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Abstract
Spinocerebellar ataxia type 1 (SCA1) is an incurable neurodegenerative disease resulting
from the loss of Purkinje neurons within the cerebellum. The causative agent of the
disease is the expansion of a trinucleotide repeat in its gene product ataxin-1. The
ubiquitin proteasome pathway (UPP) has been implicated in SCA1 but the role of
proteolysis in the disease is still poorly understood. To further investigate this issue in
vivo, genetic crosses were performed between a well established mouse model of SCA1
and novel strains expressing elevated levels of wild type or mutant isoforms of ubiquitin.
The K48R mutant isoform of ubiquitin (a dominant negative inhibitor of proteolysis) was
found to significantly delay the deterioration of Purkinje neurons as evidenced by
behavioral, morphological, and molecular indicators. This delay was accompanied by the
restoration of genes involved in calcium and glutamate signalling and by the stabilization
of postsynaptic density proteins whose abundance/activity would otherwise decline in the
course of the SCAL1 disease. These results are consistent with transcriptional
dysregulation as a key mechanism in neurodegeneration and suggest that the UPP is a

useful target for the development of novel therapies.
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One ought, every day at least, to hear a little song, read a good poem, see fine

pictures, and, if it were possible, to speak a few reasonable words.

Johann Wolfgang von Goethe
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Chapter 1

Introduction
1.1 The ubiquitin-proteasome pathway
The ubiquitin-proteasome pathway (UPP) is responsible for the rapid and irreversible
elimination of proteins. It is a tightly regulated process with a high degree of specificity.
A simplified schematic diagram of the UPP is show in Figure 1 (Gray et al., 2003).
Ubiquitin (depicted in Figure 2), a highly conserved 76 amino acid protein, serves as a
covalent tag to direct molecule protein substrates (either normal or misfolded/damaged
proteins) for degradation through a series of consecutive steps involving ubiquitin
metabolizing enzymes (E1, E2, and E3). The initial step involves the activation of the C-
terminal glycine residue of ubiquitin by an ubiquitin activating enzyme E1 in a step
dependent on ATP. This reaction converts ubiquitin into a high-energy thioester
intermediate (E1-S~ubiquitin). The activated intermediate is then transferred to an
ubiquitin-carrier protein E2 which, with the assistance of an E3 ligase, attaches the Gly76
of the ubiquitin moiety via an isopeptide bond to an internal lysine of a target substrate.
The efficient targeting of the protein structure to the 26S proteasome is dependent on the
formation of a threshold length polyubiquitin chain assembled through the Gly76 of one
ubiquitin moiety to Lys48 of the preceding ubiquitin molecule. Thus, successive rounds
of ubiquitylation are required for efficient targeting and degradation of the protein to the

268 proteasome where it is degraded in the inner compartment of the protease (Glickman

and Ciechanover, 2002).



Figure 1. Schematic representation the UPP

The covalent attachment of ubiquitin to a protein substrate (either a normal protein
destined for degradation or a damaged or abnormally folded protein) proceeds via a
three-step cascade. In an initial reaction, the C-terminal G76 of ubiquitin is activated by
an ubiquitin activating enzyme. This reaction is followed by substrate recognition and
subsequent addition of an ubiquitin moiety to the substrate, a step mediated through
interactions between E2 conjugases and E3 ligases, respectively. The mono-
ubiquitination of the substrate is followed by successive addition of other ubiquitin
moieties through the formation of an isopeptide bond between K48-G76 to form a
polyubiquitin chain. The recognition of a threshold length polyubiquitin chain by the
proteasome ensures its unfolding and degradation by the proteolytic activities lining the
inner rings of the protease. Deubiquitination enzymes (DUBs) recycle ubiquitin by
releasing ubiquitin from the polyubiquitin chain assembled on the substrate yielding free
ubiquitin monomers.
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Figure 2. Three-dimensional structure of ubiquitin

Schematic representation of the 76 amino acid ubiquitin monomer revealing a compact
N-terminus composed of a-helices and B-sheets. The structure also reveals a more
flexible, less structured protruding C-terminus consisting of only 6 amino acids.



http://darwin.chem.nottingham.ac.uk/group/protein.html



1.2 The 26S proteasome

The 26S proteasome (depicted in Figure 3) is a ubiquitously expressed, ATP-dependent
cytoplasmic and nuclear multi-subunit enzyme protease charged with the elimination of
cellular protein substrates. It has a molecular mass of approximately 2.5 MDa and can
functionally divided in a core (20S) particle and a regulatory particle (19S) that caps
either end of the 20S particle. The cap can be further divided in a base and a lid

component (reviewed in (Pickart and Cohen, 2004)).
1.2.1 The 20S core particle

The 20S proteasome in eukaryotes is composed of two distinct subunits: the B-type
subunits which contain the catalytic activities and the a-type which are required for
structural reasons (reviewed in (Hilt and Wolf, 1995)). Three distinct proteolytic
activities have been associated with the 20S proteasome; the trypsin-like, the
chymotrypsin-like, and the post-glutamyl peptidyl hydrolytic (PGPH) activities which
cleave after basic, large hydrophobic and acidic residues respectively (Orlowski et al.,
1993). The 20S proteasome has been shown to have proteolytic cleavage towards

denatured or oxidized proteins (without requirement for ATP, (Shringarpure et al., 2003)).

1.2.2 The 19S particle

The 19S complex is composed of a lid and a base that caps the ends of the 20S
proteasome; the base contains six ATPases and three non-ATPases (Rpnl,2 and 10)
while the lid is composed of eight non-ATPase subunits (Rpn3,5,6,7,8,9,11 and 12) that
serve in the recognition of ubiquitylated substrates (Glickman et al., 1998) and reviewed

in (Hilt and Wolf, 1995)). The putative role of the base is one of a molecular chaperone



Figure 3. Organization of the eukaryotic 26S proteasome

A) Electron micrograph of the eukaryotic proteasome isolated from rat liver. The
structure consists of two 19S regulatory particles that cap the 20S catalytic core. B)

Schematic representation of A) showing the lid and base components that constitute the
19S regulatory particle.
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involved in the unfolding and translocation of protein substrates into the catalytic

chamber (Braun et al., 1999).

1.3 Roles of ubiquitin in non-proteolytic cellular processes

Polyubiquitin chains assembled through linkages other than G76-K48 have roles in
processes that do not involve protein degradation. The formation of a linear K63 linked
polyubiquitin chain has been recently implicated in the signalling of NF-kB transcription
factor resulting in the activation of downstream genes (Deng et al., 2000), in endocytosis
of membrane bound receptors destined for degradation in the lysosome, in DNA repair
and in ribosome assembly (Glickman and Ciechanover, 2002). The disruption of K63
linked polyubiquitin chains in yeast has been shown to sensitize cells to radiation-induced
damage and in defects in the error prone DNA repair pathway ((Arnason and Ellison,
1994) and (Spence et al., 1995)). The mono-ubiquitin signal (as opposed to polyubiquitin)
plays a well documented role in transcriptional control whereby the attachment of a

single ubiquitin to histone proteins modulates gene expression (Sun and Allis, 2002; Kao
et al., 2004). Mono-ubiquitylation can serve in vesicular sorting in the endocytic

pathway (Katzmann et al., 2001), as a sub-cellular localization motif (Plafker et al., 2004),
in the internalization of membrane bound receptors (Haglund et al., 2002; Sun and Allis,

2002) and in viral budding (Patnaik et al., 2000).

1.4 Ubiquitin genes and the generation of monomeric ubiquitin
Ubiquitin is never expressed as a monomer but as a linear fusion of tandem repeats of
ubiquitin or linear fusion between ubiquitin and ribosomal subunits. The UBA genes

(UBAS52 and UBAB80) encodes the latter type of fusions whereas the UBB and UBC

6



genes are coding sequence in a spacerless head to tail arrangement (Redman and
Rechsteiner, 1988; Baker and Board, 1991). The ubiquitin-ribosomal fusion proteins are
ubiquitously expressed in all cells and provide the majority of ubiquitin in unstressed
conditions. During conditions of stress, such as starvation or elevation of temperature,
the UBB and UBC genes (which in most humans are comprised of 3 and 9 tandem
repeats of ubiquitin respectively) are induced and elevate cellular ubiquitin pools thereby
facilitating a rapid UPP response to deal with misfolded or damaged proteins . Both
types of fusions are subject to co-translational processing to yield monomeric ubiquitin
that can be attached to cellular proteins. Ubiquitin carboxy-terminal hydrolases (UCHs)
and Ubiquitin specific proteases (UBPs), collectively refered to as deubiquitylating
enzymes (DUBs) serve in the processing of ubiquitin fusion proteins (either ribosomal or
polyubiquitin fusions), in the editing of poly-ubiquitin chains assembled on protein
substrates (thereby affecting their steady state levels by removing ubiquitin and rescuing
them from degradation), and in the recycling of ubiquitin from small adducts to replenish
ubiquitin pools (Wing, 2003). Most DUBs are free floating enzymes although some have
been associated with the 19S core particle of the proteasome where they serve in the

disassembly and recycling of the polyubiquitin signal.

1.5 Ubiquitin and its role in transcriptional control

The role of ubiquitin in gene expression has been limited to the mono-ubiquitylation of
histones and to the degradation of many transcriptional activators and components of the
basal transcription machinery that are subject to ubiquitin mediated degradation by the
26S proteasome. It has been recently demonstrated that ubiquitin and ubiquitin

components may play proteolytic and non-proteolytic roles in the regulation of gene



transcription (Muratani and Tansey, 2003). It has been shown that components of the
basal transcription machinery exhibit E3 ubiquitin ligase activity or are associated with
E3 ubiquitin ligases at the promoter of genes (Brower et al., 2002). In addition,
deubiquitylating enzymes have been found at the same sites. These associations have
been shown to result in the rearrangement of chromatin structure enabling the elongation
of transcription by RNA polymerases. In addition to the presence of enzymes with
ubiquitin activity, proteasomes have also been detected at the promoter of genes (mainly
the 198 lid) suggesting a role of remodelling of chromatin by the ATPases found within
this particle. All these observations have recently been summarized in a review from
William Tansey (Muratani and Tansey, 2003) whose model stipulates that E3 ubiquitin
ligases are recruited to the promoter of genes to modulate the activity of transcriptional
activators (including RNA polyll). This interaction recruits proteasomes to the active
sites and serve in the destruction of the gene activators to promote the elongation of
transcription by RNA polll. The chaperone activity provided by the 19S subunits would

serve to modify chromatin during transcription until its dissociation from the polymerase.

1.6 The role of ubiquitin in the maintenance of neuronal synapses

It is well documented that modifications occurring at synapses following synaptic
activation are highly coordinated and dynamic (Perez-Otano and Ehlers, 2005). These
molecular changes occurring at the synapse affect local gene expression, protein
synthesis and destruction, processes required for neuronal plasticity. This mechanism has
been shown to involve post synaptic density proteins, a family of proteins residing in the
synaptic terminal. It has been shown that the composition of these PSD proteins is

altered in response to activation and that the remodelling of the synapse is mediated by



the UPP (Ehlers, 2003). The ubiquitin dependent removal of key molecular regulators
following synaptic activation facilitates dynamic changes in PSD structure and alters the
morphology of the synapse suggesting an important role for the UPP in the

rearrangement and maintenance of synapses to maintain plasticity in the mammalian

brain.

