such as HIP1 (178, 179), a-adaptin C (166), SH3GL3
(186), PACSIN1 (184) and HIP14 (181) and Htt also interacts with the plasma
membrane directly, via a lipid-binding domain located within the N-terminus (137).

Previously, in a survey for differences in intracellular organelle distribution
between wildtype and Hdh”™ mouse embryonic stem (ES) cells, Hilditch-Maguire and
colleagues (2000) observed a disrupted distribution of TfR-positive recycling
endosomes in the absence of Htt (139). More specifically, TfR immunostaining revealed
a reduction of recycling endosomes in the PNRC, and a vast increase in signal
throughout the cytoplasm in Hdh' cells. The authors also showed that when stimulated
to take up FITC-labelled Tf by treatment with the iron chelator deferoxamine mesylate
(DM), Hdh™ cells endocytosed FITC-Tf into early endosomes but only weak signal was
observed in the perinuclear region in comparison to wildtype cells. These findings
indicate that Htt is not required for the cellular uptake of Tf/TfR into endocytic vesicles
(consistent with the current findings), and also suggest that subsequent Tf/TfR
trafficking from early endocytic vesicles to the PNRC is perturbed in the absence of Hit.

Transport of Tf/TfR to the PNRC is microtubule-dependent, since the microtubule
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disrupting agent nocodazole decreases this transport (272, 273) and leads to dispersion
of the PNRC throughout the cytoplasm (274).

Htt associates with microtubules (126, 128, 134) and is also concentrated in the
perinuclear region of cells (126, 127). These findings are consistent with Htt having a
role in the microtubule-dependent transport of vesicles and endosomes through the
recycling pathway. Furthermore, Htt has been implicated in microtubule-mediated
vesicle transport due to an interaction of Htt with dynactin subunit p150%®?, via HAP1
(275, 276). Both HAP1 and Htt are transported in neurons (135). A role for Hit in vesicle
transport is also supported by findings that over-expression of wildtype Htt enhances
microtubule-mediated trafficking of vesicles containing brain-derived neurotrophic factor
(BDNF; (277)) and RNAi knockdown of Drosophila Htt reportedly disrupts axonal vesicle
trafficking in Drosophila (278).

Recently Htt has been shown to interact with the small GTPase Rab5 on early
endosomes, via Htt binding partner, HAP40 (177). This is an interesting finding since
Rab5 is a key regulator of the targeting and fusion of endocytic vesicles to early
endosomes, and the attachment of endosomes to, and transport along microtubules
(279), thus supporting a role for Hit in these processes. However, the Hitt/HAP40/Rab5
interaction appears to negatively regulate the attachment of endosomes to, and
transport along microtubules, by favouring the attachment of endosomes to actin rather
than microtubules (177). The significance of the Hitt/HAP40/Rab5 interaction in terms of
endocytic vesicle-endosome fusion and iron release is unclear.

Htt is a large protein containing multiple HEAT motifs and has been proposed to
act as a scaffold structure facilitating multiple interactions (106). Based on current
knowledge of Htt function and the findings presented in this study, it appears likely that
Hit plays an integral role in the progressive transport of Tf/TfR cargo through early

endocytic, early endosomal, and recycling compartments.

How do the current findings compare to previous implications of Htt in iron transport and
homeostasis?

A link between Htt function and iron homeostasis was previously demonstrated
by Hilditch-Maguire and colleagues (139). In addition to their findings of disrupted Tf/TfR
distribution in Hdh" ES cells as discussed above, the authors also showed using
immunoblot analyses, that in response to iron starvation, wildtype ES cells up-regulated
Hit levels ~4.5 fold above the level observed in untreated cells. This is consistent with

the current proposal that Htt is required for cellular iron acquisition.
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In the same study, Hilditch-Maguire et al (2000) also showed that TfR protein
levels were elevated in Hdh” ES cells in comparison to wildtype cells (139), which is
consistent with the increases in trfia and tfr1b transcripts observed in Hit-deficient
zebrafish embryos, presented in this chapter. The authors showed that the level of TfR
protein was increased ~4.2 fold in Hdh”™ ES cells with respect to wildtype levels and this
was comparable to the increase in TfR expression that wildtype ES cells exhibited in
response to iron starvation (~3.9 fold) (139). Their findings are consistent with a model
whereby Htt deficiency causes a shortage of bio-available iron in the cytoplasmic iron
pool, as suggested by the results of the current study, presented in this chapter.

