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Abstract  

Machado-Joseph Disease (MJD), also known as Spinocerebellar ataxia type 3 (SCA3), is a 

neurogenerative disorder caused by an expansion of the trinucleotide cytosine-adenine-guanine (CAG) 

in the MJD1 gene, which translates into a polyglutamine tract within ataxin-3 protein that carries more 

than 55 CAG repeats in pathogenic conditions. MJD is the most common autosomal dominant ataxia 

worldwide and is characterized by several motors and non-motor clinical features with ataxia being 

the most common. Pathological mechanisms underlying MJD are still unclear, however it is accepted 

that mutant ataxin-3 gains toxic functions related to protein cleavage, oligomerization and 

aggregation, dysfunction of cellular quality control mechanisms and transcriptional and translational 

dysregulation, among others.  

Our group provided evidence of an autophagy impairment in MJD. We have shown that MJD 

pathogenesis is associated with accumulation of autophagosomes, decrease of autophagy-related 

proteins and accumulation of mutant ataxin-3 and neurodegeneration. However, the cause of 

autophagy deregulation in MJD remains unknown. 

Autophagy is a highly complex mechanism regulated by several molecules, namely by microRNAs 

(miRNAs). MiRNAs, being small non-coding RNAs, play an important regulatory role in animal cells by 

targeting mRNA transcripts for cleavage or translational repression. These small RNAs are involved in 

a broad range of biological functions, are expressed in a tissue specific manner and have been 

increasingly implicated in several disorders including neurodegenerative diseases and particularly in 

PolyQ diseases. Let-7 is a highly conserved miRNA, which showed to be able to activate autophagy and 

ameliorate neuropathology in a lentiviral- mouse model of MJD. Moreover, let-7 was shown to 

regulate several genes that block mTORC1 complex leading to autophagy activation. 

Thus, we hypothesized whether let-7 would be able to activate autophagy and consequently alleviate 

motor incoordination and inbalance in a Transgenic (Tg) MJD mouse model. For that, lentivirus coding 

for let-7 or mir-scramble (mir-scr), as a control, were injected into the cerebellum of Tg MJD mice. In 

this study, we observed that let-7 was able to ameliorate motor coordination and balance, being this 

effect more prominent after 9 weeks of treatment. We also observed at a neuropathological level, 

evaluated at 12 weeks post-injection, that let-7 treatment led to an increase of layers thickness in 

lobules VIII and IX and seemed to partially decrease the levels of aggregates in whole cerebellum. 

Moreover, we have also observed that the MJD Tg mouse model used in this work exhibited an 

impairment in autophagy that was partially rescued upon let-7 treatment. In the last part of this work, 

we also observed that RagC, being a let-7 target, was upregulated at a basal level in MJD Tg mice, and 
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showed a tendency to be downregulated upon let-7 treatment. These results confirmed once more 

that autophagy is a good target for MJD treatment. In addition, this work provides new insights about 

the role of let-7 in the context of MJD and at the same time also opens new perspectives to a new 

possible approach based on miRNAs for MJD therapy. 

 

 

Keywords: Machado-Joseph Disease (MJD), MicroRNAs (miRNAs), let-7, Autophagy, let-7 targets 
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Resumo 

A doença de Machado-Joseph (DMJ), também conhecida como Ataxia Espinocerebelosa do tipo 3, é 

uma doença neurodegenerativa causada por uma expansão do trinucleótido citosina-adenina-guanina 

(CAG) no gene MJD1, que é depois traduzida numa cadeia de poliglutaminas na proteína ataxina-3, 

transportando mais de 55 repetições CAG em condições patogénicas. A DMJ é a ataxia autossómica 

dominante mais comum a nível mundial e caracteriza-se por vários sintomas motores e não-motores, 

sendo a ataxia o mais comum. Os mecanismos patogénicos subjacentes à DMJ ainda estão por 

esclarecer, no entanto, aceita-se que a ataxina-3 mutante ganha funções tóxicas relacionadas com a 

clivagem proteica, oligomerização e agregação, disfunção dos mecanismos celulares de controlo de 

qualidade e da desregulação a nível da transcrição e tradução, entre outras. 

O nosso grupo já providenciou evidências do comprometimento do mecanismo de autofagia na DMJ. 

Com estes estudos mostrámos que a patogénese da DMJ está associada à acumulação de 

autofagossomas, à diminuição de proteínas relacionadas com a autofagia, bem como à acumulação da 

ataxina-3 e neurodegenerescência. No entanto, a causa da desregulação da autofagia na DMJ 

permanece desconhecida. 

A autofagia é um mecanismo altamente complexo regulado por diversas moléculas, nomeadamente 

por microARNs (miARNs). Os miARNs, sendo pequenos ARNs não-codificantes, desempenham um 

importante papel regulador em células animais, tendo como alvos os transcritos de mRNA, mediando 

à sua clivagem ou inibição do mecanismo de tradução. Estes pequenos ARNs estão envolvidos num 

largo conjunto de funções biológicas, são expressos de uma forma especifica no tecido e têm sido 

implicados em diversas doenças incluindo doenças neurodegenerativas, particularmente em doenças 

de poliglutaminas. O let-7 é um miARN altamente conservado, que mostrou ter a capacidade de ativar 

a autofagia e melhorar a neuropatologia num modelo lentiviral da DMJ em murganho. Mais ainda, o 

let-7 mostrou regular diversos genes que bloqueiam o complexo mTORC1 levando à ativação da 

autofagia. 

Assim, colocámos a hipótese se o let-7 seria capaz de ativar a autofagia e consequentemente aliviar a 

descoordenação motora e desequilíbrio num modelo transgénico (Tg) da DMJ em murganho. Para isso, 

injetámos lentivírus que codificam para o let-7 ou mir-scramble (mir-scr), como controlo, no cerebelo 

de murganhos transgénicos da DMJ. Neste estudo, observámos que o let-7 era capaz de melhorar a 

coordenação motora e equilíbrio nestes animais, sendo este efeito mais evidente às 9 semanas de 

tratamento. Também observámos a nível neuropatológico, avaliado às 12 semanas pós-injeção, que o 

tratamento com let-7 levou ao aumento da espessura das camadas nos lóbulos VIII e IX e parece 

diminuir parcialmente o nível de agregados em todo o cerebelo. Além disto, também observámos que 
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o modelo  Tg da DMJ em murganho usado neste trabalho mostrava um comprometimento da 

autofagia, que foi parcialmente recuperado depois do tratamento com let-7. Na última parte deste 

trabalho, também observámos que a RagC, sendo um alvo do let-7, estava sobreexpressa a nível basal 

no modelo  Tg da DMJ,, e mostrou uma tendência para estar diminuída após tratamento com let-7. 

Estes resultados confirmam uma vez mais que a autofagia é um bom alvo para o tratamento da DMJ. 

Mais ainda, este trabalho fornece novos conhecimentos acerca do papel do let-7 no contexto da DMJ 

e ao mesmo tempo abre novas perspetivas para uma nova abordagem possível baseada em miARNs 

para terapia em DMJ.  

Palavras-chave: Doença de Machado-Joseph (DMJ); MicroARNs (miARNs); Let-7; Autofagia; Alvos do 

let-7 
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Chapter I - Introduction 

1 
 

1. Poly-glutamines (PolyQ) Disorders  
 

Poly-glutamine (PolyQ) disorders are a group of 9 diseases that are characterized by a mutation on a 

disease-related gene, which translates into a large tract of glutamine repeats. The first disease 

associated with this glutamine expansion was spinal and bulbar muscular atrophy (SBMA). At that time, 

La Spada and its collaborators discovered an amplification of repeats number in androgen receptor 

gene that was associated with the pathogenesis of the disorder (La Spada et al., 1991). In addition to 

SBMA, Huntington’s disease, Dentatorubropallidoluysian Atrophy (DRPLA), and Spinocerebellar 

ataxias (SCA) type -1, -2, -3 (or Machado-Joseph disease, MJD), -6, -7 and -17 (Table 1) are also part of 

this group of polyQ disorders. Although these disorders share a CAG expansion, this occurs in different 

genes, which  are unrelated (Gatchel and Zoghbi, 2005; Orr and Zoghbi, 2007). Nevertheless, all polyQ 

disorders are characterized by neuronal loss and are associated to physical and neurological problems 

(Gatchel and Zoghbi, 2005). A negative correlation between CAG length and age of onset has been 

described in MJD, as well as in the other PolyQ diseases. Thus, when an individual carries a long 

segment of CAG occurs a phenomena called anticipation (Maciel et al., 1995).  

Table 1: Summary of polyQ disorders (adapted from Rego & de Almeida 2005; Orr & Zoghbi 2007; Matos et al. 2011) 

Disease name 
Mutated 

gene 
Protein 
product 

CAG repeat size 
Brain regions affected 

Normal Pathogenic 

Spinocerebellar ataxia 1  SCA1 Ataxin 1 6-39 40-82 
Cerebellar Purkinje cells, 

dentate nucleus, 
brainstem 

Spinocerebellar ataxia 2  SCA2 Ataxin 2 15-24 32-200 
Cerebellar Purkinje cells, 

brainstem, 
frontotemporal lobes 

Spinocerebellar ataxia 3  
ATXN3/MJD

1/SCA3 
Ataxin 3 10-51 55-87 

Cerebellar dentate 
neurons, basal ganglia, 
brainstem, spinal cord 

Spinocerebellar ataxia 6  CACNA1A CACNA1A 4-20 20-29 
Cerebellar Purkinje cells, 
dentate nucleus, inferior 

olive 

Spinocerebellar ataxia 7 SCA7 Ataxin 7 4-35 37-306 
Cerebellum, brainstem, 

macula, visual cortex 

Spinocerebellar ataxia 17  SCA17 
TATA-binding 

protein 
25-42 47-63 

Cerebellar Purkinje cells, 
inferior olive 

Huntington’s disease HD Huntingtin 3-34 36-121 Striatum, cerebral cortex 

Dentatorubropallidoluysian 
Atrophy 

DRPLA Atrophin 1 7-34 49-88 
Cerebellum, cerebral 

cortex, basal ganglia, Luys 
body 

Spinal and Bulbar muscular 
atrophy (SBMA; kennedy 

disease) 
AR 

Androgen 
receptor 

9-36 38-62 
Anterior horn and bulbar 

neurons, dorsal root 
ganglia 

 

https://en.wikipedia.org/wiki/Spinal_and_bulbar_muscular_atrophy
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1.1 Machado-Joseph Disease (MJD) 

Machado-Joseph Disease (MJD), also known as Spinocerebellar ataxia type 3 (SCA3), was firstly 

described by Nakano et al. in 1972 in a Portuguese descendent population from Azores. This 

population showed motor and neurological symptoms such as ataxic gait, dysarthria, absence of 

tendon reflexes and nystagmus, among others. Since all the members of this family were affected and 

the disorder was not lethal, the investigators suggested that would be inherited and autosomal 

dominant naming it as “Machado disease” (family´s name) (Nakano et al., 1972). In the same year, 

Woods et al. described the disorder in other family designating it as “Nigro-spino-dentatal 

degeneration with Nuclear Ophthalmoplegia”(Woods and Schaumburg, 1972). Some years later, the 

disease was described in two other families with different names, as  “Joseph Disease” and “Azorean 

Disease” and finally proposed as a unique disorder named by “Machado-Joseph Disease” (reviewed by 

Rosenberg 1992).  

MJD is the most common autosomal dominant ataxia worldwide (1.5/100000). In Portugal, MJD shows 

a high prevalence in Azores (1/2554), especially in Flores island (1/158) (Araújo et al., 2016), while in 

Portugal mainland it is more rare (1/100000) (Bettencourt et al., 2008). Besides Portugal, there are 

other countries where the disorder shows to have a high relative frequency such as Brazil, Germany, 

Australia and Japan (Bettencourt and Lima, 2011), however in others, like Italy and Wales the disease 

frequency is low (Ruano et al., 2014) (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Representative image of the global prevalence of Machado-Joseph Disease (MJD). (Adapted from: 

http://www.physio-pedia.com/Machado-Joseph_Disease (Spinocerebellar_Ataxia_Type_3). 

 

http://www.physio-pedia.com/Machado-Joseph_Disease
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1.1.1   Clinical features and MJD subtypes 

The first common symptom occurring in MJD is the gait ataxia that is present in 98.6% of patients 

(Coutinho, 1992). However, since this neurodegenerative disorder affects various systems such as 

extrapyramidal, pyramidal cerebellar and oculomotor neurons it is associated with many other 

symptoms. Thus, there are motor symptoms beyond gait ataxia such as limb ataxia, nystagmus, 

diplopia, dystonia, dysphagia and rigidity. All of this symptoms are clinical hallmarks important for the 

correct diagnosis (Bettencourt and Lima, 2011; Paulson, 2012).  Non-motor symptoms have also been 

reported, such as sleep disturbances, cognitive impairment and psychiatric symptoms (Pedroso et al., 

2013).  

The disorder is very heterogenous since MJD patients are not all affected by the same symptoms. Thus, 

it was proposed a division into 5 MJD types depending on severity (Table 2). The type 1, also termed 

“Type Joseph”, consist of individuals with early onset that present quickly progression of ataxia, 

external progressive ophthalmoplegia (EPO), pyramidal (rigidity and spasticity) and extrapyramidal 

signs (bradykinesia and dystonia) (Bettencourt and Lima, 2011).  

 

        Table 2: MJD types depending on severity 

 

 

 

 

 

 

 

 

 

In type 2 or Thomas, which is the most common, the affected individuals present an intermediate 

onset exhibiting EPO and ataxia. This type may also develop extrapyramidal signs that once present 

are tenuous and pyramidal signs. The patients with a late onset belongs to type 3 or “type Machado” 

and present ataxia, EPO and peripheral disturbances (Bettencourt and Lima, 2011; Coutinho and 

Andrade, 1978). The type 4 of MJD is a rare form of the disorder that present parkinsonism, mild 

cerebellar deficits and distal motor neuropathy or amyotrophy (Suite et al., 1986). The last type of 

Type Onset Symptoms 

Type 1 or Joseph Early (20-24 years) 

• Pyramidal signs 

• Extrapyramidal signs 

• Ataxia 

• EPO 

Type 2 or Thomas Intermediate (30-40 years) 
• Ataxia 

• EPO 

Type 3 or Machado Late (40-75 years) 

• Ataxia 

• EPO 

• Peripheral disturbances 

Type 4 ___________ 

• Parkinsonism 

• Mild cerebellar deficits 

• Neuropathy or Amyotrophy 

Type 5 ___________ • Spastic paraplegia 



Chapter I - Introduction 
 

4 
 

MJD, type 5, is also a rare form and the individuals only present spastic paraplegia (Bettencourt and 

Lima, 2011). 

1.1.2 Neuropathology  

MJD is characterized by neurodegeneration in selective brain regions. A reduction of cerebellum, 

caudate and putamen volumes was firstly reported in MJD patients by Klockgether and co-workers 

(Klockgether et al., 1998). Years later, MJD studies showed atrophy of cerebellum, pons, medulla 

oblongata and cranial nerves III-IX, thus resulting in  a weight loss of the entire brain (Rüb et al., 2002; 

Schulz et al., 2010).  In 2006, the same investigators also reported neurodegeneration of thalamus and 

hypothesized that neuronal intranuclear inclusions (NII) and its toxic effects were in the origin of 

neurodegeneration found in post-mortem brains of MJD patients (Rüb et al., 2006).  