1.7 The pathogenesis of SCA1, a protein folding disease

Spinocerebellar ataxia-1 (SCA1) is an autosomal dominant neurodegenerative discase
that belongs to a large family of diseases collectively referred to as polyglutamine
disorders. The clinical features of SCA1 include the loss of limb and gait coordination,
imperfect articulation of speech that is accompanied by difficulties in breathing and
swallowing (Orr, 2000). The causative agent is the expansion of a polyglutamine repeat
within the gene product, ataxin-1 whose function remains unknown. The expression of a
polyglutamine expanded ataxin-1 in animal models has been shown to recapitulate the
features of the human disease via a mechanism of toxic gain of function. The length of
the polyglutamine tract has been shown to be important in predicting the onset and
severity of the disease with longer tracts having the most deleterious effects. Although
the pathologically expanded protein is ubiquitously expressed in humans, pathological
features are solely manifest in Purkinje cell neurons residing in the cerebellum and to a
lesser extend in neurons of the brainstem. Purkinje specific expression of an expanded
polyglutamine tract (tract of 82Qs) but not the non-expanded counterpart of 30Qs in mice
has been shown to result in anomalies consistent with altered vesicle trafficking
(including the presence of cytoplasmic vacuoles) and the presence of nuclear

proteinaceous inclusions that are immunoreactive for ubiquitin and components of the



UPP (Orr, 2000). These pathological features can be alleviated by silencing the

expression of transgene-derived ataxin-1 by RNAi (Xia et al., 2004).

It is become increasing clear that the presence of an expanded polyglutamine tract alters
the conformation of gene product. This expansion has been shown to interfere with the
clearance of the malfolded protein by the UPP and has been suggested to be the basis of
its accumulation within the cells (Bence et al., 2001). This is consistent with the
findings that exogenous expression of chaperone proteins in cultured cells expressing
expanded polyQ proteins or in animal models of disease alleviates the phenotype and
reduces inclusion formation by either chaperone-mediated refolding or targeting for
degradation. If all else fails, the cell may sequester the toxic protein in an inclusion.
Recent studies have suggested that the formation of inclusion bodies may be a protective
cellular response to preclude association of the protein with cellular components and that
coating ability of ubiquitin may play protective role in orchestrating inclusion formation
(Arrasate et al., 2004). This protective role of inclusions is supported by findings that the
presence of ubiquitylated aggregates does not correlate well with disease severity. For
example, crossing a mouse model in which the E6-AP ubiquitin ligase has been knocked-
out to the mouse model of SCA1 results in fewer inclusions but more pronounced
pathology (Cummings et al., 1999). These observations have suggested that the

elimination of ubiquitin components serves to aggravate the disease.

Combined with its increased stability (due to a failure to be cleared) it has been suggested
that the altered conformation adapted by the aberrantly folded protein increases its

propensity to aggregate and inadvertently interact with neuronal proteins to form

10



aggregates. Aggregates, being distinct from inclusions, are viewed as toxic entities due to
their ability to interact with cellular components. It has been suggested that specific
protein-protein interactions between ataxin-1 and cellular proteins may be the basis for its
increased stability and its ability to exert its toxic effects. For example, serine
phosphorylation of ataxin-1 by AKT has been found to increase its ability to bind the 14-
3-3 protein (a protein that regulates the phosphorylation of specific target proteins) (Chen
et al., 2003). This interaction has been shown to enhance the stability of the expanded
protein and contribute to its toxicity. Likewise, the expanded polyglutamine tract has
been shown to interact with and adversely affect the function of transcriptional factors
and co-factors resulting in an altered gene expression. Consistent with this is the finding
that the nuclear localization of ataxin-1 is necessary to result in pathology and that ataxin-

1 has been shown to bind RNA (Irwin et al., 2005).

There is evidence to suggest that regions surrounding the polyglutamine expansion play
important role in the pathogenesis of SCA1. This is supported by findings in which the
high levels of exogenous expression of non pathological ataxin-1 with 30 polyglutamine
repeats can result in neuronal degeneration (Fernandez-funez et al., 2000). Similarly, the
expression of the AHX domain of ataxin-1, rather than the expression of the expanded
polyglutamine tract, results in a gain-of-function of the protein by facilitating its

interaction with transcriptions factors.

1.8 The aims of the research
The role of ubiquitin mediated proteolysis in neurodegeneration has remained elusive and

is based primarily on findings performed in cultured mammalian cells expressing toxic

11



proteins. In order to obtain a better understanding of in vivo role of the UPP in
modulating the course of disease, transgenic mice expressing either wild-type or mutant
forms of ubiquitin were generated and bred to the well characterized mouse model of
SCAL1 (Tsirigotis et al., 2005, in press). The analysis of compound transgenic mice
revealed that the introduction of a chain terminating version of ubiquitin (K48R)
conferred protective effects and alleviated the anomalies readily observed in SCA1 mice.
Taken together, the data suggest that perturbations in ubiquitin may prove beneficial in
delaying neurodegeneration through mechanisms involving the restoration of gene

transcription and/or by stabilizing key molecular proteins whose loss figures in disease.
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Chapter 2

Materials and Methods
2.1 Generation of Transgenic Mice
Wt Ub-EGFP, K48R Ub-EGFP, and K63R Ub-EGFP ubiquitin transgenic lines were
generated in the transgenic core facility of Dr. Barbara Vanderhyden (Ottawa Health
Research Institute) by Manon Dube and have been previously described ((Tsirigotis et al.,
2001b), (Zhang et al., 2003)). The BOS5 transgenic line carrying an expanded
polyglutamine repeat of 82 codons within the gene product ataxin-1 and the A02 line
with a repeat of 30 codons within the same gene were generated in the laboratory of Dr.
Harry Orr (Burright et al., 1995), from whom the lines were obtained. Compound
transgenic mice were obtained by crossing A02 and B0O5 mice with either wt Ub-EGFP,
K48R Ub-EGFP or K63R Ub-EGFP ubiquitin transgenics.
2.2 Handling and processing of animal tissues
Animals were anaesthetized using CO, and sacrificed by cervical dislocation. Whole
brains or cerebella of nontransgenic and transgenic animals were carefully excised and
prepared accordingly for proteome, transcriptome or immunohistochemical analysis.
Either tail clips or ear clips were used for genotyping purposes.
2.3 DNA extraction
Tail or ear clips derived from nontransgenic, wt Ub-EGFP, K48R Ub-EGFP, or K63R
Ub-EGFP transgenic animals were incubated overnight at 50°C in 500pu] of DNA
extraction buffer (7SmM NaCl, 25mM EDTA, 10mM Tris, 1% SDS) and 12.5pl of
proteinase K (10mg/ul). Subsequently, the samples were vortexed and an equal volume
(500ul) of 24:24:1 phenol: chloroform: isoamylalcohol (Sigma, St. Louis, Missouri, USA)

was added and samples were mixed for 15 minutes at room temperature. Samples were

13



centrifuged at 14 000 RPM for 15 minutes at 4°C and the supernatant was removed and
placed into a new tube containing 500ul of isopropanol. The mixture was then
centrifuged at 14 000 RPM for 15 minutes at 4°C to pellet the DNA. The supernatant
was discarded and the DNA pellet was washed with 500ul of 70% ethanol. Samples
were then centrifuged at 14 000 RPM for 15 minutes at 4°C to pellet the DNA prior to
allowing the DNA pellet to air dry. The pellet was resuspended in TE buffer (10mM Tris,
ImM EDTA, pH 8.0) and was quantified using a spectrophotometer (Eppendorf
BioPhotometer).

2.4 Genotyping of various ubiquitin transgenics

Genotyping of the various transgenic mouse lines was achieved by Real-Time PCR using
using the LightCycler® 1.5 instrument and SYBR Green I as the detection format (Roche
Molecular Biochemicals, Mannheim, Germany). A forward primer sequence spanning
the region of the transgene corresponding to K48, mutant K48R, K63, or mutant K63R
were used in conjunction with a reverse primer that recognized a sequence in EGFP.
Each primer set was tested with DNA derived from each ubiquitin transgenic resulting in
a total of 4 distinct PCR reactions per DNA template. The successful amplification of
DNA (as visualized by melting curve analysis or running the PCR product on a SDS-
PAGE gel) with a given primer set was used as the determinant of the genotype of the
animal. The primer sets used for the genotyping were as follows: forward primer for
K48 5'-GCAGGCAAGCAGCTGGAA-3'; forward primer for K48R
5'AGGCCGGCAGCTGGAA-3'; forward primer K63 5'-
ATCCAGAAAGAGTCGACCCTG-3'; forward primer for K63R 5'-
AACATCCAGCGGGAGTCG-3' and the reverse primer for EGFP 5'-

CTTGCCGGTGGTGCAGAT-3'. The following LightCyler® cycling conditions were
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used: (1) denaturation program (97 °C for 30 s); (ii) amplification and quantitation
program repeated 35 times (97 °C for 2 s; 65 °C for 8 s; 72 °C for 9 s with a single
fluorescent measurement); (iii) melting curve program (65-99 °C continuous fluorescent
measurement); and (iv) cooling step to 40 °C. PCR conditions were as follows: 50ng of
DNA combined with 4pmol of each primer (forward and reverse) and 2.0ul of Roche
SYBR Green I Master mix containing dNTPs, Taq Polymerase and SYBR Green I
(Roche Diagnostics, Laval, Quebec, Canada). MgCl, was added in the PCR reaction at a
final concentration of 2.5mM. The total PCR reaction volume was 20ul.

2.5 RNA extraction

Total cerebellar RNA was extracted using the Qiagen RNeasy Mini Kit (P/N 74104) as
per the supplier’s protocol (Qiagen Inc. Canada, Mississauga, Ontario, Canada). The
quantification and quality of the RNA was assessed using the spectrophotometer
(Eppendorf BioPhotometer).

2.6 DNA Affymetrix Microarray analysis

Total cerebella RNA was extracted from 3 month old aged- and sex-matched transgenic
animals as previously described. 200ul of RNA from each sample was concentrated by
addition of 110ul of 5M sodium acetate (pH 5.2) and 495ul of 100% ethanol. The
samples were placed at -20°C overnight to allow successful precipitation. Subsequently,
the RNA was centrifuged at 14 000 RPM for 20 minutes at 4°C. The supernatant was
discarded and the RNA pellet was washed with 500ul of 70% ethanol and were
centrifuged at 14 000 RPM for 5 minutes at 4°C. The supernatant was discarded and the
RNA pellet was allowed to air dry. 11ul of DEPC water was used to resuspend the RNA.
To verify the integrity of the RNA prior to microarray analysis, samples were analysed

using the Agilent Bioanalyzer (Agilent Technologies Canada Inc., Mississauga, Ontario,
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Canada). A total of 20pg of total cerebellar RNA at a concentration of 2.0pg/ul was sent
to Ottawa Genome Centre (The OHRI Gene Expression Facility, Ottawa, Ontario,
Canada) for the microarray analysis. Cerebellar gene expression of nontransgenic, wt
Ub-EGFP, K48R Ub-EGFP, K63R Ub-EGFP, and SCA1 mice (BOS line) were assessed
using MG-U74A oligonucleotide array (Affymetrix, Santa Clara, CA, USA) containing
36 899 mouse genes and ESTs. Microarray data analysis was performed using
GeneSpring 6.0 (Agilent Technologies Inc., Palo Alto, CA, USA) and Stratagene
ArrayAssist 3.0 (La Jolla, CA, USA).

