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“One of the greatest diseases is to be nobody to anybody.” 

 

Mother Theresa

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  
 



    
 

 

Summary 

The word "ataxia” comes from the Greek, " a taxis" meaning "without order or incoordination". Patients 
affected by this disease present a lack of balance in their gait and fine movement incoordination. 
Spinocerebellar ataxia type 7 (SCA7) is a dominantly inherited autosomal disease caused by a CAG 
(encoding Q) trinucleotide expansion within the coding region of the SCA7 gene, which is translated 
into an expanded polyglutamine (polyQ) stretch in the corresponding ataxin-7 protein. In SCA7, 
cerebellar ataxia is associated with blindness secondary to pigmentary macular dystrophy and retinal 
degeneration. Recent evidence has suggested that protein context and post-translational modifications 
influence the neurotoxicity of the polyQ proteins.  

In particular, the SUMOylation pathway was proposed to modulate the pathogenesis of several 
neurodegenerative diseases. This is why we focused on this modification. In 2010 our team identified 
ataxin-7 as a new SUMO target.  Hallmarks of the disease, ataxin-7 positive nuclear inclusions, 
colocalizing with SUMO1 and SUMO2, were observed in cortex and cerebellar cells. In a SCA7 disease 
cellular model, our team found that preventing SUMOylation of expanded ataxin-7 leads to higher 
amounts of SDS-insoluble aggregates. These results demonstrate that SUMOylation influences 
aggregation of polyQ expanded ataxin-7, which is likely a key event during progression of 
pathogenesis.  

My aim was to investigate about different aspects of this pathway to better understand its role in 
mutant ataxin-7 nuclear aggregation. In order to identify potential ataxin-7 SUMOylation actors, I 
analysed the expression and subcellular distribution of proteins that may be implicated in this pathway. 

One of the first steps was to identify the enzyme responsible for the transfer of a SUMO protein to the 
substrate, ataxin-7. This process is usually facilitated by SUMO E3 ligases, which might function as 
platforms that position the target in a favourable orientation for SUMO transfer. I focused my attention 
on the enzyme RanBP2, a nucleoporin (Nup358), which my team hypothesized to be the SUMO E3 
ligase for ataxin-7, a protein known to shuttle, as it contains three NLS and a NES. The purpose was to 
investigate whether RanBP2 is responsible for ataxin-7 SUMOylation or if other enzymes could catalyse 
this reaction. I showed that RanBP2 is the major E3 ligase that adds SUMO-1 to ataxin-7, in vitro and in 
a cellular model, and that silencing RanBP2 renders mutant ataxin-7 more prone to aggregation, thus 
demonstrating the implication of RanBP2 in SCA7 pathophysiology. RanBP2 may interact directly or 
indirectly with ataxin-7, as shown by immunoprecipitation. 

To first establish that SUMO modification enzymes are present in brain regions affected in SCA7 
disease, we quantified expression of SUMO-related genes in mouse cerebellum, striatum and retina 
using quantitative RT-PCR (qRT-PCR). Sumo-1 and Sumo-2 are expressed in wild-type mouse brain at 
relatively high levels. These data demonstrate that the SUMO machinery is present in relevant brain 
regions. To determine if SUMO-related genes show expanded repeat SCA7-dependent alterations in 
expression patterns, each was quantified in Atxn75Q/5Q and Atxn7100Q/5Q mouse cerebellum, striatum and 
retina at 6 and 12 months. At 6 months, some deregulations begins to occur, and by 12 months, there is 
a statistically significant impairment in Sumo-1 and levels in Atxn7100Q/5Q cerebellum suggesting that in 
vivo SUMO-modifying pathways may be perturbed in SCA7 disease. 

Finally I identified that ataxin-7 is also a target for SUMOylation by isoform 2. As already demonstrated 
for PML, SUMO-2 is able to poly-SUMOylate its partners and operates as a signal for degradation via 
the proteasomal machinery. I was interested in verifying whether RNF4, a poly-SUMO-specific 
ubiquitin E3 ligase, played a role in the degradation of SUMOylated ataxin-7 by its recruitment to the 
proteasome. Indeed, wild-type RNF4 mediates poly-SUMO-2 mutant ataxin-7 degradation and this 
effect is abolished with a mutant of RNF4. I thus conclude that poly-SUMOylation of mutant ataxin-7 is 
a signal for RNF4 mediated degradation. 