In another study, Dragatsis and colleagues (1998) showed that in Hdh” mouse
embryos, transport of iron from the maternally derived extraembryonic tissue into the
epiblast was disrupted at the level of the nutritive visceral endoderm (114). The normal
function of the visceral endoderm is to take up maternal proteins and other nutrients
from extraembryonic tissue (by endocytosis), and digest them in lysosomes to provide
nutrition to the developing embryo. In Hdh” embryos, ferric iron was taken up into the
visceral endodermal cells (at embryonic day E7.5), but subsequent transport of iron into
the epiblast was disrupted, and at E8.5 the iron detected in the visceral endoderm
appeared be concentrated in “small vesicles or granules” in comparison to the
cytoplasmic distribution in wildtype embryos (114). Whilst this finding tends to support
the current proposal that Htt is required for the release of iron from endocytic vesicles,
caution needs to be taken in this interpretation since the mechanism of iron uptake in
this tissue is not fully understood and appears to differ from the typical TfR recycling
pathway of other cell types; ferric iron bound to maternal Tf is endocytosed by visceral
endodermal cells, but apparently in a non-TfR-mediated manner, since this receptor is
not expressed by the visceral endoderm (280). The mechanism of iron release is
unclear, but rather than being recycled, maternal Tf appears to be degraded in
lysosomes (281). It is likely that iron is then presented to the embryo bound to Tf since
Tf is synthesised endogenously in the visceral endoderm (282), and TfR is expressed
by the receiving embryonic tissues (280).

The findings presented in this thesis (using the zebrafish model organism) both
validate and complement these previous findings of others, and extend the
understanding of Hit’s role in the iron pathway. It is also interesting to note that Hit-
deficient zebrafish embryos share phenotypic features with embryos that lack either of
the two differentially expressed isoforms of TfR1; whilst genetic mutation of the blood-
specific tfrla gene causes blood hypochromia in chianti mutants, morpholino

knockdown of the ubiquitously expressed isoform (tfr1b) results in small head and eyes,
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brain necrosis and thin YE (238) indicating that all of these phenotypic features of Hitt-

deficient embryos can result from cellular iron starvation.

Conclusion

Iron is essential for cellular function, acting as a vital cofactor for numerous
proteins and enzymes, many of which play pivotal roles in energy metabolism. The
results of this study show that knockdown of Hit leads to cellular iron deficiency, and an
accumulation of intracellular iron in a form that is unavailable for cellular use. Disrupted
iron homeostasis and decreased energy metabolism are features of HD pathogenesis,
and correlate well to the major sites of degeneration in the HD brain, however, the
cause of these defects has not yet been established. The experimental results
presented here raise the possibility that perturbation of normal Hitt function (by
polyglutamine expansion) may contribute to these defects, therefore providing an
intriguing and novel link between Htt function and specificity of neuronal vulnerability in

HD. This will be discussed further in the final chapter.
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Chapter 6: Final discussion

Introduction

Thirteen years have passed since the underlying genetic cause of Huntington’s
disease (HD) was determined to be the expansion of a CAG trinucleotide repeat within
the coding region of exon 1 of the HD (or IT15) gene (2). This genetic abnormality
results in an extended polyglutamine tract within the N-terminus of the encoded protein,
Huntingtin. HD is one of nine neurodegenerative diseases caused by expansion of CAG
repeats encoding polyglutamine in their respective, otherwise apparently unrelated
proteins. However, the mechanism(s) by which polyglutamine expansion leads to
pathogenesis in these so-called ‘polyglutamine diseases’ has remained elusive.

The two most pressing questions regarding these diseases are 1) why, despite
the affected proteins having widespread patterns of endogenous expression, only a
particular subset of neurons is most prone to degeneration while other neuronal cell
types also expressing the mutant protein are less affected or relatively spared; and 2)
why although the disease proteins have overlapping patterns of expression the subset
of neurons most susceptible to degeneration is different in each disease. Insight into
what determines the unique specificities of neuronal vulnerability is likely to increase our
understanding of the pathogenic mechanism(s) at play in these diseases.