2.7 Quantitative RT-PCR analysis

A total of 1ug of template RNA from aged-matched nontransgenic, wt Ub-EGFP, K48R
Ub-EGFP, B05 and B05 compound transgenic mice was used to prepare the first strand
c¢DNA using M-MLV Reverse Transcriptase and Oligo(dT);.1s primers (Invitrogen
Canada Inc, Burlington, Ontario, Canada) as per the supplier’s protocol. The validation
of the microarray results as well as the investigation of other target genes by RT-PCR
was performed using the LightCycler® 1.5 instrument and SYBR Green I as the detection
format (Roche Molecular Biochemicals, Mannheim, Germany).

The primer set used in the amplification of PKCy was as follows: forward primer 5'-
TTCTTCAAGCAGCCAAC-3' and reverse primer 5'-TGTAGCTGTGCAGACG-3'. The
following Li ghtCycler® cycling conditions were used: (i) denaturation program (95 °C
for 45 s); (i1) amplification and quantification programs were repeated 45 times (95 °C
for 2 s; 58 °C for 10 s; 72 °C for 12 s with a single fluorescent measurement); (iii)
melting curve program (70-99 °C continuous fluorescent measurement); and (iv) finally
a cooling step to 40 °C.

The primer set used in the amplification of p300 was as follows: forward primer 5'-
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CGCTTTGTCTACACCTGCAA-3' and reverse primer 5'-
TGCTGGTTGTTGCTCTCATC-3". The following LightCycler® cycling conditions
were used: (i) denaturation program (95 °C for 30 s); (ii) amplification and quantification
programs were repeated 50 times (95 °C for 2 s; 55 °C for 10 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of Calbindin was as follows: forward primer 5'-
GACGGAAGTGGTTACCTGGA -3’ and reverse primer 5'-
TTCCTCGCAGGACTTCAGTT-3". The following LightCycler® cycling conditions
were used: (i) denaturation program (95 °C for 20 s); (ii) amplification and quantification
programs were repeated 35 times (95 °C for 1 s; 60 °C for 8 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of EAAT4 was as follows: forward primer 5'-
CAGATGCTGGTGTTACCCCT-3' and reverse primer
5'AGGCCTCCACAAGGTTAGGT-3'". The following LightCycler® cycling conditions
were used: (i) denaturation program (95 °C for 30 s); (i1) amplification and quantification
programs were repeated 45 times (95 °C for 2 s; 60 °C for 8 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of homer-3 was as follows: forward primer 5'-
CTTACTATTTCGCACTCCCTTC-3' and reverse primer 5'-
ACTCAGTGTTTCCTGTCCC-3". The following LightCycler® cycling conditions were

used: (i) denaturation program (95 °C for 45 s); (ii) amplification and quantification
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programs were repeated 45 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of CARP was as follows: forward primer 5'-
CTTGCAGCGAAGGAGTTACC-3' and reverse primer 5°-
CACCAGTTCTACCCCCTTGA-3". The following LightCycler® cycling conditions
were used: (1) denaturation program (95 °C for 45 s); (ii) amplification and quantification
programs were repeated 35 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of G-Substrate was as follows: forward primer
5'-GACTCTAAGATCTAGACGCCTC-3' and reverse primer 5'-
CCCCTCCCCATCTTTTATCC-3'. The following LightCycler® cycling conditions were
used: (1) denaturation program (95 °C for 45 s); (ii) amplification and quantification
programs were repeated 35 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a
single fluorescent measurement); (iii) melting curve program (70-99 °C continuous
fluorescent measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of SERCA2 was as follows: forward primer 5'-
CTGTGGAGACCCTTGGTTGT-3' and reverse primer 5'-
CAGAGCACAGATGGTGGCTA-3". The following LightCycler® cycling conditions
were used: (1) denaturation program (95 °C for 45 s); (ii) amplification and quantitation
program repeated 35 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a single
fluorescent measurement); (iii) melting curve program (70-99 °C continuous fluorescent

measurement); and (iv) finally a cooling step to 40 °C.
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The primer set used in the amplification of IP3R1 was as follows: forward primer 5'-
GTTCCAGAAACTGGCGAGAG-3' and reverse primer 5'-
CAGAGGCTCCTCTTTGGATG-3'". The following LightCycler® cycling conditions
were used: (i) denaturation program (97 °C for 30 s); (ii) amplification and quantitation
program repeated 45 times (95 °C for 2 s; 60 °C for 6 s; 72 °C for 12 s with a single
fluorescent measurement); (iii) melting curve program (70-99 °C continuous fluorescent
measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of ITPKC was as follows: forward primer 5'-
CTGAGCGACAGTGAGAGCAG-3' and reverse primer 5'-
GCACCAGGCAGTAGTGTTCA-3'". The following LightCycler® cycling conditions
were used: (i) denaturation program (95 °C for 45 s); (ii) amplification and quantitation
program repeated 35 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a single
fluorescent measurement); (iii) melting curve program (70-99 °C continuous fluorescent
measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of AMPA was as follows: forward primer 5'-
TGTCAAAGTGGTGAGAGGCA -3' and reverse primer 5'-
ACAATAGTGGCTGCGGAAAC-3'. The following LightCycler® cycling conditions
were used: (i) denaturation program (95 °C for 45 s); (ii) amplification and quantitation
program repeated 45 times (95 °C for 2 s; 58 °C for 10 s; 72 °C for 12 s with a single
fluorescent measurement); (iii) melting curve program (70-99 °C continuous fluorescent
measurement); and (iv) finally a cooling step to 40 °C.

The primer set used in the amplification of the B-actin control gene was as follows:
forward primer 5-TTACTGCTCTGGCTCCTAG-3' and reverse primer 5'-

AAAGAAAGGGTGTAAAACG-3"
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PCR conditions were as follows: 4pmols of forward or reverse primer; 0.4ul of Taq
Polymerase (Invitrogen Canada Inc, Burlington, Ontario, Canada); 1.6ul of ANTP
(10mM); 0.4pl SYBR Green I ((1/10 000) Cambrex, Cambrex BioScience Rockland Inc,
Rockland, ME, USA); 0.4u1 BSA (25mg/ml (Sigma)); 4mM MgCl; ; and a total reaction
volume of 20pl. The LightCycler® software package Version 5.3.2 was used to
determine relative expression levels of the target gene (Roche Molecular Biochemicals,
Mannheim, Germany). Quantification of all genes was extrapolated from a standard
curve constructed from a serial dilution of control RNA. Fold changes in the various
mouse lines were calculated relative to nontransgentic controls.

2.8 Northern blot analysis

RNA was extracted from the cerebella of 3 month old aged- and sex-matched
nontransgenic, wt Ub-EGFP, K48R Ub-EGFP, B05 and BO5 compound transgenic mice
with the Qiagen RNeasy kit as previously described. 15ug of total RNA was denatured
by heating at 65°C for 30 minutes and was separated on a 1% agarose-5% formaldyhyde
gel. The migration and integrity of the RNA was confirmed by ethidium bromide
staining for 15 minutes at room temperature. The RNA was transferred onto a Hybond
N+ membrane overnight (Amersham Pharmacia Biotechnologies, Baie D’Urfé, Québec,
Canada). Subsequently, it was incubated for 3 hours at 42°C in pre-hybridization
solution containing 50% formamide, 20X SSPE, 50X Denhardt solution, 10% SDS and
250pg/ml denatured sperm DNA prior to the addition of the radiolabelled probe which
consisted of a 2.7 Kb ¢cDNA fragment encoding the non-expanded ataxin-1 protein (a gift
from Huda Zoghbi, Baylor College of Medicine). The fragment was excised from the
PGEMII backbone with EcoR1 restriction endonuclease and labelled with [a -32P] dCTP

using a Megaprime DNA labelling kit from Amersham. The membrane was washed two
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times for 15 minutes each at room temperature with buffer containing 2X SSC and 0.1%
SDS, and then a final wash for 15 minutes with 0.2X SSC and 0.1% SDS at 65°C. The
membrane was exposed on a phosphor screen and visualized with the phosphoimager
(Amersham). As a loading control, the membrane was re-probed with a 1.1 Kb human B-
actin c-DNA fragment excised from the Bluescript SK™ backbone with EcoR1 restriction
endonuclease (American Type Culture Collection, Manassas VA).

2.9 Protein extraction

The cerebella of nontransgenic and transgenic animals were excised as described
previously. Tissue was homogenized in protein lysis buffer (20 mM Tris-

HClpH 7.5, 150mM NaCl, 1% Nonidet P-40 (Sigma, St. Louis, Missouri, USA), 0.5 mM
EDTA, and 20% glycerol) containing the following protease and phosphates inhibitors:
ImM phenylmethylsulfonyl fluoride, 5 pg/mL leupeptin (Sigma), 2 pg/mL aprotinin
(Sigma), 200 uM sodium Fluoride (NaF) and 200 uM sodium pyrophosphate (NaPP1).
The homogenates were sonicated three times for 10 seconds each and placed on ice. The
extracts were centrifuged at 14 000 RPM at 4°C for 30 minutes and the supernatants were
recovered and pre-cleared by incubation with gamma bind sepharose beads (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) overnight at 4°C. The protein concentration of
each sample was determined using the Bradford protein assay (Bio-Rad Laboratories
Canada Inc., Mississauga, Ontario, Canada).

2.10 Western blot analysis

A total of 50pg of cerebellar protein extracts were resolved on an 8% SDS-
polyacrylamide gel and electroblotted onto a hydrobond C nitrocellulose membrane
(Amersham Pharmacia Biotech, Baie D’Urf¢, Québec, Canada). The membranes were

stained with Ponceau S (Sigma, St. Louis, Missouri, USA) prior to western blotting to
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ensure complete transfer of proteins. Non specific binding was reduced by incubating
membranes in 5% skim milk diluted in TBST (10 mM Tris-HCI (pH7.6), 150 mM NaCl
and 1%Tween-20) overnight. The respective primary and secondary antibodies, which
were also diluted in 5% skim milk in TBST, were applied on the membrane for 1 hour at
room temperature. The membranes were then washed 3 times for 10 minutes with TBST
prior to incubation with the appropriate secondary antibody. The proteins were
visualized by the horseradish peroxidase method using the ECL kit purchased from
Kirkegaard and Perry Laboratories Inc (Gaithersburg, Maryland, USA). Densitometry
was performed in PhotoshopCS (Adobe System, San Jose, CA, USA). The values
represent the mean intensity of pixels normalized to actin and expressed as the percentage
of black (the raw scanned data were in the form of 256 shades of gray).

2.11 Antibodies for Western blot analysis

The mouse monoclonal 6xhis antibody was purchased from Qiagen (Qiagen Inc.,
Mississauga, Ontario, Canada). The rabbit polyclonal antibody raised against ubiquitin
was purchased by DAKO (DakoCytomation Inc., Mississauga, Ontario, Canada). EGFP,
RNA polymerase, and homer were detected with rabbit polyclonal antibodies purchased
from Santa Cruz (Santa Cruz Biotechnologies Inc., Santa Cruz, CA). The rabbit
polyclonal antibody used for the detection of PCAF was purchased from Upstate (Upstate
Biotechnolgies, Chicago, IL, USA). The rabbit polyclonal PSD95 antibody was
purchased from Zymed Laboratoreis (Zymed Laboratories Inc., South San Francisco, CA,
USA).