The structural data for the SUMO E3 enzyme RanBP2 in complex with the other components of the 
SUMO pathway is now available, making possible the structure-based design of specific inhibitors or 
activators. For this reason, the principal aim of my project was to elucidate the mechanisms regulating 
ataxin-7 degradation via SUMOylation cascade, including modifying and de-modifying enzymes, to 
identify the useful target for therapeutic intervention. 
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1. Introduction 

1.1. Protein misfolding and neurodegenerative disease  

Neurodegenerative diseases are some of the most debilitating disorders, affecting 

reasoning, feelings, cognition, memory and motion alike. Despite important 

differences in their clinical manifestations, neurodegenerative disorders share some 

common features such as when they appear, usually not before the 4th-5th decade or 

later in life. Typical shared characteristics are the extensive neuronal loss, synaptic 

abnormalities, and the presence of cerebral deposits of misfolded protein 

aggregates. These deposits are the typical signatures of neurodegenerative diseases 

and, although the main protein component is different in each disease, they have 

similar morphological, structural, and staining characteristics.  

In each neurodegenerative disease, the distribution and composition of protein 

aggregates are different (Soto, 2003). For example, in Alzheimer’s disease (AD), 

there are two types of protein deposits: amyloid-β and tau. Amyloid plaques are 

extracellular deposits in the brain parenchyma and around the cerebral vessel walls. 

Their main component is a 40- or 42-residue peptide termed amyloid-β protein (Aβ) 

(Glenner and Wong, 2012). Tangles are the second type of deposits in AD. They are 

located in the cytoplasm of degenerating neurons and comprise aggregates of 

hyperphosphorylated tau protein (Grundke-Iqbal et al., 1986). 

Likewise, in patients with Parkinson’s disease (PD), Lewy bodies are observed in the 

cytoplasm of neurons of the substantia nigra in the brain. The major constituents of 

these aggregates are fragments of a protein named α-synuclein. In patients with 

Huntington’s disease, intranuclear deposits of a polyglutamine-rich version of 

huntingtin protein are a typical feature of the brain. In amyotrophic lateral sclerosis 

(ALS), patients present aggregates mainly composed of superoxide dismutase in the 

cell bodies and axons of motor neurons (Soto, 2003).  
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Genetic studies support the causal role of protein misfolding in neurodegenerative 

diseases. “Mutations in the genes encoding the protein component of fibrillar 

aggregates are associated with the inherited forms of all neurodegenerative diseases. 

Mutations in the respective fibrillar proteins have been found in AD, PD, ALS and 

HD and related polyglutamine disorders”. Significant evidence coming from 

biochemical, genetic, and neuropathological studies support the involvement of 

protein misfolding and aggregation in the pathology of neurodegenerative diseases 

(Soto, 2003). Moreover, the presence of abnormal aggregates usually occurs in the 

brain regions most damaged by the disease, even though they can be found in other 

brain regions that are less affected or even completely unaffected. Mutations in the 

gene encoding the misfolded protein produce inherited forms of the disease, which 

usually have an earlier onset and more severe phenotype than the sporadic forms 

(Bucciantini et al., 2002). Transgenic animals expressing the human mutant gene for 

the misfolded protein develop some of the typical neuropathological and clinical 

characteristics of the human disease (Price et al., 2000). As we will see later, protein 

misfolding plays a pivotal role also in Spinocerebellar Ataxia type 7 (SCA7). 

1.1.1. The basic mechanism of protein folding 

Protein folding is the main mechanism through which an unstructured sequence of 

amino acids assumes a fully functional three-dimensional structure. This core 

mechanism is necessary to correctly select and regulate biochemical processes, 

including the trafficking of molecules to specific cellular locations and cellular 

growth and differentiation. Only correctly folded proteins have long-term stability 

in cellular environments and are able to interact selectively with their natural 

partners. It is then not surprising that the failure of proteins to fold correctly, or to 

remain correctly folded, is the origin of a wide variety of pathological conditions 

(Dobson, 2003) (Dobson, 2002). 

Native states of proteins almost always correspond to the structures that are most 

thermodynamically stable under physiological conditions. In particular, it is now 

clear that the folding process does not involve a series of mandatory steps between 

specific partly folded states, but rather a stochastic search of trial and error among 
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the many conformations accessible to a polypeptide chain (Dobson et al., 1998) 

(Wolynes et al., 1995).  