In several other studies, neuronal loss specially in striatum, brainstem, basal ganglia and spinal cord, 

being really marked in Clark’s column and anterior horn was also described in MJD (reviewed by Rüb 

et al. 2008). Our group also provided evidences of neuronal dysfunction in striatum of post-mortem 

brains of MJD patients that was confirmed both in lentiviral rat model and in transgenic mouse model 

of MJD (Alves et al., 2008). Surprisingly, Purkinje cells in cerebellar cortex and inferior olive seemed to 

be relative preserved in MJD (Durr et al., 1996), however this aspect is still controversial as  in some 

patients there was loss of granule layer and Purkinje cells, especially in vermis (Muñoz et al., 2002). 

Rüb and his colleagues also reported the enlargement of the 4th ventricle in some cases (Rüb et al., 

2008) (Figure 2). 

 

Figure 2 Neuropathology in MJD. Representative scheme of principal affected areas in MJD. Large dots indicate severe 
neuronal loss. Green dots indicate cranial nerves involvement. Blue dots indicate extrapyramidal nuclei involvement. 
Adapted from (Taroni and Didonato, 2004) 
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1.1.3 MJD1 gene 

MJD is associated to MJD1 (or ATXN3) gene which is located on the long arm of chromosome 14 

(14q32.1) and encodes for ataxin 3 (atx3) protein (Takiyama et al., 1993). In 1994, Kawaguchi and 

colleagues identified an unstable CAG expansion in atx3 of MJD patients (Kawaguchi et al., 1994). MJD1 

gene is composed by 11 exons with CAG tract being located in exon 10. Four different transcripts were 

described due to different splicings in exon 10 or exon 11 (Ichikawa et al., 2001). MJD1 gene carries 10 

to 51 CAG repetitions in normal population and from 55 to 87 in MJD individuals. Individuals with CAG 

repeats between 52 and 54 show incomplete penetrance, which means that some may develop the 

disease while others do not (Maciel et al., 2001; Matos et al., 2011; Orr and Zoghbi, 2007). The mean 

age of onset in MJD is 38 years old and the individuals normally died after 20 years of the onset, 

however this can be different if an individual has a higher CAG length being considered a juvenile case 

(Kawaguchi et al., 1994; Maciel et al., 1995). 

1.1.4 Ataxin-3 (atx3) protein 

1.1.4.1 Wild type (wt) Ataxin-3  

Wild-type (WT) atx3 is the protein product of MJD1 gene with a molecular weight around 42 kDa and 

composed by 339 amino acids, depending on the CAG stretch length. Atx3 can be found in several 

different types of cells and tissues in whole body and is ubiquitous expressed in the brain (Albrecht et 

al., 2004; Schmitt et al., 1997; Trottier et al., 1998). This protein has a catalytic domain localized in N-

terminal, which is a globular structure termed Josephin domain conferring the ubiquitin protease 

activity and that is highly conserved between mammalian species (Masino et al., 2003). Josephin 

domain is followed by a flexible C-terminal tail containing the CAG tract and two or three ubiquitin 

interacting motifs (UIM), depending on the isoform, which allows the binding to polyubiquitylated 

proteins (Albrecht et al., 2004; Burnett et al., 2003) (Figure 3).  

 

Figure 3 Scheme of ataxin 3 (atx3) protein.  Atx3protein is composed by two principal domains: josephin domain, that 
is highly conserved, and C-terminal tail that contain two or three ubiquitin interacting motifs (UMI) and the 
polyglutamine (polyQ) tract. 
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Furthermore, the non-pathogenic atx3 has a natural tendency to aggregate.  In addition, atx3 with two 

UIM is more prone to aggregate due to the presence of a hydrophobic domain than the atx3 that 

carries three UIM. This last isoform is the most common form found in the human and murine brain 

(Harris et al., 2010). 

In cells, the atx3 protein can be found most of the time in cytoplasm, however it can also be found in 

nucleus may be due to a nuclear localization signal (NLS) localized upstream of polyQ tract that gives 

properties to the protein to enter the nucleus. Moreover, there are also three nuclear export signals 

(NES), one localized close to Josephin domain (NES 174) and the other two inside of Josephin domain 

(NES 77 and NES 141)  that allows the exportation of atx3 to the cytoplasm (Albrecht et al., 2004; 

Antony et al., 2009; Macedo-Ribeiro et al., 2009).  

Although the main function of atx3 is not clearly understood there are many evidences suggesting that 

its principal role is as deubiquitinating enzyme (Donaldson et al., 2003; Doss-pepe et al., 2003). 

Regarding this, it has been proposed that atx3 acts in Ubiquitin Proteasome Pathway (UPP), one of the 

major pathways to degrade proteins (Todi et al., 2010).  Atx3 has also been implicated in formation 

and transport of aggresomes. These aggresomes are aggregates of misfolded proteins that are located 

near the microtubule-organizing centre and are not possible to be degraded by proteasome (Burnett 

and Pittman, 2005; Todi et al., 2010). Atx3 seems to interact with tubulin and microtubule-associated 

protein 2 (MAP2) that will contribute to aggresomes transport (Mazzucchelli et al., 2009; Todi et al., 

2010).  On the other hand, atx3 may also be involved in transcription of genes acting as a transcription 

regulator. Actually, atx3 is able to repress transcription by inactivating co-activators that mediate 

transcription. In 2002, Li and his colleagues found that atx3 interacts and represses cAMP-response-

element binding protein (CREB) and p300 avoiding transcription. Furthermore, it was found that atx3, 

through Josephin domain, can inhibit histone acetylation that will also repress transcription (Li et al., 

2002).  

1.1.4.2 Mutant ataxin-3  

The formation of mutant atx3 occurs when MJD1 gene carries over than 55 CAG repeats (Maciel et al., 

2001). This pathogenic form of atx3 is more prone to aggregate than the non-pathogenic form,  

forming NII. (Chai et al., 2001; Paulson et al., 1997; Perez et al., 1998). Atx3 aggregates are formed in 

two different stages. The first stage is shared by normal and mutant atx3, in which protein aggregate 

through Josephin domain, forming dimers and consequently aggregates that are SDS-soluble fibrils. 

However, in mutant atx3 the aggregation rate is faster than in normal atx3. The second stage only 

occurs in mutant atx3, where the protein aggregates through the polyQ tract developing SDS-insoluble 

aggregates (Ellisdon et al., 2006). 
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1.1.5 MJD models  

In order to study molecular mechanisms and pathogenesis of MJD, different models have been 

generated and are essentially divided in in vitro models and in in vivo models. 

1.1.5.1 In vitro models 

1.1.5.1.1 Neuronal and non-neuronal cells 

Human Embryonic Kidney 293 (HEK293) cell line has been used as an MJD model. For instance,  HEK293 

transfected with mutant or normal atx3 were used to assess mitochondria impairment on MJD 

cytotoxicity (Laço et al., 2011).  

Fibroblasts are other non-neuronal cell type used to investigate mechanisms impairment in MJD. These 

cells are obtained through dermal biopsies from MJD patients. In our group we have used fibroblasts 

to investigate autophagy impairment in MJD (Onofre et al., 2016).  

PC6-3 cell line is derived from rat adrenal gland pheochromocytoma used in MJD in vitro studies but 

contrarily to the cell lines mentioned above, these cells need to be differentiated into neuronal cells. 

In MJD studies PC6-3 were also transfected with mutant and normal atx3 and used to investigate 

mitochondria impairment in MJD (Laço et al., 2011).  

Neuronal cell lines are also used as an MJD model in vitro. Neuro-2a cell line is derived from 

neuroblastoma, has a fast growth and are easily to manipulate. Neuro-2a cells have been used for 

instance to study the effect of beclin1 overexpression in MJD pathology (Nascimento-Ferreira et al., 

2013). More recently, neuro-2a expressing mutant atx3 was used to investigate the effect of sirtuin 1 

in autophagy mechanism (Cunha-Santos et al., 2016).  

 

1.1.5.1.2 Human induced Pluripotent Stem Cells (hiPSCs) 

Human induced pluripotent stem cells (hiPSCs) are a recent approach developed by Takahashi and 

collaborators in 2006 (Takahashi and Yamanaka, 2006; Takahashi et al., 2007). Since then, many 

studies have used this in vitro human cell model. hiPSCs can be obtained by reprogramming human 

fibroblasts of MJD patients. Then hiPSCs derived neurons can be used as an MJD model. As an example, 

this model was used to study the effect of autophagy induction in MJD (Ou et al., 2016). 
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1.1.5.2 In vivo models 

 1.1.5.2.1. Invertebrate models 

Drosophila melanogaster is a fly specie used mostly in molecular genetic investigation. In order to 

understand the mechanism involved in MJD pathogenesis, human normal atx3 carrying 27 glutamines 

(Q) repeats (MJDtr-Q27) or truncated form of mutant atx3 carrying 78 Q repeats (MJDtr-Q78) were 

overexpressed in Drosophila. Flies carrying mutant atx3 showed NII in brain as well as in the eyes, 

however this model showed early death (Warrick et al., 1998). After this study, the same group 

generated another fly model. Using the D. melanogaster, the authors expressed the full-length human 

mutant atx3 carrying 78Q or 84Q from cDNA. This model presented NII in brain and eyes and 

neurodegeneration (Warrick et al., 2005).  

Other invertebrate model used in MJD studies is Caenorhabditis elegans (C. Elegans). The first model 

created in this specie occurs in 2006 by Khan et al. This model was produced by expressing the full-

length mutant atx3 carrying 91Q or 130Q or also expressing truncated forms of mutant atx3 with 63Q 

or 127Q. These models presented motor incoordination in late stages as well as neuronal dysfunction 

and presence of aggregates (Khan et al., 2006). 

1.1.5.2.2 Vertebrate models 

1.1.5.2.2.1 Rodent models 

1.1.5.2.2.1.1 Transgenic Models  
 

The first mouse model was created in 1996 by Ikeda and his collaborators. In this model, mice 

expressed the full-length mutant atx3 carrying 79 repeats selectively in Purkinje cells using L7 

promoter, however no alterations in behaviour or in neuropathology were reported in this model. 

After that, they created a mouse model expressing truncated mutant atx3 that exhibit severe atrophy 

of cerebellum, loss of Purkinje cells and brutal behaviours deficits. However, these clinical and 

neuropathologic features as well as the loss of Purkinje cells did not reproduce what occurs in MJD 

patients (Ikeda et al., 1996).  

Some years later, Cemal and collaborators produced a mouse model mimicking MJD in humans. For 

that, they used yeast artificial chromosome (YAC) expressing full-length mutant atx3 with 15, 64, 67, 

72, 76 and 84 repeats that have a ubiquitous expression. This mouse model presents an early onset 

and develops wide ataxia, tremor and sensory deficits, among others. NII and neuronal loss were 

observed in cerebellar nuclei and pontine (Cemal et al., 2002).  
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Other MJD mouse model was generated using the mouse prion protein promoter to express full-length 

human mutant atx3 with 71 or 20 repeats. This approach allowed to enhance the expression of mutant 

atx3 in brain and spinal cord, however at a neuropathological level, NII were barely found in Purkinje 

cells. This MJD mouse model showed ataxia, low body weight, postural instability and premature death 

(Goti et al., 2004).  

In 2008, Torashima and colleagues created a mouse model expressing an N-terminal truncated human 

isoform of mutant atx3 from cDNA carrying 69 glutamines with hemagglutinin (HA) epitope. In this 

model, Atx3 is selectively expressed under the control of L7 promoter in Purkinje cells. Cerebellar 

atrophy and severe ataxia  were found in this model as well as  an almost complete absence of Purkinje 

cells (Torashima et al., 2008). In the same year, Chou and collaborators tried to use prion promoter to 

express full-length of an isoform of human atx3 with 79 glutamines and HA epitope. Low body weight, 

motor incoordination and severe ataxia were present in this mouse model. Moreover, the authors 

reported a transcriptional dysregulation and detected NII, as well as neuronal loss in pons, dentate 

nuclei and substantia nigra in these mice (Chou et al., 2008).  

1.1.5.2.2.1.2 Lentiviral models 

In 2008, our group generated for the first time a lentiviral-based genetic model of MJD in rat. This 

model was generated by stereotaxic injection into the rat striatum of lentivirus encoding for full-length 

human atx3 carrying 27Q or 72Q. This model showed presence of aggregates and neuronal loss (Alves 

et al., 2008).  

After this study, the same approach was used to generate an MJD mouse model. For this purpose, 

lentivirus encoding for full-length human atx3 carrying 27Q or 72Q were injected into the mouse 

striatum. Evidences of neuronal loss, neurodegeneration and accumulation of mutant atx3 were found 

in this model (Simões et al., 2012). 

In the same year, other model was produced by the injection of the same lentiviral constructs into the 

cerebellum vermis of mice. This approach resulted in mouse ataxia and cerebellar neuropathology 

(Nóbrega et al., 2012). 

All in all, Lentiviral mouse models appear to be time- and cost-effective. 

1.1.5.2.2.2Non-rodent models 

Very recently, Watchon et al. established a non-rodent model to study MJD, using zebrafish. In this 

model, they expressed human atx3 with 23Q or 84Q with HuC as a neuronal promoter. Phenotypically, 

the 84Q zebrafish exhibit impairment in motor coordination, namely in accelerated swimming, being 
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progressive along ageing. At a neuropathological level, this model shows neuritic-beading staining 

pattern, however it failed showing the presence of neuronal intranuclear inclusions, which constitute 

one of the most important hallmarks of the disease (Watchon et al., 2017).  

In conclusion, there are several models to study MJD and all of them were developed with the ultimate 

goal of mimicking what happens in human MJD patients. Each model presents advantages and 

disadvantages and therefore each group of investigation uses the more convenient model for their 

work.  

 

1.1.6 Pathogenesis 

The molecular mechanisms underlying MJD pathogenesis are still poorly understood. Nonetheless, 

several hypotheses have been suggested (figure 4). It has been discussed for several years whether 

mutant atx3 formation would lead to a loss or a gain-of-function. Regarding this, it was suggested that 

the mutant form of atx3 is capable of changing its conformation to a β-strand conformation, acquiring 

a toxic function. (Nagai et al., 2007). 

Some authors have reported that due to inefficient clearance of mutant atx3, toxic C-terminal 

fragments are generated and will aggregate and recruit full-length mutant atx3, as well as other 

important proteins causing neurotoxicity (Chai et al., 2001; Ellisdon et al., 2007; Perez et al., 1998). 

Actually, these fragments seem to breakout the cellular quality control mechanisms and cause the 

neurodegeneration in MJD by a mechanism of toxic cleavage mediated by calcium-dependent calpains 

proteases. In 2007, Haacke and her group demonstrated that in the presence of calpastatin, a calpain 

inhibitor, atx3 is less prone to aggregate in neuroblastoma cells (Haacke et al., 2007). After this, our 

group observed that inhibition of calpains, through overexpression of calpastatin in a lentiviral MJD 

mouse model, was able to reduce the number of aggregates, as well as their size. Moreover, we also 

found that inhibition of calpains by calpastatin avoid the aggregation of mutant atx3 and its 

translocation to the nucleus (Simões et al., 2012). Altogether, these results suggest that proteolysis of 

atx3 is an MJD pathogenesis-linked mechanism (figure 4). 