2.12 Immunohistochemistry

Cerebella of nontransgenic and transgenic animals were excised and fixed in 10%

phosphate-buffered formalin overnight at room temperature. They were then transferred
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to 70% ethanol for a period of 24 hours prior to being paraffin-embedded and sectioned
at a thickness of Sum. Deparaffinized sections were heated in a solution of 10 mM
sodium citrate (pH 6.0) in 700W microwave for 10 minutes. Endogenous peroxidase
activity was blocked by incubating in methanol containing 3% hydrogen peroxide for 20
minutes. Sections were washed with 0.1 M PBS (pH 7.4) and incubated for 30 minutes
with 1.5% normal goat serum (Santa Cruz Biotechnologies Inc., Santa Cruz, CA) to
block nonspecific binding. Sections were then incubated overnight at 4°C with a rabbit
polyclonal antibody raised against calbindin (Chemicon, Temecula, CA, USA). The
reaction product was visualized by the Envision+ system (DakoCytomation Inc.,
Mississauga, Ontario, Canada). The number of Purkinje cells per 100pm was measured
using the Zeiss software Axiovision 3.1 (Carl Zeiss, Thornwood, NY).

2.13 Behavioural analysis

Cohorts of six mice of each genotype were tested for motor performance on the rotating
rod apparatus. They were placed on the rotating rod for three trials per day for four
consecutive days. A period of several seconds before each trial without any acceleration
of the rod was allocated to acclimatize the animal to the apparatus. The duration of the
trials was approximately 6 minutes during which time the rod underwent linear
acceleration in increments of 0.1 rpm/sec. Animals were scored for their latency to fall
(in seconds) for each trial. Standard errors for the data were calculated using an
algorithm in Excel (Microsoft Corporation, Redwood, WA, USA).

2.14 Cerebella neuronal cultures

Plastic culture dish (diameter of 35mm; Falcon 3001) were coated by placing 300ul of
poly-L-Ornithine (PLO; 500ug/ml) overnight. Before use, dishes were rinsed with

purified water three times and completely dried. The stock solution for seeding and
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culture media was a 1:1 mixture of Dulbecco’s modified Eagle medium and F-12
nutrients (DFM; Gibco 12400), supplemented with Purescine (100uM), Na,Se¢O; (30nM),
L-glutamine (1.4mM), and gentamicin (10ug/ml); pH was adjusted to 7.2 with NaOH. E
18 embryos were removed by caesarean-section from various mouse strains and
anaesthetized with diethylether. The embryos were sacrificed by decapitation, and their
cerebella were dissected and kept in 10 ml of ice-cold Ca®* - and Mg?®" -free Hank’s
balanced salt solution (Gibco 21250) containing fentamicin (10ug/ml) (HBSS). The
cerebella were processed in a 15-ml plastic tube (Falcon 2096). To change solution, we
centrifuged the tube at 1000 rpm, 4°C for 1-3 min, aspirated the supernatant, and then
poured new solution into the tube. The cerebella were washed with 10ml HBSS once and
digested in 2.5ml TrypLE Express (Invitrogen) at 33°C for 13-15 min. The dissected
cerebella were rinsed with 10ml of HBSS twice. In 2ml of HBSS supplemented with
MgSO, -7H,0 (12 mM) and DNase I (SU.ml; 776 785, Boehringer), the cerebella were
gently triturated with the same pipette to which was attached a plastic tip until they
became invisible. Five millilitres of HBSS was added to the cell suspension and the tube
was centrifuged at 1200 rpm, 4°C for 5 min. After removal of supernatant, the density of
dissociated cells was adjusted to 5 X 10 ¢ cell/m] with DFM stock solution supplemented
with foetal bovine serum (BSA)(10% v/v; 29-167-54, ICN). A 90-ul drop of the resultant
seeding medium was gently placed on the coated area of a culture dish. Culture medium
was added to each dish. After 3-h incubation in the CO; incubator, 1 ml of culture
medium was added to each dish. Culture medium was prepared before use by
supplementing the DFM stock solution with transferring (200ug.ml), progesterone (40nM)
insulin (20 ug/ml), and tri-iodothyronine (0.5 ng/ml), which is reported to be important

for PN differentiation such as dendritic branching (see Lindholm et al., 1993). The cells
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were maintained in the incubator and fed once a week by replacing half of the old

medium with cytosine arabinoside (4uM) and BSA (100ug/ml).
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Chapter 3
Results

3.1 Generation of novel ubiquitin transgenic mice

Although readily detected in its monomeric form, ubiquitin is never expressed in such a
way in cells but rather as a precursor pro-protein either as a tandem repeat of multiple
ubiquitin moieties or as a fusion with ribosomal subunits. These ubiquitin fusion proteins
are processed during translation by ubiquitin carboxyterminal hydrolases (UcHs) or
ubiquitin specific proteases (DUBSs) to yield ubiquitin monomers that can be covalently
attached to protein substrates. This property of ubiquitin processing was exploited to
generate expression constructs encoding in frame fusions between an RGS-6xHis epitope
tagged ubiquitin with the enhanced green fluorescent protein (hereafter referred to as
EGFP) under the control of the strong UbC promoter (a schematic representation of the
expression cassette is depicted in Figure 4), The strategy employed predicts that, much
like endogenous ubiquitin fusion proteins, linear fusions of ubiquitin with EGFP would
be processed by endogenous enzymes possessing ubiquitin processing activity to yield
functional ubiquitin moieties and EGFP that serves as a proxy for detection. An image of
dissected brains and testis from a wt Ub-EGFP expressing transgenic mouse viewed by
light and fluorescent microscopy is shown in Figure 5 to demonstrates the ubiquitous
expression of the transgene in these organs. The functionality of the ubiquitin expression
constructs has been previously tested in cultured mammalian cells (Tsirigotis et al., 2001a)
and in vivo (Tsirigotis et al., 2001b). A western blot of total brain extracts prepared from
nontransgenic, wild-type, K48R and K63R mice probed with antibodies raised against
EGFP, ubiquitin and the 6xhis epitope respectively is shown in Figure 6 to demonstrate

the expected protein species when efficient processing occurs and the incorporation of
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Figure 4. General design of the ubiquitin expression constructs

The human ubiquitin C promoter (UbC) was used to drive the expression of the
hexahistidine-tagged human ubiquitin (Ub) fused in frame to the enhanced Green
Fluorescent protein (EGFP). The simian virus 40 polyadenylation signal (pA) was placed
downstream. The arrow shows the Ub-EGFP cleavage site. Cleavage of EGFP serves as
a proxy for detection of the transgene. The hexahistidine-tag serves as an epitope for
detection of ubiquitinated substrates that have incorporated transgene-derived ubiquitin.
The most characterized polyubiquitin chains in which ubiquitin can participate are
indicated and consist of chains linked through lysine 48 (resulting in a ‘zig-zag’
conformation) or lysine 63 (resulting in a linear chain). DUBs: Deubiquitinating
enzymes. S: protein substrate.
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Figure 5. In vivo expression of the EGFP marker in transgenic brains

Phase contrast microscopy of A) morula-stage embryo from a heterozygous X wild-type
cross, B) newborn littermates from a heterozygous X wild-type cross, and C) dissected
brains from a nontransgenic mouse (left) and its transgenic littermate (right). When

viewed under fluorescent light the transgenic mice were found to be intensely fluorescent
(lower panel).

28



Tsirigotis et al, 2001



Figure 6. In vivo processing and conjugation of transgene-derived ubiquitin

A) Transgene-derived ubiquitin was detected using an antibody specific for the 6xHis
epitope tag. The presence of monomeric ubiquitin (solid arrow) confirmed that the Ub-
EGFP fusion was efficiently processed. This species was absent in lysates from
nontransgenic animals. B) Analysis of total ubiquitin levels in brain lysates. Over
expression of transgene derived ubiquitin did not increase the levels of ubiquitin (solid
arrow) or respective conjugates (ubiquitin smear). C) Western blot analysis with an
EGFP-specific antibody. The antibody detected the processed form of the EGFP marker
(asterisk) in lysates of transgenic mice that was absent in nontransgenic control brain
extract. EGFP levels served as an indicator of transgene expression; expression
appeared to be similar in the ubiquitin mutants. A slight decrease was noted in with wild
type ubiquitin brain lysates. f-actin was used as a loading control (arrowhead).

29



&

m

4
n_n_wm-nammox
n_"_om_-g:m_?v_
d493-anm
IN

d4o3-an yeox - Y.
deozanusyy SIS & §

doganw JFr e B

w @Y @
d493-an v K, .

daoz-an uery NS ) |
d493-an M |
IN '

M~
<

kDA
175 —

83—

62—

-_ A gy %

]

anti-EGFP

anti-Ub

anti-His

Zhang et al, 2003



transgene-derived ubiquitin in higher order conjugates. A single band representing the
processed EGFP marker (rather than the fusion protein) was detected when the membrane
was probed with an EGFP-specific antibody in each of the lysates derived from the
transgenic brains. EGFP protein levels were also used to assess the relative levels of
transgene expression which did not appear to differ significantly between the various
ubiquitin transgenics. The processed EGFP marker was absent in lysates from
nontransgenic control animals. The analysis of the same extracts by western blotting
with an antibody raised against the 6xHis epitope revealed the presence of a protein
species with a molecular mass consistent with monomeric ubiquitin as well as higher
order ubiquitylated conjugates. These species were absent in nontransgenic control brain
lysates. Re-probing the membrane with an ubiquitin-specific antibody confirmed the
presence of ubiquitin in these higher order molecular weight species and revealed that the
total levels of ubiquitin (endogenous and transgene derived) did not differ significantly in
the transgenic strains suggesting that the presence of the transgenes did not result in the

upregulation of the stress-inducible endogenous ubiquitin genes.

3.2 Establishment of a genotyping strategy using Real-Time PCR

Much of the research in the current thesis relies on accurate genotyping. An early
objective was to determine if conditions could be identified that could discriminate
between ubiquitin transgenes differing at a single codon. In order for the genotyping
strategy to be informative, it was necessary to design primers that would solely amplify
transgene-derived ubiquitin (rather than endogenous ubiquitin genes) and capable of

discriminating between the wild-type and mutated sequence. To accomplish this, primers
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that recognized sequences in ubiquitin corresponding to wild type K48, mutant K48R,
wild type K63, and mutant K63R were designed in conjunction with a reverse primer that
recognized a DNA sequence within the EGFP reporter (Figure 7). All primers were
designed to amplify a 240bp or 210bp product, at position 48 or 63 respectively, and had
a melting temperature of ~67°C (Table 1). Each template DNA was assayed in 4 separate
PCR reactions using the primer sets described above. Figure 8a represents a LightCycler
graph showing the amplification of DNA extracted from a wt Ub-EGFP mouse with the
wild type K48 and wild type K63 primer sets along with the gel analysis of the product
1dentifying the sample as DNA extracted from a wild type Ub-EGFP mouse. Figure 8b
shows the amplification of mutant K48R and wild type 63, along with the gel analysis,
identifying the sample as K48R. Finally, primer sets from wild type 48 and mutant K63R
are seen in the amplification curve along with the accompanying gel analysis, identifying

the sample as DNA extracted from K63R Ub-EGFP mice (Figure 8c).