In HD, although the expanded Hit allele (like wildtype Htt) is expressed
throughout the brain, neuropathology is most striking in the striatum, where medium
spiny y-aminobutyric acid (GABA)-utilising neurons that project to the substantia nigra
and globus pallidus are gradually, and selectively, lost. Neurons in the deeper layers of
the cerebral cortex are also particularly vulnerable. The aims of this work were to
investigate two factors hypothesised to contribute to the specificity of HD
neurodegeneration; region-specific somatic expansion of the CAG repeat, and
disruption of normal Htt function.

Investigation of the contribution of somatic instability to HD pathogenesis

In brain samples from human HD patients and a knock-in mouse model of HD,
somatic instability of the disease allele has been observed specifically in the striatum
(15, 197), leading to the hypothesis that somatic expansion may play a role in HD
pathogenesis. The first part of this work was aimed at directly addressing the question
of whether somatic instability contributes to the age of onset and/or disease severity in
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HD by developing transgenic zebrafish lines expressing CAG repeats with and without
stabilising CAA interruptions (Chapter 3).

The expression pattern of the zebrafish hd gene was determined using mRNA in
situ hybridisation. Maternally deposited transcript was detected at the 1-cell stage and
after the onset of zygotic expression, transcript was detected uniformly during early
development, and ubiquitously (but most highly in the brain) in later developmental
stages. A 1.2 kb fragment of DNA sequence upstream of the hd ORF was found to be
sufficient to drive maternal expression and ubiquitous zygotic expression of a reporter
(EGFP) in transgenic zebrafish embryos, and was deemed suitable for driving
expression of the repeat transgenes. Pure (CAG) and mixed (CAG/CAA) repeats
encoding ~100 glutamine residues were incorporated into the ORF of hd exon 1, and
these fragments were linked to the EGFP coding sequence, either bi-cistronically, or so
to encode a fusion protein. Whilst limited EGFP expression was produced by the bi-
cistronic constructs in mosaic founders, successful and persistent EGFP fluorescence
was seen in mosaics expressing the fusion constructs.

This work was not seen to completion, largely due to new published data that
cast doubt on the somatic instability hypothesis (206, 207). However, the fusion
construct containing a pure expanded CAG repeat, hd(1.2):ex1(CAG)ssEGFP, will be
useful in future studies, for generating a transgenic zebrafish model of HD in which an
expanded N-terminal fragment of zebrafish Htt (with a C-terminal EGFP tag), is
expressed under the control of the zebrafish hd promoter sequence.

An additional outcome of this work was the identification of putative binding sites
for two transcription factors (TGIF and COMP1) that are conserved in the HD promoter
in human, rat, mouse, zebrafish and pufferfish. If these are indeed true binding sites,
increased understanding of the gene responses regulated by these factors may offer

further insight into the biological role and transcriptional regulation of Htt.

Investigation into the normal function of Htt in development

The proteins affected in polyglutamine diseases have widespread and
overlapping patterns of expression, yet different neuronal subsets are most vulnerable
in each disease. It is therefore likely that unique aspects of each of these proteins
(outside the polyglutamine tract) contribute to this specificity. The second aim of this
study was to use the zebrafish model organism to investigate the effects of Hit
deficiency in early development, to look for novel insights into Htt function that might

offer clues as to the specificity of neuronal vulnerability in HD.
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Transient knockdown of Htt using specifically targeted antisense morpholino
oligonucleotides (MOs) led to a wide variety of developmental defects (Chapter 4).
Many of these were found to be common amongst zebrafish strains with mutations in
housekeeping genes (such as small head and eyes, thin yolk extension, disrupted
melanophore alignment, pericardial oedema and failed swim bladder inflation),
suggesting that they result from general cellular dysfunction. Htt-deficient embryos also
frequently exhibited increased apoptosis, consistent with previous findings in Hdh
knockout mice (110). Most significantly, Htt-deficient zebrafish had hypochromic blood,
a phenotype common to zebrafish strains with defects in haemoglobin (Hb) production
(236, 237).

