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Summary

Machado-Joseph disease (MJD) / Spinocerebellar ataxia type 3 (SCA3) is an
autosomal dominant neurodegenerative disorder caused by the over-repetition of the
CAG trinucleotide in the coding region of MJD1 gene which translates into an
expanded polyglutamine tract within the affected protein ataxin-3. The toxic mutant
ataxin-3 protein results in neuronal dysfunction and neurodegeneration in many brain
regions. Until now, there is no therapy to prevent or delay the disease progression in
MJD.

Recent evidence suggests transcriptional dysregulation may play a crucial role in
MJD. Even though different transcripts have been shown to contribute to the
pathogenesis of MJD, in recent years the evidence regarding dysregulation of
microRNAs in other neurodegenerative disorders was suggestive of a potential role
in MJD. Therefore, the aim of this project to study the role of microRNA
dysregulation in MJD and to develop a microRNA based therapeutic strategy
towards MJD.

In the first part of this project, described in chapter 2, using a miRNA microarray we
identified numerous miRNAs that are differentially expressed in a lentiviral MJD
mouse model. Notably, of all the differentially expressed miRs, miR-10b expression
levels were robustly up-regulated. miR-10b expression levels were also evaluated in
other MJD models and found to be significantly up-regulated in a transgenic mouse
model of MJD and to show a trend towards upregulation in human post-mortem brain
tissue. Our results suggest that microRNAs are dysregulated in MJD potentially

contributing to the pathogenesis of the disease.

We next investigated whether a miR-10 inhibitor would modify disease progression
in a small organism, D. melanogaster. MJD D. melanogaster treated with a miR-10b
repressor resulted in the elongation of the life-span of MJD flies. Our results suggest
miR-10b dysregulation could contribute to the pathogenesis of MJD and that re-

establishing the normal levels of miR-10b may be protective in MJD.
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In chapter 3, taking advantage of lentiviral based delivery of a miR-10b tough-decoy
inhibitor, we re-established the normal levels of miR-10b in the striatal lentiviral MJD
mouse model. Notably, our study identifies transthyretin as a target of miR-10b.
Importantly, neuronal dysfunction, ubiquitin-positive inclusions and ataxin-3 positive
inclusions were reduced upon miR-10b TuD inhibitor treatment in the striatal

lentiviral MJD mouse model.

In summary, the present thesis provides evidence for a dysregulation of microRNAs
in MJD, showing, for the first time, that miR-10b is upregulated in MJD. Moreover,
we have validated a novel target gene for miR-10b, transthyretin, a gene previously
implicated in other neurodegenerative diseases. Importantly, inhibition of mir-10b in
vivo in a MJD mouse model was effective in ameliorating the disease
manifestations. Altogether, we believe our study identifies a novel disease pathway
in MJD and, at the same time, opens a new door for the development of a miR-

based therapeutic strategy towards MJD.



Resumo

A doengca de Machado-Joseph (DMJ), também conhecida como ataxia
espinocerebelosa do tipo 3, é uma doenga neurodegenerativa autossomica
dominante causada por uma expansao no numero de repeticdes do trinucledtido
CAG na regidao codificante do gene MJD1, a qual é traduzida num trato
poliglutaminico expandido na proteina ataxina-3. Esta proteina mutada resulta em
disfungao neuronal e neurodegenerescéncia em diferentes regides do cérebro. Até a
data, ndo foi ainda desenvolvida nenhuma terapia capaz de bloquear ou atrasar a

progressao da DMJ.

Estudos recentes sugerem que a desregulagao transcripcional desempenha um
papel importante na DMJ. Apesar de diferentes transcritos terem sido implicados na
patogénese da DMJ, nos ultimos anos a desregulagdo de microRNAs observada em
outras doengas neurodegenerativas sugeriu um potencial papel destas moléculas na
DMJ. Assim sendo, o objectivo deste projecto foi estudar o papel da desregulacéo
de microRNAs na DMJ e simultaneamente desenvolver e avaliar o potencial de uma
nova estratégia terapéutica baseada em microRNAs recorrendo para isso a um

modelo lentiviral da DMJ em murganho.

Na primeira parte deste projecto, descrita no capitulo 2, recorrendo a tecnologia de
microarray de miRNAs identificamos diversos miRNAs cuja expressao se encontra
alterada num modelo lentiviral estriatal da DMJ em murganho. De entre o conjunto
de miRNAs com expressao alterada, os niveis do miRNA miR-10b encontravam-se
particularmente elevados. Para além disso, os niveis de expressao do miR-10b
foram também avaliados em outros modelos de DMJ, verificando-se um aumento
significativo nos niveis deste miRNA no cerebelo de murganhos transgénicos DMJ
observando-se também uma tendéncia para aumento em tecido humano post-
mortem de cerebelo de doentes DMJ.

Assim sendo, focamo-nos neste mMIRNA (miR-10b) para avaliar os efeitos
terapéuticos da sua modulagdo no contexto da DMJ. Antes de avangar para um
modelo em murganho da DMJ, comegamos por avaliar o efeito de um inibidor do

miR-10b num organismo mais simples, a D. melanogaster. A inibicdo do miR-10b

\%!



em D. melanogasters DMJ resultou numa extensdo do seu periodo de vida. Estes
resultados sugerem assim que os MiRNAs desregulados no modelo lentiviral de
DMJ poderao contribuir para a patogénese da doenga e que a reposigao dos seus
niveis, em D. melanogaster, leva a um aumento do seu tempo de vida implicando

assim este miRNA no processo patolégico da DMJ.

No capitulo 3, recorrendo a utilizacdo de lentivirus codificantes para um inibidor do
miR-10b baseado na tecologia tough-decoy, conseguimos re-estabelecer os niveis
normais de miR-10b no estriado de um modelo lentiviral DMJ em murganho. Para
além disso, identificamos a transtirretina como um alvo do miR-10b. A inibicdo do
miR-10b no modelo lentiviral DMJ levou a uma reducdo do numero de inclusdes de
positivas para ataxina-3 e ubiquitina ao mesmo tempo que levou a uma diminuicao

da disfung¢ao neuronal associada a este modelo.

Em conclusdo, esta tese reune evidéncias que demonstram que a desregulagao de
miRNAs é uma componente da DMJ, identificando pela primeira vez o0 miRNA miR-
10b como estando sobrexpresso no contexto da doenga. Para além disso, foi
validado um novo alvo deste miRNA, a transtirretina, um gene previamente
associado ao desenvolvimento de outras doengas neurodegenerativas.
Simultaneamente, a inibicdo do miR-10b, num modelo de murganho da DMJ levou a
uma melhoria das manifestagdes da doenca. Em suma, este estudo nao sé
identificou uma nova via patégenica na DMJ como também gerou uma nova
oportunidade para o desenvolvimento de uma estratégia terapéutica baseada em

miRNAs para o tratamento da DMJ.
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CHAPTER 1

General Introduction



1.1. Polyglutamine disorders (PolyQ) overview

Polyglutamine diseases are fatal neurological disorders. At least nine
neurodegenerative disorders are caused due to the expansion of CAG repeats in the
coding regions of the respective genes that translate into polyglutamine tracts within
the affected proteins. With the exception of SBMA, which is an X-linked recessive
disorder, all other polyglutamine disorders are autosomal dominant (Zoghbi 2000).
Polyglutamine disorders include spinobulbar muscular atrophy (SBMA),
Dentatorubral-pallidoluysian atrophy (DRPLA), Huntington disease (HD), and 6
spinocerebellar ataxias (SCAs 1, 2, 3, 6, 7, and 17) (van de Warrenburg et al. 2002).

1.1.1. Machado-Joseph disease/Spinocerebellar ataxia type 3 (MJD/SCA3)

Machado-Joseph disease (MJD) also known as Spinocerebellar ataxia type 3
(SCA3), was initially identified in the Northern American families of Azorean ancestry
(Nakano et al. 1972). Few years later, Rosenberg and his colleagues identified
another family from the Azorean ancestry with hereditary ataxia (Rosenberg et al.
1976). Finally, Portuguese researchers by studying 15 families from the Azores
confirmed both the reports from Nakona and Rosenberg and proposed that all the
reports corresponded to one same disorder: Machado-Joseph disease with variable

phenotypic expression (Coutinho and Andrade 1978).

Many years later, Kawaguchi et al identified the CAG expansion in the novel gene
and mapped it to chromosome 14q32.1 for Machado-Joseph (Takiyama et al. 1993,
Kawaguchi et al. 1994). MJD is inherited in an autosomal dominant manner and is
the most common spinocerebellar ataxia (Haberhausen et al. 1995, Ranum et al.
1995, Silveira et al. 1996). It has been identified as the 8" inherited disorder known
to have an association with trinucleotide repeat expansion (Kawaguchi et al. 1994).
MJD is caused by the abnormal expansion of CAG repeats in the coding region of
MJD1 gene, which translates into a polyglutamine tract within ataxin-3 (Coutinho and
Andrade 1978). The expanded allele carrying 61-87 CAG repeats and the normal
allele with 12-44 CAG repeats was described (Maciel et al. 2001).



1.1.2. Clinical symptoms and prevalence

Symptoms develop in MJD patients from early to mid-age. Ataxia and Rigidity,
pyramidal and extra pyramidal, dystonia and peripheral neuropathy, external
ophthalmoplegia, bulging eyes, parkinsonism, facial and lingual fasciculation are the
most common symptoms. MJD patients first experience unsteadiness while turning,
followed by imbalance and finally suffer from ataxia ending up using the wheelchair
(Lima and Coutinho 1980, D'Abreu et al. 2010).

The proportion of MJD/SCA3 among the dominantly inherited ataxia varies based on
population. Even though MJD was initially identified in a Portuguese Azorean family,
a few years later non-Portuguese families have also been reported with the same
disorder. Regardless of the fact that MJD is the most common autosomal dominant
ataxia in many populations followed by SCA1, SCA2, SCA6 and SCA7 (Figure 1.1),
the overall occurrence of this dominantly inherited ataxia is 1-5: 100,000 (van de
Warrenburg et al. 2002, Ruano et al. 2014)



Portugal The Netherlands Germany italy

SCA1 6%

SCA12 / Unknown

PKCy (SCA14)
DRPLA, FGF14

Figure 1.1. Worldwide distribution of SCA subtypes (Schdls et al 1997, Moseley et al 1998,
Saleem et al 2000, Storey et al 2000, Tang et al 2000, Maruyama et al 2002, Silveira et al 2002,
van de Warrenburg et al 2002, Dryer et al 2003, Brusco et al 2004, Schols et al 2004, Shimizu et
al 2004, Zortea et al 2004, Jiang et al 2005).

Figure published courtesy of L Schols, P Bauer, T Schmidt, T Schulte, O Reiss of University of
Tubingen and Ruhr-University Bochum, Germany. Adapted from (Bird 1993).

1.1.3. Neuropathology

Many brain regions are affected in MJD. Using computed tomographic scanning
Yuasa and col. analyzed different brain regions of 4 MJD patients from a Japanese
family and found atrophy in pons and cerebellum in all 4 patients. In one of the MJD
patients of this Japanese family, some brain regions such as the dentatorubral and
pallidoluysian system, Clarke’s column and spinocerebellar tracts, anterior horn
cells, pontecerebellar system and substantia nigra were affected. Authors also
reported that other regions such as thalamus, cerebral cortex, purkinje and granule
cells in the cerebellum and the striatum remained preserved in MJD patients (Yuasa

et al. 1986). Nevertheless, many years later, Yamada et al identified that brain
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regions such as striatum, cerebral cortex and thalamus that had been previously
reported to be preserved were also affected in MJD, in addition to other brain regions

that were shown to be involved (Yamada et al. 2004).

Even though many brain regions are subjected to degeneration in MJD, the main
lesions in MJD are located in the cerebellar dentate nucleus and spinocerebellar
system. A recent study from Reetz et al using MRI data analysis of 19 MJD patients
at baseline, and after a follow up study of 2 years, has not shown the very expected
brain regions like cerebellum, to significantly change of size in the neuroimaging
analysis. The strongest change of volume loss was found in the caudate and
putamen, followed by the brain stem, while moderate effects were seen in the
cerebellum. Secondly, voxel-based morphometry analysis was performed and found
that grey matter changes in the putamen and pallidum were significant when
compared with the control subjects after a two years follow up study. Overall, MRI
analysis revealed that after disease onset, the striatum is the region most sensitive

to change over time in MJD (Reetz et al. 2013).

1.1.4. Pathogenesis

The mechanism by which CAG repeat mutation leads to disease remains largely
unknown. Nevertheless, the wide variety of research that has been carried out in the
last 20 years led to a greater understanding of the disease reducing the gap towards
treatment of MJD.

1.1.4.1. Expanded CAG repeats

Research on the mechanism through which neurodegeneration occurs in
polyglutamine diseases including MJD, has first focused on the CAG repeats it
selves (Mangiarini et al. 1996, Perutz 1996). In MJD the expanded allele has been
reported to span from 61 to 87 CAG repeats, while the normal allele from 12 to 44
CAG repeats (Maciel et al. 2001). Importantly, all the disease-causing proteins in
polyglutamine disorders encode for CAG repeats but are entirely different from one

another other than the polyglutamine tract. Moreover, longer CAG repeats lead to
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increase in severity of all the polyglutamine diseases. Furthermore, many transgenic
mouse models encoding full length or truncated forms of the disease proteins,
resulted in neurodegenerative phenotypes (lkeda et al. 1996, Mangiarini et al. 1996).
These results were consistent with different mouse models in different polyQ
diseases showing pathological protein conformations upon the expansion of the
CAG repeats (Trottier et al. 1995), which could lead to the aggregation of the
disease protein (Ilkeda et al. 1996).

1.1.4.2. Protein sub-cellular localization and neuronal intranuclear inclusions

The subcellular localization and amyloidogenic features differ greatly between wild
type ataxin-3 and mutant ataxin-3 (Marsh et al. 2009). Ataxin-3 is located in the
cytoplasm in healthy control brains, whereas in the case of MJD patient brains,
ataxin-3 is localized in the nucleus. In the nucleus, mutant ataxin-3 accumulates and
aggregates into neuronal intranuclear inclusions (Paulson et al. 1997, Schmidt et al.
1998).

Protein aggregation is the hallmark of polyQ diseases and therefore a logical
therapeutic target. Although aggregates were found in cell models, transgenic mouse
models and in human postmortem brain tissue, the exact role of aggregation is
largely unknown (Paulson et al. 1997, Skinner et al. 1997, Becher and Ross 1998).
These intranuclear inclusions contain mutant ataxin-3, wild type ataxin-3, ubiquitin,
polyQ proteins, proteosomal subunits, heat shock molecular chaperones and
transcriptional factors suggesting that not only mutant ataxin-3, but also many other
proteins were sequestered into the nucleus leading to the deposition of aggregated
proteins (Paulson et al. 1997, Chai et al. 1999, Chai et al. 2001). The presence of
ubiquitin-interacting motifs in the ataxin-3 protein could be the reason for the co-
localization with ubiquitin and can also be linked to an ubiquitination mechanism to
tag the misfolded protein to the proteosomal chamber for degradation, which has
been reported in other polyQ proteins (Becher and Ross 1998, de Almeida et al.
2002).



1.1.4.3. Quality control system failure

The quality control system is a tightly regulated process important for normal cellular
function. In the case of MJD and other polyQ disorders, expanded CAG repeats
cause misfolding and aggregation (Scherzinger et al. 1997). One important pathway
involved in protein folding and degradation of misfolded proteins is the chaperone-
mediated control system involving heat shock proteins belonging to the family of
chaperones and widely-studied in polyQ disorders for refolding and promoting the
degradation of misfolded proteins (Jana et al. 2005, Miller et al. 2005, Al-Ramahi et
al. 2006). When the protein fails to fold properly despite the effective chaperone
mediated control system, the ubiquitin-proteosome system often degrades it.
Disturbances in the ubiquitin-proteosome system have been reported in MJD
(Schmidt et al. 2002). Another major pathway involved in the degradation of the
misfolded protein is lysosome-mediated autophagy. Our group has previously shown
that the autophagy pathway is impaired in the brain of MJD patients and that
overexpression of the autophagy-associated protein beclin-1 mitigates motor and
neuropathological deficits and stimulates the autophagic flux resulting in a clearance
of mutant ataxin-3 (Nascimento-Ferreira et al. 2011, Nascimento-Ferreira et al.
2013).