NII and neuronal cytoplasmic inclusions formed by mutant atx3 have also been implicated in 

deregulation of quality-control mechanisms. These aggregates are able to sequester other proteins 

such as transcription factors, chaperones, ubiquitin and proteins from the proteasome that will disturb 

UPP and autophagy. Disruption of these mechanisms leads to an accumulation of misfolded proteins 

(Chai et al., 1999; Paulson et al., 1997), thus contributing to MJD pathogenesis (figure 4).  
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Moreover, upregulation of neuroinflammatory molecules were also found in MJD models and further 

confirmed in MJD patient brains. Matrix metalloproteinase 2 (MMP-2) and interleukin- 1β, among 

others were found to be upregulated in MJD, thus suggesting a role of glia in MJD pathogenesis (Evert 

et al., 2001, 2003). In other study,  neuroinflammation was not detected in early stages of MJD, but is 

prominent at late stages of the disease (Silva-Fernandes et al., 2010). However, the implication of 

neuroinflammation in MJD pathogenesis is still poorly studied (Figure 4).  

Many other mechanisms have been proposed as contributing to MJD pathogenesis, as it is illustrated 

in Figure 4. 

  

 

1.1.7 Therapeutic strategies for MJD 

Despite the huge efforts, there is still no treatment capable of delaying or blocking the progression of 

the disease. One of the first approaches consisted in the silencing of mutant atx3. Our group generated 

an RNA interference (RNAi) that was able to target atx3 inducing non-allele specific silencing. Atx3 

silencing showed to alleviate neuropathology in a MJD rat model (Alves et al., 2010). Other group tried 

to silence mutant atx3 using peptide nucleic acid and locked nucleic acid antisense oligomers against 

Figure 4 Mechanisms involved in MJD pathogenesis. Several mechanisms have been suggested to be linked to MJD 
pathogenesis. Mutant atx3 is responsible for deregulating important cell pathways such as protein oligomerization and 
aggregation, dysregulation of transcription, neuroinflammation, quality-control mechanisms deregulation, among others. All 
these mechanisms when disrupted lead to neurodegeneration in MJD. Adapted from (Nóbrega and de Almeida, 2012). 
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its polyQ tract and the results showed that atx3 was efficiently silenced in  in vitro MJD cell models (Hu 

et al., 2009).  

One of the most promising non-viral gene therapies is named antisense oligonucleotides (ASO). These 

chemical molecules are single short strands of oligonucleotides, which are able to target mRNA, 

modelling its function. ASOs technology has been studied in several disorders, especially in brain-

related diseases. In 2017, Moore and collaborators used ASOs to silence mutant atx3 in two different 

Transgenic (Tg) mouse models: one that carries a single atx3 isoform by expressing a cDNA (CMV-MJD-

Q135) and the other that carries the full-length of mutant atx3 (YAC-MJD-Q84.2). In this study they 

observed that three of the five tested ASOs were very efficient in reducing mutant atx3 in YAC-MJD-

Q84.2 but not in CMV-MJD-Q135 model. This means that full-length of atx3 is a more powerful target 

for ASOs than the cDNA (Moore et al., 2017). In the same year, Toonen and his collaborators described 

another approach using ASOs for MJD therapy. In this work they used ASOs that were able to remove 

the polyQ stretch in atx3 protein and consequently eliminate the main cause of the disease. A decrease 

of insoluble atx3 and nuclear accumulation was observed upon repeated intracerebroventricular 

injections of these ASOs in a SCA3 mouse model  (Toonen et al., 2017).  More recently, McLoughlin 

and his group made use of one of the most promising ASOs that effectively target full-length human 

ATXN3 gene, described in the study of Moore et al. (Moore et al., 2017), and injected it 

intracerebroventricularly into an early symptomatic transgenic SCA3 mice. Following a single i.c.v. 

bolus injection of this ASO, apart from the prevention of oligomeric and nuclear accumulation of 

ATXN3, it was also reported a  rescue of motor injuries and Purkinje cells dysfunction (McLoughlin et 

al., 2018). Since the overactivation of calpains has been showing to contribute to mutant atx3 

proteolytic cleavage, translocation to the nucleus, inclusions formation and neurodegeneration, our 

group tried to inhibit these proteases using BDA-410, a synthetic calpain inhibitor in a lentiviral MJD 

mouse model. We observed that treated mice had a decrease in the number of atx3 fragment and 

inclusions. At a phenotypic level BDA-410 induce amelioration of motor coordination and balance 

observed in beam walking test (Simões et al., 2014). 

Autophagy has also been studied as a possible target for MJD therapy and this point will be discussed 

in the next section. 
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2. Autophagy 
  
Autophagy is one of the most highly conserved mechanisms from yeast to humans. This cell process, 

firstly discovered by De Duve and Wattiaux (de Duve and Wattiaux, 1966), aims at degrading misfolded 

proteins and damaged organelles, contributing for cell clearance through lysosomes under starvation 

and stress conditions (Mizushima et al., 2004). The general term of “autophagy” includes three 

different subtypes for cell clearance: macroautophagy, microautophagy and chaperone-mediated 

autophagy (CMA) (Figure 5). In all the three subtypes, there is  delivery of cytoplasmic elements into 

lysosome for further degradation (Harding et al., 1996; Li et al., 2012; Neff et al., 1981; Wang and 

Klionsky, 2003). Lysosomes are large vacuoles that contain a lot of digestive enzymes such as proteases 

and lipases that will degrade proteins and organelles (de Duve and Wattiaux, 1966; Yao et al., 2017).  

Macroautophagy is the better known subtype and involves formation of autophagosome that will fuse 

with lysosome occurring catabolism (de Duve and Wattiaux, 1966; Wang and Klionsky, 2003). 

Microautophagy was discovered years ago, however the mechanism underlying this process is still 

poorly understood. Even so, it is known that there is a direct invagination of lysosome membrane 

containing small portions of cytoplasm and proteins (Li et al., 2012; Mortimore et al., 1988). CMA is 

the most different form of autophagy and does not implicate a vacuole formation or sequestering of 

proteins. Thus, the cargo contains KFERQ- like pentapeptide motif that will be recognized by HSC70, a 

cytosolic chaperone. Instead of fusion with lysosome, this autophagy promotes translocation of cargo 

into the lysosome with the help of  lysosomal-associated membrane protein 2A (LAMP2A) 

(Agarraberes and Dice, 2001; Cuervo and Dice, 1996).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Autophagy mechanism. Autophagy is a molecular mechanism for cell clearance. It is divided in three different 
subtypes: Macroautophagy represents the most complex type, being constituted by four steps- initiation, nucleation, 
expansion and fusion with lysosome; Microautophagy is still unclear, but it is known that exhibits direct engulfment of 
lysosome membrane with small portion of cytoplasm; Chaperone-mediated autophagy (CMA) does not require vesicles 
formation. Instead, a motif in the cargo protein will be recognized and then the protein will be translocated into the 
lysosome. Adapted from (Kaur and Debnath, 2015) 
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2.1 Macroautophagy  

Macroautophagy is the main type of autophagy in cells and also the most studied. It is currently termed 

“autophagy” and is an highly complex mechanism regulated by several proteins (Mizushima et al., 

1998, 2004). This process is composed by three important steps, namely 1) initiation and nucleation, 

2) elongation and 3) maturation and fusion (Figure 6). 

• Initiation and nucleation 

The key for autophagy induction is mostly starvation sensed by mammalian Target of Rapamycin 

Complex 1 (mTORC1). This complex acts as a sensor of amino acids concentrations in cells and is 

involved in protein biogenesis and lipogenesis, thus contributing for cell growth. MTORC1 when 

activated, represses autophagy by phosphorylating important proteins involved in autophagy 

signalling, such as autophagy related gene proteins (ATGs)  (Kamada et al., 2000). Therefore, when 

mTORC1 is repressed under amino acid limitation, ULK1 (named Atg1 in yeast) and ULK2 will be 

dephosphorylated. This step leads to the formation of ULK complex that also includes focal adhesion-

interacting protein of 200 kDa (FIP200), Atg13 and Atg17. The ULK complex will be important for the 

formation of phagophore assembly site (PAS), activating autophagy (Suzuki et al., 2007).  

In this process, how phagophore membrane, the precursor of autophagosome, is formed is still a 

theme of discussion. Some authors defend that endoplasmic reticulum is the major organelle 

contributing with membrane for autophagosome formation (Dunn, 1990), whereas others defend that 

autophagosome is formed by the outer membrane of mitochondria (Hailey et al., 2010). Thus,  it has 

been proposed that endoplasmic reticulum, mitochondria, recycling endosomes and plasma 

membrane can contribute all for autophagosome membrane formation (reviewed by Lamb et al., 

2013).  

Furthermore, the activity of Vacuole protein sorting 34 (Vps34) was demonstrated to be required in 

regulation of phagophore formation at early stages of autophagy, namely at the nucleation step. This 

molecule forms a complex with Beclin 1 (named Atg6 in yeast), p150/Vps15, Ultra-violet resistance-

associated gene (UVRAG) and Barkor/Atg14-L. Moreover, phosphatidylinositol-3-phosphate (PI-3-P), 

being a Vps34 product, displays an essential role in this process through the recruitment of ATG 

proteins. (Fan et al., 2011; Jaber et al., 2011).  

Under non-starvation conditions, Beclin 1 binds Bcl-2, an anti-apoptotic protein, inhibiting autophagy 

(Pattingre et al., 2005). Conversely, under nutrient starvation conditions Bcl-2 is phosphorylated by c-

Jun N-terminal Kinase 1 (JNK1) and beclin 1 is activated inducing autophagy (Wei et al., 2008). 
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One of the principal molecules that recognize cargo for degradation is Sequestosome 1/p62 

(SQSTM1/p62). p62 is able to bind ubiquitinated proteins that are aggregated and deliver them into 

autophagosomes to be degraded through interaction with LC3 (Bjørkøy et al., 2005). Moreover, some 

authors have suggested that p62 can also act as a selective autophagy receptor for ubiquitinated 

substrates (Ichimura et al., 2008). 

 

• Elongation 

The following step is the expansion of phagophore that will form the mature phagophore, called 

autophagosome. Elongation step involves two ubiquitin-like reactions. In the first reaction, Atg12 is 

activated by Atg7 (E1-like activating enzyme). Atg7 and Atg10 (E2-like activating enzyme) will allow the 

link between Atg12 and Atg5 (Mizushima et al., 1998). Then, the complex Atg12-Atg5 will bind to 

Atg16L forming Atg16L complex. This complex is essential for phagophore elongation being localized 

in isolated membrane but is not present in mature autophagosome (Mizushima et al., 2003). In the 

second reaction, one of the proteins involved is microtubule-associated protein 1 light chain 3 (MAP1-

LC3, or LC3) that is firstly synthesized as pro-LC3, a precursor of LC3. Pro-LC3 will be cleaved by Atg4B 

generating LC3-I (Hemelaar et al., 2003). Following that, through Atg7 activity, LC3-I will bind to 

phosphatidylethanolamine (PE) leading to LC3-II formation, that consequently binds to 

autophagosome membrane. LC3-II is now able to induce the elongation of phagophore (Mizushima et 

al., 2002). Contrarily to Atg16L complex, LC3  remains in the membrane even after the fusion with 

lysosome and its presence is correlated with the number of autophagosomes present in cells (Kabeya 

et al., 2000).  

 

• Maturation and fusion 

In the last step of autophagy, usually the autophagosome fuses with lysosome, however some 

autophagosomes may also fuse with late endosomes forming amphisome, that will ultimately  fuse 

with lysosome (Berg et al., 1998). In both cases, at the end there is the autolysosome formation. For 

the autophagosome to lysosome fusion to happen, autophagosome needs to be transported across 

microtubules depending on dynein proteins (Kimura et al., 2008; Ravikumar et al., 2005). The fusion 

process is mediated by several molecules, including soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs) (Atlashkin et al., 2003; Furuta et al., 2010), endosomal sorting 

complexes for transport (ESCRT) (Lee et al., 2007; Rusten et al., 2007) and Rab7 (Gutierrez et al., 2004; 

Jäger et al., 2004).  
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Lysosome assumes an important role in degradation of proteins due to the presence of essentials 

enzymes, but also in fusion step. Yamamoto and his colleagues showed an accumulation of 

autophagosomes and a decrease in autolysosomes in a rat cell line after inhibition with bafilomycin 

A1, which blocks proton pump. Thus, these results demonstrated the essential role of lysosome in 

autophagy, particularly in the fusion with the autophagosome (Yamamoto et al., 1998). 

 

 

 

2.2 Autophagy and PolyQ diseases 

Autophagy has been implicated in neurodegeneration. The role of autophagy in neurodegeneration 

was suggested when both  knockout mouse models for Atg5 (Hara et al., 2006) and Atg7 (Komatsu et 

al., 2006) showed neurodegeneration. Thus, these studies suggested that autophagy may have a 

neuroprotective effect in the brain.  

In polyQ diseases, one of the first evidences of the role of autophagy was reported by Ravikumar in 

2002. In this study, the authors used several autophagy inhibitors in Huntington’s disease models and 

Figure 6 Macroautophagy machinery. Macroautophagy is a highly complex mechanism. In the first step, several molecules 
are important to initiate autophagy such as ULK1 and 2, FIP200, Atg13 among others. Once phagophore is created, it needs 
to elongate through two ubiquitin-like reactions. One of the reactions involves the complex Atg16L formation, necessary for 
elongation and the second generates LC3-II that will form the autophagosome. In the final step, autophagosome will fuse 
with late endosome forming amphisome that will fuse with lysosome or autophagosome will directly fuse to lysosome. 
Abbreviations: FIP200 - focal adhesion-interacting protein with 200 kDa; Atg – autophagy-related gene protein; LC3 - 
microtubule-associated protein 1 light chain 3. Adapted from (Lamb et al., 2013) 
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found an accumulation of huntingtin and autophagosomes. Furthermore, it was also found that in the 

presence of rapamycin, an autophagy activator, there was an increase of protein clearance. Taking this 

into account, the authors suggest that autophagy displays essential role in aggregates clearance 

(Ravikumar et al., 2002).  Years later, the same group used in vitro models of several polyQ proteins 

and found that in presence of rapamycin autophagy is activated. Moreover, the authors also 

demonstrated the beneficial role of rapamycin for in vivo autophagy activation (Berger et al., 2006).  

In HD, since normal huntingtin plays a role in axonal transport its mutation leads to the accumulation 

of autophagosomes avoiding the normal processing by autophagy. Deletion of polyQ tracts in mutant 

huntingtin improved autophagy (Zheng et al., 2010). There are some evidences showing that beclin 1, 

which displays an essential role in autophagy, is recruited into the aggregates of mutant huntingtin, 

thus inhibiting autophagy (Shibata et al., 2006).  

In DPRLA there are also some evidences of an autophagy impairment. In a Drosophila melanogaster 

DRPLA model, it was shown that mutant atrophin caused a deregulation at the level of the lysosome, 

leading to a dysfunctional autolysosome and consequently to an autophagy impairment (Charroux and 

Fanto, 2010). Furthermore, it was also found that autophagic vesicles accumulate in glial cells of fly’s 

models of DRPLA, may be due to the severe dysfunctional lysosome. However, in contrast with other 

polyQ disorders, in which induction of autophagy seems to rescue neuropathology, in fly’s models of 

DRPLA there were no evidences of that (Nisoli et al., 2010). In mammalian models of DRPLA, there is 

still no report of an autophagy impairment, and so further studies are necessary in these models.   

 

2.2.1 Autophagy and Spinocerebellar ataxias 

Particularly, some evidences of autophagy impairment have been reported in spinocerebellar ataxias. 