Further characterisation of this phenotype revealed a requirement for Htt in
rendering intracellular iron available for cellular utilisation (Chapter 5). More specifically,
production of haemoglobin (Hb) was decreased in blood cells of Htt-deficient embryos,
despite the presence of intracellular iron, and provision of additional iron in a bio-
available form to the cytoplasm restored Hb production. Since erythroid cells acquire
iron solely via TfR-mediated endocytosis (238), these findings suggest a role for Hit in
the release of iron from endocytic compartments. As a further validation of this proposal,
the level of erythroid-specific TTR1 mRNA transcript (tfr1a) was found to be increased in
Htt-deficient embryos as would be predicted if the availability of iron within these cells
were compromised.

The role of Htt in the Tf/TfR cycle is potentially applicable to all cells that acquire
iron via this pathway (which is the majority of cell types, including neurons), consistent
with the ubiquitous expression pattern of Htt. In support of this, Htt knockdown was
found to lead to an increased level of the ubiquitous TfR1 transcript (tfr1b). Furthermore,
provision of bio-available iron also rescued the thin yolk extension phenotype, a
phenotype that is symptomatic of global cellular dysfunction. A further indication of iron
starvation in Htt-deficient embryos was the finding that maternal iron stores in the yolk
appeared to be exhausted in these embryos.

Iron is essential for cellular function, acting as a co-factor for numerous proteins
and enzymes, many of which play key roles in energy metabolism. Since defects in
energy metabolism and iron homeostasis are characteristics of HD pathology that
correlate well to sites of neurodegeneration, the findings of the current study therefore
offer a plausible link between perturbation of normal Htt function, and the specificity of
HD neurodegeneration.
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Activities of iron-requiring proteins/enzymes are decreased in HD

There are several aspects of HD pathogenesis that could be attributed to iron
deprivation. Activity of the citrate cycle enzyme, aconitase, is dramatically reduced in
HD-affected brain regions with levels as low as 8% in the caudate, 27% in the putamen,
and 52% in the cerebral cortex (46). The activities of mitochondrial (m-) and cytosolic
(c-) aconitase are regulated by iron levels. Firstly, both are iron-sulfur cluster (ISC)-
requiring proteins, and secondly, in conditions of low iron availability, c-aconitase
disassembles its ISC and becomes active as iron responsive protein, IRP1, which binds
to, and inhibits translation of m-aconitase mRNA (See Fig. 5.2, in the previous chapter).
In support of the hypothesis that decreased iron availability could be responsible for the
reduction of aconitase activity, iron-deprivation has been shown to cause a striking
reduction in the activity of both m- and c-aconitases in rats fed an iron-deficient diet
(283).

In addition to aconitase, decreased activities of mitochondrial respiratory chain
complexes Il, Il and IV have also been observed selectively in HD-affected brain
regions (46-48) and decreased complex | activity has been recorded in muscle from HD
patients (284). Each of these complexes (I-1V) contain subunits that require iron for their
function; complex | (NADH dehydrogenase), complex Il (succinate dehydrogenase), and
complex Il (cytochrome ¢ reductase) require the assembly of ISCs, and complexes Il,
Il and IV (cytochrome ¢ oxidase) utilise haem (266).

Levels of serum ferritin are also decreased in HD patients (243, 244). This is a
common indication of iron deficiency reflecting a reduction in body iron stores (285).
Additionally, decreased Hb levels have been observed in male HD patients (243).

Defects in energy metabolism in HD could be explained by decreased activity of iron-
requiring proteins and enzymes

Many findings are suggestive of decreased aerobic respiration in HD. These
include elevated production of lactate in the basal ganglia and occipital cortex (50, 51),
increased lactate/pyruvate ratio in cerebrospinal fluid (286), decreased oxygen
consumption in the striatum (49) and diminished oxidative ATP synthesis in the skeletal
muscle of HD patients and pre-symptomatic mutation carriers (287, 288). Additionally,
energy production (ATP:ADP ratio) is decreased in lymphoblastoid cell lines derived
from human HD patients, and is inversely correlated to repeat length (289).

These energetic defects could be explained by a reduction of iron availability.
Aconitase is a catalytic enzyme required in the citrate cycle, and mitochondrial
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complexes are involved in electron transport/respiration. The citrate cycle and electron
transport chain are the major components of the oxidative respiration process. Since
aconitase and complexes I-1V require iron for their function, decreased iron availability is
therefore likely to lead to a decrease in oxidative respiration.