1.1.4.4. Proteolytic cleavage

Early studies reported that small fragments of the ataxin-3 protein with the expanded
polyglutamine tract had cytotoxic properties, in accordance with observations in
other polyQ disorders (lkeda et al. 1996, Mangiarini et al. 1996). Such fragments of
ataxin-3 were identified as resulting from proteolysis of the full length protein by
proteases, specifically calpains, and caspases. Even though, several caspase
cleavage sites are predicted for ataxin-3, caspase 1 and caspase 3 mediated
cleavage resulted in a modest cleavage of ataxin-3 (Wellington et al. 1998). Findings
from Haacke et al. suggest that proteolytic cleavage is required to initiate the
aggregation and the aggregation formation is strictly dependent on the CAG stretch
(Haacke et al. 2006). Furthermore, aggregation formation was not reduced using
caspase 1 and caspase 3 inhibitors in a SCA3 neuronal cell line (Koch et al. 2011).
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Our group has shown that inhibition of calpains via calpastatin and an orally
administered calpain inhibitor, BDA-410, prevents mutant ataxin-3 proteolysis,
nuclear localization, aggregation and neuronal dysfunction in the striatal and
cerebellum lentiviral MJD mouse brain. In addition to this, the calpain inhibitor BDA-
410 also alleviated the motor deficits in a cerebellar lentiviral MJD mouse model
(Simoes et al. 2012, Simoes et al. 2014). In support to the previously described
paper, another group demonstrated that the knock out of calpastatin in MJD
transgenic mice resulted in an increased number of aggregates, endogenous ataxin-
3 cleavage, neurodegeneration and mutant ataxin-3 fragmentation upon calcium

stimulation (Hubener et al. 2012).

1.1.4.5. Mitochondrial dysfunction

It has been reported that oxidative stress and inability to protect against free radicals
with age could result in mitochondrial damage and dysfunction in polyQ diseases
(Kim et al. 2003, Goswami et al. 2006, Miyata et al. 2008, Ajayi et al. 2012). Hsieh
and colleagues were first to show decreased antioxidant enzymes levels of
glutathione reductase, catalase and superoxide dismutase and reduced
mitochondrial DNA copy number in the SK-N-SH cells expressing mutant ataxin-3
with 78 CAGs (Yu et al. 2009). In concordance with the findings in cells expressing
mutant ataxin-3, mitochondrial DNA copy number was also reduced in the MJD
human blood samples compared to the healthy controls (Yu et al. 2009). A few years
later, HEK cell lines, PC6-3 cells expressing expanded CAG repeats and cerebellar
granule cells from MJD transgenic mice showed increased susceptibility to 3-
nitropropionic acid, which is an irreversible inhibitor of mitochondrial complex Il. A
significant decrease in the mitochondrial complex Il activity was observed in PC6-3
cells differentiated into a neuronal-like phenotype with nerve growth factor (NGF).
Moreover, mitochondria from MJD transgenic mouse model and lymphoblast cell
lines derived from MJD patients also showed a similar trend towards decreased
complex Il activity (Laco et al. 2012). Recent evidence suggests a decrease in the
pattern of mitochondrial DNA copy number with age and accumulation of 3,867 bp
deletions that relates with the early stages of the transgenic mouse and concludes
that 3,867 bp deletions may be used as a biomarker to detect early stages of the
disease (Kazachkova et al. 2013).



1.1.4.6 Transcriptional dysregulation

Recent evidence suggests transcriptional dysregulation may play a crucial role in
MJD. Early studies reported that the transcription factor (TATA-binding protein) and
transcription co-factor (CREB binding protein) are incorporated into nuclear
inclusions of polyQ-expanded ataxin-3 (Steffan et al. 2000, Li et al. 2002). Complete
MRNA expression profile in the MJD transgenic mice with 10-11 months old revealed
reduced expression levels of genes involved in cell signaling, transcription factors
that regulate neuronal survival and differentiation, glutamatergic neurotransmission,
heat shock proteins and increased expression in the cyclin D1, Bax and CDK5-p39
that could mediate neuronal death. Similarly, transgenic mice with 4 to 5 months old
with no neurological phenotype been displayed also showed decreased expression
in the mRNA expression levels of the genes involved in signal transduction and

glutamergic signalling (Chou et al. 2008).

The balance between histone acetylation and deacetylation is well-regulated in
normal condition but reported to be disturbed in polyQ diseases (Kim and Bae 2011).
Yi and colleagues found that valproic acid, a histone deacetylase inhibitor, prevented
the pigmentation loss, extended the lifespan and mitigated climbing disability in a
transgenic MJD Drosophila melanogaster. For simplicity Drosophila melanogaster
will be referred as D. melanogaster in the following part of this thesis. Moreover,
authors reported an increase in the acetylation levels of histone H3 and H4 and a

reduction in the early apoptotic cells in the MJD cell line (Yi et al. 2013).

Bringing the dysregulated mRNA transcripts back to the steady state level using
valproic acid in the D. melanogaster MJD (Yi, Zhang et al. 2013), T1-11 (adenosine
A2A receptor agonist) and JMF1907 (synthetic analog of T1-11) in the transgenic
mouse model was able to mitigate the neurodegeneration induced by mutant ataxin-
3 (Chou et al. 2015).

Even though different transcripts have been shown to contribute to the pathogenesis
of MJD, in recent years the evidence regarding dysregulation of microRNAs in other
neurodegenerative disorders was suggestive of a potential role in MJD. Therefore,
this thesis focuses on the study of microRNA dysregulation in MJD and its correction
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to alleviate neuropathological deficits. Therefore, studies exploring microRNA as a

potential tool for the treatment of MJD will be discussed in section 1.2

1.2 MicroRNAs

MicroRNAs are small endogenous non-coding RNA molecules composed of 18-22
nucleotides in length. MicroRNAs act as regulators of gene expression at post-
transcriptional level by binding to 3’untranslated regions (3’'UTR), coding sequences
or 5'UTR of target messenger RNAs (MRNAs) and resulting in mRNA degradation or
inhibition of the translation (Ambros 2004, Bartel 2004).

1.2.1 Discovery of microRNAs

Victor Ambros and colleagues Rosalind Lee and Rhonda Feinbaumin discovered the
first microRNA in 1993. A genetic screen in the Caenorhabditis elegans revealed the
the first miRNA termed as lin-4, did not encode a protein but instead a novel 22-
nucleotides small RNA (Lee et al. 1993). Followed by lin-4, let-7 was identified seven
years later as a small RNA of 22 nucleotides by Reinhart et al (Reinhart et al. 2000).
The discovery of small RNA molecules were particularly exciting for two reasons.
Firstly, small RNA molecules were conserved in many different species including D.
melanogaster and humans. Secondly, the RNA interference (RNAi) mechanism was
discovered and it became clear that small RNA was linked with the RNAI
mechanism. Few years later, more than 100 small RNA molecules had been
identified in different species including D. melanogaster, mice and humans and
named microRNAs (Reinhart et al. 2000). Until now, 2588 mature miRNAs have

been identified in humans, as inferred from the recently updated miRbase database.
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1.2.2 Biogenesis of miRNAs

miRNA gene
l Transcription

5’Ca
pri-miRNA p>_~\)
AAA

Drosha
DGCR8

pre-miRNA  —zie)

Mature miRNA duplex (==

B RISC
PR st i
mRNA Translation repression

degradation

Figure 1.2. miRNA biogenesis. MiRNAs are transcribed from DNA by RNA polymerase Il to
form Primary miRNAs (Pri-miRNAs). Pri-miRNA is converted in to pre-cursor miRNA by cleavage
enzymes such as Drosha. This Precursor miRNA is then transferred from the nucleus to the
cytoplasm by Exportin 5. In the cytoplasm, Dicer cleaves the pre-miRNA to form a 5’ and 3’
miRNA duplex. The Argonaute protein (part of the RNA-induced silencing complex (RISC)
selects one strand of miRNA and degrades the other one. The selected miRNA strand will
become incorporated into the RISC complex, recognize its target and bind to 3’ UTR of the target
mRNA. mRNA degradation occurs if there is a perfect complementarity between the miRNA and

the target. Imperfect complementarity results in translational repression.
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MicroRNAs are encoded in the genome and transcribed by RNA polymerase Il (Pol
Il) as long primary transcripts (named as pri-miRNAs). Pri-miRNAs include a hairpin
structure where miRNA sequences are embedded. The pri-miRNA has a cap
structure at 5’end and a poly-adenylated tail at the 3’end (Cai et al. 2004, Lee et al.
2004, Parizotto et al. 2004). Pri-miRNAs are processed into 60-110 nt miRNA
precursors (Pre-miRNAs) by RNase Ill enzyme Drosha which initiates the maturation
process by cropping the stem-loop to release a small hairpin shaped RNA. Drosha
together with the essential cofactor DiGeorge syndrome chromosomal region 8
(DGCRS8) (also known as PASH-1 in C. elegans and Pasha in D. melanogaster),
which is a double-stranded RNA-binding domain protein (dsRBD), form a complex
called microprocessor (Lee et al. 2002, Lee et al. 2003, Denli et al. 2004, Gregory et
al. 2004, Han et al. 2004). As Drosha cleavage defines the terminus of a miRNA,

microprocessor recognizes and cleaves a pri-miRNA.

Pre-miRNAs are then transferred from the nucleus to the cytoplasm by Exportin-5,
which forms a transport complex with GTP-binding nuclear protein RAN-GTP and a
pre-miRNA. Following translocation through the nuclear pore complex, GTP is
hydrolysed, resulting in the disassembly of the complex and the release of the pre-
miRNA into the cytosol (Yi et al. 2003, Bohnsack et al. 2004, Lund et al. 2004).
Exonucleolytic digestion of the pre-miRNA in vitro was inhibited by the RAN-GTP,
EXP5 and a pre-miRNA Complex formation. Exp5 binding not only allows the
transfer of pre-miRNAs from nucleus to cytoplasm but also prevents nuclear pre-
miRNAs degradation (Zeng and Cullen 2004).

Dicer which is another RNase |l enzyme cleaves pre-miRNAs to form 20 nt long
miRNA duplexes, together with trans-activation response RNA-binding protein
(TRBP) and Protein activator of PKR (PACT), which are dsRBD proteins (Bernstein
et al. 2001, Grishok et al. 2001, Hutvagner et al. 2001, Ketting et al. 2001,
Chendrimada et al. 2005, Jiang et al. 2005, Saito et al. 2005). Following dicer
processing, miRNA duplexes are loaded onto particular types of Argonaute proteins
(AGO) to form an RNA-induced silencing complex (RISC or miRISC) (Hammond et
al. 2001).

RISC involves two steps, loading of the miRNA duplex on the AGO protein followed

by unwinding (Kawamata and Tomari 2010). In flies, miRNA duplexes are loaded
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onto an AGO1 protein (Forstemann et al. 2007), whereas in C.elegans, miRNA
duplexes interact with ALG-1 and ALG-2 proteins (Jannot et al. 2008). Central
mismatches at positions 9-10 in the guide strand direct the miRNA duplex to
incorporate into AGO1 protein and prevent it from entering AGO2 (Okamura et al.
2009). The identity of the 5' nucleotide of the guide miRNA strand also contributes to
the loading of small RNAs into AGO proteins, as AGO1 preferably binds to miRNAs
with a 5' U (Ghildiyal et al. 2010). In humans, miRNA duplexes can be loaded into all
the four AGO proteins AGO1, AGO2, AGO3 and AGO4 with a preference for small
RNA duplexes with central mismatches at position 8-11 (Yoda et al. 2010).

Further to the loading of miRNA duplexes, the passenger strand is removed by pre-
RISC (where miRNA duplexes associate with AGO proteins) only when the duplex is
matched at the centre to generate a mature RISC (Diederichs and Haber 2007).
Removal of the passenger strand is facilitated by the endonuclease C3PO (Liu et al.
2009). The more general process is miRNA duplex unwinding without cleavage.
Mismatches in the guide strand at nucleotide positions 2—-8 and 12-15 promote
unwinding of miRNA duplexes (Yoda et al. 2010). AGO proteins can be modulated
by numerous modifications. Epidermal growth factor receptor phosphorylates human
AGO2 protein under hypoxia condition, which results in the separation of human
AGO2 from Dicer and the reduction of pre-miRNA processing for some miRNAs
(Shen et al. 2013).

Prolyl 4-hydroxylation of human AGO2 by type | collagen prolyl 4-hydroxylase
increases the stability of AGO2 or localization within processing bodies (Qi et al.
2008, Wu et al. 2011). AKT3 or MAPK-activated protein kinase 2 phosphorylates
human AGO2 at Ser387 leading to translational repression or its localization to P-

bodies respectively (Zeng et al. 2008, Horman et al. 2013).

1.2.3 miRNA-mRNA interaction

miRNAs interact with mRNA by base pairing. The seed region, which represents 2-8
nucleotides at the 5’ end of miRNA, is critical for the base pairing. Usually miRNAs
bind to the 3’ untranslated region (UTR) of target messenger RNAs (Huang et al.
2014), but it can also bind to the 5 UTR or to coding sequences (Duursma et al.
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2008, Tsai et al. 2009). Target sites of animal microRNA'’s are not distributed evenly
within the 3’'UTR. Large number of mMRNAs have multiple binding sites for the same
miRNA and this strengthens the degree of down-regulation (Lai 2004, Brennecke et
al. 2005, Grimson et al. 2007). The classification of miRNA target sites is based on
complementarity between the 5 seed region of miRNAs and the 3 mRNA. Target

sites are classified into 3 different types:

1) Canonical sites refer to the complete base pairing with the seed regions,
which is critical for the interactions, and most of the known targets represent
this type.

2) 3’-supplementary: additional base pairing occurs at position 13-16 of miRNA
seed and 5 target mMRNA. At least 3-4 nucleotides paired consecutively
contribute to the increased efficiency.

3) 3’-compensatory sites: Mismatch occurs in the seed regions of 3miRNA in
compensatory sites but additional base pairing at position 13-16 compensates
the mismatch in the seed region (Bartel 2009).

The intricacy of mMiIRNA-mRNA interactions makes it difficult to rely completely on the
algorithms based on the sequence matching to predict miRNA-mRNA interactions
and to look for the need for additional parameters such as orthologous sequence
alignment (Bartel 2009).

1.2.4 Function of microRNA gene regulation

miRNAs regulate the target genes either by direct cleavage of their target mRNA or
translational inhibition. In plants, the majority of miRNAs have perfect
complementarity with the target mMRNA (Rhoades et al. 2002). Upon binding to the
target mMRNA, miRNA-containing RISC cleaves the mRNA (Llave et al. 2002, Tang et
al. 2003). In animals, the complementarity between miRNAs and the target mRNA
has been restricted to the seed region. A seed region consists of 2-8 nucleotides,
which is at the 5’end of the miRNA (Lai 2004, Brennecke et al. 2005, Lewis et al.
2005, Xie et al. 2005). Since the seed region of the miRNA is very short, it is
predicted to target many genes. When the miRNA has complete complementarity, it
will result in the direct degradation of mRNA, while when there is an imperfect
complementarity it will prevent the translation. There is evidence that miRNAs may
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regulate around one third of the protein coding genes (Lewis et al. 2005, Xie et al.
2005, Baek et al. 2008).

To investigate the function of microRNAs, the enzyme Dicer that is required for the
synthesis of microRNAs was inactivated in the zebra fish. Interestingly, this resulted
in developmental arrest at day 10 suggesting that Dicer and the miRNA pathway are
critical for vertebrate development (Wienholds et al. 2003) and also for physiological
processes in immune system (Muljo et al. 2005). Later, further evidence have shown
the importance of dicer in the pathogenesis of many diseases including cancer and

neurodegenerative diseases (Bilen et al. 2006).