The inherent fluctuations in the structure of an unfolded (or partially folded) 

polypeptide chain let the residues that are widely separated in the amino-acid 

sequence to come into contact with each other. Since native-like interactions 

between residues are more stable and persistent, the polypeptide chain is able to 

find its lowest-energy structure through the trial-and-error process. Natural 

selection has enabled proteins to evolve so that they are able to fold rapidly and 

efficiently.  

A key question is how does the correct fold emerge? The structural transitions taking 

place during in vitro folding can be investigated in detail by a variety of techniques, 

ranging from optical methods to NMR spectroscopy, some of which can now even be 

used to follow the behaviour of single molecules (Dobson, 2003). The results of many 

studies (Vendruscolo et al., 2003) (Fersht, 2000) (Lindorff-Larsen et al., 2004) 

suggest that the fundamental mechanism of protein folding involves interactions 

among of a relatively small number of residues to form a folding nucleus and that 

the remainder of the structure rapidly condenses around it.  

1.1.2. Protein misfolded aggregates: cause or consequence? An ongoing story 

Protein misfolding and aggregation are undoubtedly associated with 

neurodegenerative diseases, but the mechanism by which misfolded aggregates 

produce synaptic dysfunction and neuronal death is unknown. The initial 

dominating belief was that large amyloid-like protein deposits were the species 

responsible for brain damage. However, results of histopathological, biochemical, 

and cell biology studies (Haass and Selkoe, 2007) has challenged the idea that 

deposited aggregates are toxic. Neuropathological analysis of the brains of patients 

with PD or AD has shown that neurons containing Lewy bodies or neurofibrillary 

tangles seem healthier than neighboring cells in morphological and biochemical 

analyses (Bondareff et al., 1989). In a mouse model of Alzheimer’s disease, cerebral 

damage and clinical symptoms have been detected before protein aggregates form 

(Moechars et al., 1999). In addition, in cellular models of Huntington’s disease, it 

was first asserted, in 1998, that aggregates were not deleterious, because 
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intranuclear inclusions containing ubiquitinated mutant huntingtin formed before 

apoptosis was initiated (Saudou et al., 1998). In a mouse model of spinocerebellar 

ataxia type 1 (SCA1), it was shown that mice expressing ataxin1-82Q with a mutated 

NLS did not develop the disease, demonstrating that nuclear localization is critical 

for pathogenesis (Klement et al., 1998). Even more interesting, a new transgenic 

mouse expressing a mutant ataxin-1 unable to self-associate due to the deletion of 

the self-association region of ataxin-1 did not show ataxin-1-like nuclear 

aggregation, but developed Purkinje cell pathology and ataxia. The formation of 

nuclear aggregates of ataxin-1 is thus not required for the initiation of pathogenesis 

(Klement et al., 1998). In order to better determine, in a Huntington’s disease model 

in striatal cells, whether inclusion bodies are pathogenic, incidental or a beneficial 

attempt to adapt, the team of Steve Finkbeiner at UCSF developed an automated 

microscope that returns to precisely the same neuron after arbitrary intervals. They 

showed that many neurons died without forming an inclusion body and, 

surprisingly, that inclusion body formation predicted improved survival and led to 

decreased levels of mutant huntingtin elsewhere in neurons. Inclusion body 

formation proposed to act as an adaptive response to toxic mutant huntingtin 

(Arrasate et al., 2004).  

This evidence indicates that inclusion body formation might be a protective 

response of the cell against misfolded proteins and promotes the idea that neurons 

have developed both cellular and molecular mechanisms to deal with aggregated and 

misfolded proteins. Nonetheless, some cell culture studies found that inclusions 

could actually be cytoprotective. Saudou and collaborators developed a cell model of 

HD that recapitulated the polyglutamine- and cell type-specific cytotoxicity 

observed in human patients. While cell death was specific to striatal cells in this 

model, aggregation could be detected in both striatal and hippocampal (unaffected 

in HD) cells and did not correlate with cell death. Furthermore, expressing a 

dominant negative form of an ubiquitin-conjugating enzyme was able to 

dramatically reduce aggregation, but increased cytotoxicity. This lead the authors to 

conclude that inclusions could be protective for the cell (Saudou et al., 1998).  