Interestingly, similar energetic defects to the ones described in HD have been
observed in human cells (K-562, erythroid derived) subjected to iron deprivation,
including diminished activities of aconitase and succinate dehydrogenase (complex II),
decreased mitochondrial oxygen consumption and raised lactate production (290).
Additionally, these iron-deprived cells showed an increase in glycolysis (290)
presumably to compensate for the decrease in oxidative respiration. Similarly, studies
using various HD mouse models have revealed significant elevations in glucose
utilisation throughout the forebrain prior to pathological changes or symptoms, in a
manner dependent on polyglutamine repeat length and gene dosage (52, 291, 292). In
contrast (although there is one report of raised cortical glucose metabolism in pre-
symptomatic HD gene-carriers (293)), most human studies have reported decreased
glucose metabolism in the basal ganglia and cerebral cortex of symptomatic HD
patients (294, 295) and asymptomatic at-risk HD subjects (43-45). However, one of the
mouse models (Hdh®'"" knock-in) that had elevated glucose utilisation in pre-
symptomatic stages was also examined at a later stage when signs of neuropathology
were evident. In these older mice, a decrease in glucose utilisation was observed
specifically in the striatum, suggesting that earlier examination of human HD subjects
may also reveal an increase in glucose metabolism (52). The findings from the mouse
studies are consistent with a model whereby an early increase in glucose utilisation is a
widespread cellular response to an impairment of normal Htt function, and the
decreased utilisation in the striatum in later stages of disease is due to specific cellular

dysfunction (as suggested in (52)).

Altered iron distribution in the HD brain and in other neurodegenerative disorders

Another sign of disturbed iron homeostasis in HD is the altered distribution of iron
in the HD brain. A number of studies have reported abnormal accumulation of iron
specifically in the striatum of post-mortem HD brain samples (60-62). Furthermore,
quantitative studies of ferritin iron in live HD subjects have revealed significantly more
iron within ferritin in the caudate, putamen and globus pallidus of HD patients (in
comparison to healthy controls) even in early symptomatic stages of disease (63, 64).
Due to the ability of iron to catalyse free radical reactions, it is thought likely that the
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accumulation of iron may contribute to the oxidative damage that is evident in HD-
affected brain regions (63).

It seems almost paradoxical that the affected region of the HD brain exhibits
signs of both iron deficiency (as described earlier) and iron accumulation. However,
within the striatum and frontal cortex of the HD brain, ferric iron (Fe**) and ferritin
appear to accumulate in microglial cells, rather than in neurons themselves (Simmons
et al, 2006, unpublished observations, cited with permission). It may be possible that
iron accumulates in the microglia in response to neuronal iron deficiency caused by
perturbation of Hit's normal role in the Tf/TfR pathway. Further understanding of brain
iron homeostasis and the role of the microglia in this balance may offer an explanation
for this phenomenon.

HD is one of a growing list of neurodegenerative disorders associated with iron
accumulation in the respective regions of pathology. Others include neuroferritinopathy,
Friedreich’s ataxia, neurodegeneration with brain iron accumulation (NBIA; formerly
Hallervorden-Spatz syndrome), Parkinson’s disease and Alzheimer’'s disease (65).
Neuroferritinopathy and Friedreich’s ataxia are examples of monogenic diseases in
which the affected protein has a known role in iron homeostasis.

Neuroferritinopathy is a rare, adult-onset neurodegenerative disorder that
presents similarly to HD but is caused by dominant negative mutations in ferritin L, one
of the two ferritin subunits (296, 297). These mutations appear to affect protein folding
and stability of ferritin, although the mechanism by which these mutations lead to
disease is unclear (298). Like HD, neuroferritinopathy is associated with low serum
ferritin levels, accumulation of iron and ferritin in the basal ganglia, oxidative stress and
signs of mitochondrial dysfunction (297).

Friedreich’s ataxia is a relatively common autosomal recessive
neurodegenerative disorder (affecting spinal cord and peripheral neurons) that is
associated with mitochondrial accumulation of iron and oxidative stress (299).
Friedreich’s ataxia is caused by the expansion of a GAA trinucleotide repeat (within the
first intron of the FRDA gene) that impairs transcription, leading to reduced expression
of frataxin protein. Frataxin is a mitochondrial protein involved in ISC formation and
accordingly, reduced activities of ISC enzymes (respiratory complexes I, Il and lll, and
aconitase) have been observed in affected patient tissues (300). Furthermore, the lack
of frataxin (and therefore ISCs) appears to cause c-aconitase to revert to its IRE-binding
form as IRP1, as suggested by decreased c-aconitase activity and increased IRP1-IRE

binding in affected tissue from a mouse model of Friedreich’s ataxia (301). This shift is
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likely to be responsible for modulated expression of IRP-regulated proteins, such as the
increased TfR levels observed in human patients (302).