MicroRNAs have been shown to have differential expression in different tissues. A
recent study focused on 24 different body regions such a heart, liver, lungs, bone,
stomach etc. from two male human bodies to characterize the microRNA expression
of different tissues. Most of the microRNAs were neither stable nor specific for a
single tissue. Nevertheless, different microRNAs were predominately expressed in
certain tissues. Furthermore, significantly smaller variation between the organisms,

as compared to the inter-organs, was observed using lung and prostate biopsies. A

different storage interval (1-14 days at 4°C) of heart and lung tissues from biopsies
had limited influence on the mIRNA expression pattern. Interestingly, tissue
specificity index values of miRNAs from human tissues were significantly correlated

to the miRNAs previously published in rats (Ludwig et al. 2016).

1.2.5 miRNAs implicated in polyglutamine Disorders

miRNAs are involved in several pathological conditions including PolyQ disorders as

described in the following sections and summarized in Table 1.1.
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Table 1.1 miRs involved in polyQ diseases

PolyQ miR Source Targets References
. Postmortem
miR-9 and . REST&
HD miR-9* human brain CoREST (Packer et al. 2008)
samples
NT2 cells,
Plasma .
HD | miR-34b | samples from (Gaughwina et al.
. 2011)
pre-manifest
HD patients
HD miR-196a huntingtin Mut-Htt | (Cheng et al. 2013)
HIP-1,
HD | miR-128a Stiaum | HrT, | (Kocerhaetal.2014)
SP-1
brain-
derived
Human brain | NSUro-
HD miR-10b-5p . trophic (Hoss et al. 2015)
striatum
factor
(BDNF)
PGC-1a
. and
Transgenic BDNF
HD miR-124 R6/2 HD and (Liu et al. 2015)
mouse model SOX9
Knock in HD
HD | mR214 | stiatalce | 502 | (GhatekandRaha
catenin 2015)
model
miR-19, miR-
SCA1 | 101 and miR- HEK293T | Ataxin-1 (Lee et al. 2008)
130
Cortex and
cerebellum
from humans,
o chimpanzees o (Persengiev et al.
SCA1 miR-144 and rhesus Ataxin-1 2011)
macaques on
a genome-
wide scale
. Transgenic (Rodriguez-Lebron
SCA1 | miR150 | scatmouse | V9@ et al. 2013)
D.
SCA3 Ban melanogaster, (Bilen et al. 2006)
HeLa cell line
SCA3 MiR-148 Transgemc Ataxin-3 (Rodriguez-Lebron
mice et al. 2013)
MiR-34b, MiR- samSp?;iTrom
SCA3 | 29a, miR-25 (Shi et al. 2014)
and miR-125p | MID/SCA3
patients
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HEK293T

SCA3 miR-25 cells, SH- Ataxin-3 | (Huang et al. 2014)
SY5Y cells
No evidence
for significantly
differential
SCA3 expression. megzggglster (Reinhardt et al.
Trend for mir- 2012)
. model
33, and mir-
92a
overexpression
Long
non-
coding
SCA7 | miR-124 E’:‘(ﬁ (Tan et al. 2014)
SCA7)
and
ataxin-7
HEK293T,
Transgenic . "
SBMA | miR-196a moute, | CeLpy | (Mivazaki etal
Human 2012)
fibroblast

1.2.5.1 miRs dysregulated in Huntington’s disease (HD)

In HD, miR-9/miR-9" was found to be down regulated in postmortem brain samples
and predicted to target RE1-silencing transcription factor (REST) and CoREST which
was further confirmed using luciferase assay. Moreover, suppression of REST
expression in HEK 293 and NT2 cells led to an enhanced miR-9 expression levels
suggesting that the interaction between miR-9 and the target REST is direct (Packer
et al. 2008). More recently, miR-34b expression was found to be dysregulated and
upregulated in NT2 cells and in the plasma samples from the pre-manifest HD

patients suggesting that it might be used as a biomarker (Gaughwin et al. 2011).

Intranuclear aggregates, mRNA and the protein levels of mutant huntingtin were
reduced upon miR-196a-mimic treatment by indirect interaction with huntingtin
(Cheng et al. 2013). Other researchers found down-regulation of miR-128a in HD
transgenic monkeys. miR128 targets are HD-associated genes including SP1, HIP1
as well as HTT itself (Kocerha et al. 2014).

Ghatak and col. reported low beta-catenin levels due to the overexpression of miR-
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214 (Ghatak and Raha 2015). Furthermore, it was recently shown that miR-124
injection improved behavior phenotypes and elevated neurogenesis in cortex and the
striatum of R6/2 HD mice model by targeting PGC-1a, BDNF and SOX9 (Liu et al.
2015). Another recent study conducted using postmortem brain tissues revealed
miR-10b-5p was differentially expressed, which relates to striatal involvement and

age of onset (Hoss et al. 2015).

1.2.5.2 miRs involved in Spinocerebellar ataxia type 1 (SCA1)

Lee et al focused on miRs whose target is ataxin-1 and identified miR-19, miR-101
and miR-130 as direct targets of ataxin-1. miR-19, miR-101 and miR-130-mimics
treatment in cells resulted in a significant decrease in ATXN1 levels (Lee et al.
2008). More recently, miR-144, miR-101 and miR-130 were found upregulated in
cerebellum and cortex of SCA1 patients and were identified as directly targeting
ataxin-1. Furthermore, miR-144 was also involved in the ageing progression
(Persengiev et al. 2011). Global miRNA microarray profiling of SCA1 transgenic
cerebellar Purkinje neurons revealed that miR-150, whose target is the vascular
endothelial growth factor (VEGF), was upregulated in SCA1 (Rodriguez-Lebron et al.
2013) and overexpression of Vegf ameliorated the SCA1 phenotype (Cvetanovic et
al. 2011).

1.2.5.3 miRs dysregulated in Machado-Joseph disease/ Spinocerebellar ataxia
type 3 (MID/SCA3)

Bonini and colleagues were first to show the involvement of miRNAs in MJD. miR
bantam was identified as a potential modulator of SCA3 pathogenesis by reducing
the degeneration induced by the mutant ataxin-3 (Bilen et al. 2006). However, in
another MJD D. melanogaster model, no evidence for miRNA dysregulation was
observed (Reinhardt et al. 2012). Nevertheless, miRNA microarray profiling revealed
a dysregulation for miR-25, miR-125b, miR-29a and miR-34b which were
differentially expressed in serum samples obtained from human MJD patients,
highlighting their potential application as as biomarkers for SCA3 (Shi et al. 2014).
The same group investigated the effects of these differentially expressed miRNAs by

transfecting cells with mimics of miR-25, miR-125b, miR-29a and miR-34b. Among
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the four miRNAs, miR-25 mimic treatment reduced the endogenous ataxin-3,
apoptosis, ataxin-3 aggregate formation and increased cell viability. Moreover,
through a luciferase assay, the authors demonstrated that miR-25 directly targets
ataxin-3 mRNA (Huang et al. 2014).

1.2.5.4 miRs dysregulated in SCA7

In SCA7, a Inc-SCAY7 (long non-coding RNA) was identified as a post-transcriptional
regulator of ataxin-7, where the interaction is mediated by miR-124. The expression
levels of miR-124 were observed to be downregulated in a SCA7 knock-in mouse
model (Yoo et al. 2003, Chen et al. 2012) and in SCA?7 patient fibroblasts. This was
associated with increased expression of ataxin-7 and Inc-SCA7 in retina and
cerebellum. Moreover, they also observed that STAGA is required for the
transcription activation of miR-124, which mediates the interaction between the Inc-
SCA7 and ataxin-7. Overexpression of miR-124 decreased the expression of Inc-
SCA7 and ataxin-7 in N2a cells and in a SCA7 knock-in model (Tan et al. 2014).

1.2.5.5 miR dysregulation in Spinal and bulbar muscular atrophy (SBMA)

Regarding SBMA, miR-196a was found to be up-regulated by greater than 2 fold in a
SBMA transgenic mouse model (Katsuno et al. 2003). This miRNA was found to
target CUGBP Elav-like family member 2 (CELF2) a protein which promotes the
stabilization of the androgen receptor mRNA. Importantly, upon miR-196a
overexpression, the mRNA and the protein levels of the androgen receptor were
reduced in transgenic mice, HEK293T cells and human fibroblasts. This was
achieved by silencing CELF2 and indirectly promoting the decay of the mutant

androgen receptor mRNA (Miyazaki et al. 2012).
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1.2.6 Role of miR-10b

miR-10b has been associated with Huntington’s disease and glioblastoma. The
available data regarding the role of this miRNA in these diseases is discussed in the

next following sections.

1.2.6.1 miR-10b in Huntington’s disease (HD)

Recent findings obtained from postmortem brain tissues of HD patients showed that
miR-10b is one of nine miRNAs differentially expressed in the prefrontal cortex. All
the differentially expressed miRs were significantly associated with Vonsattel grade,
which is used to assess the striatal involvement. Particularly, miR-10b expression
levels were associated with striatal involvement (determined by Hadzi-Vonsattel
striatal score) after adjustments for CAG length. Besides being associated with the
observed striatal changes, miR-10b-5p expression levels were also strongly
correlated with the age of onset in HD. Altogether, miR-10b-5p has the potential to
be used as a biomarker for HD, being related with the age of onset of the disease

and with the level of striatal involvement (Hoss et al. 2015).

1.2.6.2 miR-10b in Glioblastoma (GBM)

miR-10b is abundantly overexpressed in tumors and glioma cells but absent in the
normal human brain (Sasayama et al. 2009). Interestingly, inhibition of miR-10b
resulted in a reduction of cell growth and in cell cycle arrest in glioma cells, while
also leading to a reduction of tumor growth in a human glioma mouse model. The
authors demonstrated that these effects observed upon miR-10b inhibition were
mediated by an induction of apoptosis and autophagy. Target identification showed
that the inhibition of this miRNA leads to increased expression of BCL2L1, TFAP2C,
p21, and p16 which normally protect cells from uncontrolled growth. Accordingly, the
survival rate for glioblastoma patients with elevated levels of miR-10 is significantly
reduced when compared to patients with low expression levels of miR-10b. These
findings suggest an important role for miR-10b in glioma pathogenesis and
simultaneously established mir-10b inhibition as novel candidate therapeutic

approach for the treatment of GBM (Gabriely et al. 2011).
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Following the previous findings, the profiling of miR-10b levels in a GBM stem cell
line demonstrated that miR-10b levels were also found to be up-regulated in these
cells. Importantly, miR-10b inhibition resulted in a reduction of cell invasion and
migration in glioblastoma stem cells, as well as in a reduced growth of stem cell-

derived orthotopic GBM xenografts in-vivo (Guessous et al. 2013).

Even though the targets of miR-10b were previously identified, the mechanism
contributing to the miR-10b sustained viability of glioma-initiating stem-like cells
(GSC) was still unknown (Gabriely et al. 2011, Guessous et al. 2013). More recently,
Teplyuk and colleagues identified miR-10b as a regulator of cell cycle and alternative
splicing, through non-canonical targeting of the 5 UTR of MBNL1-3, SART3, and
RSRC1 in heterogeneous GSCs. Treatment with either intracranial injection,
systemic intravenous injections and continuous osmotic delivery of miR-10b
antisense oligonucleotides resulted in the targets derepression and in reduced

growth and progression of the established intracranial GBM (Teplyuk et al. 2016).

1.2.7 Profiling of microRNAs

Currently, three methods are available for profiling miRNA expression: Quantitative

reverse transcription PCR (QRT-PCR), miRNA microarray and RNA seq.

These methods characteristics, advantages and disadvantages are summarized
below in Table 1.2.
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Table 1.2. List of methods available for miRNA profiling

miRNA profiling method

Advantages

Disadvantages

Quantitative reverse transcription
PCR (qRT-PCR)

-Sybr green based (Varkonyi-Gasic
et al. 2007).

-Tagman based (Chen et al. 2005).

Sensitive, specific, well
established method and can be
used for absolute quantification

Cannot identify novel miRNAs.
Only limited number of samples
or miRNAs can be analysed per
day

miRNA microarray

miRNAs samples are fluorescently
labelled and then hybridized to array
of DNA-based capture probes,
followed by washing and scanning
of array (Liu et al. 2008, Marioni et
al. 2008, Mortazavi et al. 2008, Sultan
et al. 2008)

Well established method, low-
cost and high-throughput

Lower specificity than qRT-PCR
or RNA sequencing.

Difficult to use for absolute
quantification.

Cannot identify novel miRNAs

RNA seq: high-throughput and
smaller scale next-generation
sequencing

The procedure begins with the
preparation of microRNA to cDNA
library. Adaptor ligation allows the
cDNA library to be fixed onto a solid
(Chiang et al. 2010)

High accuracy in distinguishing
miRNAs that are very similar in
sequence, as well as isomiRs.

Can detect novel miRNAs

Substantial computational support
needed for data analysis.

Cannot be used for absolute
quantification

1.2.8 miRNA-Target prediction

One of the main obstacles in miRNA research is to identify the specific sequence on

target genes to which miRNAs will have partial or full complementarity. In order for

precise identification of their target genes, several algorithms have been developed.

Currently available target prediction tools are based on diverse algorithms, which

can be improved depending on the required research approach and needs (Lewis et

al. 2003). Seed match, binding site conservation, free energy, and site accessibility

are the most commonly used features by miRNA target prediction tools (Lewis et al.

2003, Yue et al. 2009).

When compared to animals, miRNA target prediction in plants is easier and more

accurate as the plant miRNA binding sites are located within the open reading
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frames (ORFs) of the target mRNAs and have perfect or near perfect
complementarity with its correspondent miRNAs (Voinnet 2009). However, in
animals, perfect complementarity between the miRNA and the target mRNA is very
rare (Yekta et al. 2004). Importantly miRNA binding sites are predominantly located
in the 3’ untranslated regions (3’ UTRs) of the target genes and rarely located in the
ORFs orin the 5’ UTR (Lytle et al. 2007).

The following table summarizes some databases available to predict targets of
mMiRNAs.

Table 1.3 MicroRNA target prediction tools

Databases Features Website links References

Predicts 5" dominant target sites.
conservation.

Predicts 5" dominant target sites.

Target Scan/ | Strict complementarity in the seed http://www.targetscan.org (Lewis et al.
Target ScanS | region is required 2003)

Identifies non-conserved sites.

Requires seed complementarity
http://www.microrna.gr/microT-

) ) Presence of compensatory binding in DS (Kiriakidou et al.
Diana-MicroT | the 3' regions of miRNA (allows 2004)
some mismatches in the seed
sequence)

MicroRNA.org | Predicts miRNA targets using the
miRanda algorithm

(based on sequence http:/microrna.org (John et al. 2004,
complementarity between the mature Betel et al. 2010)
miRNA and the target site, and
binding energy of the miIRNA/mRNA
duplex)
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1.2.9 Experimental validation of predicted target sites of the miRNA

Taking into account the possibility of obtaining false positive results upon
bioinformatic prediction of miRNA binding sites using the previously described
algorithms, microRNA targets need to be experimentally validated. This can be
achieved by transfecting cells lines with miRNA inhibitors or mimics and by

quantifying the levels of the target mRNA or protein.

Moreover, the direct interaction between a miRNA and its target transcripts needs to
be experimentally validated. The most commonly used technique to identify the
direct interaction between a miRNA and its target is the luciferase gene reporter
assay. Luciferase gene encodes a 61- kDa enzyme that oxidizes D-luciferin in the
presence of oxygen, ATP and Mg** resulting in light emission. Cells are co-
transfected with both the luciferase construct cloned with the 3° UTR of the target
gene and with the miRNA mimic or with a miRNA inhibitor such as sponges or tough
decoy RNA. Luciferase activity is then quantified using a luminometer (Smale 2010).
An expected increase in light emission should be observed upon co-transfection of
cells with miRNA inhibitors and luciferase bound 3’ UTR, while a decrease in the
light emission should be observed when the cells are co-transfected with mimics and
the luciferase bound 3’ UTR. This results are indicative of a direct and specific

interaction between the target and the miRNA (Lee et al. 2008).