The combinatorial analysis of successful amplification from each primer set (at positions
48 or 63) was used as a determinant of the genotype of the animal. The results of this
PCR based genotyping strategy along with the ethidium bromide staining of the agarose
gels are shown in Figure 8. Primer sets corresponding to wild type K48 and wild type
K63 (but not the mutant K48R or mutant K63R) amplified products at the expected sizes
from genomic DNA extracted from a wild type Ub-EGFP mouse. In contrast, DNA
extracts from a K48R Ub-EGFP or K63R Ub-EGFP mouse only amplify with primer sets
corresponding to mutant K48R and wild type K63 or wild type 48 and K63R respectively.
No bands were observed in amplification reactions where nontransgenic DNA or water

(used as negative control) was utilized as the template.
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Figure 7. General design of the ubiquitin genotyping primers

Primers were designed to amplify a 240bp or 210bp fragment. The primers recognized
the region of ubiquitin in which the mutation has been introduced and the sequence of the
primer was either wild-type or mutant at the K48 or K63 sites. The expected size
fragments if successful amplification occurs are also indicated.
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Table 1. Sequences of the ubiquitin primers used in the genotyping

A total of 4 forward primers and 1 reverse primer were used for the genotyping strategy.
Each primer was designed to have similar melting temperatures to avoid bias during the
initial annealing step. This was achieved by adjusting the length and the percentage of G-

C content of each primer. The trinucleotide corresponding to the respective point
mutation is highlighted in yellow.
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Oligo Name Length Melting Sequence(5’-3’)

temperature (C°)
K48 18 67.9 GCAGGCAAGCAGCTGGAA
K48R 16 68.5 AGGCCGGCAGCTGGAA
K63 21 64.4 ATCCAGAAAGAGTCGACCCTG
K63R 18 66.4 AACATCCAGCGGGAGICG
RevGFP 18 67.5 CTTGCCGGTGGTGCAGAT




Figure 8. Genotyping novel ubiquitin transgenic mice using the LightCycler®

Real-Time amplification curves showing changes in fluorescence in relation to PCR
cycles and the respective gel analysis of the PCR products. Amplification of A) DNA
from a wild type Ub-EGFP mouse showing the expected size fragment of 210 and 240bp
in reactions where K63 and K48 primers were used respectively. B) DNA extracted from
a K48R Ub-EGFP mouse. PCR products were observed in reactions where K48R and
K63 primers were used. C) DNA derived from a K63R Ub-EGFP mouse only amplified
in reactions where K63R or K48 primers were utilized.
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To test the efficacy of this genotyping strategy, an unbiased blind test with DNA
extracted from all the different genotypes were randomized, unlabelled and subjected to
genotyping analysis as described above. The results are summarized in Table 2 that
indicates that 5 out of 8 samples were correctly identified. These samples consisted of a
water, nontransgenic, wild type Ub-GFP, K48R, and K63R. However, intentionally
contaminated samples consisting of 1) a mixture of 2 different DNA samples (wt Ub-
EGFP and K48R), 2) all 3 genotypes mixed together, and 3) a nontrangenic sample that

was spiked with K48R DNA were not correctly identified.

3.3 Delayed spinocerebellar ataxia in transgenic mice expressing mutant ubiquitin
The presence of ubiquitylated inclusions have long been a hallmark of neurodegenerative
disorders. It remains unclear whether the presence of ubiquitylated deposits reflects the
inability of the ubiquitin-proteasome pathway to successfully clear misfolded proteins
and contribute to the exacerbation of the disease. If the clearance of misfolded proteins
is limiting in disease, it is predicted that introducing a K48R chain-terminating variant of
ubiquitin in the B05 background would exacerbate the phenotype by serving to stabilize
the toxic protein (ataxin-1 has been shown to be subject to ubiquitin-dependent
degradation (Cummings et al., 1998)). To test this hypothesis, compound transgenics
were created by crossing a well characterized mouse model of spinocerebellar ataxia type
1 (strain BO5 with a pathological expansion of 82 glutamine repeats within the gene
product Ataxin-1) with each of the three ubiquitin transgenics (wild type, K48R, or
K63R). As a control, the ubiquitin transgenics were also bred with strain A02 which
contains a non-pathological expansion of 30 glutamines. Contrary to BO5 mice, the A02

strain is asymptomatic.
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Table 2. Summary of the validation of the genotyping strategy

Summary table indicating the efficacy of the genotyping strategy as tested in unlabelled
samples. Out of the 8 unknown samples 5 were correctly identified and consisted of
samples 2, 3, 4, 6, and 8. The 3 samples that were incorrectly identified were sample 1, 5
and 7 which consisted of a mixture of wt Ub-EGFP and K48R DNA, DNA from all three
transgenics strains and DNA of a nontransgenic control spiked with DNA from a K48R
transgenic, respectively.

36



Sample Correct Actual
number PCR result Identification? Sample

1. K48R no 1/2 (UbEGFP + K48R)
2. K63R yes K63R

3. K48R yes K48R

4, UbEGFP yes UbEGFP

5. K63R no All 3 transgeneé

6. NT yes NT

7. NT no NT spiked with K48R

8. Blk yes Blk



A primary feature in SCA1 is the progressive loss of cerebellar Purkinje neurons
involved in motor coordination. It has been previously demonstrated that in BO5 but not
in A02 mice there is a progressive loss in these neurons eventually resulting in a
complete disappearance of the population. Therefore, examination of the anatomical
structure of the cerebellum was performed as an indicator of the progression or severity
of the disease in each compound transgenic. Sections were stained with calbindin (a
Purkinje-specific marker) and examined microscopically for several time points up to 8
months. As previously reported, pronounced morphological alterations of Purkinje
neurons including aberrant dendritic morphology, unusual orientation or ectopic
localization within the granular or molecular cell layers began to be visualized in 3-
month old BO5 mice. These morphological alterations appeared less pronounced in BO5x
K48R mice and in BO5 x wt Ub mice (Figure 9). Genetic crosses between B05 and K63R

appeared similar to BOS (Tsirigotis et al., 2005 in press).

3.4 K48R mutant ubiquitin improves coordination in SCA1 mice

The anatomical data suggested that the deterioration of Purkinje cells was delayed in
mice expressing K48R mutant ubiquitin as opposed to the other ubiquitin isoforms in the
presence of the expanded polyglutamine protein. To investigate whether this translated
to an enhanced coordination, motor performance was assessed using the rotating rod
apparatus in simple and compound transgenic mice at the 3 month time point. There was
a pronounced amelioration of motor performance in mice expressing K48R mutant
ubiquitin as opposed to wild type and K63R Ub ubiquitin in the presence of the expanded

polyglutamine repeat (Figure 10). However, these differences in performance were
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Figure 9. Purkinje cell morphology in mice at 3 months of age.

Calbindin-expressing Purkinje neurons (reddish brown) and nuclei (purple) were
visualized by immunohistochemistry. A) Nontransgenic control cerebellum, showing
orderly Purkinje cell layer with some dendritic processes visible. B) Heterozygous A02
cerebellum, similar in appearance to the nontransgenic control. C) Heterozygous B05
cerebellum, showing pathological Purkinje morphology, including vesicle formation,
aberrant orientation and ectopic localization of Purkinje neurons within the molecular
layer. D) Cerebellum from BOS x Wt Ub cross, with evidence of vesicles. E)
Cerebellum from B05 x K63R Ub cross, with pathological indicators as in B0S
heterozygote. F) Cerebellum from B0O5 x K48R Ub cross, showing some evidence of
vesiculation of Purkinje neurons and altered orientation, but less severe pathology than is
evident in BOS5 heterozygous sections (C). Bar =100uM.
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Figure 10. Assessment of motor skills using the rotating rod apparatus

B0O5 x K48R compound heterozygous mice showed performance similar to that of
nontransgenic control animals at 3 months of age, whereas other genetic crosses fared no
better than BO5 heterozygous mice. Bars represent standard error of the mean.
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transient in nature and became undetectable at later time points. As expected, there were
no observable differences in the performance of the A02 mice and respective crosses

when compared to nontransgenic controls.

3.5 Dysregulated transcription in SCA1 mice

A feature of SCA1 (much like other polyglutamine diseases) is the well documented loss
of transcription of neuronal genes (Lin et al., 2000) through a mechanism involving the
sequestration of transcription factors by the expanded protein. It was speculated that a
reprogramming of transcription may account for the delay in the phenotype in B0S x
K48R and to assess potential transcriptional changes in disease progression of SCAl, we
profiled cerebellar RNA of nontransgenic, wt Ub-EGFP, K48R Ub-EGFP, K63R Ub-
EGFP and SCA1 mice (BO5 line) at 3-month of age by independently hybridizing each
sample to a Affymetirx microarray. A global view of gene expression using the
microarray analysis software GeneSpring 6.0 (Agilent Technologies Inc., Palo Alto, CA,
USA) is shown in Figure 11. Consistent with published literature, the analysis revealed a
number of dysregulated genes (that were either up- or down-regulated) that have been
previously found to be altered in the course of SCA1 (Table 3). Comparison of mRNA
profiles of the ubiquitin transgenics revealed the presence of certain altered transcripts
but the differences in expression were not as large as they were found to be in BO5 mice.
Gene clustering of similarly expressed genes using a different microarray software
(Stratagene ArrayAssist 3.0) revealed a decrease in a number of genes directly involved
in glutamate signalling in BOS animals. Amongst these dysregulated genes were inositol
1,4,5-trisphosphate receptor 1 (IP3R1), G-substrate, phosphatidylinositol (4,5)

bisphosphate 5-phosphatase, Calbindin, gamma-aminobutyric
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Figure 11. Summary of gene expression in cerebella of 3 month old mice

Microarray analysis using GeneSpring 6.0 revealed a number of changes in gene
expression in BOS animals at 3 months of age. Each line in the graph represents the
expression level of a particular gene. Genes within the upper quadrant are up-regulated
whereas genes in the lower quadrant are downregulated. The X axis represents the

various transgenic strains. The log normalized signal intensity is represented on the y-
axis.
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Table 3. Summary of altered genes in B0S mice

Gene clustering analysis using Stratagene ArrayAssist 3.0 revealed a striking
dysregulation of many glutamate and calcium regulatory genes in BO5 mice. Numbers
represent logarithmic fold changes relative to nontransgenic controls.

42



ubGFP
-0.67
-0.75
0.01
-0.37
-0.86
-0.05
-0.90
-0.77
-0.24
0.19
-0.12
0.07
0.01
0.01
-0.14

K48R
0.22
-0.67
0.60
-0.39
-0.41
0.18
-0.22
0.08
0.09
0.80
0.11
0.23
0.49
-0.04
0.31

K63R
-0.05
-0.75
0.43
-0.42
-0.47
0.00
-0.26
-0.31
-0.09
0.58
-0.01
-0.06
0.28
0.00
-0.31

BO5
513
-4.43
-4.32
-3.49
-3.48
-2.91
-2.79
-2.70
-2.57
-2.49
-2.35
-1.97
-1.96
-1.66
-1.13

NT

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

inositol 1,4,5-triphosphate receptor 1

G substrate

glutamate receptor, ionotropic, N-methyl D-asparate-associated protein 1 (glutamate
phosphatidylinositol (4,5) bisphosphate 5-phosphatase, A

calbindin-28K

glutamate receptor, ionotropic, AMPA1 (alpha 1)

inositol polyphosphate-5-phosphatase A

inositol 1,4,5-triphosphate receptor 1

gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1

calbindin 2

glutamate receptor, ionotropic, delta 2

calcium/calmodulin-dependent protein kinase I, delta

glutamate receptor, ionotropic, N-methyl D-asparate-associated protein 1 (glutamate
glutamate receptor, ionotropic, NMDA1 (zeta 1)

glutamate receptor, ionotropic, AMPA4 (alpha 4)



acid (GABA-A) receptor, calcium/calmodulin-dependent protein kinase II, and various
glutamate receptors all of which have been previously shown to be affected in

SCA1(Serra et al., 2004).