In SCA1, ATXN1 is present in nucleus and cytoplasm of neurons. In Purkinje cell nuclei, an accumulation 

of ATXN1 was reported by Iwata in 2005. In this work, they also described the presence of vacuoles 

accumulation in Purkinje cells suggesting an impairment of autophagy. Nevertheless, the mutant form 

of ATXN1 showed to be degraded by the autophagic pathway (Iwata et al., 2005).   

In SCA7, the presence of inclusions containing mutant ATXN7 localizing in nucleus has been reported 

in cultured cells, which was also confirmed in brain from SCA7-patients, thus suggesting deregulations 

of protein turnover processes, mainly autophagy (Zander et al., 2001). Later, it was described that 

posttranslational modifications, mainly acetylation of some amino acids of mutant atx7 could be 

preventing its degradation through the autophagy process. Mutant atx7 was shown to accumulate in 
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cells while the normal protein that was not acetylated was correctly degraded by autophagy 

(Mookerjee et al., 2009).  

2.2.1.1 Autophagy and MJD 

In MJD, the Atx3 protein has been shown to accumulate in nucleus and cytoplasm. The first evidences 

of the crucial role of autophagy in MJD arose in 2002 and 2006. Expanded ataxin-3, as similar as, other 

polyglutamine diseases proteins has shown to be degraded by the autophagic pathway (Berger et al., 

2006; Ravikumar et al., 2002). In other study, the authors identified new modifiers of atx3 toxicity 

through genome-wide screen in an MJD D. melanogaster model expressing mutant atx3, and they 

found that most of these modifiers were involved in quality-control mechanisms, such as autophagy 

(Bilen and Bonini, 2007). Furthermore, they found that reducing ATG5 autophagy gene in a MJD model 

of D. melanogaster aggravated the MJS phenotype, thus suggesting a neuroprotective role for 

autophagy in MJD (Bilen and Bonini, 2007). Our group have also provided evidences of autophagy 

impairment in MJD. An accumulation of both mutant atx3 and autophagic proteins, such as p62, LC3 

and Atg16L was reported in brains from MJD patients, thus suggesting an impairment of autophagy 

(Nascimento-Ferreira et al., 2011). Ubiquitinated mutant atx3 aggregates were also found to co-

localize with p62 in the nucleus at early stages of disease and autophagosomes accumulated in the 

cytoplasm at late stages of disease progression in an MJD lentiviral rat model (Nascimento-Ferreira et 

al., 2011).  Furthermore, beclin 1 was drastically reduced in MJD patient’s fibroblasts as well as in an 

MJD transgenic mouse model (Nascimento-Ferreira et al., 2011). In 2016, our group used fibroblasts 

from healthy and MJD individuals and investigated whether autophagy is impaired in MJD-fibroblasts. 

A tendency towards the accumulation of p62 and a reduction of LC3II were observed in MJD 

fibroblasts, thus corroborating all the results suggesting a defect of the autophagy pathway in MJD 

(Onofre et al., 2016).  

 

 

2.2.1.1.1 Autophagy as a therapeutic target in MJD 

Given the evidences of an impairment of autophagy in MJD, our group and others have been 

developing different therapeutic strategies for MJD involving autophagy induction. For example, 

Menzies and collaborators tried to induce autophagy using an rapamycin ester, an inhibitor of mTORC, 

named Temsirolimus (Menzies et al., 2010). The group injected this compound in the brain of an MJD 

transgenic mouse model and found that both mTORC and other proteins from mTOR pathway were 

repressed. Moreover, Temsirolimus was also able to decrease aggregates number and soluble mutant 
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atx3 in cytoplasm, while endogenous WT atx3 was not affected. This compound also demonstrated to 

be able to rescue motor incoordination (Menzies et al., 2010).In other study of our group, beclin 1 was 

overexpressed in an MJD lentiviral rat model (Nascimento-Ferreira et al., 2011). The results showed a 

reduction in the number of aggregates and oligomers,  as well as a reduction of neuronal dysfunction 

upon beclin 1 overexpression (Nascimento-Ferreira et al., 2011).Later, we have also assessed whether 

beclin 1 overexpression would rescue motor and neuropathological impairments when administered 

to pre and post-symptomatic models of Machado-Joseph disease (Nascimento-Ferreira et al., 2013). 

The overexpression of beclin 1 resulted in significant improvements of motor coordination, gait and 

balance, as well as a preservation of neuronal dysfunction and neurodegeneration in both lentiviral-

based and transgenic mouse models of MJD (Nascimento-Ferreira et al., 2013). In other study, it was 

reported that treatment with 17-DMAG, which is an Hsp90 inhibitor being an autophagy activator, was 

able to rescue motor incoordination of a transgenic mouse model along with a decrease in the number 

of inclusions  (Silva-Fernandes et al., 2014). In the same year, our group have also reported that 

autophagy activation-mediated by let-7 ameliorated neuropathology in an MJD lentiviral-mouse 

model (Dubinsky et al., 2014). More recently, we also showed that caloric restriction was able to induce 

autophagy  and rescue motor and neuropathological impairments in a transgenic mouse model 

(Cunha-Santos et al., 2016). 

Based on our study about calpains and other important studies about proteolytic cleavage in MJD, 

Watchon and his collaborators investigated the effect of calpeptin, other inhibitor of calpains, in an 

MJD transgenic zebrafish model (Watchon et al., 2017). Here, they found that calpeptin was able to 

reduce atx3 fragments and improve motor impairment. Interestingly, they also found that this effect 

of calpeptin was directly related with autophagy, demonstrated by a decrease of beclin-1 and p62 

levels and an increase of LC3II levels in calpeptin treated zebrafish. This results suggest that inhibition 

of calpains resulted in  autophagy activation in MJD (Watchon et al., 2017). 

Altogether, these studies showed that autophagy plays an important role in neuroprotection of polyQ 

diseases, particularly in MJD. Autophagy impairments were shown to contribute towards MJD 

pathogenesis and induction of this mechanism resulted in an amelioration of neuropathology and 

motor incoordination. Thus, this mechanism is a crucial target for polyQ therapy, especially for MJD. 
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3. MicroRNAs (miRNAs)  

MicroRNAs (miRNAs) are endogenous molecules, highly conserved among species, which have been 

implicated in several mechanisms, through gene regulation.  The existence of these molecules was first 

reported in 1993. At that time, two different groups found a gene involved in the development of C. 

elegans that did not encode for a protein, but instead encodes for a small RNA molecule, which they 

named lin-4. This small molecule bound complementary lin-14 mRNA regulating its expression (Lee et 

al., 1993; Wightman et al., 1993). These evolutionary sequences with single-strand are antisense 

sequences with approximately 22 nucleotides (Lagos-Quintana et al., 2001; Lee et al., 1993; Wightman 

et al., 1993).  

3.1 miRNA biogenesis 

In order to produce functional miRNA to bind mRNA target, the sequence needs to be synthesized by 

the cell. MiRNA gene may be localized in introns of protein-coding genes or in independent genomic 

transcription units  (Rodriguez et al., 2004). In canonical pathway, the first part of the process occurs 

in nucleus where miRNA gene is transcribed into a long primary-miRNA (pri-miRNA) by RNA 

polymerase II (Figure7). Most of these pri-miRNAs are polyadenylated (Lee et al., 2004a). Pri-miRNA is 

then cleaved by Drosha complex generating a hairpin molecule with 70 to 110 nucleotides, named by 

premature-miRNA (pre-miRNA) (Landthaler et al., 2004; Lee et al., 2003). This complex is a 

microprocessor complex that remains in two forms: a smaller complex containing Drosha with cofactor 

DiGeorge critical region 8 (DGCR8, also known as Pasha) or in a larger complex with RNA helicases, 

ribonucleoproteins and Ewing’s sarcoma proteins’ family, in which its function remains poorly 

understood (Gregory et al., 2004). After that, pre-miRNA is exported to cytoplasm through exportin 5 

in a complex with Ran-GTP (Yi et al., 2003) where it will be recognized and cleaved by Dicer (an RNase 

III enzyme) and Transactivation-response RNA-binding protein (TRBP) generating an imperfect double-

strand mature miRNA with 20-24 nucleotides (Lee et al., 2004b). Finally, in the last step, one of miRNA 

strands will be degraded and the other mature strand will be incorporated into the RNA induced 

silencing complex (miRISC) through a dynamic process involving Dicer, TRBP, argonaut 2 (Ago2) and 

Ago-bound GW182 family proteins (Eulalio et al., 2008; Schwarz et al., 2003). Then , this complex binds 

complementary target mRNA inducing its cleavage or blocking its translation (Gregory et al., 2005) 

(Figure7).  
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Alternatively, miRNA can be originated from mirtrons, short intronic hairpins generated by intron 

splicing. Through this non-canonical pathway, mirtron is not cleaved by Drosha being directly export 

to cytosol via the same mechanism in canonical pathway (exportin 5). In the cytoplasm, the two 

pathways converge and mirtron will be cleaved by Dicer and consequently will bind the mRNA target 

(Berezikov et al., 2007; Okamura et al., 2007; Ruby et al., 2007) (Figure 8).  

Very recently, our group have demonstrated that impairments in miRNA biogenesis may contribute to 

MJD pathogenesis. A significant downregulation of genes implicated in miRNA biogenesis (DGCR8, 

Dicer, and FMR1), as well as of genes involved in miRNA silencing machinery (Ago2, TARBP2, and DDX6) 

was reported in a transgenic MJD mice model. Additionally, no significant alteration in Drosha levels 

was detected (Carmona et al., 2017).  Therefore, these results suggest that both an impairment in the 

miRNA biogenesis and  miRNA function may account for miRNA dysregulation and consequently 

contribute for a disarrangement in the control of gene expression at post-transcriptional level, that 

ultimately contribute for MJD pathogenesis (Carmona et al., 2017). 

  

Figure 7 miRNA biogenesis - Canonical pathway. The biogenesis of miRNA begins in nucleus with miRNA gene transcription. 
There, the transcript of primary miRNA (pri-miRNA) is cleaved by microprocessor Drosha-DGRG8 into premature miRNA (pre-
miRNA). Then, pre-miRNA, a microRNA duplex, is exported by exportin 5 complexed with RanGTP. In cytosol, it will be cleaved 
by complex Dicer-TRBP where one of strand will be degraded and the other will be incorporated into the miRISC complex in 
a dynamic process involving Dicer, TRBP, argonaut 2 (Ago2) and Ago-bound GW182 family proteins. This complex is now able 
to induce mRNA target cleavage or to repress its translation. Abbreviations: TRBP – transactivation response binding protein; 
RISC – RNA induce silencing complex; AGO – argonaute. Adapted from (Winter et al., 2009). 
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3.2 MiRNAs and MJD 

In the case of MJD, studies have reported a miRNA dysregulation in both human peripheral serum 

samples (miR-25, miR-125b, miR-29a and miR-34b) and in transgenic mice brain tissue (miR-15b, miR-

181a, miR-361 and mir-674) (Rodríguez-Lebrón et al., 2013; Shi et al., 2014). 

Our group also provided evidences of the important miRNA role in MJD pathogenesis. Three different 

miRNAs, such as mir-9, mir-181a and mir-494 targeting 3’UTR region of MJD1 gene, were identified as 

capable of regulating its gene expression (Carmona et al., 2017). MiRNAs levels  of those 3 miRNA 

candidates were assessed by qPCR in post-mortem tissue from patients and a tendency to be 

decreased was found in MJD patients (Carmona et al., 2017). In MJD neurons derived from hiPSCs, 

which have been reprogrammed from MJD patient’s fibroblasts, a downregulation of mir-181a and 

mir-494 was observed, while no difference in mir-9 levels was reported, when compared to control 

neurons (Carmona et al., 2017). Moreover, all the three miRNAs were significantly downregulated in 

transgenic mouse model comparing with WT mice (Carmona et al., 2017). This work also showed that 

overexpression of these miRNAs effectively reduced mutATXN3 levels and ameliorated the associated 

MJD neuropathology in a Lentiviral MJD mouse model (Carmona et al., 2017).  

Figure 8 Canonical and mirtron pathways. By contrast with the canonical pathway, mirtron derive from intron splicing and 
it is not cleaved by drosha. Then, mirtron pathway merge with canonical pathway, in which mirtron is translocated to cytosol 
by exportin 5-RanGTP. In cytoplasm, it is cleaved by Dicer as pre-miRNA and the mature miRNA strand bind to AGO forming 
complex to target mRNA. Abbreviations: AGO – argonaute. Adapted from (Okamura et al., 2007) 
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In conclusion, miRNAs appear to display an essential role in MJD and may be promising targets for the 

development of novel therapeutic approaches. 

3.3 MiRNAs and autophagy 

The first evidence of autophagy regulation by miRNAs was demonstrated in 2009 by Zhu and 

colleagues. They demonstrated that miR-30A bound to beclin 1, the protein involved in nucleation step 

of macroautophagy, repressing its expression. In the presence of miR-30A, they observed an inhibition 

of the autophagic pathway. They also observe that miR-30A was downregulated upon autophagy 

activation under starvation conditions (Zhu et al., 2009). 

Since then, more studies have reported the role of miRNAs in autophagy regulation. Huang and 

collaborators demonstrated that in early steps of autophagy, ULK2 is downregulated by miR885-3p, a 

miRNA involved in cell viability in response of chemotherapeutics (Huang et al., 2011). As previously 

shown, beclin 1 can be repressed by Bcl-2 (Pattingre et al., 2005). In addition, it has been reported that 

Bcl-2 can be downregulated by miR-195, miR-24-2 and miR-365-2 leading to beclin 1 activation and 

autophagy induction (Singh and Saini, 2012). Considering this, miRNAs against Bcl-2 were proposed to 

act as pro-autophagic factors (Singh and Saini, 2012). Other miRNAs than miR30A appear to target 

beclin 1 modulating its activity. It is the case of miR-17-5p (Chatterjee et al., 2014), miR-216a (Menghini 

et al., 2014), isoform A and B of miR-376 (Korkmaz et al., 2012, 2013) and miR-16 (Chatterjee et al., 

2015). MiR-216a was also shown to target ATG5 (Menghini et al., 2014) and miR376a to repress ATG4 

(Korkmaz et al., 2013). In other studies, it was shown that miR-30d (Yang et al., 2013), miR-143 and 

miR-130a regulated ATG2 (Kovaleva et al., 2012), while miR-101 repressed Rab5A, which is involved in 

regulation of beclin1-PIK3 (Frankel et al., 2011), thus demonstrating that all of them modulate 

autophagosome biogenesis. MiR30d was also shown to supress beclin 1 and ATG15 (Yang et al., 2013). 

In a subsequent step of autophagy mechanism, it was demonstrated that miR-375 targets Atg7, an 

enzyme that mediates LC3 and PE conjugation involved in the expansion of autophagosome, thus 

inhibiting autophagy in hepatocellular carcinoma (Chang et al., 2012).  LC3-II was also shown to be 

directly regulated by miR-204 which leads to downregulation of clearance mechanism found in 

cardiomyocytes (Xiao et al., 2011).  Regarding the last stage of autophagy, which corresponds to the 

fusion between autophagosome and lysosome, despite being the less understood some putative 

regulatory miRNAs have been pointed out. In 2011, a computational analysis revealed that miR-

130/301/454 cluster putatively regulates several key genes of the mTOR pathway involved in 

autophagy-lysosomal functions, including signalling genes such as IGF1, MAPK1, ULK1, ULK2, among 

others, as well as autophagy mediators, such as WDFY3, ATG2B and ATG16L1 (Jegga et al., 2011). 
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Taking all this data into account, miRNAs seem to be good therapeutic strategies for disorders linked 

to autophagy deregulation.  