In the case of MJD, a recent study took advantage of a luciferase gene reporter
assay to validate miR-25 as a direct target of ataxin-3. In order to perform this
validation, the 3'UTR of ataxin-3 or a mutated control 3'UTR were inserted to the
3’end of a luciferase gene. As expected, the co-transfection of a miR-25 mimic and
3'UTR of ataxin-3 significantly reduced the luciferase activity while the co-
transfection of miR-25 mimic and a mutated 3’'UTR sequence had no effect on the
luciferase activity (Huang et al. 2014) showing that miR-25 is in fact a direct target of

ataxin-3.
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1.2.10 Therapeutic modulation of miRNAs

Due to the potential therapeutic significance of miRNAs, substantial efforts have

been made to build tools in order to better understand and control the function of

miRNAs. In order to take advantage of the function of miRNAs involved in disease

conditions, the identification of molecules that can effectively inhibit or mimic mature

miRNAs is needed in order to achieve a loss or gain of miRNA function. Table 1.4

summarizes the main strategies for miR inhibition or overexpression.

Table 1.4. miR inhibition and overexpression strategies

Inhibition strategies

Advantages

Disadvantages

Modified antisense
oligonucleotides

Easy design, gene specific
effects and no off-target effects

Delivery into cells and animals
difficult, limited scope (one target)

miRNA sponges

Suitable to silence more than
one miRNA meaning that
blockage of the members of the
same family is possible

Delivery into cells and animals
difficult, off-target effects

Small molecule inhibitors

Easy delivery, systemic
distribution, reversible effects,
to control miRNA function on
multiple levels of the miRNA
pathway

Difficult to identify, structure-activity
relationship required for
optimization, specificity not
predictable

Over-expression strategies

Advantages

Disadvantages

Synthetic double stranded
miRNA

Protect against exonucleases
making it to be more stable and
doesn'’t interfere with RISC
loading

Potential off-target effects because
of the uptake of the miRNA by
tissues that do not normally express
the miRNA of interest

Viral vector

Drive the expression in
particular regions such as the
brain using AAV vectors
Reduce the off target effects

Packaging capacity

1.2.10.1 miRNA inhibition strategies

miRNA inhibition strategies include antisense oligonucleotides, miRNA sponges and

small-molecule inhibitors as discussed below:
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1.2.10.1.1 Antisense oligonucleotides

Boutla and colleagues were the first to demonstrate the potential of unmodified
antisense DNA oligonucleotides to inhibit the miRNA expression in D. melanogaster
(Boutla et al. 2003). However, unmodified antisense DNA oligonucleotides were
sensitive to degradation by serum nucleases suggesting the need for the
development of the chemical modifications that could improve the stability and
efficiency of the oligonucleotides for in vitro and in vivo applications (Boutla et al.
2003). One year later, miRNA function was blocked in vitro and in cultured human
cells using 2'-O-Methyl modified oligonucleotides (Hutvagner et al. 2004). Even
though 2'-O-Methyl modified oligonucleotides were more efficient compared with the
original antisense oligonucleotides, they were still prone to degradation by serum
exonucleases, making them non suitable for in vivo use. Since exonucleases cleave
the phosphate bonds between nucleotides, modifying this reaction was crucial to
protect 2'-O-Methyl from degradation. Phosphodiester bonds were substituted with
phosphorothioate bonds to attain the most favorable condition in order to increase
nuclease resistance as well as to retain the ability to bind the target miRNAs
(Krutzfeldt et al. 2005).

The addition of methoxyethyl (2'-MOE) or fluorine groups (2'-F with phosphorothioate
linkage) further enhanced binding affinity and nuclear resistance compared with the
2'-OMe modifications (Davis et al. 2006). However, the strongest affinity for the
target miRNA was achieved with locked nucleic acid modifications, which contain a
methylene linker bridging the 2’-O-oxygen to the 4’-position conferring increased

thermodynamic stability (Chan et al. 2005).

1.2.10.1.2 miRNA sponges

Extending the concept of complementary miRNA binding sites, miRNA sponges
have been developed and reported to be very effective at blocking miRNA
expression for long term in-vitro and in-vivo (Care et al. 2007, Ebert et al. 2007).
miRNA sponges contain multiple binding sites complementary to a miRNA of the
interest. These binding sites were designed with a bulge at positions 9-12 to protect
against endonucleolytic cleavage by Argonaute 2 and degradation of the sponge
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RNA (Ebert et al. 2007). Since the interaction between miRNAs and their targets
depends on imperfect base pairing in the seed region, miRNA sponges allow for an
interaction and inhibition of different members of miRNA families rather than
interacting with a single miRNA like antisense oligonucleotides. Mammalian cells
transfected with miRNA sponges performed at least as well as modified LNAs, not
just for one miRNA, but also for members of the same miRNA family (Ebert et al.
2007).

1.2.10.1.3 Small-molecule inhibitors

The expression levels of miRNAs can be modulated using drugs by targeting
signaling pathways that result in the activation of transcription factors responsible for
the regulation of miIRNA expression. Key elements in the miRNA pathway that
contribute to miRNA maturation and degradation processes can also be modulated.
For example, a method to screen for small molecule miRNA inhibitors was
developed for miR-21, which was selected due to its role as an anti-apoptic factor in
cancer cells, being frequently over-expressed in cancer (Chan et al. 2005).
Complementary sequences for miR-21 were cloned into a luciferase reporter gene,
which was then used as a sensor to detect the presence of mature miRNA
molecules. Hela cells were transfected with the construct expressing high miR-21
levels, which induces low luciferase activity. Following this, more than 1000 small
molecule compounds were evaluated and the diazobenzene 1 compound resulted in
a 250% increase in the intensity of the luciferase signal compared to the untreated
cells. Further characterization revealed that diazobenzene 1 compound affects the
transcription of miR-21. This approach can be applied to screen several small
molecule inhibitors for many miRNAs that were previously shown to be deregulated

in various diseases (Gumireddy et al. 2008).

1.2.10.2 miR over-expression strategies

miRNAs can be overexpressed by using two approaches. (1) Synthetic double-

stranded miRNAs and (2) Viral vector based approach, as discussed in the following

sections.
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1.2.10.2.1 Synthetic double-stranded miRNA

Synthetic double-stranded RNAs were designed to mimic endogenous miRNAs of
interest with chemical modifications to improve their stability and cellular uptake
(Thorsen et al. 2012). The guide strand is identical to the miRNA of interest, while
the passenger strand is less stable and modified by a linkage to a molecule such as
cholesterol to enhance the cellular uptake. In addition to the cholesterol molecules
linked to the passenger strand, this strand may also contain chemical modifications
to prevent RISC loading (Chen et al. 2008). The chemical modifications to the guide
strand are limited as it should function as a miRNA and be readily recognized by the
cell (Chiu and Rana 2003). Although this method restores the miRNA levels that may
be lost during the disease progression, it may also result in potential off-target effects
because of the uptake of the miRNA by tissues that do not normally express the
miRNA of interest. This suggests the need for approaches to selectively drive the

mMiRNA expression in an appropriate cell type or tissue.

S T —

P- 8 8@ 8 B B & & & O b @B B B @O B B @B BmB B B B BUBU Antisense

2-0-Me ANA D Mismatch ~ ® POlinkage @ PSlinkage P Monophosphate 2. F

Figure 1.3. Design of a synthetic double stranded miRNA. Adapted from (van Rooij and
Kauppinen 2014).

1.2.10.2.2 Viral vector based overexpression

Another method to increase miRNA expression levels is by taking advantage of viral
vectors including lentivirus, adenovirus or adeno associated viruses. To eliminate the
possible off target effects, adeno or adeno-associated viruses were used in order to
drive the miRNA expression in specific cell types or tissues. One advantage of viral
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vectors is the sustained expression of the miRNAs of interest. Tissue specific
promoters allow further specificity by driving miRNA expression in selected tissues
(Miyazaki et al. 2012). In addition to the use of a tissue specific promoter, different
AAV serotypes also allow for tissue specificity due to their natural tropism toward

different organs based on each individual AAV serotype (Kota et al. 2009).

1.3 Transthyretin (TTR)

Transthyretin is a tetrameric protein mainly synthesized in the liver and choroid
plexus. This was initially termed as prealbumin since this protein from human plasma
and cerebrospinal fluid samples was migrating ahead of albumin in the
electrophoresis (Kabat et al. 1942, Seibert and Nelson 1942). The main functions of
transthyretin are related to its binding properties to thyroid hormones (Ingbar 1958)
and retinol binding protein (Raz and Goodman 1969). After the discovery of its
function, it was renamed as transthyretin abbreviated as TTR (Transporter of

Thyroxine and Retinol).

Transthyretin was initially described in familial amyloidotic polyneuropathy (FAP)
where a single point mutation in the TTR gene leading to a mutant form of TTR (TTR
Val30Met) was associated with the disease (Andrade 1952). Since then, around 100
different mutations have been reported in the TTR gene (Sekijima et al. 1993). TTR
is associated with a group of diseases, which are related to protein aggregation
linked with amyloid fibril deposition. Recently, aggregate and amyloid fibril deposition
was also observed in preeclampsia placenta tissue carrying a normal TTR gene
(Kalkunte et al. 2013). However, the mechanism behind TTR aggregation is largely

unknown.
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1.3.1 Transthyretin expression in the nervous system

A study conducted with TTR null mice revealed reduced signs of depressions like
behavior and increased locomotor activities compared to the wild type mice.
Increase in the expression levels of noradrenaline in the limbic forebrain could be a
possible explanation for a significant change in the behavior compared to the wild
type mice (Sousa et al. 2004). Similarly neuropeptide Y expression levels were also
increased in the TTR null mice (Nunes et al. 2006). TTR null mice displayed memory
impairment (Sousa et al. 2007) and the treatment with retinoic acid reversed the
memory deficits both in the TTR null mice and aged rats showing the importance of
TTR in the maintenance of normal cognitive processes (Brouillette and Quirion
2008). TTR null mice also revealed the impairment in the neurite outgrowth and
nerve regeneration (Fleming et al. 2007). Further to these findings, the same authors
delivered TTR in the crushed sciatic nerves of the TTR null mice and rescued the
regeneration phenotype of TTR null mice. A decrease in the megalin expression
levels was observed, which lead to the decreased nerve regeneration showing that

megalin’s action is TTR dependent (Fleming et al. 2009).

1.3.2 Transthyretin in diseases of the nervous system

TTR expression levels are differentially expressed in many neurological disorders.
TTR expression levels in plasma and cerebrospinal fluid (CSF) have been shown to
be upregulated in Guillain-Barre syndrome (GBS), frontotemporal dementia (FDT),
and Parkinson’s disease (PD) when compared to the controls (Ruetschi et al. 2005,
Arguelles et al. 2010, Zhang et al. 2012). TTR expression was also upregulated in
CSF samples from the rapid progression form of ALS compared to the slow
progression form of ALS, highlighting the importance of TTR as a candidate

biomarker to evaluate the disease progression in ALS (Brettschneider et al. 2010).

Other studies have linked TTR to a neuroprotective role. Santos and colleagues
induced brain ischemia by permanently blocking the middle cerebral artery and
found no significant difference in cortical infarction 24 hours post brain ischemia in
TTR null mice compared with the control TTR** littermates. However, TTR null mice
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with the compromised heat shock transcription factor 1 response (TTRHSF1*")
showed significant increase in cortical infarction, inflammation and edema formation

suggesting the importance of transthyretin as a neuroprotector (Santos et al. 2010).

Several groups suggest the neuroprotective role of TTR in Alzheimer’s disease (AD).
The decreased expression level of TTR was observed in CSF of AD patients in 1986
(Elovaara et al. 1986). Recently, using a highly sensitive quantitative assay, a two-
fold decrease in the levels of TTR in the CSF of AD patients was observed.
Furthermore a significant decrease in the TTR expression levels was observed in
plasma samples from AD patients and mild cognitive impairment patients compared
to the controls suggesting TTR could be an early biomarker for AD. Moreover, it was
previously shown that TTR is able to sequester the beta amyloid protein, preventing
the formation of amyloid fibrils (Schwarzman et al. 1994), while also decreasing the
rate of aggregation by the peptide (Liu and Murphy 2006). After the discovery of the
interaction between TTR and AP peptides, one study took advantage of TTR
overexpression as a therapeutic approach. Wild-type human transthyretin was
overexpressed in APP23 transgenic mouse model of AD and found to significantly
reduce the amount of A peptides and to protect the AD mice from the behavior

deficits when compared to the controls (Buxbaum et al. 2008).

On the other hand, it was also demonstrated that silencing the endogenous TTR
gene promoted both an increased AP deposition and also a neuropathological
phenotype (Buxbaum et al. 2008), supporting the previously published data from
other group showing that young animals lacking TTR gene present a defect in spatial
learning even in the absence of genes associated with human AD (Sousa et al.
2007).

Other groups have shown that TTR is harmful in AD. Surprisingly, a significant

reduction in the AB deposition was found in the hippocampus of 4-month old double
transgenic AD mice (TQCRND8) with deleted TTRY~ and a slight reduction in the
double transgenic AD mice with TgCRND8/TTR_/_, as compared to age-matched
TgCRND8/TTR+/+ (Doggui et al. 2010). These findings are in line with the previous

study showing a significant decrease in the total and vascular AB deposition in

T92576/TTR_/_ mice (Wati et al. 2009). Administration of iododiflunisal, a TTR
-31-



tetrameric stabilizer, in AD/TTR*- mice resulted in a reduction in the brain AB
expression levels, Ap deposition and also improved cognitive function (Ribeiro et al.
2014). The beneficial effects that were observed with the treatment of iododiflunisal
open a new door to the design of novel drugs to the treatment of AD and other

disorders where TTR may be involved.

1.4 Objectives

The main goal of this PhD project was to identify the differentially expressed
microRNAs in MJD and to re-establish their normal levels in a striatal lentiviral

mouse model of MJD and D. melanogaster model of MJD.
The specific objectives of this thesis were the following:

- To identify the differentially expressed miRNAs in a striatal lentiviral MJD
mouse model (Chapter 2)

- To characterize the expression levels of this miRNAs in other MJD models
such as in MJD transgenic mice, in a lentiviral cerebellar mouse model, and in
engineered MJD cell lines (Chapter 2)

- To re-establish the normal levels of miR-10b in the MJD D. melanogaster
model (Chapter 2)

- To re-establish the normal levels of miR-10b in a striatal lentiviral MJD mouse
model and to investigate whether this could reduce intranuclear inclusions
and striatal neurodegeneration (Chapter 3)

- To identify and validate a potential target gene of miR-10b and to clone it in a

lentiviral backbone construct (Chapter 3)
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CHAPTER 2

MicroRNA dysregulation in MJD
- Applications in a D. melanogaster MJD

model
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2.1 Abstract

Machado-Joseph disease (MJD) / Spinocerebellar ataxia type 3 (SCA3) is an
autosomal dominant neurodegenerative disorder caused by the abnormal CAG
expansion in the coding region of ATXN3 gene. Until now, there is no therapy to
prevent or delay the disease progression in MJD. Over the last decade, microRNAs,
which are non-coding RNA molecules, have been reported to be dysregulated in

many diseases including neurodegenerative disorders.

Therefore, the aim of this study was to screen the differentially expressed
microRNAs in a striatal lentiviral MJD mouse model and to take advantage of
microRNA regulation as a therapy towards MJD. For this, we took advantage of the
previously developed lentiviral striatal MJD mouse model developed by our group to

perform a screening of miRs expression.

Here we report the complete profile of the microRNA expression in the striatal
lentiviral MJD mouse model using miRNA microarray analysis. miRNA microarray
revealed numerous differentially expressed miRNAs, which were further validated
using qRT-PCR. Let-7b, Let-7i, miR-27b, miR-181a and miR-30e were significantly
downregulated in MJD whereas miR-10b was robustly up-regulated in MJD.
Concomitantly, miR-10b expression levels were also evaluated in other MJD models
and found to be significantly up-regulated in a MJD transgenic mouse model while
also showing a trend towards upregulation in human post-mortem brain tissue. To
investigate whether manipulation of miR-10b could alleviate MJD, miR-10 was
repressed in a MJD D. melanogaster model, which resulted in the extension of MJD

flies life span.