Further advancements in understanding of the sequence of events leading to
pathology in these and other iron-related neurodegenerative disorders, may offer insight

into HD pathology, and vice versa.

How could perturbation of Htt function contribute to dominant, iron-related phenotypes in
HD?

HD is not caused by a total loss of function of the affected allele, since mice in
which one Hdh allele is completely inactivated (Hdh*"), and a human subject with a
translocation interrupting one normal HD allele, do not develop HD symptoms (3, 110,
111). Furthermore, HD patients that are homozygous for an expanded disease allele do
not exhibit the embryonic lethality of Hdh knockout mice, but instead survive birth, and
develop essentially as normal until the onset of symptoms (117, 118). Therefore, in
order for a disruption of Htt function to be responsible for the defects in iron
homeostasis observed in HD, the expanded polyglutamine tract would have to alter Hitt
function in a manner that causes dominant, detrimental consequences in the Tf/TfR
pathway. Whilst it is unclear whether the embryonic lethality of Hdh knockout (Hdh™)
mice is solely attributable to disruption of iron transport, demonstrations that a single
allele expressing expanded Htt is functionally sufficient to rescue Hdh”™ mice from
embryonic lethality (91, 123, 125) suggest that the polyglutamine expansion allows
expanded Htt to retain at least some of its normal function, presumably including its role
in the iron pathway.

The expanded polyglutamine tract could disrupt the Tf/TfR pathway by altering
the affinities of Htt for its normal binding partners, and/or by facilitating novel
interactions that have detrimental consequences on the Ti/TfR pathway. The
interactions of Htt with many binding partners involved in endocytic and vesicle
trafficking pathways are modulated by polyglutamine expansion. For example,
interactions of Htt with endocytic proteins HIP1 (178) and a-adaptin-C (166) are
decreased by polyglutamine expansion, and the interaction of Htt with vesicle trafficking
protein HAP1 is increased (176). Furthermore, the association of Htt with microtubules
via HAP1 and p150%“® is reduced in the presence of expanded Htt (277), as is the
efficiency of vesicle trafficking (29, 177, 277, 278, 303). Additionally, HAP40 is up-
regulated in HD, leading to striking co-localisation of Htt, HAP40 and Rab5 on early

endosomes, an interaction that favours the binding of endosomes to actin rather than
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microtubules (177). Based on the evidence for interrupted vesicle transport in the
presence of expanded Hit, it is appealing to speculate that the transport of iron-
containing vesicles to acidic endosomes for iron release could be perturbed in HD.

Support for the possibility that Htt’s role in the iron pathway is altered in HD is
provided by the results of a study by Trettel and co-workers (2000) in which the levels
and distribution of TfR in cultured striatal cell lines (STHAAY''"@'"" and STHK®'A7)
established from a knock-in mouse model of HD (304) were examined (305). Increased
TfR levels were observed in STHdh®'"""""" and STHAh"'"'Y" cell lines in comparison to
wildtype STHdAh%" cells, suggesting that expression of expanded Hit results in an up-
regulation of the Tf/TfR pathway in these cells (305). This is consistent with the
hypothesis that the normal function of Htt in the iron pathway is perturbed by
polyglutamine tract expansion, leading to decreased iron availability. In STHgh®'1"/A1"1
and STHdh®''"97 cells, TfR signal was increased in the perinuclear recycling
compartment (PNRC), in comparison to wildtype cells. Similarly, FITC-Tf accumulated
in the PNRC in uptake experiments (305). Since release of iron from Tf/TfR appears to
be required for the recycling of Tf/TfR back to the plasma membrane (306, 307), the
accumulation of Tf and TfR in the PNRC is also consistent with the hypothesis that iron
release is impaired in the presence of expanded Hit. Notably, the fact that increased
TfR levels and altered distribution of TfR and Tf were observed in heterozygous
STHdh'""97 cells indicates that perturbation of the Tf/TfR cycle is a dominant effect of
expanded Htt (305).