3.6 Gene reprogramming in mouse model of SCA1 by mutant K48R ubiquitin
Having established that BO5 mice have an altered gene expression profile we sought to
determine if the loss of these genes is restored in the genetic crosses and if such a
restoration of transcription may account for the amelioration of the phenotype. To
confirm the findings of the Affymetrix microarray, selected target genes were validated
by Real-Time PCR using the Roche LightCycler®. A list of the chosen genes is shown in
Table 3. To investigate whether there was an amelioration of gene transcription in the
genetic crosses, the gene expression levels were analysed by quatitative RT-PCR.
Expression levels were extrapolated from a standard curve constructed from a serial
dilution of control RNA (Figure 12). Fold changes in the various mouse lines were
calculated relative to nontransgenic controls. In agreement with the microarray screen,
the analysis of the Real-Time PCR data revealed that many target genes were indeed
altered in BO5 mice (Figure 13 and 14). The analysis revealed that many of the genes
dysregulated in both the BO5 and B0O5 x wtUb animals were partially rescued in the BOS x
K48R transgenic mice suggesting that the protective effects may be a result of gene
reprogramming. The genes that were partially restored in B05 x K48R crosses included:
the calcium binding protein Calbindin, carbonic anhydrase-related protein CARP, G-
substrate (involved in the internalization of AMPA receptors), Inositol 1,4,5-
trisphosphate receptor (IP3R), inositol 1,4,5-trisphosphate 3-kinase C (ITPKC), and

PKCy (Figure 13) whereas AMPA, EAAT4, SERCA2 and homer remained
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Figure 12. Generation of a standard curve for quantitative RT-PCR

Screen capture of Real-Time PCR using the LightCycler® software package Version 5.3.2.
A representation of a standard curve constructed from serial dilution of a control cDNA
sample. The curve was generated by plotting the C, values for each diluted sample

against its concentration resulting in a curve with a correlation efficiency that equals to 1
(r=-1.00). The expression levels were extrapolated from the standard curves and were
compared to nontransgenic controls.
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Figure 13. Restoration of genes by K48R mutant ubiquitin

Comparative quantitative RT-PCR analysis in BOS and B05 crosses. A) Amplification
curves showing changes in fluorescence versus PCR cycle for the PKCy gene. A delay in
DNA amplification was most striking in the BO5 animals (green line) followed by B0S x
Wt (purple) when compared to nontransgenic control DNA. DNA extracted from BOS5 x
K48R animals (red) amplified at an early time than both BOS and the BOS x WtUb cross
but not as quickly as the nontransgenic control (light green). No difference was observed
in the straight ubiquitin transgenics. Wt Ub-EGFP (aqua) and K48R Ub-EGFP (gray).
B) Bar graph representation of (A) showing the restoration of gene transcription of the
PKC gamma gene in the BO5 crosses. This pattern of gene expression was also
consistently observed for C) the inositol 1,4,5-trisphosphate receptor (IP3R) gene, D) the
inositol 1,4,5-trisphosphate 3-kinase C (ITPKC) gene, E) G-substrate gene, and F)
Carbonic anhydrase-related protein (CARP) gene. Graph legends depicting BO5 (black),
BOS5 x Wt (blue), and BOS5 x K48R (red).
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Figure 14. RNA analysis of unchanged genes in the genetic crosses

Quantitative RT-PCR analysis of gene expression in B05, BO5 x Wt Ub, and B0O5 x K48R
genetic crosses. No difference in the RNA levels were observed between the mice for A)

the AMPA receptor gene, B) the EAAT4 gene, C) the SERCA2 gene, and D) the Homer-

3 gene. Graph legends depicting BOS (black), BO5 x Wt (blue), and B0OS x K48R (red).
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downregulated at similar levels to BO5 and B05 x wt Ub (Figure 14). Consistent with

this finding was the increase levels of phosphorylated polymerase II in genetic crosses

(Figure 15).

3.7 Gene-reprogramming by mutant ubiquitin in SCA1 animals is not likely due to
an alteration in the number of Purkinje cell neurons

One plausible explanation for the restoration of transcription in the BO5 x K48R animals
would be the presence of an increased number of Purkinje cell neurons at the time where
the animals were sacrificed. To determine if this was the case, the number of Purkinje
cells per unit length were counted (Figure 16) on sections that were stained for calbindin.
When comparing the Purkinje density between B0S, B0O5 x wtUb, and BO5 x K48R mice
with the assistance of Zeiss software Axiovision 3.1, there were no significant differences
inferring that the loss of gene transcription in BOS animals occurred before a significant
reduction of Purkinje cell number and that the restoration of gene transcription in BOS x

K48R most likely has occurred at the molecular rather than cellular level.

3.8 No change in Ataxin-1 mRNA levels in compound transgenics at 3-months

The levels of Ataxin-1 have been previously reported to affect thé course of SCA1
pathology with higher levels of expression resulting in an earlier and more severe
phenotype (Zu et al., 2004). Given the transcriptional differences observed in the genetic
crosses, it was possible that the amelioration of the phenotype was a result of reduced
expression of ataxin-1. To exclude this possibility, the mRNA levels were determined by
Northern blot analysis (Figure 17). No differences were observed in the mRNA levels of

transgene derived ataxin-1 in the cerebella of the genetic crosses when compared with
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BO5 animals.
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Figure 15. Analysis of protein levels in the cerebella of 3 month old mice

A) Western blot analysis with a phospho-RNA polymerase specific antibody revealed
that the levels were increased in BOS x K48R cross when compared to heterozygous B0O5
and BO5 x Wt Ub mice. B) Western analysis of the same lysates with a PCAF antibody
showing no difference in the levels of this histone acetyltransferase. Actin served as a
loading control.
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Figure 16. Determination of Purkinje cells density in mouse cerebella

A) Representative images of cerebellar sections that were photographed using the Zeiss
software Axiovision 3.1 and used in the determination of the number of Purkinje cells.
Purkinje cell density of a given field of view was expressed per unit length. B) Bar graph
representing the average number of Purkinje cells per unit length for each genotype. No
significant differences were observed between B0S5 and respective crosses.
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Figure 17. Analysis of the mRNA levels of ataxin-1 in mouse cerebella

Northern blot analysis of total RNA from cerebella of 3 month old straight genotypes and
genetic crosses with a cDNA fragment encoding the non-expanded ataxin-1 protein
(Q30). The mRNA levels of the transgene-derived expanded ataxin-1 (83Q) did not
appear to differ significantly in the cerebella of the genetic crosses when compared with
the BOS mice. Endogenous ataxin-1 levels were not detected. A human B-actin cDNA
fragment (actin) served as a control for loading.
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3.9 Partial restoration of postsynaptic density protein Homer in K48R mice

The stabilization of natural and artificial ubiquitin-proteasome substrates by K48R
mutant ubiquitin has been previously reported in cultured mammalian cells (Tsirigotis et
al., 2001a) and in vivo (Tsirigotis et al., 2001b). It has been previously documented that
polyglutamine containing proteins have the ability to sequester transcription factors and
alter gene expression of numerous neuronal geneskinvolved in survival pathways (Jiang et
al., 2003; Schaffar et al., 2004; Tsuda et al., 2005). It was therefore conceivable, that in
the context of SCA1 pathology, K48R mutant ubiquitin may also affect the stability of
key molecular proteins involved in synaptic remodelling which would serve in the proper
maintenance of synaptic activity. Considering the well documented regulation of
postsynaptic density proteins by ubiquitin-mediated proteolysis (Ehlers, 2003), it was
speculated that K48R mutant ubiquitin may affect the steady state levels of key
modulators otherwise lost throughout the course of SCA1. This hypothesis of restored
post density proteins was tested by the analysis of the protein levels of homer and PSD-
95 by western blot analysis. The data presented in Figure 18 revealed an increase in the

levels of homer whereas no difference in the levels of PSD-95 protein levels were

observed.
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Figure 18. Western blot analysis of postsynaptic proteins

Western analysis of mouse cerebella at 3 months of age with antibodies raised against A)
Homer, and B) PSD-95. Levels of Homer were reduced in the cerebella of BOS
heterozygous and BOS5 x Wt Ub mice but seemed elevated in the BOS x K48R cross. No
difference in the protein levels of PCAF were noted in the various strains. C) Actin
served as a control for equal loading of protein.
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Chapter 4

Discussion
4.1 Generation of novel ubiquitin transgenic mice
The unicellularity of yeast cells combined with the easy manipulation of their genomes
has made them the model of choice to study the phenotypes of mutations. In fact, a
comprehensive mutational analysis of ubiquitin was originally performed in this model
system and has served to elucidate the role of ubiquitin in cellular processes. In recent
years, the ability to manipulate the genomes has served as a powerful tool in elucidating
the function of genes in the context of a multicellular organism. Consequently, the
effects of mutant ubiquitin have been studied in transfected cells of higher eukaryotes
(Treier et al., 1994; Ward et al., 1995), and transgenic plants have been generated in
which tagged ubiquitin has been used to retrieve ubiquitylated substrates (Ling et al.,
2000). Herein, a novel strategy has been adopted to generate ubiquitin transgenic mice
expressing either wild type or mutant variants of ubiquitin as linear fusions with EGFP.
The objective in creating these transgenic mice was to study the in vivo effects of mutant
isoforms of ubiquitin. It has been found that fusions of ubiquitin with EGFP were
efficiently recognized and processed in vitro (Tsirigotis et al., 2001a) and in vivo
(Tsirigotis et al., 2001b)) and that the ubiquitin moieties generated by the co-translational
cleavage were incorporated into HMW conjugates (Figure 5). Comparison of
endogenous ubiquitin levels in brain lysates of ubiquitin transgenics by western blot
analysis with a ubiquitin specific antibody revealed no differences in the levels of total
ubiquitin suggesting that the expression of the mutant isoforms does not result in a
compensatory induction of endogenous ubiquitin genes (Figure 6). The levels of

transgene expression were also not found to differ significantly in the mutant ubiquitin
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transgenic lysates as assessed by western analysis with an antibody raised against EGFP
suggesting that phenotypic differences would not be accounted by differences in
expression. Since their creation, these mice have been utilized to recover in vivo
substrates of the UPP using standard nickel chromatography approaches (Tsirigotis et al.,
2001b), to investigate the role of mutant ubiquitin in response to agents that induce stress
(canavanine, paraquat and LPS, aging) and in the study of ubiquitin in normal and

diseased conditions (described in a subsequent section).

4.2 Applications of the Real-Time PCR Methodology

The advent Real-Time PCR has allowed scientist to exploit the limitations of
conventional PCR and has emerged as a powerful tool in genomics research. Its unique
ability to observe in real-time the PCR kinetics using fluorescence DNA binding agents,
coupled with the flexibility to adjust PCR parameters (such as denaturing/annealing
duration temperature) in a rapid cycling and temperature ramping environment, has made
it possible to amplify less abundant DNA templates in a highly efficient and reproducible
manner. Real-Time PCR technology has drastically influenced molecular biology
research and is now routinely used for nucleic acid diagnostics such viral quantification
(Tang-Feldman et al., ; Plumet and Gerlier, 2005), drug therapy efficacy (Erali et al.,
2001), DNA damage measurements (Ayala-Torres et al., 2000), pathogen detection

(Lindenbach et al., 2005), and allelic discrimination studies (Kees et al., 2005).