These results suggest that microRNAs are dysregulated in the striatal lentiviral MJD
potentially contributing to the pathogenesis of MJD. Re-establishment of the normal
levels of miR-10 in MJD flies improved their life span suggesting an important role for

miR-10 in the pathogenic process.
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2.2 Introduction

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3
(SCA3), is a rare dominantly-inherited neurodegenerative disorder caused by an
abnormal CAG expansion in the coding region of the ATXN3/MJD1 gene
(Kawaguchi et al. 1994). Mutation in the ATXN3 gene confers a toxic gain-of-
function to the ataxin-3 protein leading to neurodegeneration and severe motor
impairments (Rubinsztein et al. 1999, Zoghbi 2000, Duenas et al. 2006).
Dysfunction and neurodegeneration occur in selective brain regions such as
cerebellar dentate nucleus, striatum, brain stem, substantia nigra and thalamus, but
the exact mechanisms contributing to the selective neurodegeneration remain
largely unknown (Yamada et al. 2008, Reetz et al. 2013). Currently, there is no

treatment to prevent or delay the disease progression.

MicroRNAs are small non-coding RNA molecules composed of 19-22 nucleotides in
length that play a regulatory role in gene expression at the post-transcriptional level
resulting in mRNA degradation or translational repression (Ambros 2004, Bartel
2004). Over the last decade, microRNAs have been implicated in a variety of
neurodegenerative disorders including Machado-joseph disease (MJD) and also
found to be potential therapeutic targets for many diseases including
neurodegenerative disorders such as Huntington’s disease and Spinocerebellar
ataxias type 1 and 3 (Packer et al. 2008, Miyazaki et al. 2012, Cheng et al. 2013,
Rodriguez-Lebron et al. 2013).

Bonini and colleagues were first to show the involvement of microRNAs in a MJD D.
melanogaster model by mutating the dicer-1 enzyme, an important player for the
biogenesis of microRNAs. Simultaneously, taking advantage of a genetic screening,
the authors observed that the overexpression of the miR Bantam could alleviate
neurodegeneration induced by the toxic ataxin-3 protein (Bilen et al. 2006). Another
recent study evaluated the expression levels of microRNAs in serum samples from
MJD patients observing that miR-25, miR-125b, miR-29a and miR-34b were
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differentially expressed and therefore could be used as biomarkers for SCA3 (Shi et
al. 2014).

Our study was designed to screen and identify differentially expressed miRNAs in a
striatal lentiviral MJD mouse model (Alves et al. 2008, Simoes et al. 2012). The
identified dysregulated miRNAs were also investigated in other MJD models and
their potential as a target for therapy was evaluated in a D. melanogaster MJD
model. This model is characterized by severe loss of pigmentation in the eye and

also decreased life span upon induction of human mutant ataxin-3 expression.

In this chapter, we present the complete miRNA expression profile of the mouse
striatal tissue upon expression of mutant as compared to wild-type ataxin-3. Several
miRNAs were found to be significantly dysregulated. Interestingly miR-10b (mmu-
miR-10b-5p) was strongly up-regulated in this and in another transgenic MJD mouse
model (Torashima et al 2008). To investigate whether inhibition of miR-10 could be
beneficial in MJD, flies expressing a miR-10 inhibitor were crossed with MJD flies
generating a MJD fly model where miR-10 expression is repressed. MJD flies with
miR-10 inhibitor resulted in an increased life span compared to the MJD flies with a
control miR inhibitor clearly suggesting that miR-10 inhibition may be associated

with the protective mechanism.
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2.3 Materials and Methods

2.3.1 Animals

Four-week-old C57BL/6J mice were obtained from Charles River. The animals were
housed in a temperature-controlled room maintained on a 12 h light/12 h dark cycle.
Food and water were provided ad libitum. The experiments were carried out in
accordance with the European Community directive (2010/63/EU) for the care and
use of laboratory animals. The researchers received adequate training (FELASA
certified course) and certification to perform the experiments from the Portuguese

authorities (Direc¢ao Geral de Veterinaria).

2.3.2 Lentiviral vector production

Lentiviral vectors encoding for mutant ataxin-3 with 72 CAG repeats and wild type
ataxin-3 with 27 CAG repeats (Alves et al. 2008), miR-10b tough decoy RNA
inhibitor, miR-negative tough decoy RNA inhibitor were produced in human
embryonic kidney 293T cells with a four plasmid system as previously described (de
Almeida et al. 2002). The lentiviral particles were resuspended in 1% bovine serum
albumin in sterile PBS. The viral particle content of batches was determined by
assessing HIV-1 p24 antigen levels (Retro Tek, Gentaur). Viral stocks were stored
at -80°C.

2.3.3 Stereotaxic injection into the striatum

Five-week-old C57BL/6J mice were anaesthetized with avertin (14 ylg™ and
250 mg kg™ intraperitoneally). One thousand and fifty nanograms of p24 antigen of
lentiviral vectors in a final volume of 3 uyl encoding for human wild type ataxin-3 or
mutant ataxin-3 were stereotaxically injected into the striatum in the following
coordinates: anteroposterior: +0.6 mm, lateral: £1.8 mm, ventral:-3.3 mm and tooth
bar. 0 for the development of the striatal lentiviral MJD mouse model (Alves,

Regulier et al. 2008, Simoes, Goncalves et al. 2012).
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Five-week-old mice were anaesthetized with avertin (14 ulg™" and 250 mgkg™
intraperitoneally). Three hundred and fifty nanograms of p24 antigen of lentiviral
vectors in a final volume of 4 yl encoding for human mutant ataxin-3 and miR-10b
TuD inhibitor were stereotaxically co-injected into one side of the hemisphere and
human mutant ataxin-3 and miR-neg TuD inhibitor into other side of the hemisphere
of the mouse striatum in the following coordinates: anteroposterior: +0.6 mm, lateral:

+1.8 mm, ventral:-3.3 mm and tooth bar: O.

2.3.4 Stereotaxic injection into the cerebellum

LV were injected into the cerebellar vermis of C57BL/6J wild-type mice. One group
was injected with LV encoding human mutant ataxin-3 with 72 CAG repeats
(Atx3MUT), while a control group was injected with vectors encoding human wild-
type ataxin-3 (Atx3WT). The animals received a single 6-ul injection of LV (250,000
ng of p24/ml) at a rate of 0.25 pl/min by means of an automatic injector (Stoelting
Co., Wood Dale, IL, USA), at the following coordinates of =1.6 mm rostral to lambda,
0 mm midline, and 1 mm ventral to the skull surface, with the mouth bar set at -3.3
mm. After injection, the syringe needle was left in place for an additional 5 min to

allow for the diffusion of vectors and minimize backflow.

2.3.5 Total RNA extraction from mouse tissue, cells and flies

Total RNA was extracted using miRCURY™ RNA Isolation Kits (Exigon). For the
extraction of total RNA from the mouse tissue, mice were sacrificed by cervical
dislocation and striatal punches or total cerebellum were stored at -80°C. For the
extraction of total RNA from the flies, the whole D. melanogaster was stored at -
20°C and then the head of the fly was cut from the body using a surgical blade by
viewing the flies through a microscope. All samples were treated with DNAse
digestion (Qiagen) during extraction. The quantity of total RNA was measured by
optical density (OD) using a Nanodrop 2000 spectrophotometer (Thermo Scientific)
and total RNA was stored at -80°C.
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2.3.6 miRNA microarray

miRNA microarray was performed by LC Sciences based on their proprietary
puParaflo®Microfluidic Biochip technology which is updated with miRBase. Each
sequence is repeated twice on the chip to ensure consistency. miRNA microarray
procedure includes sample labeling, array hybridization, image data processing and
in-depth data analysis. No reference miRNA was used for these arrays as the

control groups were compared with the disease groups for statistical analysis.

2.3.7 Real Time qRT-PCR for miRNA

cDNAs were synthesized from total RNA using a TagMan MicroRNA Reverse
Transcription Kit combined with specific TagMan MicroRNA Assays (Applied
Biosystems) for each miRNA (miR-10b-5p 1D002218; let-7b ID002619; let-7i
ID002221; miR-181a 1D000480; miR-27b 1D000409; miSnoRNA202 1D001232)
according to manufacturer’s instructions. Real-time PCR was performed using
TagMan®Universal PCR Master Mix Il with UNG and specific TagMan® probes
described previously. Small nucleolar RNA 202 (SNOR202) used as a reference to
quantify the miRNA expression levels for all the miRNAs described previously. All
reactions were performed in duplicate at a final volume of 10 ul per well. Relative
miRNA quantification was performed using the ACt method for genes with the same

amplification efficiency.

2.3.8 SH-SY5Y cell line culture and transduction

SH-SYSY cells were maintained in DMEM/F12 (Gibco) medium supplemented with
10% fetal bovine serum (Life Technologies) and 1% Penicillin/Streptomycin (Gibco).

For the transduction of SH-SY5Y cells, 24 hours after plating, the culture medium
was replaced with fresh medium containing lentivirus encoding for wtATXN3 or
mutATXN3 (400ng of P24 per 200 000 cells). Twelve hours later the medium was
replaced with regular complete medium and cells were cultured and expanded in

standard conditions.
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2.3.9 D. melanogaster strains and husbandry

The following lines were used for MJD/ SCA3 models: elavGS> UAS-Atxn3-70Q and
elavGS> UAS-Atxn3-19Q ( Reinhardt, Feuillette et al. 2012). Flies with miR-10
inhibitor RNAIi construct were obtained from Bloomington (Perkins et al. 2015).
Atxn3 lines were crossed with miR-10 inhibitor flies and the D. melanogaster strains
were raised on standard cornmeal-yeast agar medium with or without RU486
(Mifepristone, Betapharma-Shanghai Co., Ltd., China) at a final concentration of 1%
ethanol and 200 ug/ml RU486. Fly cultures and crosses were carried out at 25°C.
For longevity, once in two days, the flies were transferred to new tubes containing
fresh media with or without RNU486 and these procedures was repeated until all the
flies die. For miRNA and mRNA expression analysis, once in two days, the flies
were transferred to new tubes containing fresh media with or without RNU486 for

seven days and then they were stored at -80°C.

2.3.10 Statistical analysis

Statistical analysis was performed with paired or unpaired Student’s t-test and one-
way or two-way analysis of variance. Results are expressed as meanzs.e.m.
Significant thresholds were set at P<0.05, P<0.01 and P<0.001, as defined in the

text
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2.4 Results

2.4.1 Differentially expressed miRNAs in a striatal lentiviral MJD mouse model

To characterize transcriptional abnormalities and to identify microRNAs whose
levels are dysregulated in MJD, we took advantage of a previously developed
striatal lentiviral MJUD mouse model (Alves et al. 2008, Simoes et al. 2012). This was
performed by using lentiviral vectors encoding mutant ataxin-3 with 72 CAG repeats
to transduce one striatum hemisphere (right) and wild type ataxin-3 with 27 CAG
repeats to transduce the other hemisphere as internal control (left) (Fig 1A and 1B).
Two weeks post-injection, mice were sacrificed and total RNA was extracted from
the ataxin-3 expressing region (right and left striatum) and miRNA microarray was

performed.

miRNA microarray profiling revealed a large set of miRNAs that are differentially
expressed between the hemispheres expressing mutant ataxin-3 and wild type
ataxin-3 with P<0.05 and are presented in Fig 1C, whereas miRs with P>0.05 were
not shown in the Heatmap. Of interest, 8 miRNAs were selected based on central
nervous system expression and taking into account those conserved between
different species, particularly regarding human miRNAs. Furthermore, miRs with
P>0.05 were selected for further validation using qRT-PCR. QPCR analysis
demonstrated a significant downregulation for let-7b, let-7i, miR-30e, miR-181a and
miR-27b (Fig 1D). Moreover, microarray data indicated that miR-10b was
significantly up-regulated upon mutant ataxin-3 overexpression, a result which was
validated upon qRT-PCR analysis (Fig 1E).

Among the dysregulated miRNAs, miR-10b presented the most robustly increased
expression levels upon mutant ataxin-3 overexpression, indicating that it could be a

potential candidate for a miRNA based therapy towards MJD.
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Figure 2.1. Deregulated miRNAs in the striatal lentiviral MJD mouse model. (A) Schematic
representation of lentiviral constructs encoding for human wild type ataxin-3 or mutant ataxin-3
(Alves et al. 2008). (B) Schematic representation of stereotaxic procedure for mice. Lentiviral
vectors encoding wild type and mutant ataxin-3 were injected bilaterally in the striatum of 5
weeks old C57/BL6 mice (Alves et al. 2008, Simoes et al. 2012). (C) Heat map of miRNA
profiles showing differential expression in the mice injected with the lentiviral vectors encoding
mutant ataxin-3 in one hemisphere compared with wild type ataxin-3 injected in the other
hemisphere of the striatum. Colours represent relative signal intensities. Red and green colours
denote high and low expression of miRNAs respectively (n=3). (D, E) Validation of miRNA

microarray results by qRT-PCR. (D) 5 miRNAs were down-regulated upon mutant ataxin-3
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overexpression (n=8). (E) miR-10b was robustly up-regulated in the samples injected with
human mutant ataxin-3 by qRT-PCR showing the similar pattern that was seen in the miRNA
microarray (n=8). Statistical analysis was performed using unpaired Student’s t-test (C and D) or
paired Student’s t-test (E) (*P <0.05; **P <0.01; ***P <0.001). Data are expressed as mean %
SEM; SEM = standard error of the mean.

2.4.2 miR-10b expression levels in other MJD models

Next, we evaluated the levels of mir-10b in other MJD models from cells to human
post-mortem brain tissue. For this purpose, we started by using qRT-PCR to check
miR-10b expression in human post-mortem brain tissue. Although no statistically
significant changes were observed, there was a trend towards upregulation (Fig.
2.2A). To further investigate miR-10b up-regulation in another MJD model, we
quantified miR-10b expression levels in cerebellum samples of a transgenic mouse
model of MJD at 8 weeks of age. We found that miR-10b levels were upregulated in
accordance with the striatal lentiviral MJUD mouse model (Fig. 2.2B). Similarly, SH-
SY5Y cell line infected with mutant ataxin-3 shows a trend towards up-regulation
compared to the wild type ataxin-3 (Fig. 2.2D). Furthermore, we also quantified miR-
10b expression in cerebellum samples from a lentiviral based MJD model and found
no differences between MJD and the control group (Fig. 2.2C). Even though, miR-
10b is significantly up-regulated in some but not in all the discussed MJD models,
overall our results suggest a trend towards upregulation. However, increasing the

sample size would give a better understanding of the miR-10b expression levels.
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Figure 2.2. miR-10b expressions in other MJD model. (A) miR-10b expression in the human
post-mortem brain tissue showed a tendency for up-regulation compared with the controls
(N=6/6). (B) miR-10b expression levels were significantly upregulated in the cerebellum samples
of the MJD transgenic mice (Torashima et al. 2008) at 8 weeks of age compared to the control
(N=16/8). (C) There are no differences in miR-10b expression levels in the lentiviral-based
cerebellum MJD model (N=9/9). (D) miR-10b expression levels were also quantified in SH-SY5Y
cell line infected with wild type and mutant ataxin-3 and despite a tendency towards miR-10b
upregulation in the SH-SY5Y cell line infected with mutant ataxin-3 compared to the wild type
ataxin-3, no significant differences were observed (N=6/6). Statistical analysis was performed
using unpaired Student’s t-test (B, C and D) or paired Student’s t-test (D) (*P <0.05; **P <0.01;

***P <(0.001). Data are expressed as mean + SEM; SEM = standard error of the mean.
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2.4.3 miR-10b expression in the MJD D. melanogaster model

Next we investigated the levels of miR-10b in a fruit fly D. melanogaster model of
MJD. For that we took advantage of a RU486 inducible MJD D. melanogaster model
previously developed (Reinhardt et al. 2012). Two sets of control samples were
used. Firstly, miR-10b expression levels in the flies where the ataxin-3 is expressed
in neurons after RU486 feeding (elavGS> UAS-Atxn3-Q70 (abbreviated as EAT3 in
the following) -RU100), were compared with the flies where ataxin-3 is not expressed
in the absence of inducer (EAT3-RUQ). Secondly, miR-10b expression levels in the
flies where the ataxin-3 is expressed in neurons (EAT3-RU100) were compared with
the flies where ElavGS driver is present but not the UAS-Atxn3-Q70 transgene,
preventing ataxin-3 expression. No significant differences were observed between
the MJD flies (EAT3-RU100) and the controls (EAT3-RUO and Elavgs-RU100) (Fig.
2.3A and B). These results suggest that in this D. melanogaster model mutant

ataxin-3 expression does not induce a transcriptional dysregulation of miR10b.