Increasing evidence also suggests that inclusion bodies might represent an end-

stage manifestation of a multistep aggregation process (Ignatova et al., 2007). Early 
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events before the formation of inclusion bodies might cause toxicity. Possible toxic 

agents include abnormal monomers of the disease proteins, or small assemblies of 

abnormal aggregated protein, which are termed oligomers or protofibrils. 

The early prefibrillar aggregates associated with stages of oligomerization, are 

highly damaging to the cells, in contrast with mature fibrils deposited in the brain, 

which are usually relatively benign (Caughey and Lansbury, 2003) (Ross and Poirier, 

2004)  (Ross and Poirier, 2005) (Figure 1). Consequently, the most accepted 

hypothesis is that the process of misfolding and early stages of oligomerization are 

in fact responsible for neurodegeneration (Glabe and Kayed, 2006) (Haass and 

Selkoe, 2007) (Lansbury and Lashuel, 2006). 

 

Figure 1 – Neurodegenerative diseases characteristic lesions 
Characteristic neurodegenerative disease neuropathological lesions involve deposition of abnormal 
proteins, which can be intranuclear, cytoplasmic or extracellular. All are labeled with antibodies 
(except d), as indicated. (a) HD, intranuclear inclusion labeled for ubiquitin (cerebral cortex) (b) HD, 
intranuclear inclusion labeled for huntingtin (cerebral cortex). (c) AD, neuritic plaque labeled for AB 
(cerebral cortex). (d) AD, neuritic plaque, silver stained (Hirano method). (e) PD, Lewy bodies labeled 
for alpha-synuclein (fine granular brwn label in this and the next panel represent neuromelanin) 
(substabtia nigra). (f) PD, Lewy bodies labeled for phosphorylated alpha-synuclein (substantia nigra). 
(g), ALS, cytoplasmic skein of neurofilaments labeled with ubiquitin (medulla oblongata). (h) AL, 
cytoplasmic skein of neurofilaments labeled with neurofilament (medulla oblongata) (Roos and Poirier, 
2004).  

This hyphothesis could explain why the presence of inclusion bodies correlates 

poorly with other markers of neurodegeneration, or with ante-mortem clinical 

features. This lack of correlation is most apparent in the polyglutamine diseases. In 

HD, for example, inclusions bodies are present in the cells of the striatum, which 

undergoes massive degeneration, but are more dense in the cerebral cortex, which 

undergoes only moderate degeneration (Gutekunst et al., 1999). Moreover, striatal 

inclusion bodies are most prevalent in large interneurons, which are spared in HD, 
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rather than in medium spiny neurons, which are selectively lost in the disease 

(Kuemmerle et al., 1999). In SCA7 as well, nuclear inclusions are not restricted to 

regions affected by the disease. They were most frequent in neurons of the inferior 

olive (a prominent oval structure in the medulla oblongata, the lower portion of the 

brainstem), severely affected in SCA7, but could also be observed at high frequency 

in brain regions not known to be harmed, such as the supramarginal gyrus (a portion 

of the parietal lobe), and the insula (a portion of the cerebral cortex folded deep 

within the brain) (Holmberg et al., 1998). In the cerebellum, another region with 

extensive neuronal loss, so few Purkinje cells remained that accurate estimation of 

the frequency of inclusions was impossible (Holmberg et al., 1998). These studies 

suggested that the presence of mutant protein inclusions may not be able to fully 

explain the toxicity seen in human patients and mouse models of polyglutamine 

diseases and they do not distinguish whether inclusions could be slightly toxic 

entities or passive benign formations.  

1.1.3. Therapeutic strategies 

The cell has developed mechanisms to defend itself against misfolded and 

aggregated proteins. The first line of defence involves the many molecular 

chaperones that aid the normal folding and the refolding of abnormal conformations 

back to the native state (McClellan and Frydman, 2001). If these fail, abnormal 

proteins can be targeted for degradation by covalent attachment of polyubiquitin 

followed by targeting to the proteasome and degradation (Goldberg, 2003). The 

presence of ubiquitin, chaperones and proteasome components in inclusion bodies 

seems to represent cellular defences overwhelmed by the excessive aggregation 

within cells.  