While traditional PCR relied on end-point detection by way of gel analysis, Real-Time
PCR chemistries allows the user to monitor the entire DNA amplification process in real-

time. To demonstrate the advantages of the Real-Time PCR strategy one should consider
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a PCR reaction as divided into three phases (exponential, linear, and the plateau or end-
point phase). The exponential phase occurs at the beginning of DNA amplification in
which the kinetics of the reaction favours the doubling of the product after each cycle.
During the linear phase, the reaction efficiency begins to decline as consequence of
depletion of the PCR components, eventually resulting in cessation of amplification of
the DNA template in the plateau or end-point phase. Since all PCR reactions will
inevitably attain the plateau phase, it is difficult to asses whether of the analysis of the
final amplification product truly represent the initial amounts of starting material making
conventional PCR a non-attractive means of quantification of gene expression. The
sensitivity or Real-Time PCR, which utilizes measurements during the exponential phase
of the reaction to assess differences in amplicon levels, allows the detection of
differences as low as two-fold otherwise overlooked by gel analysis following traditional
PCR. By simultaneously combining a standard curve for the target gene and a control
curve based on a housekeeping gene coupled to the reduced time in which reactions can
be analyzed (1 hour versus 4 hours of user intervention excluding gel analysis and
quantification of the products) has rendered RT-PCR the method of choice in the
validation/quantification of gene expression (Bustin et al., 2005). In fact, this strategy
was used to validate genes identified by microarray analysis in BO5 and BOS5 x ubiquitin

CroOSsces.

For the aforementioned reasons, this technology was exploited to establish a genotyping
strategy. The rational of this strategy was to maintain ubiquitin transgenic colonies
without having to resort to traditional PCR or Southern blotting which would not be

informative; both southern blot and traditional PCR analysis would only detect the

56



presence or absence of the transgene rather than the absence of presence of the mutant
transgene. The combinatorial genotyping approach would not be possible with
conventional PCR considering that all primers sets would eventually amplify as the
reaction kinetics approached the plateau phase. Analysis of the amplification product
(from each primer set) by means of gel analysis would not be adequate in differentiation
between transgenics strains given that the end-point detection would give rise to bands of
equal intensity. Therefore, it was of paramount importance to identify which of the 4
primer combinations initiated the exponential phase and arrested the PCR prior to the

reaction reaching the plateau phase.

It was found that this methodology can be used in the accurate genotyping of mice
differing by a single point mutation in the transgene DNA. The approach, however, can
only be applied for genotyping of mice in which the transgene can be distinguished from
the endogenous gene (i.e. the incorporation of an epitope tag, selectable marker of
reporter proteins) and in cases where the genomic DNA has not been contaminated by
other DNA sequences (see mystery tail test in Table 2). This genotyping strategy has
aided in the verification of genotype identification of our colonies, the generation of
homozygous strains, and allowed us to generate compound transgenic mice by crossing
these mice with the SCA1 mouse model of neurodegeneration (a disease model in which

ubiquitin has been implicated).

Given the sensitivity of the methodology, it is possible to use a modified version of the
Real-Time PCR strategy to decipher between homozygous versus heterozygous mice by

looking at the difference in Crvalues. The threshold cycle number (Ct value) is defined
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as the cycle number at which fluorescence emission exceeds a fixed threshold above
baseline values and is determined during the exponential phase of the PCR reaction.
Since there exists a quantitative relationship between the amount of starting material and
the amount of PCR product at any given cycle number, the number of cycles requited to
reach the threshold value of detection (Ct value) is inversely proportional to the amount
of starting DNA. A sample with twice the DNA content would undergo exponential
amplification exactly one cycle sooner. Homozygous mice would theoretically carry
twice as many copies of the transgene and would therefore amplify once cycle sooner
than that of the heterozygous counterpart. By comparing the Crvalue of both samples, it
would be possible to extrapolate the copy number of the transgene in each strain and
hence the genotype. Much like conventional PCR, the Real-Time strategy is sensitive to
the concentration of the initial DNA template and it is therefore of prime importance that
the amount of DNA utilized in each reaction be equal (a problem that can be easily
resolved by assessing the concentration and quality of the DNA with a
spectrophotometer). In addition, the efficiency of the primers must be maximal (100%)
during the initial exponential phase and easily assessed using the following formula in

which E represents efficiency of the PCR reaction (Pfaffl, 2001):

E: 10 -l/slope

A slope of -3.6 to -3.1 is required in order to satisfy the mathematical relationship
between the amount of starting material and the amount of PCR product at any given
cycle number. PCR efficiency can be measured by constructing a standard curve from a

serially diluted standard. If the reaction efficiency is not maximal (100%) the doubling
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of the amplicon at every cycle will not correlate with a doubling of transgene product

resulting in inaccurate results.

4.3 In vivo modulation of SCA1 by K48R mutant ubiquitin

One of the distinguishing features of the conformational diseases is the presence of
cytoplasmic and/or nuclear inclusion bodies that co-localize with chaperones and
components of the UPP. It is predicted that polyglutamine proteins are recognised by the
cell as improperly folded proteins and subjected to either chaperone-mediated refolding
or targeting to the proteasome. It is not surprising then that exogenous expression of
chaperone proteins can alleviate the phenotype in a variety of cell culture systems and in
transgenic mice expressing expanded polyglutamine proteins (Cummings et al., 1998;
Cummings et al., 2001; Kobayashi and Sobue, 2001; Adachi et al., 2003). Similarly, it is
predicted that interfering with the targeting and degradation of the toxic protein would
result in the exacerbation of the phenotype. The data presented here suggest no such
deleterious effects but rather a beneficial effect, albeit transient, in the onset and
progression of disease; the expression of a chain-terminating variant of ubiquitin (K48R)
protected Purkinje neurons from altered migration and ameliorated the performance of
ataxic mice as assessed by experiments performed with the rotarod apparatus. This delay
in the phenotype is not due to a reduction in Purkinje cell number (Figure 16) or in
alterations in the expression of SCA1 (Figure 17) both of which would clarify the
amelioration of the disease in the genetic crosses. It also been recently shown not to be
accounted by a heat shock response or to alterations in endogenous levels of ubiquitin
(Tsirigotis et al., in press). The most plausible explanation for the ability of mutant

ubiquitin to delay the pathogenic progression of SCA1 would be that some key cellular
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protein or proteins normally subject to ubiquitin-mediated degradation in SCA1 is
stabilized by mutant ubiquitin. It has been recently demonstrated that, much like the
expanded polyglutamine tracts found within the Huntington and androgen receptor
proteins, ataxin-1 has the ability to bind and sequester transcriptional activators ((Tsuda
et al., 2005) and reviewed in ((Everett and Wood, 2004))). Amongst proteins that are
sequestered by expanded polyglutamine tracts are p300/CBP acetyltransferases (well
documented UPP substrates whose degradation has been shown to be enhanced in the
presence of expanded polyglutamine containing proteins) which via acetylation of
histones influence the transcription of a variety of genes (Tsirigotis et al., in press).
Considering the well documented importance of p300/CBP in the maintenance of
neuronal homeostasis, it is not unexpected that the loss of function or abundance of these
proteins would result in an alteration of gene transcription. Consistent with the
postulated homeostatic function of CBP in neural tissues, elimination of CREB in the
forebrain using a Cre/lox system has been found to induce neurodegeneration of the
hippocampus and striatum, with features reminiscent of Huntington’s disease
(Mantamadiotis et al., 2002). The sequestration of CBP and therefore the loss of CBP-
mediated transcription by Purkinje-specific expression of CREB (a CBP interacting
protein) has recently been reported to be the basis for impaired performance of mice on
the rotarod apparatus (Brodie et al., 2004). In the context of SCA1, it has been
demonstrated that K48R mutant ubiquitin can restore the levels of these
acetyltransferesase in the presence of the expanded ataxin-1 protein resulting in an
increase in histone H4 acetylation suggesting that this modification is of functional
significance with regard to SCA1 (Tsirigotis et al., in press). p300 and CBP are histone

acetyltransferases (HAT) whose activities are in opposition to histone deacetylases
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HDAC). Reasoning that the loss of HAT activity in polyQ disease could be restored by
inhibition of HDACSs, several groups have administered pharmacological agents targeting
these enzymes in fly (Steffan et al., 2001; Ghosh and Feany, 2004) or mouse transgenic
models of polyQ disease (Ferrante et al., 2003; Hockly et al., 2003) and have observed
delayed disease progression. Taken together, this data suggested that a beneficial effect
can be achieved either through inhibition of HDACs or through stabilization of HATs but
did not exclude possible effects of mutant ubiquitin on transcription through mediators
other than p300/CBP. It is likely that the ubiquitin/proteasome pathway intersects with
transcriptional regulation at many points (Muratani and Tansey, 2003) and is conceivable
that the stabilization of other transcriptional factors or co-factors by K48R mutant
ubiquitin exerts a potent and beneficial effect on transcription of genes whose loss figures
in the course of the disease. In B05 x K48R genetic crosses, it was found that the steady
state levels of phosphorylated RNA polymerase 11 was increased when compared to BOS
mice suggesting a more global role of ubiquitin in the regulation of gene transcription
(Figure 15). Consistent with a role of ubiquitin in transcription is the recent report
demonstrating that the activity of the met4 transcription factor in yeast cells is inhibited
by the presence of a K48 linked poly-ubiquitin chain, which acts through a non-
proteolytic mechanism (Flick et al., 2004). Although this appears to be an exception
rather than a rule, it highlights the complexity of targeting by ubiquitin and suggests that
modification of proteins by K48 linked polyubiquitin chains may serve transient, non-
proteolytic roles. It is presently unknown whether transcription factors in higher
eukaryotes are subject to similar regulation, but if this were the case it is conceivable to
imagine how the expression of K48R mutant ubiquitin might serve a role in

reprogramming gene expression by modulating the activity of key transcriptional
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regulators. There is accumulating evidence suggesting transient ubiquitin-mediated
activation of transcription factors may precede their proteolytic degradation (Muratani
and Tansey, 2003). Although the order of events in SCAL is still not entirely clear, there
is ample evidence that perturbation of transcription plays an early and important role.
Through a subtractive cloning approach Lin ez al. identified genes whose downregulation
occurred before overt pathology in the BOS mouse model and in SCAT1 patient tissues
(Cummings and Zoghbi, 2000; Lin et al., 2000). By the time pathology is apparent,
microarray analysis demonstrates a substantially altered pattern of gene expression in
BOS5 cerebella as compared to age-matched controls (Figure 11). The genes that were
found to be altered pointed to a dysregulation in calcium and glutamate homeostasis

which have been speculated to contribute to disease progression (Table 3 and see section

4.4).