. B

MJD flies with miR10 repressor No ligand present
inactive protein

— Ataxin-3 flies with miR10 repressor

Activates the expression of UAS- ataxin-3
transgene and UAS- miR-10 repressor
construct
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Figure 2.3. miR-10 expressions in MJD D. melanogaster model. (A) Schematic
representation of the MJD transgenic D. melanogaster model with miR-10 repressor using
GeneSwitch/UAS expression system. Using the elav promoter, the expression of the ataxin-3
and miR-10 repressor was driven in neuronal cells. In the absence of an activator RU486,
crossed ataxin-3 flies with miR-10 repressor flies are expressed in neurons but remains
transcriptionally inactive. Therefore ataxin-3 carrying 70Q and miR-10 repressor is not
expressed. Delivery of RU486 in the food, makes ataxin-3 protein and miR-10 repressor
becomes active and mediates the transcription of Ataxin-3 and miR-10 repressor construct in
neurons. In addition, in all stages, the level of inactivation can be controlled with the
concentration of RU486. (B) miR-10 expression in the flies reared in the presence of inducer
(RU100 condition) where ataxin-3 is expressed compared with the flies where ataxin-3 construct
is not present revealed no significant differences. (C) miR-10 expression in the flies where
ataxin-3 is expressed (RU100 condition) was compared with the control flies where no ataxin-3 is

expressed (RUO condition). No significant difference in expression was observed.

2.4.4 Inhibition of miR-10 could not rescue the eye phenotype induced by the

mutant ataxin-3 expression

Expression of a truncated expanded form of human Atxn3 (MJDQ78, Warrick and
Bonini) in the developing fly eye with the GMR-GAL4 driver, causes retinal

degeneration associated with eye depigmentation.

Although no differences in miR-10 expression were observed in the MJD flies, we
crossed GMR-GAL4> MJDQ78 flies, with a miR-10 repressor line that expressed
dsRNA directed against mir-10 (Perkins et al. 2015) or a RNAi control line (TRIP-
HMS01569). We developed this MJD model with miR-10 inhibitor assuming that the
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process controlled by miR-10 can be conserved in fly but not its regulation. However,
miR-10 repression in MJD flies was not able to revert the pigmentation loss induced
by eye expression of mutant ataxin-3 in both male (Fig. 2.4E) and female flies (Fig.
2.4G) compared to the control inhibitor flies (Fig. 2.4D and 2.4F).

(A) e UAS

GMR-GAL4 mediated ataxin-3 expression in the eye

Ataxin-3 with 78Q
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(B) GMR-GAL4/+ flies (C) GMR-GALA4/+ flies
(male)

(female)

(D) miR-control inhibitor (E) miR-10 inhibitor male
male

(F) miR-control inhibitor female (G) miR-10 inhibitor female

Figure 2.4. miR-10 inhibition did not rescue the eye phenotype induced by the mutant
ataxin-3. Representative microscopic images of the eyes of D. melanogaster lines (2.4B-F).
2.4A) Schematic representation of the D. melanogaster carrying GMR-GAL4/+ and 78Q in the
eye 2.4B and 2.4C represent the wild type male and female flies used as a control. There is no
difference in the eye phenotype between GMR-GAL4> MJDQ78 flies co-expressing the miR-10
inhibitor (2.4E and 2.4G) control construct (2.4D and 2.4F) for both male and female flies.
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2.4.5 miR-10 inhibition extends the life span of MJD D. melanogaster model

Next, we decided to investigate whether miR-10 inhibition could extend the life span
of MJD flies. For that, we crossed the elavGS> UAS-Atxn3-Q70 flies which have
human mutant ataxin-3 expression in neurons in presence of RU, with the miR-10
inhibitor flies obtained from Bloomington (Perkins et al. 2015) in order to generate
MJD flies with no or low expression of miR-10 levels. After performing a longevity
assay we observed that miR-10 inhibition resulted in extended lifespan compared to
MJD flies with a control line (TRIP-HMS01569) (Fig. 2.5A). However, the elongated
life span was very short in female flies compared to the male flies (Fig. 2.5B).
Furthermore, we checked the levels of CG9701, the klotho ortholog in D.
melanogaster,in the MJD/miR-10 inhibitor flies as klotho has been previously shown
to be involved with anti-ageing processes and since we also observed klotho has a
trend towards up-regulation with miR-10b inhibitor treatment and could be a target of
miR-10 in mice, as will be discussed in detail in the next chapter. We found that
CG9701 has a trend towards up-regulation in the MJD flies crossed with miR-10
inhibitor compared to the miR-control inhibitor (Fig. 2.5C). These results suggest
that miR-10 inhibition may play an important role in the protection against
pathological Atxn3 during aging, possibly by modulating different genes involved in

anti-ageing process such as klotho, which should be further evaluated in this model.
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Figure 2.5. miR-10 inhibition extends the lifespan of MJD D. melanogaster model. (A) Life
span shortened by the overexpression of human mutant ataxin-3 in the neurons was rescued by
miR-10 inhibition in both male and female flies. (B) Life span expansion was not very high in the
MJD D. melanogaster using only the female flies with miR-10 inhibition compared to the male
flies. elavGS>Atxn3-Q70 express Atxn3-Q70 expression in neurons when RU486 is present
(RU100 condition) but not in its absence (RUO condition). miR10b inhibitor and control inhibitor
corresponds to flies where miR-10b expression is inhibited and the control inhibitor respectively.
(C) Klotho mRNA expression levels were quantified in MJD/miR10 inhibitor flies and has a trend

towards up-regulation in MJD/miR10 inhibitor flies compared with MJD/miR control inhibitor flies.
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2.5 Discussion

In the present study, we provide evidence of microRNA dysregulation in genetic
animal models of MJD and show that inhibition of miR-10b extended the life span of
MJD flies.

We investigated transcriptional deregulation in MJD focusing on miRNAs, first using
a striatal lentiviral MJD mouse model previous developed by our group (Alves et al.
2008, Simoes et al. 2012). This model allows precise quantitative analysis of
aggregation, neuronal dysfunction and degeneration in a region physiologically
relevant to the disease when taking into account both our previous data (Alves et al.
2008, Simoes et al. 2012) and recently reported data showing that changes in
striatal volume were the most significant and sensitive magnetic resonance imaging

(MRI) markers of progression of MUD/SCAS3 disease in patients (Reetz et al. 2013).

MicroRNAs are non-coding RNA molecules that have been shown to play an
important role in many neurodegenerative diseases, and possibly MJD (Bilen et al.
2006, Miyazaki et al. 2012, Cheng et al. 2013, Rodriguez-Lebron et al. 2013, Huang
et al. 2014, Shi et al. 2014). Therefore, we investigated microRNA deregulation in
MJD. For this, we screened the miRNA profile in a striatal lentiviral MJD mouse
model and found that many miRNAs were differentially expressed upon mutant
ataxin-3 overexpression. Let-7b, let-7i, miR-181a, miR-27b and miR-30e in
particular were downregulated, while miR-10b was robustly upregulated upon

mutant ataxin-3 over expression.

We focused on miR-10b for further analysis. This upregulation of miR-10b in the
striatal MJD model is in line with the previous findings showing very high expression
of miR-10b in postmortem brain tissue from patients of another polyglutamine
disease, Huntington’s disease (Hoss et al. 2015). Moreover, miR-10b upregulation is
also associated with the neuropathological involvement and striatum was the region
subjected to change. A significant relationship was observed between miR-10b

upregulation and CAG length-adjusted age of onset in Huntigton’s disease (Hoss et
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al. 2015). miR-10b is also abundantly expressed in tumors, glioma cells and also in
the glioblastoma stem cell lines but absent in normal brain cells. Inhibition of miR-
10b has been reported to promote reduction of glioma cell growth (Sasayama et al.
2009, Gabriely et al. 2011, Guessous et al. 2013). Furthermore, our data also show
that miR-10b is robustly and significantly upregulated in a transgenic MJD mouse
model further reinforcing what was observed in the striatal lentiviral model
(Torashima et al. 2008). Moreover, miR-10b expression levels were also checked in
human post-mortem brain tissue and in a SH-SY5Y cell line infected with mutant
ataxin-3 and wild type ataxin-3 where a trend towards up-regulation was observed.
These evidence clearly suggest that miR-10b is upregulated not only in MJD but
also in other central nervous system diseases, having the potential to be used as a

biomarker of neurodegeneration.

In the second part of the study, miR-10 expression was inhibited in the MJD D.
melanogaster model. Even though, miR-10 inhibition did not rescue the eye
phenotype induced by the mutant ataxin-3, miR-10 inhibition was able to extend the
life span of the MJD flies. miR-10 could be targeting genes involved in the ageing
process. Previous findings from Morimoto’s group showed that elongation of life
span delays the onset of polyQ associated aggregation and toxicity (Morley et al.
2002). Therefore our findings may be relevant not only on the extension of the life
span but also regarding the reduction of the toxicity induced by the toxic polyQ-
expanded ataxin-3 protein. Furthermore, small heat-shock proteins, which are
involved in promoting longevity, were also shown to delay the onset of aggregation
induced by the expanded polyglutamine protein (Hsu et al. 2003). Further
investigation will help us to clarify whether the genes involved in the elongation of
the life span of the MJD flies, also modify the toxicity and aggregation properties of
mutant ataxin-3, which should be checked upon the treatment with miR-10 inhibitor.
Altogether, these results suggest an important role for miR-10 in the ageing and

MJD pathogenic processes.
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CHAPTER 3

Re-establishing the normal levels of miR-10b
reduces mutATXN3 inclusions and associated
neuropathology in a striatal lentiviral MJD
mouse model
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3.1 Abstract

Machado-Joseph disease is a fatal neurodegenerative disorder, which belongs to
the family of polyglutamine diseases. Currently, there is no effective therapy to delay
or modify disease progression. In this context, the delivery of microRNAs that were
previously shown to be downregulated in the disease condition or the delivery of
miRNA inhibitors that were found to be up-regulated in the disease condition
represents a promising approach to treat MJD. Based on this hypothesis, we cloned
a miR-10b inhibitor using a tough decoy RNA strategy into a lentiviral backbone in
order to achieve long term expression of the microRNA inhibitor in vivo. Lentiviral
vectors encoding for miR-10b TuD inhibitor were injected in the striatum of the
mouse brain. The treatment with the miR-10b inhibitor significantly reduced the
number of mutant ataxin-3 inclusions and associated neuronal dysfunction in vivo. In
addition, we identified transthyretin as a target of miR-10b, a promising candidate for
further studies evaluating its role in the pathogenesis of MJD. In conclusion, our
results identified a novel miR-based therapeutic strategy towards the treatment of
MJD.
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3.2 Introduction

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3
(SCA3), is an autosomal dominant neurodegenerative disorder caused by an
expanded polyglutamine repeat in the coding region of the ATXN3/MJD1 gene
(Kawaguchi et al. 1994) that confers a toxic gain of function to the ataxin-3 protein
(Rubinsztein et al. 1999, Zoghbi 2000, Duenas et al. 2006). Ataxia and rigidity,
dystonia and peripheral neuropathy, bulging, staring eyes and parkinsonism are the
most common symptoms that are developed in MJD patients from early to mid-age
(Paulson 2007). Neuronal intranuclear inclusions are a pathological hallmark of MJD
(Paulson et al. 1997) resulting in neuronal dysfunction and degeneration in selective
brain regions such as the thalamus, substantia nigra, striatum, cerebellum and brain
stem (Yamada et al. 2008, Reetz et al. 2013). Despite extensive research has been
carried out in MJD, current pharmacological only to improve specific symptoms but

not to modify or delay the course of disease.

Recent evidence suggests that transcriptional dysregulation may play a crucial role
in the pathogenesis of polyQ diseases. Previous studies have reported that the
transcription factor (TATA-binding protein) and transcription co-factor (CREB binding
protein) are incorporated into nuclear inclusions caused by mutant ataxin-3 (Steffan
et al. 2000, Li et al. 2002). Alterations in the numerous mRNA transcripts such as
PLC B4 or synaptotagmin, CaMKK- a, MKP-1, myosin Va or NeuroD1 have been
reported in a MJD/SCA3 transgenic mouse model (Chou et al. 2008). Restoring the
levels of specific mMRNA transcripts in transgenic mice using T1-11, JMF1907 and
HDAC inhibitor sodium butyrate (Chou et al. 2011, Chou et al. 2015) or in a D.
melanogaster model using the HDAC inhibitor vaproic acid (Yi et al. 2013) was able
to mitigate the neurodegeneration induced by mutant ataxin-3 (Yi et al. 2013, Chou
et al. 2015).

MicroRNAs belong to the family of small non-coding RNAs and function as a

regulator of gene expression (Ambros 2004, Bartel 2004). MicroRNAs have been
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reported to play a significant role in many diseases including Machado-joseph
disease (MJD) being used as a therapeutic approach to treat different diseases such
as Huntington’s disease, Spinocerebellar ataxia type 1 and 3 and SBMA (Packer et
al. 2008, Miyazaki et al. 2012, Cheng et al. 2013, Rodriguez-Lebron et al. 2013).
The importance of microRNAs was first shown in the MJD D. melanogaster model
(Bilen, et al. 2006). More recently, miR-25 was reported to directly target ATXN3
while overexpression of miR-25 resulted in alleviation of pathology in a cellular
model of MJD (Huang et al. 2014).

Our study was designed in order to re-establish the levels of miR-10b in a striatal
lentiviral MJD mouse model in order to evaluate its potential as a target for therapy
in MJD (Alves et al. 2008, Simoes et al. 2012). To investigate whether reinstating
normal miR-10b levels would alleviate MJD neuropathology we used lentiviral
vectors to inhibit miR10b expression in the striatum of the MJD model and found a
significant reduction in neuronal dysfunction and neurodegeneration. In addition, we
explored the targets of miR-10b and identified transthyretin as a direct target for
miR-10b. Furthermore, we also cloned the human transthyretin into the lentiviral
construct and validated the transthyretin expression in the HEK293T cells using
gRT-PCR and western blot upon overexpression of human transthyretin. Our
findings clearly indicate that miR-10b and possibly transthyretin could be potential

targets for MJD therapy.
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3.3 Materials and Methods

3.3.1 Construction of miR-10b Tough decoy RNA inhibitor (TuD)

We designed two complementary oligonucleotides containing a miR-10b TuD
cassette which after annealing where ligated into the pRNA-U6-TUD shuttle vector
(Haraguchi et al. 2009). This plasmid was digested with EcoRI and Hindlll for the
cloning of the U6-miR-10b TUD cassette into pENTR/pSUPER+ (Addgene #17338).
This vector was lately gateway recombined into LTR-SIN-PGK-GFP-WPRE-attR1-
ccdb-attR2-LTR in order to generate final lentiviral TuD vector: LTR-SIN-PGK-GFP-
WPRE-U6-10bTuD-LTR.