 

3.4 Let-7 

Let-7 was one of the first discovered miRNAs. It was originally described in C. elegans as being involved 

in the process of transition from larvae to adult stage (Reinhart et al., 2000). Lack of let-7 expression 

led to an abnormal switch to adult stage, while its overexpression contributed to precocious 

development into adult stage. In this study, it was also found that lin-28 was negatively regulated by 

let-7 (Reinhart et al., 2000). In D. melanogaster, it was found that let-7 is involved in regulation of 

neuromuscular junction (NMJ), since absence of let-7 led to immature NMJ (Sokol et al., 2008). More 

recently, let-7 was implicated in suppression of NF-kB canonical and non-canonical pathways in 

atherosclerosis (Wang et al., 2017).  The authors showed that let-7 was able to target molecules 

involved in both NF-kB pathways in macrophages, thus resulting in a reduction of lipids accumulation, 

as wells as in a decrease of inflammatory molecules secretion. Therefore, let-7 mediated repression of 

NF-kB biogenesis was suggested as a potential therapy for atherosclerosis (Wang et al., 2017).  

Let-7 is generated by the canonical pathway of miRNA biogenesis. However, it can also be regulated 

by lin28, which modulates its expression in tissues at a posttranscriptional level. After transcription, 

lin28 binds to conserved loop of let-7 recruiting terminal uridylyl transferase 4 or 7 (TUT4/ZCCHC11 - 

zinc finger, CCHC domain containing 11 or TUT7/ ZCCHC6 – zinc finger, CCHC domain containing 6) 

(Hagan et al., 2009) (Figure 9). TUT4/7 will poly-uridylate (polyU) the precursor of let-7 (pre-let-7), 

avoiding its cleavage by dicer and labelling it for degradation. Contrarily, repression of TUT4/7 and 

downregulation of lin28 led to an accumulation of let-7 and suppression of let-7 targets (Hagan et al., 

2009). Years later, Chang et al. found that Dis3L2, a exonuclease involved in Perlman syndrome, was 

the responsible for let-7 degradation (Chang et al., 2013) (Figure 9). In other study, Heo and coworkers 

discovered that in absence of lin28, TUT4/7 was able to mono-uridylate (monoU) let-7 inducing 

cleavage by dicer (Heo et al., 2012). More recently, two domains in TUT4/7 were identified as being 

responsible for the switch between monoU and polyU. In this study, the authors found that catalytic 

module is responsible for mono-uridylation and poly-uridylation, while lin28-interacting module  is 

recruited for oligo-uridylation (Faehnle et al., 2017).  
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3.4.1 Let-7 and autophagy  

Let-7 has also been indicated as a potential regulator of the autophagy mechanism. In 2011, Jegga and 

his colleagues described some miRNAs that might be involved in autophagy (Jegga et al., 2011). Using 

bioinformatics tools, they found that miR-98, a let-7 variant, may recognize several genes involved in 

autophagosome-lysosome fusion, such as, LAMP2 and Atg16L, however this evidence was not proved 

in vitro or in vivo studies (Jegga et al., 2011). 

In 2014, our group in a collaboration with La Spada evaluated the role of let-7 in the autophagy 

mechanism (Dubinsky et al., 2014). In this study, primary cortical neurons from a GFP-LC3 transgenic 

mice were cultured in a nutrient-limited media for autophagy induction and deregulated miRNAs were 

identified. From the miRNA array analysis, it was possible to identify 19 miRNAs that were 

overexpressed. From these miRNAs, five of them belonged to let-7 family and so the next studies were 

focused on let-7 (Dubinsky et al., 2014).  The results showed that in fact let-7 induces autophagy in 

primary cortical neurons and then they went to clarify the mechanism underlying autophagy activation 

mediated by let-7. mTOR protein levels were found to be significantly reduced in primary cortical 

neurons upon treatment with a let-7 mimic, thus indicating that let-7 regulates autophagy in an mTOR-

dependent manner (Dubinsky et al., 2014). Different bioinformatics tools, such as Ago HITS-CLIP 

analysis, TargetScan 6.0 and scanning directly for let-7 seeds sites were used to predict possible let-7 

targets involved in the repression of mTOR. Several genes were identified as putative targets of let-7, 

including LAMTORs (1-5), RagA/B/C/D, Map4k3, Slc1a5, Slc7a5 and Slc3a2. These genes are involved 

in amino acids sensing pathway, in which mTOR displays a central role (Figure 10). These results were 

further confirmed by qRT-PCR, in which all these genes appeared to be downregulated in the presence 

of let-7 (Dubinsky et al., 2014). 

Figure 9 Lin28/let-7 pathway. Contrarily to normal biogenesis, here, let-7 once targeted by lin28 is not cleaved by Dicer. 
Lin28 binds conserved loop of let-7 percursor recruiting TUT4/7 that will poly-uridylate this miRNA. In this way, let-7 will be 
degraded by Dis3L2, thus activating let-7-targets. Abbreviations: TUT4/7 – terminal uridylyl transferase 4/7. Based on 
(Balzeau et al., 2017) 
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As previously reported, also by our group, autophagy is impaired in MJD (Berger et al., 2006; Bilen and 

Bonini, 2007; Nascimento-Ferreira et al., 2011; Ravikumar et al., 2002). In addition, we have shown 

that let-7 is able to activate autophagy in neurons (Dubinsky et al., 2014). Taking all this into account 

we went to assess whether let-7 could activate autophagy in vivo and simultaneously ameliorate MJD 

phenotype (Dubinsky et al., 2014). Our results showed that Let-7 was able to reduce aggregates 

number in the context of increased levels of LC3-II in a lentiviral mouse model of MJD. Therefore, we 

were able to show that  let-7 is capable of inducing autophagy in vivo and has a promising potential as 

a therapeutic strategy for MJD (Dubinsky et al., 2014).  

3.4.2 Let-7 target genes 

Mitogen-activated protein kinase kinase kinase kinase 3 (Map4k3) also known as Germinal center 

kinase-like kinase (GLK) belongs to a large family of kinases, Ste20 kinase family, which is involved in 

several cellular mechanisms and  is broadly expressed in mammalians (Diener et al., 1997). In 2007, 

Figure 10 llustration of the proposed mechanism for autophagy activation mediated by Let-7. Let-7 seems to target several 
genes from the amino acid sensing pathway. The hypothesis is that let-7 is able to silence many targets in this pathway, such 
as Slc1a5, Slc7a5, Slc3a2, Lamtors (1-5), Rag A/B/C/D and Map4k3, thus leading to mTORC1 repression and ultimately to 
autophagy activation. 
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Findlay and his group link for the first time the activity of MAP4K3 with the activation of mTORC1 via 

amino acid sensing pathway (Findlay et al., 2007). In this study, they found that knocking down CG7097 

in D. melanogaster, which corresponds to MAP4K3 in mammalians, resulted in a decrease of S6K1 

phosphorylation, an important effector of mTORC1. In addition, they got into the same conclusions 

after testingMAP4K3 knockdown in human cells.  By the opposite, an overexpression of MAP4K3 

resulted in an activation of mTORC1 and in the presence of amino acids, the S6K1 was not 

phosphorylated due to the knockdown of MAP4K3, thus suggesting MAP4K3 is activated under non-

nutrient starvation conditions (Findlay et al., 2007). Very recently, Hsu and his group tried to 

understand how MAP4K3 could regulate mTORC1 and consequently autophagy (Hsu et al., 2018). In 

this study, MAP4K3 was repressed in human cells and the results showed that autophagy was more 

activated compared to the control. Furthermore, MAP4K3 was also shown to regulate the cellular 

localization of Transcription Factor EB (TFEB), which is a positive regulator of autophagy. Once in the 

nucleus TFEB activates autophagy, however when located into the cytosol inhibits autophagy. 

Therefore, they found that in the absence of MAP4K3, TFEB remains in nucleus, whereas it is 

translocated to the cytosol upon overexpression of MAP4K3 (Hsu et al., 2018). In this study, TFEB was 

also shown to interact with mTORC1 following phosphorylation at TFEB serine 3 mediated by MAP4K3. 

Together these facts indicate that MAP4K3 phosphorylates TFEB, facilitating the interaction between 

TFEB and mTORC1 and subsequent phosphorylation of TFEB. TFEB remains sequestered in the 

cytoplasm, thus resulting in autophagy inhibition (Hsu et al., 2018). 

Ras-related GTP-binding protein (Rag GTP-ases) is a large protein complex, which includes RagA, RagB, 

RagC and RagD. In the context of autophagy, Kim et al. demonstrated the direct relationship between 

Rag GTP-ases and mTORC1 (Kim et al., 2008). In this study, they found that Rags were able to 

phosphorylate S6K1, whereas their downregulation led to a reduction in S6K1 phosphorylation, thus 

demonstrating a direct regulation of mTORC1. Furthermore,  constitutively active Rags were shown to 

activate mTORC1 even in the lack of amino acids conditions, thus  demonstrating that sensibility of 

mTORC1 to amino acids conditions is mediated by other proteins than itself (Kim et al., 2008). At the 

same time, Sancak and his colleagues reported that Rags coimmunoprecipitated with raptor, one of 

the principal components of mTORC1, suggesting a role of Rag GTP-ases in mTORC1 regulation (Sancak 

et al., 2008). In addition, they also found that in presence of amino acids, mTORC1 changes its 

localization from cytoplasm to perinuclear region and to large vesicular structures where it would be 

activated and it will mediate cell growth (Sancak et al., 2008). 

Lamtors are a gene family, which have been associated to the complex named “Ragulator”. This family 

is composed by five genes: Lamtor1, Lamtor2, Lamtor3, Lamtor4 and Lamtor5 which encodes for p18, 

p14, MP1, LAMTOR4 (C7orf59) and LAMTOR5 (HBXIP), respectively. In 2010, Sancak and his group 



Chapter I - Introduction 
 

28 
 

found that p18, p14 and MP1 interact with Rag GTP-ase proteins confirmed by coimmunoprecipitation 

of these proteins (Sancak et al., 2010). Besides that, the absence of p18 and p14 led to a decrease in 

mTORC1 activation through amino acids sensing pathway, thus resulting in autophagy activation. 

Ragulator has also shown to be essential for mTORC1 translocation to the lysosomal membrane where 

Rags GTP-ases remain (Sancak et al., 2010). In 2012, the same group have also demonstrated  that 

LAMTOR4 and LAMTOR5 were present in precipitates containing p14, p18 or RagB (Bar-Peled et al., 

2012). Moreover, they found a stronger interaction with Rags GTP-ases when in the presence of 

LAMTOR4 and LAMTOR5 than in their absence, thus confirming that Ragulator complex is constituted 

by five proteins instead of three, which were firstly described. Moreover, the authors found that 

Ragulator is sensitive to presence of amino acids because act as guanine nucleotide exchange factor. 

This property makes Ragulator a mediator of Rags binding to nucleotides and consequently confers to 

this complex the ability to be sensitive to the presence of amino acids regulating mTORC1 (Bar-Peled 

et al., 2012).  

SLC7A5, also known as LAT1 is a bidirectional transporter that forms a heterodimer with SLC3A2 and 

both are responsible to the exchange of L-glutamine to the L-leucine. In the context of mTORC1 

regulation, Nicklin and his collaborators found that cellular medium containing L-glutamine was 

mandatory for the activation of mTORC1 (Nicklin et al., 2009). Taking this into consideration, they 

wondered whether SLC7A5/SLC3A2 could regulate the activation of mTORC1 through the L-

glutamine/L-leucine efflux. The knockdown of SLC7A5/SLC3A2 led to a decrease of mTORC1 activity 

and activation of autophagy, by decreasing L-glutamine uptake  (Nicklin et al., 2009). After this, 

Milkereit and his group showed that LAPTM4b, which is a lysosomal protein, is essential for the 

recruitment of SLC7A5 transporter in SLC7A5-mediating L-leucine efflux (Milkereit et al., 2015). 

All these genes, being let-7 targets, demonstrate to be important for mTORC1 and autophagy 

regulation.   
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Main goals 

Autophagy is one of the compromised mechanisms in MJD contributing to neurodegeneration. Taking 

this into account, some therapeutic approaches had consisted of inducing autophagy to enhance 

degradation of the disease protein. In fact, previous works of our group demonstrated that activation 

of autophagy ameliorate the motor deficits observed in MJD (Cunha-Santos et al., 2016; Nascimento-

Ferreira et al., 2013). Additionally, in our lentiviral mouse model it was observed that let-7 was able to 

activate autophagy and decrease the number of ubiquitin-positive inclusions after 4 weeks of 

treatment (Dubinsky et al., 2014).  

Concerning this, the main goal of this work is to study the effect of autophagy activation mediated by 

Let-7 microRNA in a transgenic (Tg) mouse model of MJD, firstly described by Torashima et al. 

(Torashima et al., 2008). For that, we aimed at: 

• Evaluating the effect of let-7 on motor coordination and balance, which were shown to be 

compromised in this Tg MJD mouse model; 

• Investigating whether let-7 is capable of ameliorating neuropathological effects observed in 

these Tg MJD mice; 

• Characterizing the autophagy impairment in this Tg MJD mouse model; 

• Evaluating whether let-7 could activate autophagy in this Tg mouse model; 

• Assessing the expression levels of let-7 targets in Tg MJD mice, before and after let-7 

treatment, in an attempt to identify the important players in an MJD context. 
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1.1 Material 
 

        Table 3: Immunohistochemistry and western blotting primary and secondary antibodies 

Immunohistochemistry 

Primary antibody Host Dilution Reference/supplier 

Monoclonal anti-haemagglutinin (HA) Mouse 1:1000 
#901501 (BioLegend, CA, 

USA) 

Polyclonal anti-glial fibrillary acidic protein 

(GFAP) 
Mouse 1:1000 

#3670 (Cell Signaling 

Techonology) 

Anti-ionized calcium binding adaptor 

molecule 1 (Iba-1) 
Rabbit 1:1000 019-19741 (Wako) 

Polyclonal anti-calbindin D-28k antibody Rabbit 1:500 
AB1778 (Merck Millipore, 

Darmstadt, Germany) 

Secondary antibody Host Dilution Reference/supplier 

Anti-mouse Alexa Fluor 488 Goat 1:200 A-11029 (Invitrogen) 

Anti-rabbit Alexa Fluor 488 Goat 1:200 A-11034 (Invitrogen) 

Anti-rabbit Alexa Fluor 647 Goat 1:200 A-21245 (Invitrogen) 

Western Blotting  

Primary antibody Host Dilution Reference/supplier 

Polyclonal anti-p62 Rabbit 1:1000 
#5114 (Cell Signaling 

Technology) 

polyclonal anti-LC3B Rabbit 1:1000 
#2775 (Cell Signaling 

Technology) 

Monoclonal anti-haemagglutinin (HA) Mouse 1:1000 
#901501 (BioLegend, CA, 

USA) 

Polyclonal anti-RagC Rabbit 1:1000  
#3360 (Cell Signaling 

Technology) 

Monoclonal anti- β-actin Mouse 1:2000 or 1:5000 

AC74 A2228 (Sigma 

Aldrich, St. Louis, MO, 

USA) 

Secondary antibody Host Dilution Reference/supplier 

Anti-rabbit alkaline phosphatase conjugated  Goat 1:10 000 

#31340 (Thermo 

Scientific, Rockford, IL, 

USA) 

Anti-mouse alkaline phosphatase conjugated Goat 1:10 000 WP20006 (Invitrogen) 
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1.2 Methods 

1.2.1 Lentiviral vectors production 

Lentiviral vectors (LV) encoding for let-7 microRNA precursor (let-7f-2) and miR-scramble (miR-scr) 

were produced in human embryonic kidney 293 T cells using a four-plasmid system described 

previously (de Almeida et al., 2002; De Almeida et al., 2001). The lentiviral particles were produced 

and resuspended in 0.1 M phosphate-buffered saline (PBS) with 0.5 % bovine serum albumin, and 

samples were matched for particle concentration by measuring HIV-1 p24 antigen content (RETROtek, 

Gentaur, Belgium). Concentrated viral stocks were stored at -80 ºC until use. 