Two possible therapeutic strategies would consist in enhancing the cellular defence 

mechanisms or in stimulating the proteasome activity. For example our team 

discovered that mutant ataxin-7 nuclear inclusions colocalize with proteasome 

components, in a subnuclear structure called clastosomes, which are nuclear bodies 

specialized in UPS-mediated degradation (Janer et al., 2006). Drugs such as 

interferon beta enables up-regulation of the expression of PML (Promyelocytic 

leukemia protein), a component of PML bodies, and most importantly for 
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neurodegenerative diseases, interferon beta was able to cross the blood-brain 

barrier. Our team showed how interferon beta treatment improved the clearance of 

insoluble mutant ataxin-7 in the cerebellum and other brain regions in the 

SCA7266Q/5Q knock-in mouse model. The number and size of ataxin-7 nuclear 

inclusions in cerebellar Purkinje cells, specifically affected in SCA7, was notably 

reduced by 30% after 7 weeks of treatment, in this particularly severe mouse model 

of SCA7. This therapeutic strategy also ameliorated significantly the pathological 

ataxic locomotor phenotype in the SCA7266Q/5Q knock-in mouse model (Chort et al., 

2013). 

 

Figure 2 - Hypothetical several-step pathway of protein aggregation 
Flowchart for therapeutic intervention in a hypothetical several-step pathway of protein aggregates 
(Ross and Poirier, 2004).  

One potential danger of inhibiting a single step in a several-step aggregation 

pathway is that accumulation of a toxic intermediate could increase toxicity (Figure 

2). Nevertheless, even if not all compounds have beneficial effects, they may prove 

to be powerful probes that will help elucidate the protein-misfolding pathway. Other 

therapeutic interventions might directly reduce the level of abnormal protein within 

the cell, for instance using RNA interference (McBride et al., 2011) (Ramachandran 

et al., 2014), although its delivery would have to overcome the formidable barriers to 
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entry across the blood-brain barrier and access to neurons in the relevant region of 

the brain.  

These approaches could ideally be applied to all neurodegenerative diseases. A great 

hope in this area is thus that the development of understanding and therapy for one 

disease may have implications for the others. 

1.2. PolyQ diseases as repeat expansion diseases 

1.2.1. Repeat expansion diseases  

A new type of human genetic disease mutation was discovered more than 22 years 

ago: the expansion of a repeated microsatellite sequence. It was quite unexpectedly 

that, in 1991, two totally unrelated diseases, the X-linked disorders fragile X mental 

retardation syndrome (FMR1) and spinal and bulbar muscular atrophy (SBMA), were 

reported to result from expansion of a repeated sequence (Verkerk et al., 1991), 

(LaSpada et al., 1991). We now recognize SBMA as the first member of a subcategory 

of repeat expansion disorders, known as ”CAG/polyglutamine” repeat diseases. 

Concerning the fragile-X syndrome, further work indicated that the CGG repeat 

expansion in FMR1 is located in the 5’ UTR. The expansion reduces expression of 

FMR1 by promoting DNA hypermethylation at the promoter (Jin et al., 2004).  

Since these seminal discoveries, more than 25 repeat expansion mutations have 

been identified (Table 1). Repeat expansion diseases include some of the most 

common inherited diseases, such as Huntington’ s disease (HD) and myotonic 

dystrophy. Twenty of the repeat diseases, either principally or exclusively affecting 

the neuroaxis (the axial part of the central nervous system, composed of the spinal 

cord, rhombencephalon, mesencephalon, and diencephalon), are degenerative 

disorders. Almost all of these inherited neurological disorders are caused by large 

expanded repeats that are highly unstable (also called dynamic mutations). The 

repeated sequence and its location within the gene are the most useful 

characteristics to consider for classifying the different repeat disorders. As shown in 

Table 1, there are many different types of repeats that vary in length and sequence 