3.3.2 Cloning of transthyretin into a lentiviral backbone

A plasmid with human TTR (a kind gift from professor Maria Joao Saraiva, Instituto
de Ciéncias Biomédicas Abel Salazar, University of Porto, Porto, Portugal). Both the
TTR plasmid and the lentiviral backbone construct were digested with BamHI and
the human transthyretin sequences were ligated into the lentiviral construct with the
PGK promoter (Alves et al. 2008)

3.3.3 Cell lines, culturing conditions and transfection

HEK293T cells were obtained from the American Type Culture Collection. HEK293T
cells were maintained in Dulbecco’s modified Eagle’s medium (Sigma- Aldrich).
Medium was supplemented with 10% heat-inactivated FBS (Gibco) and 1%
Penicillin-Streptomycin (Gibco) and cultured at 37 °C under a humidified atmosphere
containing 5% CO2. For the transfection of HEK293T cell line, cells were initially
plated on tissue treated plates. After 24 hours, medium was changed and cells were
transfected with a mixture of DNA/polethyleneimine complexes (MW40000,
PolySciences) diluted in complete DMEM. Cell collection was performed 48 hours

post-transfection.
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3.3.4 Animals

Four-week-old C57BL/6J mice were obtained from Charles River. The animals were
housed in a temperature-controlled room maintained on a 12 h light/12 h dark cycle.
Food and water were provided ad libitum. The experiments were carried out in
accordance with the European Community directive (2010/63/EU) for the care and
use of laboratory animals. The researchers received adequate training (FELASA
certified course) and certification to perform the experiments from the Portuguese

authorities (Direc¢ao Geral de Veterinaria).

3.3.5 Lentiviral vector production

Lentiviral vectors encoding for mutant ataxin-3 with 72 CAG repeats and wild type
ataxin-3 with 27 CAG repeats (Alves et al. 2008), miR-10b tough decoy RNA
inhibitor, miR-negative tough decoy RNA inhibitor were produced in human
embryonic kidney 293T cells with a four plasmid system as previously described (de
Almeida et al. 2002). The lentiviral particles were resuspended in 1% bovine serum
albumin in sterile PBS. The viral particle content of batches was determined by
assessing HIV-1 p24 antigen levels (Retro Tek, Gentaur). Viral stocks were stored
at -80°C.

3.3.6 Stereotaxic injection into the striatum

Five-week-old C57BL/6J mice were anaesthetized with avertin (14 ylg™' and
250 mg kg™ intraperitoneally). One thousand and fifty nanograms of p24 antigen of
lentiviral vectors in a final volume of 3 ul encoding for human wild type ataxin-3 or
mutant ataxin-3 were stereotaxically injected into the striatum in the following
coordinates: anteroposterior: +0.6 mm, lateral: £1.8 mm, ventral:-3.3 mm and tooth
bar: O for the development of the striatal lentiviral MJD mouse model (Alves et al.
2008, Simoes et al. 2012).

Five-week-old C57BL/6J mice were anaesthetized with avertin (14 pulg™ and

250 mg kg™ intraperitoneally). Three hundred and fifty nanograms of p24 antigen of
-60 -



lentiviral vectors in a final volume of 4 ul encoding for human mutant ataxin-3 and
miR-10b TuD inhibitor were stereotaxically co-injected into one side of the
hemisphere and human mutant ataxin-3 and miR-neg TuD inhibitor into other side of
the hemisphere of the mouse striatum in the following coordinates: anteroposterior:

+0.6 mm, lateral: 1.8 mm, ventral:=3.3 mm and tooth bar: O.

3.3.7 Total RNA extraction from mouse tissue and cells

Total RNA was extracted using miRCURY™ RNA Isolation Kits (Exigon). For the
extraction of total RNA from the mouse tissue, mice were sacrificed by cervical
dislocation and the punches were stored at -80°C. All samples were treated with
DNAse digestion (Qiagen) during extraction. The quantity of total RNA was
measured by optical density (OD) using a Nanodrop 2000 spectrophotometer
(Thermo Scientific) and total RNA was stored at -80°C.

3.3.8 mMRNA microarray

mRNA microarray was performed by Comprehensive Biomarker Center based on
Agilent's mRNA microarray platform. Sensitive and selective oligonucleotide probes

allowed distinguishing between closely related mRNAs.

3.3.9 Real Time qRT-PCR for miRNA

cDNAs were synthesized from totalRNA using a TagMan MicroRNA Reverse
Transcription Kit combined with specific TagMan MicroRNA Assays (Applied
Biosystems) for each miRNA (miR-10b-5p 1D002218; miSnoRNA202 ID001232)
according to manufacturer’s instructions. Real-time PCR was performed using
TagMan®Universal PCR Master Mix Il with UNG and specific TagMan® probes
described previously. Small nucleolar RNA 202 (SNOR202) used as a reference to
quantify the miRNA expression levels for all the miRNAs described previously. All

reactions were performed in duplicate at a final volume of 10 ul per well. All data
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were normalized to SNOR202 levels. Relative mRNA quantification was performed

using the ACt method for genes with the same amplification efficiency.

3.3.10 Real time qRT-PCR for mRNA

mMmRNA microarray results were validated using qRT-PCR. Prior to the reverse
transcription, 500ng of total RNA samples were treated with DNase to remove
residual genomic DNA contamination and reverse transcribed to cDNA using
iScript™ cDNA Synthesis Kit (Bio-Rad). gPCR was performed in the Step one plus
Real-Time PCR system (Applied Biosystems). Primers for mouse
hypoxanthinephophoribosyltransferase (HPRT), human mutant ataxin-3, mouse
transthyretin and human transthyretin were pre-designed and validated by QIAGEN
(QuantiTect primers, QIAGEN). Appropriate negative controls were prepared. The
above transcripts were amplified from the cDNA using the specific primers and
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). All data were normalized
to mice hprt levels. All reactions were performed in duplicate at a final volume of 10
Ml per well. The reactions were performed according to the manufacturer's
recommendations: 95°C for 30 sec. followed by 45 cycles at 95°C for 5 sec, 55°C for
15 sec. All data were normalized to hprt levels. Relative mRNA quantification was

performed using the ACt method for genes with the same amoplification efficiency.

3.3.11 Immunohistochemistry

Five weeks post injection, mice were anesthetized using xylazine and ketamine mix
(1:4) respectively and transcardially perfused with phosphate-buffered saline
solution (PBS) for 5 mins followed by 4% Paraformaldehyde (PFA) for 20 mins for
the fixation. Brains were placed in the 4% PFA solution for 24 hours for the post-
fixation and incubated in 30% sucrose for 48 hours to cryoprotect the tissues. Brains
were frozen at -80°C. Brains were cut coronally with the thickness of 25 pm using
cryostat followed by the collection of the brain sections in a 48-multi well plates

containing PBS with 0.05 pM sodium azide and stored at 4°C.
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Brain sections were incubated with phenylhydrazine diluted in PBS (1:1000) for 30
mins at 37°C followed by washing the sections with PBS, blocking the brain sections
for 1 hour to prevent the non-specific binding of the primary antibodies and then
incubated with following primary antibodies mouse monoclonal anti-ataxin-3 (1H9;
1:5000), rabbit polyclonal anti-DARP-32 (1:1000), rabbit polyclonal anti-ubiquitin
(1:1000) overnight at 4°C followed by the incubation of the brain sections with the
biotinylated secondary antibodies (1:200). Finally brain sections were incubated
both with the avidin-biotin-peroxidase for 30 mins at room temperature to form the
complex (Vectastain ABC Elite kit, Vector Laboratories) and the substrate-
diaminobenzidine tetrahydrochloride solution until the brown precipitate develops in

the brain sections.

Images were captured using Zeiss Axioskop 2 plus microscope. Ubiquitin and
ataxin-3 positive inclusion were quantified by scanning 8-11 coronal sections per
animal in and around the striatum using 20x objective. Inclusions were counted

manually using an image analysis tool (image J).

DARP-32 lesion was quantified by scanning 8-11 coronal sections per animal using
5x objective. The area of the striatum showing a loss of DARP-32 (neuronal marker)
was estimated as previously described (Alves et al., 2008a) using an image analysis
tool (image J). The volume was then calculated with the following formula: volume =
d(at1+aztas ...), where d is distance between serial sections (500 um), and a1, a2, a3

are DARPP-32-depleted region for individual serial sections.

3.3.12 Protein extraction and western blot

To extract the protein, brain samples were lysed in a mix containing
radioimmunoprecipitation assay buffer solution (RIPA) and protease inhibitor
followed by sonicating the samples for 5 sec pulses twice. Total protein lysates were
stored at -20°C. The concentration of the protein was quantified using Bradford
assay (Bio-Rad). 60 ug of protein was loaded in a sodium dodecyl sulphate-
polyacrylamide gels (12% resolving gel and 4% stacking gel). The proteins were

then transferred from the gel to a polyvinylidene difluoride (PVDF) membranes (GE
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Healthcare) followed by blocking and incubating both with primary antibodies
monoclonal anti-ataxin 3 antibody (1H9; 1:5000; Merck Millipore), mouse anti-B-actin
antibody (AC74; 1:10000; Sigma Aldrich) overnight at 4°C and alkaline
phosphatase-linked respective secondary antibody (1:10000; Thermo Scientific
Pierce) for 2 hours at room temperature. The membranes were revealed using
enhanced chemiflourescence substrate (GE Healthcare) and the bands were
captured using chemiflourescence imaging (VersaDoc, Bio-Rad). Semi-quantitative
analysis was carried out based on the optical density of scanned membranes
(Quantity One® 1-D image analysis software version 4.5.2). The specific optical
density was then normalized with respect to the amount of -B-actin loaded in the

corresponding lane of the same gel.

3.3.13 Dual luciferase reporter assay

A dual luciferase reporter construct with 3’UTR region of transthyretin was acquired
from GeneCopoeia. To evaluate the direct interaction of miR-10b to 3'UTR region of
TTR, 2,75X10* HEK293T cells were seeded per well in 12-well plates (Fisher
Scientific). 24 hours after plating, cells were transfected with 375ng of the luciferase
reporter with 3’UTR of TTR and 375ng of miR-10b TuD inhibitor constructs per well
(in triplicates) using polyethyleneimine as transfection reagent. Forty-eight hours
post-transfection, cells were washed with 1x PBS and frozen at -80°C. Collected
cells were lysed with FLAR-T buffer containing 20mM tricine, 100 uM EDTA, 25 uM
MgClz, 2,67 mM MgSOs4, 17 mM DTT and 0,1% Triton in milli-Q grade water pH 7.8.
For the lumninescent reaction, 30 ul of cell lysate were loaded on a 96 well plate
and the firefly luminescence activity was measured on a luminometer after
automatic injection of FLAR buffer containing 20mM tricine, 100 uM EDTA, 25 uM
MgCl2, 2,67 mM MgSO4, 17 mM DTT, 250 uM ATP and 250 puM D-luciferin
(Synchem). Renilla luminescence activity was measured after automatic injection of
RAB buffer containing 1.1 M NaCl, 2.2 mM Naz EDTA, 0.22 M KxPOs4, 0.44 mg/ml
BSA, 1.3 mM NaNs and 1.43 mM coelenterazine (Life Technologies) in milli-Q grade
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water pH 5.0 to use as a normalization control. Unless stated, all reagents were

purchased from Sigma-Aldrich.

3.3.14 Statistical analysis

Statistical analysis was performed with paired or unpaired Student’s t-test and one-

way or two-way analysis of variance. Results are expressed as meants.e.m.

Significant thresholds were set at P<0.05, P<0.01 and P<0.001, as defined in the

text.
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3.4 Results

3.4.1 Re-establishing the normal levels of miR-10b in the striatal lentiviral MJD

mouse model

As miR-10b is strongly overexpressed in the MJD mouse model and the inhibition of
miR-10b showed beneficial effects in the MJD D. melanogaster model. Next, we
decided to re-establish the normal levels of the miR-10b in the striatal lentiviral MJD
mouse model. For that, we cloned a miR-10b and miR-neg inhibitor using Tough
decoy RNA Strategy (TuD) (Haraguchi et al. 2009) in a lentiviral vector system co-
expressing eGFP under the control of a PGK promoter (Alves et al. 2008) (Fig.
3.1A). Lentiviral particles encoding for miR-10b or control inhibitors were bilaterally
injected in to the mouse striatum along with lentivral particles encoding for human
mutant ataxin-3 (Fig. 3.1B).

At 5 weeks post-injection, mice were sacrificed and the brain was extracted. The
transduction efficiency of the virus encoding the tough decoy RNA was checked by
fluorescence microscopy of the GFP reporter (Fig. 3.1C) showing that expression of
the constructs was robust and spread over a large portion of the striatum. miR-10b
expression levels were quantified by gRT-PCR in the mice treated with the miR-10b
TuD inhibitor and miR-neg TuD inhibitor. Importantly, we found that miR-10b
expression levels were reduced by 85% in the mice co-injected with mutant ataxin-3
and miR-10b TuD inhibitor compared with mutant ataxin-3 and miR-neg TuD
inhibitor (Fig. 3.1D).

We next investigated the targets of miR-10b in the brain samples co-injected with
mutant ataxin-3 and miR-10b TuD inhibitor in one hemisphere and mutant ataxin-3
and miR-neg TuD inhibitor in the other hemisphere. To identify the targets of miR-
10b, a mRNA microarray was performed with the previous mouse striatum samples
by Comprehensive Biomarker Center where they used agilent microarray platform.
The quality of the RNA samples was checked using Agilent 2100 Bioanalyzer.
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The mRNA microarray data revealed a large set of genes that were differentially
expressed upon miR-10b inhibition (Fig. 3.1E). Several genes from the mRNA
microarray were selected for further analysis based on their upregulation upon miR-
10b TuD inhibition, based on their microarray result (P-value <0.05) and based on
previously published data showing their beneficial effects against disease
conditions. Among them, we found transthyretin to be significantly upregulated upon
miR-10b TuD inhibition (Fig. 3.1F), a gene which was also found to be
downregulated in the striatal lentiviral MJD mouse model analyzed in the previous

chapter (Fig. 3G).
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Figure 3.1 Re-establishing the normal levels of miR-10b in the striatal lentiviral MJD
mouse model. (A) Schematic representation of lentiviral vector encoding RNA Pol IlI-
transcribed Tough Decoy (TuD) for miR-10b. (B) Schematic representation of stereotaxic
procedure for mice. Lentiviral vectors encoding for mutant ataxin-3 and the miR-10b TuD
inhibitor were co-injected in to the mouse striatum in one hemisphere and mutant ataxin-3 and
the miR-Neg TuD inhibitor in the other hemisphere (internal control). (C) Transduction efficiency
of the lentivirus encoding miR-10b tough decoy (TuD) inhibitor into the mouse striatum was seen
using the GFP reporter expression. (D) 5 weeks post-injection, miR-10b expression level was
quantified by gRT-PCR using TagMan miRNA assays. (E) Heat map of mRNA profiles. Many
genes were differentially expressed upon the co-injection of mutant ataxin-3 and the miR-10b
TuD inhibitor when compared with the co-injection of mutant ataxin-3 and the miR-neg TuD
inhibitor (n=3). (F) Few genes from the mRNA microarray were further validated by qRT-PCR
and found only transthyretin was significantly up-regulated upon the co-injection of vectors
encoding mutant ataxin-3 and miR-10b TuD (n=4). (G) Transthyretin mRNA expression levels
were also quantified in the striatal lentiviral MUD mouse model and found to be down-regulated
upon mutant ataxin-3 overexpression when compared with the wild type ataxin-3 overexpression
(n=6). Statistical analysis was performed using paired Student’s t-test (*P <0.05; **P <0.01;