4.4 Interplay between calcium and glutamate signalling in SCA1

The common mechanism of neuronal injury and death in many neurodegenerative
diseases is the destructive metabolic pathway involving the excessive activation of
neuronal amino acid receptors(Lerma et al., 1993; Mark et al., 2001; Tateno et al., 2004).
The emerging role of glutamate in neuronal diseases is currently under intense
Investigation in the hope of elucidating the molecular mechanism underlining neuronal
death induced by glutamate excitotoxicity (excessive activation of neuronal amino acid
receptors). Glutamate is an abundant neuronal amino acid neurotransmitter and
signalling molecule that is released by exocytosis in the synaptic space in a highly
regulated manner (Mark et al., 2001). In normal synaptic functioning, activation of

excitatory amino acid receptors is transitory and it is therefore not unexpected that
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prolonged or excessive glutamate signalling may result in altered neuronal homeostasis.
Consistent with this is the well documented cellular death that occurs in neuronal cultures
when exposed to an excess of glutamate. This process of neuronal death is referred to
excitotoxicity and appears to involve a multifactorial process including ROS formation,
mitochondrial dysfunction and sustained elevations of intracellular calcium levels (Cho et
al., 2001; Arundine and Tymianski, 2003; Brustovetsky et al., 2005). Binding of
glutamate to its cognate receptors has been shown to a play an important role in synaptic
plasticity including long-term potentiation (LTP) and long-term depression (LTD),
processes that underlie learning and memory (Lisman, 2001; Lisman et al., 2003). The
signalling cascade triggered by glutamate activation in non-pathogenic synapses in
schematically depicted in Figure 19. In response to a synaptic signal, glutamate is
released by exocytosis at the presynaptic clef and binds to metabotropic glutamate
receptors (mGluR) at the plasma membrane of the Purkinje cell. This interaction results
in the triggering of a G-couple proteins signalling cascade involving phospholipase C
(PLC) which initiates the production of inositol-1,4,5-triphosphate (IP3) and diacyl-
glycerol (DAG). Whereas IP3 diffuses and binds to its receptor (IP3R1) on the ER
resulting in a local release of calcium from intracellular calcium stores in small dendritic
regions, DAG serves in the activation of signalling cascades resulting in the activation of
PKC. The interaction between IP3R1 and mGluR is facilitated by molecular scaffold
proteins such as homer which bring these two receptors in close proximity. The binding
of IP3 to IP3R1 is antagonized by a molecule termed CARP whose function is to bind the
receptor and decrease its affinity for IP3. The calcium buffering protein calbindin and
the calcium ATPase pump SERCA work synergistically to counter-act excessive calcium

release. In BOS mice, it was found that the expression of these genes was greatly reduced
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Figure 19. A schematic model of the glutamate signalling pathway at the
postsynaptic membrane of Purkinje cells

Activation of mGluR results in the production of IP3 through G-coupled proteins and
PLC. IP3 diffuses into the cytoplasm and binds to IP3R located on the ER membrane
causing the release of intracellular stores of Ca?*. Glutamate signalling also results in the
activation of the AMPA receptor resulting in the depolarization of the membrane
potential and the activation of VGCC which leads to an influx of Ca** in the cytoplasm.
Homer serves as an adaptor protein to link mGluR signalling to IP3R1. CARP is an
intracellular molecule that binds to IP3R thus reducing the affinity of the receptor to IP3.
This interaction can modulate the amount of calcium to be released. High intracellular
Ca®" levels activate PKC leading to the internalization of the AMPA receptor. This
Interaction is counter-acted by PP2A. G-substrate can enhance the internalization of the
AMPA receptor by inhibiting PP2A. PSD-95 serves as a molecular scaffold that interacts
with glutamate receptors. Excess glutamate is removed by EAAT4 preventing
excitotoxicity. Ca®" is removed by SERCAZ2 or buffered by the buffering protein
calbindin. Abbreviations: G, Glutamine; mGluR, metabotrobic glutamate receptor;
AMPARmemb, Alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid Receptor at
the membrane; AMPARinternal, Alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid Receptor internalized; EAAT4, glutamate excitatory amino acid transporter type 4;
VGCC, Voltage gated calcium channel; PLC, phospholipase C; IP3, inositol 1,4,5-
triphosphate; IP3R, inositol 1,4,5-triphosphate receptor; ER, endoplasmic reticulum;
CARRP, carbonic anhydrase-related protein; SERCA2, Sarcoendoplasmic reticulum Ca**-
ATPase type 2; PP2A, protein phosphatase 2A; PKC, Protein kinase C; PSD-95,
postsynaptic density-95.
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suggesting that in the course of SCA1 a high level of calcium may be the basis for
impaired motor coordination and learning. It is conceivable that the downregulation of
genes involved in calcium release in SCA1 mice reflects a compensatory mechanism to
decrease the levels of intracellular calcium. There is accumulating evidence that calcium
can trigger biochemical events that can either weaken or strengthen synapses and in
essence, calcium acts as a second messenger in both long-term potentiation (LTP) and
long-term depression (LTD). It has been recently suggested that the level of calcium
determines whether LTP or LTD occurs with higher levels of calcium triggering LTP and
lower levels triggering LTD (Lisman and Spruston, 2005). Consistent with the role of
calcium in modulating these processes are the behavioural consequences and motor
neuron deficiencies readily observed in Huntington’s (Tang et al., 2003; Tang et al.,
2005), ALS (Tateno et al., 2004), Alzheimer’s (Stutzmann et al., 2004; Braunewell,
2005), and other neurodegenerative diseases (Zhuchenko et al., 1997; Cho et al., 2001;
Arundine and Tymianski, 2003). This supposition is also supported by the well
documented requirement of IP3R in the maintainance of LTD (Inoue et al., 1998; Nagase
et al., 2003) and the finding that IP3R knockout mice (which display little alterations in
Purkinje cell structure, excitability or synaptic connections) are completely deficient in
the ability to induce LTD (Matsumoto et al., 1996). Taken together, these data suggest
that SCA1 mice are deficient in triggering a productive LTD and indirectly suggest that
they may be suffering from excitotoxicity due to excess glutamate. This is supported by
the finding that EAAT4, whose primary function is to remove excess glutamate (Huang
et al., 2004), is significantly downregulated in BO5 mice. In addition to the activation of
mGluR, glutamate has been shown to activate the AMPA receptor(Perez-Otano and

Ehlers, 2005). Activation of the latter results in the depolarization of the membrane and a
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in a large influx of extra cellular calcium via the voltage gated calcium channels (VGCC).
Similarly to mGluR, the stimulation of the AMPA receptor by glutamate results its
internalization from the Purkinje cell membrane. The recycling of the AMPA receptor is
a tightly regulated process involving numerous signalling molecules. Amongst these
regulators are protein kinase C (PKC) and protein phosphatase 2A (PP2A); whereas PKC
phosphorylates the receptor resulting in its internalization, PP2A opposes the action of
PKC to maintain it at the membrane. Both of these processes are also subject to
regulation by either scaffolding proteins such as postsynaptic density protein 95 (PSD-95)
who assist in the recycling of the AMPA receptor to the plasma membrane or by G-
substrate that antagonizes PP2A (thereby helping in the internalization the receptor). The
observation of reduced expression G-substrate in BO5 mice suggests a dysregulation in
PP2A activity which would favour the maintenance of the AMPA receptor at the plasma
membrane. Since proper LTD requires a balance in the internalization/recycling of the
AMPA receptor, it is plausible that SCA1 have a deficiency in LTD. This is consistent
with a recent report showing that a trinucleotide expansion in the gene encoding the
regulatory subunit of PP2A results in SCA12 with features recapitulating the

pathogenesis of SCA1 (Holmes et al., 2001). The downregulation of G-substrate in

SCA1 mice may reflect a compensatory mechanism to maintain the receptor at the cell
surface suggesting that Purkinje neurons may be suffering from excess glutamate

mediated endocytosis of the AMPA receptor.

The data suggest that the restoration of these genes in the BO5 x K48R mice may be of
functional significance to SCA1. The finding of an improvement in gene transcription of

important synaptic modulators coupled with the enhanced stability of a least one protein
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involved in the reorganisation of the synapse (homer) suggest that the expression of
K48R mutant ubiquitin may play a role in the restoration of LTD. Considering the well
documented importance of LTD in processes such as neuronal plasticity, learning and
memory it is conceivable that these molecular changes are the basis for improved rotarod

performance and delay in the deterioration of Purkinje cell morphology in the genetic

Crosscs.

Based on previous results, it is clear that the stabilization of transcription factors or co-
factors by K48R mutant ubiquitin has beneficial consequences on the transcription of
neuronal genes otherwise lost in SCA-1. The data presented herein suggest that it is also
likely that K48R mutant ubiquitin acts in the stabilization of synaptic proteins as
evidenced by the increase in the homer protein in the genetic cross (Figure 18) and to a
more global reprogramming of gene transcription (Figure 13). It is possible that the
modulation of gene transcription by K48R mutant ubiquitin of genes whose protein
products are not subject to ubiquitin-mediated turnover following synaptic activity
benefits long-term structural and functional changes at the synapse. However,
considering the lengthy time required for de novo transcription of genes and protein
synthesis to occur during synaptic remodelling, as opposed to immediate effects of their
removal by the UPP as a consequence of synaptic signalling, it is more likely that the
synergistic effects of increased transcription of genes coupled with the stabilization of
key synaptic modulators by K48R ubiquitin may contribute in safeguarding Purkinje cell
neurons in peril. Further experiments may be required to assess this. Given the
complexity of interactions occurring at the synapse and the difficulty involved in

manipulating these systems irn vivo, it was reasoned that the molecular interactions may
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be best deciphered in primary cerebellar cultures. The benefits of using an in vitro
system would include the effortless administration of pharmacological agents (such as
AMPA, mGluR agonist/antagonist) that stimulate synaptic remodelling or the use of
RNAIi methodologies to selectively eliminate genes of interest to assist in distinguishing
between increase neuronal transcription and synaptic protein abundance. Whether it be
comparing levels of synaptic proteins by western blot analysis or measuring the amounts
of glutamate and/or calcium subsequent to exposure to various agents, these cultures
would prove of great utility in the understanding of SCA-1 and of the modulating role of
ubiquitin. These cultures have recently been successfully initiated (Figure 20) and the

proposed experiments are currently underway.

Left unresolved are the transient nature of the ameliorated phenotype in the BO5 x K48R
cross and the partial restoration of genes in the BOS x Wt Ub cross. The basis for the
latter is currently unclear but may potentially be explained by a threshold effect that must
be reached at the cellular and organismal level that has not been reached. Further

experiments are required to determine this.

4.5 Conclusion

In this thesis, the role of ubiquitin in the progression of SCA-1 was examined by
generating compound transgenic mice. The data suggest that the expression of a chain-
terminating variant of ubiquitin delayed the progression of the disease as assessed by
morphological and behaviour measures via mechanism involving gene reprogramming
and by enhancing the stability of key substrates involved in synaptic remodelling. It is

currently unclear whether the delay in the phenotype is attributed to an amelioration of
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Figure 20. Expression of GFAP and calbindin in primary cerebellar cultures

Immunofluorescence staining of cerebellar primary cultures derived from transgenic mice
with A) calbindin-specific antibody (red) or B) antibody specific for calbindin (red) and
GFAP (green) respectively. Nuclei were counterstained with DAPI. Cells labeled with
calbindin represent Purkinje neurons whereas GFAP labeled glia cells. The extensive
dendritic growth is indicative of the differentiated state of the Purkinje neurons. Images
were taken using a 40X objective.
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LTD (this model obviously awaits validation of protein levels by western blot analysis)
or through enhanced stability of yet unidentified transcriptional activators. The primary
cultures established should prove of great utility in deciphering the cellular mechanism

underlying pathology and the protective effects exerted by expression K48R mutant

ubiquitin.

Small molecule inhibitors of the proteasome show promise in clinical trials for
oncological disorders such as multiple myeloma (Adams, 2004), proteasomal inhibition
has been shown to delay Wallerian degeneration in vivo (Zhai et al., 2003) and more
recently to suppress polyglutamine-induced nuclear inclusions in cultured post-mitotic
neurons (Kim et al., 2004). The data presented herein suggest that the combinatorial
effect of prolonging the life of key proteins or by modulating gene expression, K48R

mutant ubiquitin may prove beneficial in the context of neurodegenerative diseases.
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