Are expanded N-terminal Htt fragments sufficient to disrupt the TfR pathway?

The widely used R6/2 transgenic mouse model of HD expresses an expanded
polyglutamine tract within a severely truncated Htt fragment (encoded by HD exon 1)
(71). Interestingly, this model recapitulates some of the signs of disrupted energy
metabolism and iron homeostasis observed in the human disease. For example, R6/2
mice show decreased activities of iron-requiring enzymes aconitase and mitochondrial
complex IV (308), and an early accumulation of ferritin in striatal microglia (D. Simmons,
unpublished observations, 2006). This therefore raises the question of whether unique
sequence(s) within the N-terminal of Htt are sufficient to recruit the mutant Htt fragment

to the Tf/TfR pathway and disrupt iron transport.
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Why are iron-related phenotypes particularly evident in the striatum/basal ganglia in HD?

It seems likely that tissues and cells with the greatest iron requirement would be
most affected by a decrease in iron availability, since they would be presented with the
greatest challenge to maintain cellular iron requirements. The striatum (primarily
affected in HD) is part of the basal ganglia, which is the most iron-rich area of the brain
(309), suggesting a high iron requirement in this region.

Furthermore, the striatum may be a region of the brain that is particularly
vulnerable to decreased energy levels, as suggested by findings that systemic
administration of 3-nitroproprionic acid (3-NP; an irreversible inhibitor of succinate
dehydrogenase (complex II)) to animals leads to selective striatal degeneration,
associated with decreased ATP levels, elevated lactate concentrations, and HD-like

motor abnormalities (53).

Conclusion

In this study, the zebrafish model organism has been used to examine the effects
of Htt deficiency in early development, in order to gain new insight into the normal
function of Hit. The most significant outcome of this work is the finding that Hit
knockdown leads to cellular iron deficiency and the accumulation of unavailable iron in
the cell. Hit appears to act downstream of TfR-mediated endocytosis of iron, thus
implicating Htt in the release of iron from endocytic compartments into the cytosol.

Iron is vital for the function of many cellular proteins and enzymes that play
primary roles in energy metabolism. Since defects in iron homeostasis and energy
metabolism are features of HD pathogenesis, the results of the current study raise the
possibility that these defects are dominant effects of a perturbation (by the expanded
polyglutamine tract) of Htt's normal role in the iron pathway. Furthermore, since iron
accumulation and defects in energy metabolism are most pronounced in sites of HD
neurodegeneration, these findings provide a novel link between perturbation of normal

Htt function, and the specificity of neuronal vulnerability in HD.
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Appendix A

Biological process or function Genetic mutations causing thin yolk extension phenotype
Ribosome structure and laminin receptor 1 (ribosomal 5orotein SA)(lamr1™*7%)
biogenesis ribosomal protein L6 (rpl6"®>

ribosomal protein L7-like 1 (rpl7I1"""*

ribosomal protein L11 (rpl11"%%%

ribosomal protein L14 (rpl1 4"(322)

ribosomal protein L19 (rpl19""%%)

ribosomal protein L28-like (rp/28f’?393g ,
ribosomal protein, large, P1(rplp 1", rpéo1h’3988 )
EBNAT1 binding protein 2-like (ebna1gp2/” 6252)
DEAD box polypeptide 27 (ddx27"%%%4)

DEAD box polypeptide 56 (ddx56"°7% )

HEAT repeat containing 1(heatr1h’3028, heatr1h’932)
Replication topoisomerase (DNA) Il alpha (top2a™***

polymerase (DNA directed), alpha (pola™ %)
Transcription and RNA polymerase (RNA) I polypeptide A (polr1a"*®*) _
processing polymerase (RNA) Il (DNA directed) polypeptide G-like (polr2gl™***®)

TWIST neighbour (twistnb™°7%)

DEAH box polypeptide 16 (dhx1 6”’?04?

splicing factor 3b, subunit 1(sf3b1"***?)