***P <0.001). Data are expressed as mean + SEM; SEM = standard error of the mean.

3.4.2 Transthyretin (TTR) is a direct target of miR-10b

To investigate whether miR-10b directly regulates transthyretin levels by interacting
with its 3’UTR, we cloned the transthyretin 3’UTR downstream of a dual luciferase
cDNA construct (dual luciferase construct from genecopoeia). Firefly and Renilla
luciferases were used as co-reporters for normalizing the assay (McNabb et al.
2005). HEK293T cells were co-transfected with the transthyretin-3’UTR luciferase
construct and miR-10b TuD inhibitor and firefly/renilla luminescence ratio was
quantified. We found that when co-transfected with the 3’'UTR of transthyretin
luciferase construct the miR-10b TuD inhibitor mediated a significant increase in the

luciferase activity.
These results support the previous observations suggesting that miR10b inhibition
leads to an overexpression of the transthyretin and suggests that the interaction

between the miR10b and transthyretin is direct (Fig. 3.2B).
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Figure 3.2 Transthyretin is the direct target of miR-10b in MJD mouse model. Direct
interaction between miR-10b and the 3° UTR of transthyretin was validated using a dual
luciferase reporter assay. (A) Schematic representation of the luciferase reporter constructs.
FLuc and RLuc represents Firefly luciferase and Renilla luciferase respectively. (B) HEK293T
cells were co-transfected with the luciferase reporter construct containing 3° UTR of transthyretin
and miR-10b TuD inhibitor. 48 hours post-transfection, luminescence signal was measured
using luminometer. Data are represented as a ratio of Firefly/Renilla luciferase normalized to the
negative TuD (n=4). miR-10b TuD inhibitor significantly increased the luciferase activity of 3’
UTR of transthyretin compared to the miR-neg TuD inhibitor. Statistical analysis was performed
using paired Student’s t-test (*P <0.05; **P <0.01; ***P <0.001). Data are expressed as mean %
SEM; SEM = standard error of the mean.
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3.4.3 miR-10b inhibition reduces intranuclear inclusions in the striatal

lentiviral MJD mouse model

We then investigated whether we would reduce the number of mutant ataxin-3
inclusions upon miR-10b inhibition. For that, brain sections labelled with anti-
ubiquitin and anti-ataxin-3 antibodies revealed a significant reduction in the number
of ubiquitin and ataxin-3 positive inclusions in the brain sections of the animals
treated with miR-10b TuD inhibitor (Fig. 3.3A, C, F, D and G) as compared to the
miR-neg TuD inhibitor (Fig. 3.3A, B, E, D and G). We further evaluated the
aggregate levels by western blot and found a significant reduction in high molecular
weight species in mouse samples injected with miR-10b TuD inhibitor as compared
to miR-neg TuD inhibitor (Fig. 3.3H and |). Altogether these results suggest that
inhibition of miR-10b in the striatum of the mouse brain reduces aggregation and the

number of mutant ataxin-3 inclusions.
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Figure 3.3 miR-10b inhibition reduces intranuclear inclusions in the striatal lentiviral MJD
mouse model. (A) Schematic representation of stereotaxic procedure in mice. Lentiviral vectors
encoding mutant ataxin-3 and the miR-10b TuD inhibitor were co-injected in to the mouse
striatum in one hemisphere and mutant ataxin-3 and the miR-neg TuD inhibitor in the other
hemisphere (internal control). (B-G) Immunohistochemistry analysis of striatal sections injected
with mutant ataxin-3 and miR-10b TuD inhibitor in one hemisphere and miR-neg TuD in the

other hemisphere (n=4). At 5 weeks post-injection, brain sections were stained with ubiquitin
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positive inclusions (B, C). (D) Quantification of the ubiquitin positive inclusions at 5 weeks post-
injection. Brain sections were stained with ataxin-3 positive inclusions (E, F). (G) Quantification
of the ataxin-3 positive inclusions at 5 weeks post-injection (H) Western blot analysis of mouse
striatal samples. Representative western blot loaded with the samples injected with mutant
ataxin-3 and miR-10b TuD inhibitor in one lane and mutant ataxin-3 and miR-Neg TuD inhibitor
in the next lane respectively (n=6). The membranes were labelled with anti-ataxin-3 and anti-3-
actin antibodies. (I) Quantification of aggregates was performed by normalizing each ataxin-3
lane with actin (ataxin-3 aggregates / actin). One side of the hemisphere is normalized with the
other side of hemisphere. Statistical analysis was performed using paired Student's t-test
(*P <0.05; **P <0.01; ***P <0.001). Data are expressed as mean + SEM; SEM = standard error

of the mean.

3.4.4 miR-10b inhibition drastically reduces neuronal dysfunction in the

striatal lentiviral MJD mouse model

We then investigated whether miR-10b inhibition would modify neuronal dysfunction
caused by mutant ataxin-3 overexpression. We previously showed that lentiviral
expression of mutant ataxin-3 produces loss of the DARPP-32 neuronal marker,
which can be precisely quantitated (Alves et al. 2008). Therefore,
immunohistochemical analysis for DARPP-32 (Fig. 3.4A and B) was performed in

the samples obtained from the previous experiment.
We found that miR-10b inhibition significantly reduced the volume of the region
depleted of darpp-32 staining by 90% (Fig. 3.4B and C) compared to the negative

inhibitor (Fig. 3.4A and C) at 5 weeks post injection (n=4).

These results suggest that inhibition of miR-10b reduces neuronal dysfunction

induced by mutant ataxin-3 expression.
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Figure 3.4. miR-10b inhibition resulted in the reduction of neuronal dysfunction.
Immunohistochemistry analysis of mouse striatal sections with mutant ataxin-3 and miR-10b TuD
inhibitor in one hemisphere and mutant ataxin-3 and miR-Neg TuD (n=4) in the other
hemisphere. (A, B) At 5 weeks post-injection, brain sections were stained with anti-DARP-32
antibody (neuronal marker DARPP-32, upper, scale bar =500 um) (C) Quantification analysis of
the DARPP-32 depleted region in the mouse brains. The lesion volume is much smaller in the
sections injected with miR-10b TuD inhibitor than the miR-Neg TuD inhibitor (control) suggesting
a neuroprotective role against mutant ataxin-3 overexpression upon miR-10b TuD inhibition. One

side of the hemisphere is normalized with the other side of hemisphere. Statistical analysis was
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performed using paired Student’s t-test (*P <0.05; **P <0.01; ***P <0.001). Data are expressed

as mean + SEM; SEM = standard error of the mean.

3.4.5 Overexpression of human transthyretin in HEK293T cells

Having identified transthyretin as a direct target of miR-10b, our aim was to clone the
human transthyretin and to confirm the presence of transthyretin in HEK293T cells
upon overexpression of human transthyretin. HEK293T cells were transfected with
the human transthyretin and its mRNA and protein levels were evaluated using qRT-
PCR and western bot respectively. Either by gPCR or by western blot, we observed
successful overexpression of the human transthyretin (Fig. 3.5B and C). These
results validate the cloning of transthyretin in a lentiviral construct which will, in the
future, allow the production of lentiviral particles which will be injected together with

the mutant ataxin-3 in the mouse brain in order to evaluate its role in MJD.
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Figure 3.5 over expression of human transthyretin in HEK293T cells. (A) Schematic
representation of lentiviral vector encoding human transthyretin. (B) Human transthyretin mRNA
expression levels in HEK293T cells transfected with the TTR plasmid compared with HEK293T
cells transfected with the GFP plasmid. TTR expression was highly up regulated compared with
the plasmids transfected with GFP upon TTR over expression (C) Human transthyretin protein
expression levels in HEK293T cells transfected with the TTR plasmid, GFP plasmid and also in

the non-transfected cells.
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3.5 Discussion

In this study, we applied a tough decoy RNA Strategy associated to lentiviral vectors
in order to reduce miR-10b levels to their normal state in the context of MJD and to
evaluate the beneficial effects miR-10b inhibition in a striatal lentiviral MJD mouse

model.

Importantly, miR-10b inhibition was highly efficient, robustly reducing miR10b levels.
Next, we explored the targets of miR-10b after the treatment with the described
inhibitor. mMRNA microarray profile revealed that a large set of genes were
differentially expressed and in particular, we found transthyretin (TTR) to be
significantly up-regulated upon treatment with miR-10b TuD inhibitor. In parallel,
transthyretin expression levels were also quantified in the striatal lentiviral model
and found to be significantly downregulated in MJD. Furthermore, we show that the
interaction between miR-10b and the 3' UTR transthyretin is direct. Importantly,
these data show that transthyretin expression, which was initially downregulated in
the lentiviral MJD model, was brought to the normal levels upon miR-10b TuD

inhibitor treatment.

The relevance of TTR in other neurodegenerative disorders has been previously
investigated. In fact, decreased in TTR levels in cerebrospinal fluid (CSF) of
Alzheimer’s disease (AD) patients was initially reported in 1986 (Elovaara et al.
1986). Moreover, it has been previously reported that overexpression of wild type
human transthyretin in APP23 transgenic mouse model of AD protects AD mice
from behavior defects and also resulted in significantly reduced Ap peptide levels
compared to the control APP23 transgenic model of AD (Buxbaum et al. 2008). On
the other hand, silencing the endogenous TTR gene promoted both the increase in
AR deposition and also the neuropathological phenotype (Buxbaum et al. 2008)
supporting the previously published data from other groups showing that young
animals lacking TTR gene develop a defect in spatial learning even in the absence
of genes associated with human AD (Sousa et al. 2007). These findings in AD

clearly show the importance of transthyretin expression in the brain.

While transthyretin may be a pathway through which miR-10b is modifying MJD

pathogenesis we cannot exclude the contribution of many other mRNAs that are
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predicted to be targeted by miR-10b. Importantly, restoration of miR-10b levels
significantly reduces the number of mutant ataxin-3 inclusions and neuronal
dysfunction. Overall, these results indicate that miR-10b inhibition mediates

neuroprotection in the striatal lentiviral MJD mouse model.

In the future, it would be important to overexpress transthyretin in the striatal
lentiviral MJD mouse model in order to investigate whether the same beneficial
effects observed using miR-10b TuD inhibitor are replicated with transthyretin. This
would help clarifying the mechanisms behind the beneficial effects that we
observed. However, we should not forget that one third of the human genes are
regulated by microRNAs and each microRNA can target many transcripts (Lewis et
al. 2005, Baek et al. 2008). So, not only transthyretin but also many other genes
may also be involved in contributing to the alleviation of neuropathology induced by

mutant ataxin-3.

In conclusion, our study identified a novel target gene for miR-10b, transthyretin, a
gene previously implicated in other neurodegenerative diseases. Importantly,
lentiviral-mediated inhibition of miR-10b was not only capable of restoring its
endogenous levels but also resulted in robust neuroprotection in a MJD mouse
model. Altogether, we believe our study identified a novel disease pathway in MJD
and, at the same time, opens a new door for the development of a miR-based

therapeutic strategy towards MJD.
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CHAPTER 4

Final conclusions and future perspectives
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4.1 Final Conclusions and Future Perspectives

This thesis focused on developing a microRNA based therapeutic strategy for
Machado-Joseph disease using striatal lentiviral MJD mouse model and D.

melanogaster MJD model.

In the first part of our study, we identified the dysregulated microRNAs in the striatal
lentiviral MJD mouse model by performing the complete miRNA profile using miRNA
microarray. miRNA microarray revealed numerous miRNAs that were differentially
expressed which was further validated using qRT-PCR and found miR-10b, miR-
181a, miR-27b, Let-7b, Let-7i and miR-30e were significantly differentially expressed
in the striatal lentiviral MJD mouse model. Among the differentially expressed
miRNAs, miR-10b expression levels were robustly up-regulated and decided to focus
on this microRNA for further analysis. miR-10b expression levels were also checked
in other MUD model from cells to human post-mortem brain tissue. miR-10b
expression in the transgenic MJD mouse model is in line with the striatal lentiviral
MJD mouse model (Torashima, Koyama et al. 2008). miR-10b expression was not
significantly upregulated in all the different MJD models. However, miR-10b
expression shows a trend towards upregulation in post-mortem brain tissue from
MJD patients, SH-SY5Y cell line infected with mutant ataxin-3 and cerebellum

lentiviral MJD mouse model.

In the second part of the work, miR-10b expression levels were quantified in the MJD
D. melanogaster model and found to be the same between MJD flies and control
flies. Despite, no differences were observed in the miR-10 expression in MJD D.
melanogaster model, MJD flies with miR-10 repressor was developed assuming that
the process controlled by miR-10 can be conserved in fly but not its regulation. Next,
we want to know whether we could alleviate the eye phenotype induced by the
mutant ataxin-3 overexpression. For that we crossed the MJD flies with miR-10
repressor with GMR line, which drives the expression in the eye and found that we
could not rescue the eye phenotype upon miR-10 inhibitor treatment. Next, we
evaluated whether miR-10 inhibitor treatment could extend the life span of the MJD
D. melanogaster flies. We found that MJD flies with miR-10 inhibitor were able to
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elongate the life span compared to the MJD flies with miR-control inhibitor. These

clearly suggest the miR-10 involvement in anti-ageing process.

In the last part of our work, we investigated the miR-10b inhibition in the striatal
lentiviral MJD mouse model. For that we cloned the miR-10b inhibitor and the miR-
negative inhibitor using tough decoy RNA (TuD) strategy into the lentiviral backbone
construct. The efficiency of the miR-10b inhibitor and the control inhibitor was
confirmed with the GFP expression. This TuD inhibitor strategy resulted in more than
80% reduction in the miR-10b expression levels. mMRNA microarray revealed many
genes were differentially expressed in the striatal lentiviral MJD mouse model upon
miR-10b inhibitor treatment. Few of the interesting genes were validated using qRT-
PCR and found transthyretin to be significantly upregulated in the MJD mouse
model. Next we investigated whether the interaction between the miR-10b and the
TTR is direct. Using dual luciferase assay , we found that there is a significant
increase in the luciferase activity upon miR-10b TuD treatment concluding that the
interaction is direct. As intranuclear inclusions are hallmark of MJD (Paulson, Perez
et al. 1997), we quantified the ubiquitin-positive inclusions and ataxin-3 positive
inclusions in the mouse striatum. miR-10b inhibition promoted a significant reduction
in the ubiquitin-positive inclusions and ataxin-3 positive inclusions. Furthermore,
miR-10b inhibition also reduced the neuronal dysfunction and degeneration induced

by mutant ataxin-3 overexpression in the striatal lentiviral MJD mouse model.

Overall, our results demonstrate that delivery of miR-10b inhibitor significantly
reduced the number of aggregates and neuronal dysfunction in the striatal lentiviral
MJD mouse model (Fig 3.3 and 3.4). Furthermore, administration of miR-10 also
extended the life span of the MJD flies reinforcing the role of mir-10b and the

potential of its inhibition as a therapeutic approach for MJD (Fig 2.5A)
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Figure 4.1. Schematic representation of our findings. (A) Heat map profile of the
dysregulated microRNAs in the striatal lentiviral MUD mouse model using miRNA microarray and
validated using qRT-PCR (B) Structure of the microRNA to show that one of the miRs, miR-10b
was robustly up-regulated compared to the othere miRNAs that were differentially expressed. (C)
miR-10b was cloned using tough decoy RNA strategy and injected along with mutant ataxin-3 in
the striatum in one hemisphere and miR-neg TuD inhibitor and the mutant ataxin-3 in the other
hemisphere. (D) Targets were screened in the mice injected with the miR-10b TuD inhibitor using
mRNA microarray and identified transthyretin as a target. (E) miR-10b inhibition drastically
reduces both the aggregates and the neuronal dysfunction in the striatal lentiviral MJD model

constituting a promising therapy for Machado-Joseph disease.
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Despite promising, additional studies are needed to clarify the mechanisms behind
TTR. Namely, it is important to overexpress transthyretin in the striatal lentiviral MJD
mouse model to investigate whether the same beneficial effects observed using miR-
10b TuD inhibitor are replicated with transthyretin. This would help clarifying the
mechanisms behind the beneficial effects that we observed in the striatal lentiviral
MJD mouse model. It is also important to identify the pathway or genes involved in

extending the life span of the MJD flies.

Finally, some aspects of our strategy could be refined to enhance therapeutic
benefits for MJD, namely: 1) delivering multiple microRNA 2) testing other genes that
could alleviate the neuropathological deficits 3) using non-invasive approach to

deliver the microRNAs.

In conclusion, our study provides compelling evidence for a dysregulation of
microRNAs in MJD, showing, for the first time, that miR-10b is upregulated in MJD.
Moreover, we have validated a novel target gene for miR-10b, transthyretin, a gene
previously implicated in other neurodegenerative diseases. Importantly, lentiviral-
mediated inhibition of miR-10b was not only capable of restoring its endogenous
levels but also resulted in robust neuroprotection in a MJD mouse model.
Furthermore, miR-10 inhibition extends the lifespan of MJD flies. Altogether, we
believe our study identifies a novel disease pathway in MJD and, at the same time,
opens a new door for the development of a miR-based therapeutic strategy towards
MJD.
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