 

1.2.2 Stereotaxic surgery procedure  

The in vivo experiments were carried out in accordance with the European Community Council 

Directive (86/609/EEC) 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 (Direcção Geral de Veterinária). The animals were housed in a temperature-controlled 

room and maintained on a 12-h light/dark cycle. Food and water were available ad libitum. Six-week-

old transgenic Machado-Joseph disease mice (Torashima et al., 2008) were anaesthetized by 

intraperitoneal administration of ketamine (100 mg/Kg) /xylasine (10 mg/Kg) in a final proportion 2:1. 

These animals were stereotaxically injected with LV encoding for let-7 or mir-scr directly into the 

cerebellum and were kept for 12 weeks post-injection before being sacrificed for subsequent analyses, 

with behavior tests being performed every 3 weeks. Briefly, concentrated viral stocks were thawed on 

ice, resuspended by vortexing and the LV injection was performed by means of an automatic injector 

(Stoelting Co., Wood Dale, IL, USA) at the following coordinates: antero-posterior: - 2.3 mm; lateral: 0 

mm; ventral: - 3 mm, relative to lambda. All mice received a single 5µl injection of LV (250,000 ng of 

p24/ml) at a rate of 0.25 µl/min into the cerebellum. After injection, the syringe needle was left in 

place for an additional 3 min to allow for the diffusion of vectors and minimize backflow. 

 

1.2.3 Behavioural tests  

Six-week-old mice were submitted to a battery of motor tests starting 2 days before the stereotaxic 

injection (t=0) and every 3 weeks until 12 weeks post-injection. All tests were performed in a dark 

room with, at least, 60 min of acclimatization to the experimental room and at the same period of the 

day (during the morning until early afternoon). Details of each test can be found as follows: 
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• Beam walking test  

In beam walking test, motor coordination and balance were assessed by measuring the time mice took 

to cross a graded series of narrow beams towards an enclosed escape platform. This test was 

performed in two different square beams (1 m) with 18 mm and 9mm square wide, always sequentially 

from the widest to the narrowest beam. The beams were placed horizontally 25cm above the surface, 

with an end attached on a narrow support and the opposite end fixed to a bounded box (20 cm square) 

for mouse escaping. The latency time of each animal to cross each beam was recorded in two trials 

and the results correspond to the average. 

  

• Accelerated rotarod 

Motor coordination and balance were assessed using rotarod apparatus (Letica Scientific Instruments, 

Panlab, Spain) at an accelerated speed from 4rpm to 40 rpm, over a period of 5 min, as we previously 

described (Nóbrega et al., 2013). The latency time to fall off the rotarod apparatus was recorded for 

each animal in four different trials per time point with a minimum of 15 minutes intertrial interval and 

the results correspond to the average of the three first trials. 

• Swimming test 

For this test a rectangular aquarium was used (length: 150 cm; height: 20 cm; width: 11.5 cm), 

incorporating a platform at 10cm to the floor at the opposite site of the starting test point. The 

aquarium was filled up with water at 24-26ºC to the platform level.  Mice were placed at one end of 

the aquarium and the time spent to swim until the platform plus the time needed to climb the platform 

was recorded. Each animal performed three trials with a minimum of 15 minutes intertrial interval and 

the results correspond to the average of two trials.  

 

1.2.4 Tissue preparation for histological processing 

18 weeks old treated transgenic mice were sacrificed by ketamine/xylazine (2:1) overdose 

intraperitoneal injection. Mice were transcardially perfused in 0.1M PBS followed by 4% 

paraformaldehyde solution (4% PFA). Mice brains were removed and post-fixated in 4% PFA for 24h. 

After cryoprotection by incubation in 30% sucrose-PBS solution for 48 h, mice brains were stored at -

80°C. Sagittal slices with 30µm were cut in cryostat (Thermo Scientific CryoStar NX50) and stored at 

4°C in 48-multi-well plate containing PBS supplemented with 0.12 mmol/l sodium azide. 
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1.2.5 Cresyl-violet staining 

Free-floating sagittal sections were mounted in gelatin-coated slides. The sections were dehydrated 

by passing through water, 75% ethanol, 96% ethanol, 100% ethanol and xylene solutions followed by 

the process of hydration where sections stained 5 min in cresyl violet solution. Then the sections were 

dehydrated one more time and mounted in Richard-Allan ScientificTM Mounting Medium (Thermo 

Scientific). 

Images of staining were acquired in Carl Zeiss Axio Imager Z2 equipped with AxiocamHRc and Plan-

apochromat 20x/0.8. 

 

1.2.6 Free- floating immunohistochemistry 

Free-floating sagittal slices were permeabilized and blocked in PBS/ 0.1% Triton X-100 (Sigma) enriched 

with 10% of normal goat serum (NGS) solution (Alphagene Invitrogene) for 1h to 1.5h. Sections were 

then incubated at 4°C overnight in blocking solution with the primary antibodies. Depending on the 

antibody, free-floating sections in primary antibody stayed for an extra 1h to 2h at room temperature 

before the incubation for 2h in corresponding secondary antibody diluted in blocking solution (Table 

3). Sections were washed three times and incubated 5 min in nuclear marker 4’,6’-diamidino-2-

phenylindole (DAPI; 1:500). The sections were washed three times and mounted in DAKO fluorescence 

mounting medium on gelatin-coated microscope slides. 

Images of staining were acquired in Carl Zeiss Axio Imager Z2 equipped with AxiocamHRm and Plan-

apochromat 20x/0.8, or in Cell Observer Spinning Disk equipped with Plan-apochromat 20x/0.8 M27 

using Zen 2 (blue edition) software. 

 

1.2.7 Quantification of granular and molecular layers thickness and cerebellar volumes 

Quantification of granular and molecular layers thickness and lobular and cerebellar volumes were 

measured in 8 slices of each animal in a blind fashion (selected sagittal slices corresponding to 0.12mm, 

0.36mm, 0.60mm, 0.84mm, -0.12mm, -0.36mm, -0.60mm, -0.84mm lateral plans to the midline. These 

plans coincide with following diagrams: Figure 102, 104, 106, 108, respectively for both hemispheres 

in (Paxinos and Franklin, 2001)). Thickness of granular and molecular layers were manually assessed 

by drawing a line vertical to the bottom of each interlobule, excluding Purkinje cell bodies.  The joint 

measure of granular and molecular layers thickness took into account the beginning of molecular layer 

until the end of the granular layer vertical to the bottom interlobule including Purkinje cell bodies. The 
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showed results are the average of the thickness of each layer or the joint measure of layers in 

interlobule. Cerebellar volume was calculated according to the following formula: 8d(a1+a2+a3+…+a8) 

where d represents the distance between each section (240µm) and a1-8 represents the cerebellar 

area in each image. The quantification was performed in Zen 2 (blue edition) software. 

 

1.2.8 Quantitative analysis of haemagglutinin-tagged (HA) aggregates: 

Quantitative analysis of HA inclusions was performed in 8 specific sections per animal in blind fashion 

(selected sagittal slices corresponding to 0.12mm, 0.36mm, 0.60mm, 0.84mm, -0.12mm, -0.36mm, -

0.60mm, -0.84mm lateral plans to the midline. These plans coincide with following diagrams: Figure 

102, 104, 106, 108, respectively for both hemispheres in (Paxinos and Franklin, 2001)). The sections 

were scanned using 20x objective on Cell Observer Spinning Disk (Carl Zeiss). Number of HA inclusions 

were manually counted per lobule in Purkinje cells bodies region across of the 8 sections in maximum 

intensity orthogonal projection images and the total number of aggregates were calculated according 

to the following formula: 8(n1+n2+n3+…+n8) where n1-8 represents the number of aggregates in each 

section and 8 is the number of intermediate sections between each analysed section. Only aggregates 

with area between 1.51 μm2 and 37.9 μm2, a diameter between 1.4μm and 6.4 μm and a mean 

intensity value between 6258 and 33947 arbitrary units (a.u.) were considerate for the quantification.      

 

1.2.9 Quantitative analysis of GFAP, IBA1 and calbindin Immunoreactivity: 

In order to quantify GFAP, IBA1 and calbindin immunoreactivity, 8 stained sections per animal 

(selected sagittal slices corresponding to 0.12mm, 0.36mm, 0.60mm, 0.84mm, -0.12mm, -0.36mm, -

0.60mm, -0.84mm lateral plans to the midline. These plans coincide with following diagrams: Figure 

102, 104, 106, 108, respectively for both hemispheres in (Paxinos and Franklin, 2001) were scanned 

using 20x objective in Axio Imager Z2 (Carl Zeiss) acquiring images of maximum intensity focal plan. 

Quantification of the mean immunoreactivity intensity was performed blindly in Zen 2 (blue edition) 

system drawing the perimeter of each lobules or whole cerebellum. Final results correspond to the 

average intensity of the 8 analysed sections per animal.  
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1.2.10 Protein extraction procedure 

Eight sagittal slices per animal were used to extract protein from control and treated mice. Slices were 

washed in PBS for 15min and then the cerebellum was dissected from each section. Cerebellum tissue 

lysates were obtained by incubation in a solution containing Tris-base 20mM, pH 9 (Trizma, Sigma- 

Aldrich) supplemented with 2% Sodium Dodecyl Sulfate (SDS, Fisher Bioreagents) for 5min on ice 

followed by an incubation for 20min at 100°C plus 2h at 80°C. The samples were then centrifuged for 

20min at 13 200 rpm and 4°C. The samples were homogenized using the sonicator by two series of 5 

sec pulse (1 pulse/sec). The protein concentration was quantified according to the BioRad Protein 

Assay (BioRad) and stored at -20°C. 

 

1.2.11 Western Blot procedure 

The samples were first denatured in loading buffer (Tris-HCL 0.5M/0.4%, Glycerol 30%, SDS 10%/pH 

6.8, DTT 0.6M, bromophenol blue 0.01%) for 5min at 95°C and 30µg or 40µg of protein were resolved 

in Mini-Protean TGX Precast gels (BioRad), a 4%-15% gradient acrilamide gel and transferred to a 

polyvinylidene fluoride (PVDF) membranes (Merck Millipore). Membranes were blocked for 1h in 5% 

non-fat milk diluted in Tris-buffered saline (TBS) containing 0.1% Tween 20 (Sigma Aldrich) and 

incubated 1 or 2 overnights at 4°C in primary antibody followed by 2h incubation at room temperature 

(Table 3). Images were acquired using enhanced chemifluorescence substrate (ECF, GE Healthcare Life 

Sciences) in chemifluorescence imaging system (VersaDoc Imaging System model 3000, BioRad). The 

band quantification was performed using FIJI software and normalized to the amount of β-actin.  

 

1.2.12 Statistical analysis  

Statistical analysis was performed using GraphPad Prism6 software. Two-way analyses of variance 

(ANOVA) tests followed by the Bonferroni post hoc test were performed to assess statistical 

significance in Beam walking test. In the other graphs, unpaired t-test followed by Welch’s correction 

was used when both groups assume Gaussian distribution while unpaired Mann-Whitney test was 

used when at least one comparison group do not assume Gaussian distribution. P<0.05 was considered 

statistically significant. Data are presented as the mean±standard error of the mean (SEM). 
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In this work, a cohort of twelve Tg MJD mice were divided into two different groups. The control group 

was composed by 7 animals that were injected into the cerebellum with a control sequence, mir-scr 

combined with fluorescent protein mCherry as a reporter (Figure 11A, C). The treated group was 

composed by 5 animals that were injected with let-7 combined with fluorescent protein mCherry as a 

reporter (Figure 11 B,D). Both groups were subject to a set of behavioural tests, including accelerated 

rotarod, beam walking and swimming, performed before and every 3 weeks post-injection, for 12 

weeks (Figure 11 E). After that, animals were sacrificed, and the neuropathology was evaluated as 

shown in the results bellow. The differences in fluorescence between non-injected and injected mice 

is possible to see in Figure 11 F-H.  

 

1.1 Let-7 treatment improves motor coordination and balance  

Motor incoordination and imbalance affect most of the MJD patients, thus constituting the principal 

hallmark of MJD disease. In this study, a Tg mouse model of MJD was used, which was firstly described 

by Torashima et al. as exhibiting a remarkable cerebellar atrophy and a severe impairment of motor 

coordination and balance early from the 3rd week of age. Two groups of animals, one treated with let-

7 and the other treated with miR-scr were subjected to a set of behavioural tests, including beam 

walking, accelerating rotarod and swimming before and every 3 weeks post-injection, for 12 weeks 

(Figure 12 A-F). 

In beam walking test, animals had to cross two square beams with 18mm and 9mm of square wide, 

until they reached the escape platform. Balance and motor coordination were evaluated in this test.  

At 9 weeks post injection, let-7-treated mice showed a significantly better performance to cross the 

9mm square beam, thus taking less time to cross this beam, when compared to control group (Tg-mir-

scr: 16.424 ± 0.980s vs Tg-let-7: 12.918 ± 0.563s, p=0.0069). In addition, a tendency for a better 

performance in the 18mm square beam was also observed upon let-7 treatment at this time point (Tg-

mir-scr: 13.01 ± 0.618s vs Tg-let-7: 10.954 ± 0.363s, p=0.1326) (Figure 12 A). At 12 weeks post-injection, 

let-7 treated mice also showed a tendency to be faster crossing both beams than control mice , 

although  not reaching statistical significance (18mm: Tg-mir-scr: 13.272 ± 0.808s vs Tg-let-7: 10.693 ± 

0.730s, p=0.3229; 9mm: Tg-mir-scr: 15.474 ± 1.642s vs Tg-let-7: 12.990 ± 1.269s, p=0.3533) (Figure 12 

B).  

To further evaluate motor coordination and balance we have also performed accelerating rotarod test. 

In this test, mice were placed in rotarod apparatus and subjected to an accelerated speed from 4 r.p.m.  
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Figure 11 Scheme of cerebellar injection and study timeline. (A,B) Schematic representation of lentiviral (LV) 

constructs used to evaluate the effect of let-7 in MJD. (A) Control construct was composed by mir-scr clone downstream 

of mCherry, the gene reporter under control of CMV in a lentiviral backbone. (B) Let-7 construct includes mir-let-7 

precursor clone downstream of mCherry, the gene reporter under control of CMV in a lentiviral backbone. (C-D) 

Representative image of cerebellum mice sagittal slice demonstrating the cerebellar injection at lobule V. The control 

group was injected with LV coding for mir-scr (C) and the treated group was injected with LV coding for let-7 (D). (E) 

Scheme of the study timeline. Mice were stereotaxically injected into the cerebellum at 6 wks post-birth and the 

behavioural tests were performed before and every 3 wks post-injection, for 12 wks. After that, mice were sacrificed, 

and neuropathology was evaluated (F-H). Transgene expression in non-injected age-matching mice (F), mice treated 

with mir-scr (G) and mice treated with let-7 at 12 weeks post-injection. Scale bar, 500μm. LTR-Long terminal repetition; 

CMV – cytomegalovirus; mir-scr – scramble microRNA; wks – weeks. 
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to 40 r.p.m. for a maximum of 5min. At 9 weeks post-injection, we observed that Tg-let-7 mice had a 

significantly higher ability to stay in the apparatus than control mice (Tg-mir-scr: 14.86 ± 3.309s vs Tg-

let-7: 23.80 ± 4.325s, p=0.0440) (Figure 12 C).  At the last behaviour test time-point, Tg-let-7 mice also 

showed to be more robust to perform this test than the control group, however a statistically 

significant difference was not observed (Tg-mir-scr: 16.90 ± 5.163s vs Tg-let-7: 24.27 ± 3.849s, 

p=0.2798) (Figure 12 D). 