splicing factor 3b, subunit 5 (sf3b5"%"") _

poly A binding protein, cytoplasmic 1 a Qpa@pm ah’mzb)
i3174a )

hi1902

pleiotropic regulator 1 (plrg 1 , plrg1
Translation eukaryotic translation initiation factor 3, subunit 4 delta(eif3s4"*°%)
eukaryotic translation initiation factor 4A, isoform 1A (eif4a1a"**)
Cell adhesion bystin-like (bysl)
Cytokinesis epithelial cell transforming sequence 2 oncogene (ect2™*°)
Protein folding chaperonin containing TCP1, subunit 3 (cct3"*%% cct3""%%7)
Pyrimidine biosynthesis carbamoy/-phosphatiez s;z/nthetase 2, aspartate transcarbamylase, and
dihydroorotase (cad"*%)
rRNA processing fibrillarin (f/"2%")
Ubiquitination F-box protein 5 (foxo5"?*%)
Unknown function chromosome 13 open reading frame 22-like (c13orf22/"%)

GTP binding protein 4 (gtpbp4"**) _
mak16-like homolog (mak16/""%%% mak16/"%%°)
nucleolar protein 5 (nol5™""®)

Zebrafish genetic mutant strains that have a thin yolk extension phenotype similar to Hit-
deficient embryos, have defects in housekeeping genes. Mutant alleles are shown in
brackets. All mutant strains listed here were generated in an insertional mutagenesis screen for
genes that are essential for early zebrafish development (310). Phenotypes such as brain
necrosis, pericardial oedema, enlargement of melanophores and failure to inflate the swim
bladder are also common amongst these mutant strains.
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Appendix B

Experiment 1 actat tfria tfr1b
raw value  average raw value  normalised | raw value normalised
mcMO1 1.16 1.12 0.936 1.51 1.262
1.26 1.197 1.05 0.877 1.67 1.396
1.17 1.10 0.919 1.66 1.387
haMO1 1.24 1.90 1.545 2.29 1.862
1.22 1.230 1.92 1.561 2.25 2.033
(2.06)* 2.12 1.724 (4.35)* -
uninjected 1.11 0.80 0.746 1.26 1.167
1.07 1.080 0.89 0.820 1.07 0.991
1.06 0.75 0.694 1.23 1.140
* Bracketed values were omitted from further analyses.
Experiment 2 actat tfria tfrib
raw value  average raw value  normalised | raw value normalised
mcMO1 2.20 1.83 0.880 3.69 1.774
2.08 2.080 2.09 1.005 2.39 1.149
1.96 2.18 1.050 2.31 1.111
haMO1 2.32 2.96 1.260 3.18 1.353
2.35 2.350 4.17 1.774 4.54 1.932
2.38 3.66 1.557 3.74 1.591
uninjected 1.92 2.42 1177 2.12 1.031
1.73 2.057 2.29 1.113 2.07 1.006
2.52 2.16 1.050 3.11 1.512
Experiment 3 actat tfria tfr1ib
raw value  average raw value  normalised | raw value normalised
mcMO1 1.81 1.62 0.917 3.43 1.942
1.85 1.767 1.66 0.934 2.70 1.528
1.65 1.73 0.979 2.13 1.206
haMO1 2.28 3.48 1.570 3.47 1.565
2.25 2.217 5.47 2.468 4.01 1.809
212 4.93 2.224 3.45 1.556
uninjected 1.62 2.31 1.423 2.33 1.435
1.40 1.623 2.39 1.472 2.34 1.441
1.85 2.59 1.595 3.19 1.965

Quantitative PCR data corresponding to Figure 5.7.

Quantitative PCR (performed by

S. Dayan) was used to assess levels of tfr1a and tfr1b transcripts (relative to acta? transcript
levels) in haMO1-treated, mcMO1-treated and uninjected embryos. The experiment was
performed on three independent occasions (Experiment 1, 2 and 3). In every experiment, each
embryo sample was run in triplicate, to account for pipetting error and/or apparatus variability in
plate reading. Raw values presented in the tables above represent arbitrary units of RNA
transcript, resulting from using the relative standard curve method for quantification (as set out
by Applied Biosciences). Two values (shown in brackets) were considered obvious outliers and
were omitted from subsequent statistical analyses. Triplicate values for acta? were averaged
(excluding the outlier), and each tfr1a and tfr1b value was then normalised to the average acta1
value for that particular sample. The normalised values are presented graphically in Chapter 5,
Figure 5.7.
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