In the swimming test, which aims to assess coordination of limbs used during voluntary locomotion, 

we observed that at 9 weeks post injection let-7 treated mice had more ability to cross the pool and 

climb to the platform, being faster than the control mice to complete the mission (Tg-mir-scr: 9.090 ± 

1.198s vs Tg-let-7: 6.151 ± 0.4611s, p=0.0527) (Figure 12 E). In the last time point, at 12 weeks post-

injection, Tg-let-7 mice showed a tendency to be more agile to swim and jump to the platform than 

the Tg-mir-scr mice (Tg-mir-scr: 7.374 ± 0.7482s vs Tg-let-7: 6.416 ± 0.3826s, p=0.2847) (Figure 12E). 

Altogether, these results show that let-7 is able to improve motor coordination and balance in a Tg 

MJD mouse model presenting exacerbated motor deficits at 6 weeks of age, thus ameliorating MJD 

phenotype. 

1.2 Mice treated with let-7 present an increase of cerebellar layers  

As mentioned above the Tg MJD mouse model used in this work  exhibits  a severe cerebellar atrophy 

which mimics what is observed at late stages of the disorder in humans (Torashima et al., 2008). In 

order to understand whether overexpression of let-7 would mitigate the neuropathology associated 

with MJD motor function impairments, we started by analysing both the molecular and granular layers 

thickness. This analysis was performed using Zen 2 (blue edition) software (Figure 13) and the results 

showed that let-7 could significantly increase granular layer thickness in the interlobule VII/VIII (Tg-

mir-scr: 37.88 ± 1.221μm vs Tg-let-7: 41.54 ± 1.093μm, p=0.0498) (Figure 13B) when compared to the 

control mice (Figure 13A) as shown in Figure 13E. Regarding the measures of thickness of molecular 

layer (Figure 13F) (Tg-mir-scr: 86.89 ± 6.367μm vs Tg-let-7: 89.85 ± 5.095μm, p=0.7246) and granular 

and molecular layer together with Purkinje cells in the interlobule VII/VIII (Tg-mir-scr: 136.6 ± 7.271μm 

vs Tg-let-7: 144.6 ± 5.739μm, p=0.4100), a tendency to be increased in let-7 treated animals has been 

reported when compared to control group, though not reaching statistical significance (Figure 13G). 

Furthermore, in interlobule VIII/IX, a significant increase in the thickness of granular and molecular 

layers together with the Purkinje cells was observed in mice treated with let-7 when compared to the 

control ones (Tg-mir-scr: 215.2 ± 8.234μm vs Tg-let-7: 245.9 ± 9.651μm, p=0.0303) (Figure 13J). In this 

interlobule, there was also a tendency for an increased thickness in the granular layer (Tg-mir-scr: 

69.62 ± 3.503μm vs Tg-let-7: 78.26 ± 3.703μm, p=0.1232) and molecular layer (Tg-mir-scr: 131.9 ± 
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Figure 12 Let-7 treatment ameliorates motor incoordination and imbalance in a Tg MJD mouse model. (A, B) Beam walking 
test evaluation demonstrated that treated mice had a better performance to cross the beam at 9 (A) and 12 weeks post-
injection (B), being statistically significant at 9 weeks in 9 mm square beam. (C, D) Accelerating rotarod test showed that tg-
let-7 mice had a significantly higher ability to remain in apparatus than the control mice at 9 weeks post-injection (C) and 
also showed a tendency for a better performance at 12 weeks post-injection (D). (E, F) Swimming test demonstrated that at 
9 weeks (E), as wells as 12 weeks post-injection (F) Tg-let-7 mice are able to cross the pool and climb the platform faster than 
control group, although not reaching statistical significance. Data represented mean ± SEM, *p<0.05 when compared with 
mir-scr injected mice (control group). (A, B) Two-way ANOVA with Bonferroni’s post-hoc test, n=7/5. (C-F) Unpaired t-test 
with Welch’s correction, n=7/5. 

5.741μm vs Tg-let-7: 155.6 ± 10.51μm, p=0.0925), when measured separately, in let-7 treated mice 

when compared with control mice group (Figure 13H, 13I). Overall, our results showed that let-7 

treatment partially rescued the cerebellar atrophy observed in this MJD mouse model, by preserving 

molecular and granular layers thickness at the interlobular zones VII/VIII and VIII/IX. 
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Figure 13 Let-7 treatment increases molecular and granular layers thickness. (A, B) Representative images of thickness of 
interlobule VII/VIII layers in control mice (A) and in treated mice with let-7 (B). (C, D) Images showing the layers thickness of 
interlobule VIII/IX in control mice (C) and mice treated with let-7 (D).  White, black and orange lines are representative of 
granular layer (GL), molecular layer (ML) and granular and molecular layers together with Purkinje cells (GL+ML+PC), 
respectively. Scale bar, 100µm. (E-G) Quantification of layers thickness in interlobule VII/VIII in granular layer (E), molecular 
layer (F) and granular and molecular layers together with Purkinje cells (G). (H-J) Quantification of layers thickness in 
interlobule VIII/IX in granular layer (H), molecular layer (I) and granular and molecular layers together with Purkinje cells (J). 
Data represented mean ± SEM, *p<0.05 when compared with mir-scr mice group (control). (E-I) Unpaired t-test with Welch’s 
correction, n=7/5; (J) Mann-Whitney test, n=7/5. 
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1.3 Cerebellar volume does not change upon let-7 overexpression in Tg MJD mouse model  

Cerebellar atrophy present in the Tg MJD mouse model used in this work was shown to  be associated 

not only with cerebellar layers atrophy, but also with a pronounced cerebellar volume reduction 

reported in comparison with WT animals (Torashima et al., 2008). Thus, we went to assess whether 

let-7 treatment could improve the cerebellar volume atrophy in Tg MJD mice (Figure 14). Our results 

showed that cerebellar volume is very similar in let-7 treated group and control group, as observed in 

Figure 14A and B. A quantitative analysis revealed no significant alterations in cerebellar volume 

between Tg-mir-scr and Tg-let-7 mice (Tg-mir-scr: 3.763x1010 ± 1.690x109 μm3 vs Tg-let-7: 3.752x1010 

± 1.238x109 μm3, p=0.9599), as shown in Figure 14C. This data suggests that let-7 treatment does not 

result in alterations of cerebellar volume.  

 

1.4 Aggregates number is not reduced upon let-7 treatment in lobules VIII/IX 

One of the most common hallmarks of the disease is the presence of misfolded proteins aggregates 

that induce neurodegeneration in cerebellum (Paulson et al., 1997). Taking this into consideration, we 

evaluated whether let-7 could diminish aggregates number in lobules VIII and IX of mice cerebellum. 

Thus, aggregates were manually counted using Zen 2 (blue edition) software. After the analysis of the 

total number of aggregates, no significant differences in the number of aggregates were observed 

between control mice (Figure 15C) and treated mice (Figure 15D) in lobule VIII and lobule IX together 

(Tg-mir-scr: 3942 ± 128.5 vs Tg-let-7: 4344 ± 443.8, p=0.4263) (Figure 15E). These results demonstrated 

that overexpression of let-7 did not result in misfolded protein aggregates decrease in lobules VIII and 

IX. 

Figure 14 Cerebellar volume does not change with let-7 treatment. (A, B) Representative images of cerebellar volume at 12 
weeks post-injection in control mice injected with mir-scr, (A) or in mice treated with let-7 (B) Quantification of cerebellar 
volume (C). Scale bar, 500µm. Red line demonstrates cerebellum contour. Data represented mean ± SEM. Unpaired t-test 
with Welch’s correction, n=5/5. 
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1.5 Let-7 treatment in lobules VIII and IX had no effect at preserving immunoreactivity of 

Purkinje cells 

In our Tg MJD mouse model the disease-gene target Purkinje cells due to its cell-specific promoter L7 

(Torashima et al., 2008).  Since Tg MJD mice exhibit marked defects in the Purkinje cells, we went to 

Figure 15 Let-7 treatment is not able to reduce aggregates number in lobules VIII/IX.  (A, B) Images representing mCherry 
labelling obtained upon mir-scr plasmid overexpression (A) or let-7 plasmid overexpression (B). (C, D) Representative images 
of aggregates in lobules VIII and IX together quantified in E. White arrows indicate the aggregates. Scale bar, 500µm. Data 
represented mean ± SEM. Unpaired t-test with Welch’s correction, n=7/5. 
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evaluated whether let-7 would improve immunoreactivity for calbindin. For that, we measured the 

immunoreactivity of Purkinje cells (Figure 16A-F) in lobules VIII and IX (represented as mean of the two 

lobules) in control mice (Figure 16G, H) and mice treated with let-7 (Figure 16 I, J). This analysis 

revealed a tendency for the decrease of calbindin intensity in Tg-let-7 (Tg-mir-scr: 3315 ± 78.91 a.u. vs 

Tg-let-7: 3079 ± 104.9 a.u., p=0.1090), as shown in Figure 16K. This result suggests that let-7 treatment 

was not able to recover immunoreactivity of Purkinje cells, at least in lobules VIII and IX.  

 

 

1.6 Treatment with let-7 does not induce gliosis  

The role of let-7 in neuroinflammation has been studied along the last years. In asthma, Polikepahad 

et al. found that let-7 displays a proinflammatory role inducing lung inflammation in allergic disorders 

(Polikepahad et al., 2010). More recently, deregulation of Let-7 was associated to neuroinflammation 

observed in depression (Wei et al., 2016). The impairment of let-7 biogenesis led to a upregulation of 

IL6, a proinflammatory cytokine (Wei et al., 2016). Moreover, along of the years has been observed 

neuroinflammation in the context of MJD reported in cell lines (Evert et al., 2001, 2003) as well as in 

late-stages of the disease in Tg mouse model (Silva-Fernandes et al., 2010). Regarding these, we 

assessed whether let-7 could be acting as an inflammatory factor (Figure 17A-H). Thus, we measured 

the immunoreactivity of astrocytes through GFAP labelling (Figure 17A,D) and the immunoreactivity 

of microglia through IBA1 labelling (Figure 17B,E). We observed no difference in astrocytes reactivity 

between control mice (Figure 17A) and treated mice (Figure 17D) (Tg-mir-scr: 1140 ± 83.23 a.u. vs Tg-

let-7: 1064 ± 72.86 a.u., p=0.5123). At microglia level, no differences in IBA1 labelling were observed 

when comparing control mice (Figure 17B) and treated mice with let-7 (Figure 17E) (Tg-mir-scr: 1119 

± 97.08 a.u. vs Tg-let-7: 1129 ± 61.84 a.u., p=0.5253). Let-7 treatment does not have an effect on 

neuroinflammation mediated by astrocytes or microglia in Tg MJD mouse model.  
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Figure 16 Calbindin immunoreactivity does not change upon treatment with let-7. (A-F) Representative images of calbindin 
staining in control mice (A-C) and mice treated with let-7 (D-F) after 12 weeks injection. Calbindin immunoreactivity was 
quantified in lobule VIII and IX (represented as mean of the two lobules), as shown in G and H for control mice and I and J for 
treated mice with let-7. The quantification does not demonstrate differences in immunoreactivity of calbindin as shown in K. 
(B, E) DAPI, nuclei, blue. Scale bar 500µm. Data represented mean ± SEM. Unpaired t-test with Welch’s correction, n=7/5. 
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1.7 Autophagy is impaired in an MJD transgenic mouse model 

Autophagy impairment has been shown to contribute for MJD pathogenesis. Our group had already 

reported autophagy deregulation in several MJD models, such as Goti et al. transgenic mouse model, 

human tissue and hiPSCs (Nascimento-Ferreira et al., 2011; Onofre et al., 2016). However, in our model 

of study, the Torashima et al. transgenic mouse model, this is not well documented. Thus, to better 

understand the effect of let-7 treatment in autophagy mechanism we first went to characterize 

autophagy impairment in this model. For that, we performed western blot analysis and found that Tg 

mice presented a significant decrease of LC3 I, an autophagy marker, when compared to WT mice (WT: 

Figure 17 Treatment with let-7 does not induce gliosis(A-F) representative images of GFAP and IBA1 staining in Tg-mir-scr 
mice (A-C) and in treated mice with let-7 (D-F) after 12 weeks of treatment. (A,D) GFAP and (B, E) IBA1 staining were 
quantified in whole cerebellum. Quantification of GFAP and IBA1 does not show any differences in immunoreactivity 
comparing Tg-mir-scr and treated mice respectively in (G) and (H). (C,F) DAPI, nuclei, blue. Scale bar, 500µm. Data 
represented mean±SEM. (G) Unpaired t-test with Welch’s correction, n=7/5. (H) Mann-Whitney test, n=7/5. 
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1.0 ± 0.2084 vs Tg: 0.4051 ± 0.05823, p=0.0317) (Figure 18A). Moreover, a tendency for an 

accumulation of P62 was observed in Tg mice, when compared to the WT group (WT: 1.0 ± 0.1078 vs 

Tg: 1.217 ± 0.06263, p=0.1111) (Figure 18B). This data correlate with a tendency for an accumulation 

of HA aggregates (WT: 1.0 ± 0.3274 vs Tg: 1.755 ± 0.3674, p=0.1905) (Figure 18C), as well as with a 

significant increase of soluble HA levels (WT: 1.0 ± 0.1997 vs Tg: 4.914 ± 0.9250, p=0.0159) observed 

in Tg mice in comparison to WT group (Figure 18D).  

Altogether, these results demonstrated an autophagy impairment in Torashima et al. transgenic 

mouse model in the context of an accumulation of aggregates and soluble HA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Autophagy is deregulated in MJD transgenic mouse model inducing aggregates and soluble HA accumulation(A,B) 
Autophagy is impaired in MJD tg mouse model.  Tg mouse model presents a significant decrease of LC3I (A) and a tendency 
for P62 accumulation (B) when compared to WT mice. In Tg mouse model there is also a tendency to the accumulation of HA 
aggregates (C) and a significant increase of soluble HA protein (D). Data represented mean±SEM. *p<0.05 (A-D) Mann-
Whitney test, n=4/5. 
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1.8 Autophagy is partially activated upon let-7 treatment  

In order to understand whether let-7 is able to activate autophagy in Tg MJD mouse model, we have 

performed western blot analysis to assess the expression of autophagy markers in control and let-7 

treated mice (Figure 19). We observed a slight tendency for an increase in LC3I in Tg-let-7 mice when 

compared to the control group (Tg-mir-scr: 1.0 ± 0.05409 vs Tg-let-7: 1.594 ± 0.5371, p=0.3316) (Figure 

19A). By the opposite, P62 showed to be slightly decreased in Tg-let-7 mice (Tg-mir-scr: 1.0 ± 0.05598 

vs Tg-let-7: 0.9142 ± 0.08203, p=0.4162) (Figure 19B).  

The presence of aggregates was also evaluated in control and let-7 treated mice by western blot 

analysis. Contrarily to what we have observed by immunohistochemistry, a decrease of aggregates in 

let-7 treated group was reported, although not reaching statistically significance (Tg-mir-scr: 1.0 ± 

0.08934 vs Tg-let-7: 0.7293 ± 0.1159, p=0.1039) (Figure 19C).  

In sum, these data seem to indicate there is a partial recover of autophagy mechanism in mice treated 

with let-7, which seems to be correlated with the reduction of aggregates in these mice 

 

 

 

 

 

 

1.9 Let-7 target is increased in a Tg mouse model and decreased under let-7 overexpression 

In a previous study, several putative targets of let-7 were predicted using different bioinformatic tools, 

and further validated by qRT-PCR (Dubinsky et al., 2014). This study showed that many of let-7 targets 

belong to the amino acid sensing pathway.  Basal levels of RagC, one of the validated let-7 targets, 

were assessed in Tg and WT mice by western blot analysis. Our results showed that RagC tended to be 

increased in Tg mice group when compared to the WT group (WT: 1.080 ± 0.01286 vs Tg: 1.650 ± 

Figure 19 Let-7 treatment partially activates autophagy. (A,B) Quantification of autophagy markers revealed that let-7 may 
partially activate this clearance cell mechanism, demonstrated by an increase of LC3I (A) and a slight decrease of P62 (B). (C) 
A decrease of aggregates levels was reported in Tg-let-7, in the context of autophagy activation. Data represented 
mean±SEM.(A-C) Unpaired t-test with Welch’s correction, n=5/5 
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0.2045, p=0.250) (Figure 20A). Moreover, RagC levels were also evaluated under overexpression of let-

7 in Tg mice, and a decrease of RagC has been observed in Tg-let-7, which had almost reached statistical 

significance (Tg-mir-scr: 1.0 ± 0.1151 vs Tg-let-7: 0.7138 ± 0.07308, p=0.0754) (Figure 20B). 

These results indicate that RagC, being a let-7 target, may be involved in the mechanism of 

neuroprotection in MJD mediated by let-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 RagC levels are increased in Tg mice and are reduced upon let-7 treatment(A) Tg mice presents higher levels of 
RagC when compared to the wt group. (B) Mice treated with let-7 presents a reduction of RagC levels comparing to the 
control. Data represented mean±SEM. (A) Mann-Whitney test, n=3/4 (B) Unpaired t-test with Welch’s correction, n=5/5. 
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Neurodegenerative disorders are a scourge in our society due to the lack of treatments and 

consequently to the loss of quality of life. Particularly, MJD having an onset during the active life 

period,, leads to an impairment of motor coordination and balance, among other symptoms, which 

will disturb the normal life of the individuals (Bettencourt and Lima, 2011; Paulson, 2012; Pedroso et 

al., 2013). Although MJD is a rare disease across the world, in Portugal, namely in Azores, reaches an 

huge  incidence and consequently it is urgent to find a therapy for this disorder (Araújo et al., 2016).  

The exact pathogenic mechanisms that lead to neurodegeneration in MJD are not fully understood, 

but it has been shown that autophagy impairment is one of the possible mechanisms contributing to 

the pathogenesis. Disruption of autophagy in MJD has been reported in the last years, including by our 

group (Nascimento-Ferreira et al., 2011; Onofre et al., 2016). Moreover, we have also shown that 

activation of this mechanism ameliorates MJD disease phenotype (Cunha-Santos et al., 2016; 

Nascimento-Ferreira et al., 2013). In the present work, we aim at understanding whether let-7, a 

miRNA involved in amino acids sensing pathway regulation and mTORC1 inhibition, could activate 

autophagy and consequently rescue neuropathology, ataxia and balance deficits observed in MJD.  

We have started to evaluate motor behaviour in a Tg mouse model, before and every 3 weeks after 

let-7 treatment, during 12 weeks to understand whether let-7 could ameliorate motor deficits 

exhibited by this model. At 9 weeks post-injection, let-7 treated mice showed a better performance in 

all behaviour tests, including beam walking, accelerated rotarod and swimming. At 12 weeks post-

injection, let-7 treated group also showed to be more agile in all testes, although not reaching 

statistical significance. Together these results showed that let-7 miRNA alleviates balance and motor 

coordination impairments in a Tg MJD mouse model.  

Taking these results into account the next step was the evaluation of neuropathology in transgenic 

mouse model under overexpression of let-7 at 12 weeks post-injection (last behaviour time point), to 

understand whether behaviour data correlate with these data. First of all, we expected to observe an 

increase of thickness layers that would reveal the rescue of cerebellar atrophy. Here, we detected the 

significant increase of granular layer in interlobule VII/VIII as well as in granular and molecular layer 

together with the Purkinje cells in interlobule VIII/IX. We also saw a tendency to the increase of 

molecular layer and granular and molecular layers together with Purkinje cells in interlobule VII/VIII as 

well as the granular and molecular layers measured separately in interlobule VIII/IX. Our results 

pointed to a partial rescue of the cerebellar layers atrophy, characteristic in this MJD mouse model. 

These results are in agreement with what has been observed in other studies also performed by our 

group, in which they have reported a rescue of cerebellar atrophy in MJD upon activation of  autophagy 

(Cunha-Santos et al., 2016). Moreover, cerebellar volume was assessed in Tg mice control and Tg mice 
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treated with let-7 and the results showed no difference between the two study groups. This fact may 

indicate that the improvement observed in cerebellar layers thickness was not sufficient to rescue the 

cerebellar volume atrophy.  

The presence of aggregates is one of the most common hallmarks of the disease (Paulson et al., 1997). 

Since autophagy is a cellular clearance mechanism and previously our group had proved that its 

activation leads to a reduction in the number of aggregates (Cunha-Santos et al., 2016; Nascimento-

Ferreira et al., 2013), we went to study the possible effect of let-7 treatment on the number of 

aggregates present in our Tg mouse model. Previously in our lentiviral mouse model, a reduction of 

ubiquitin-inclusions has been reported in striatum after 4 weeks treatment with let-7  (Dubinsky et al., 

2014). Unfortunately, when we evaluated the number of aggregates in lobules VIII and IX of the 

cerebellum by Immunohistochemistry (IHC), we observed no differences between Tg mice treated with 

let-7 and control Tg mice. However, when we measured the levels of aggregates by western blot in all 

cerebellum, a tendency for the reduction in the number of aggregates was observed in Tg-let-7 mice. 

We speculate that these differences between the two analysis may be probably due to entropy of used 

antibody, which is anti-mouse, with the specie host, that is also mouse.  This fact increased the 

immunoreactivity when we used IHC, and this is the reason why this may have influenced in aggregates 

counting. Furthermore, in IHC analysis we only evaluate aggregates number in two lobules while in 

western blot analysis we have measured in the whole cerebellum. There are many evidences showing 

that not only in MJD, but also in other neurodegenerative disorders, activation of autophagy has a 

crucial effect on the reduction of protein aggregates. For example, in Huntington’s disease, Ravikumar 

and collaborators described that activation of autophagy with rapamycin caused a reduction in mutant 

huntingtin aggregates (Ravikumar et al., 2002).  Also in a cellular model of Parkinson’s Disease, 

rapamycin treatment resulted in the activation of autophagy and consequently in a decrease of α-

synuclein (Webb et al., 2003). Thus, we believe that let-7 is able to reduce aggregates in Tg mice, 

through autophagy activation, similarly to what we have observed in lentiviral-striatal mouse model 

(Dubinsky et al., 2014). 

Purkinje cells are one of the most important neurons in cerebellum. These neurons, which act as 

inhibitory neurons in cerebellum, receive excitatory inputs from granular cells and deliver inhibitory 

outputs to DCN, as well as to vestibular nuclei (reviewed by Gao et al., 2012). This circuitry allows the 

production of motor movements revealing the important role played by these cells in cerebellum 

(reviewed by Gao et al., 2012). In the case of the Tg mouse model used in this study, the truncated 

form of atx3 protein is driven by  L7 promoter to the Purkinje cells, which determines a severe MJD 

phenotype (Torashima et al., 2008). Due to Purkinje cells importance in cerebellum and particularly in 

MJD, we assessed whether let-7 treatment would be able to rescue the immunoreactivity of Purkinje 
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cells Tg MJD mice. Contrarily to what we were expecting, a tendency for a decrease in Purkinje cells 

immunoreactivity was observed in lobules VIII and IX (mean of the two lobules) in let-7 treated mice.  

The antibody used in this study to evaluate calbindin immunoreactivity, calbindin D-28K, labels not 

only Purkinje cells, but also other type of cells. This redundancy caused us some uncertainties about 

this result and other analysis has to be made, namely the use of other antibodies, like PCP-4, which 

was used previously in our group, and that we hope will allow to reduce background produced by 

calbindin staining (Oliveira Miranda et al., 2018). Besides that, the number of Purkinje cells, as well as 

their morphology could also be evaluated upon let-7 treatment in Tg MJD mice. 

In the last years, the role of let-7 in inflammation has been studied in several models, such as asthma 

and depression. It seems that let-7 act as proinflammatory factor in certain pathways, however acquire 

a preventive role in others, perhaps depending on the environment (Polikepahad et al., 2010; Wei et 

al., 2016). Let-7 has been shown to be involved in astrocytes differentiation (Shenoy et al., 2015) and 

in other studies let-7a was shown to act as an anti-inflammatory factor by regulating microglia function 

inducing the acquirement of M2 phenotype which is the neuroprotective form of these cells (Cho et 

al., 2015). 

In our work, we went to understand whether overexpression of let-7 could interfere with inflammation 

that has been reported in MJD (Evert et al., 2001, 2003; Silva-Fernandes et al., 2010). For this purpose, 

we have evaluated GFAP and IBA1 levels to determine astrocytes and microglia reactivity, respectively. 

No differences in astrocytes, as well as microglia reactivity, were observed between control mice and 

let-7 treated mice evaluated by IHC. Our results seem to indicate that let-7 miRNA does not have an 

effect on neuroinflammation mediated by astrocytes or microglia. 

Based on our previous work we knew that let-7 regulates many genes in the amino-acid sensing 

pathway, which mediate mTOR inhibition and ultimately induce autophagy (Dubinsky et al., 2014). 

Thus, we have focused our research on understanding whether the improvements observed in 

behaviour and neuropathology were due to the activation of autophagy mediated by let-7. In a first 

step we went to characterize autophagy impairment in Tg MJD mouse model, since it is not 

documented till now, to further understand the effect of let-7 in this model. Levels of autophagic 

markers, such as LC3I and P62 were determined in WT and Tg mice by western blot. Here, we detected 

a significant decrease of LC3I and a tendency for the accumulation of P62 in Tg mice when compared 

to WT. These data suggest that autophagy in this Tg mouse model is impaired in elongation step, 

before LC3I formation. Furthermore, the tendency for the accumulation of P62 observed in this model 

also suggests an autophagy impairment, since this protein is an autophagy substrate and it is supposed 

to be degraded across the process. This fact is also in accordance with previous studies in other MJD 
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models and also in other neurodegenerative disorders, where P62 was shown to accumulate under 

disease condition (Alves et al., 2014; Onofre et al., 2016; Simonovitch et al., 2016). Moreover, assuming 

that LC3I is not formed, we could guess that autophagosomes are not able to elongate (Hemelaar et 

al., 2003) and consequently will not fuse with lysosome, thus impairing autophagy.  

Our results have shown a dysfunctional autophagy in Tg MJD mouse model. After these conclusions, 

we went to evaluate whether let-7 treatment would activate autophagy, and this would be responsible 

for the differences that we observed at behaviour and neuropathological level. We have used the same 

approach described before in order to evaluate levels of autophagy markers.  A tendency for an 

increase of LC3I has been reported in let-7 treated mice comparing to the control group, while P62 

showed a tendency to be decreased upon let-7 treatment. Taking all these results into consideration, 

we believe that treatment with let-7 partially rescue dysfunctional autophagy, here documented in Tg 

mice. Our group, in other study using the same Tg MJD mouse model, have also showed that the 

induction of autophagy resulted in a decrease of P62 (Cunha-Santos et al., 2016).  

To further complete our study about autophagy activation upon let-7 treatment, we went to 

investigate RagC, a let-7 target. We have previously observed a RagC upregulation at the protein level 

under inhibition of let-7 (Dubinsky et al., 2014), thus we decided to assess RagC levels firstly in Tg mice 

model (basal levels) and then upon let-7 treatment. The basal levels of this protein were assessed, and 

the results showed a tendency for the overexpression of RagC in Tg MJD mouse model comparing to 

WT mice. RagC was shown to be involved in the amino acid sensing pathway leading to mTORC1 

activation and consequently inhibition of autophagy (Dubinsky et al., 2014; Sancak et al., 2008).  The 

fact that RagC had a tendency to be upregulated in Tg MJD mouse model corroborates our previous 

findings showing an autophagy impairment in this model. 

RagC levels were then evaluated upon let-7 overexpression, and the results showed that RagC protein 

tended to be decreased in Tg-let-7 mice when compared to control Tg-mir-scr mice.  These 

observations met our expectations, since we have previously reported an increase of RagC levels upon 

inhibition of let-7 in neuro2A cells (Dubinsky et al., 2014).  These data demonstrate that RagC is one of 

let-7 targets involved in the mechanism of autophagy activation mediated by let-7, not only in in vitro 

cell models, but also in Tg MJD mouse model. 

Altogether, our results provide evidences of an autophagy impairment in Tg MJD mouse model, which 

has been partially rescued by let-7 overexpression. Let-7 regulates the amino acid sensing pathway, 

being RagC one of the mediators, leading to autophagy activation and thus alleviating behaviour 

deficits and neuropathology in Tg MJD mice. With this work we are providing new insights to a new 

possible approach based on miRNAs for MJD therapy. 
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Conclusions 

After this work, we are better elucidated about the role of let-7 in MJD in vivo models and the possible 

mechanism underlying autophagy activation mediated by let-7 in MJD. Therefore, we may conclude 

that: 

• Let-7 treatment ameliorates motor deficits observed in an MJD transgenic mouse model; 

• A rescue of layers thickness atrophy in lobules VIII and IX and a tendency for a reduction in 

levels of aggregates in whole cerebellum were observed upon Let-7 treatment;  

• Let-7 treatment does not have an effect on neuroinflammation mediated by astrocytes or 

microglia in Tg MJD mouse model. Thus, let-7 is not acting either as a proinflammatory factor 

by inducing inflammation or as anti-inflammatory molecule by rescuing neuroinflammation 

documented in MJD; 

• Let-7 partially rescue autophagy impairment in Tg MJD mice by decreasing P62 levels and 

increasing LC3I levels; 

• RagC is one of let-7 targets involved in the mechanism of autophagy activation mediated by 

let-7, not only in in vitro cell models, but also in Tg MJD mouse model. 

 

Future perspectives  

To deeper understand the effect of let-7 in MJD, we intend to perform several other analyses to 

complement our results and conclusions, such as: 

• Understand whether let-7 affect Purkinje cells number and morphology; 

• Assess neuropathology parameters in lobule II and III, which showed to present a high 

expression of mCherry reporter gene; 

• Evaluate the expression levels of other let-7 targets involved in the amino acid sensing 

pathway in Tg MJD mice, before and after treatment with let-7; 

• Elucidate the mechanism of autophagy activation mediated by let-7, by defining which of the 

let-7 targets are more relevant in an MJD context. 
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