composition. The most frequent are CAG trinucleotide repeats, CTG trinucleotide 

repeats, and GCG trinucleotide repeats.  
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Table 1 - Molecular features of unstable repeat expansion disorders 
AR, androgen receptor; ARX, aristaless-related homeobox; ATN1, atrophin 1; ATXN, ataxin; CACNA1A, 
voltage-dependent P/Q-type calcium channel subunit -1A; CSTB, cystatin B; DM, myotonic 
dystrophy; DMPK, DRPLA, dentatorubral-pallidoluysian atrophy; FMR1, fragile X mental retardation 
syndrome; FMR2, fragile X E mental retardation; FRDA, Friedreich’s ataxia; FXN, frataxin; FXTAS, 
fragile X tremor ataxia syndrome; GI, gastrointestinal; GOF, gain of function; HD, Huntington’s 
disease; HDL2, Huntington’s disease-like 2; HTT, huntingtin; JPH3, junctophilin 3; LOF, loss of 
function; MR, mental retardation; OPMD, oculopharyngeal muscular dystrophy; PABPN1, poly(A)-
binding protein, nuclear 1; PPP2R2B, protein phosphatase 2 regulatory subunit B,  isoform; SBMA, 
spinal and bulbar muscular atrophy; SCA, spinocerebellar ataxia; TBP, TATA box-binding protein; 
ZNF9, zinc finger 9 (La Spada and Taylor, 2010).  
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The rest of the repeat sequences are unique in composition and differ widely in size, 

ranging from 3 to 12 bp (base pair). Usually the largest single-repeat location is 

within the coding region of a gene: this applies to both CAG (glutamine) and GCG 

(alanine) repeats. The rest of the repeat locations vary widely, ranging from the 

gene’s promoter to its 5’ untranslated region, to an intron, to the 3’ untranslated 

region, and no more than two to three repeat expansions can be placed in each of 

these categories (Figure 3). 

 

 
Figure 3 - Genic location of disease-associated repeats 

Unstable repeat tracts and the processes associated with repeat instability (Pearson et al., 2005)  

 
If we want to categorize the twenty-five repeat disorders by their mechanism of 

pathogenesis and nature of mutation, we could divide them in four classes. The first 

class consists of the “CAG-polyglutamine disorders” or “gain of function disorders”. 

This class of repeat diseases includes nine inherited neurodegenerative disorders 

(SBMA, Huntington’s disease, dentatorubral pallidoluysian atrophy (DRPLA), and six 

forms of spinocerebellar ataxias) that all share a common feature: they are caused by 

a CAG repeat located within the coding region of a gene. Upon repeat expansion, a 

mutant protein with an extended polyglutamine tract is produced and the protein 

adopts an abnormal structure; this misfolding initiates the pathogenic cascade. The 

resultant pathology is believed to primarily stem from a gain of function of the 

mutant protein due to the polyglutamine tract. A great deal of effort has been made 

to define the gain of function for each polyglutamine disease protein and to 

determine if shared toxicity pathways are activated in the different diseases. At least 
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one (HD), and perhaps a greater number of these disorders, may principally involve a 

simultaneous dominant-negative partial loss of the normal function of the disease 

protein. The next class of disorders are a much more disparate group of repeat 

disorders called “loss of function repeat disorders”. These disorders include different 

repeats that vary in sequence composition and gene location, but share a final 

common pathway of disease pathogenesis: a loss of function of the disease gene. 

This group includes various classic trinucleotide repeat disorders such as the two 

fragile X syndromes of mental retardation (FRAXA and FRAXE) (Sutherland and 

Baker, 1992) (Allingham-Hawkins and Ray, 1995) and Friedreich’s ataxia 

(Campuzano et al., 1996); but also encompasses the dodecamer repeat expansion in 

progressive myoclonic epilepsy type 1 (Lehesjoki, 2002), and possibly the CAG repeat 

expansion in Huntington’s disease like-2 (HDL2) gene (Margolis et al., 2001), 

(Stevanin et al., 2003). The third group of repeat diseases involves the production of 

toxic RNA species: this category of repeat diseases is thus called the RNA gain of 

function disorders. Included among these disorders are two closely related forms of 

DM, the common and classic myotonic dystrophy type 1 (DM1) (Bundey et al., 1970) 

and its uncommon phenocopy, myotonic dystrophy type 2 (DM2) (Udd et al., 2003). 

Another member of this group is the recently described fragile X tremor-ataxia 

syndrome (FXTAS) in male premutation carriers (a male of female who has between 

55-200 CGG repeats in the Fragile X (FMR1) gene; the full mutation is defined as 

over 200 CGG repeats): an example of two different disease pathways operating upon 

the same expanded repeat mutation based upon size range differences (Jacquemont 

et al., 2003). One form of spinocerebellar ataxia (SCA8) has also been placed into 

this category: Daughters and co-authors showed that CUG-repeat transcripts 

expressed from the SCA8 locus form RNA foci in specific neurons in SCA8 patients 

and mouse brains. In fact the presence of the CTG expansion leads to nuclear 

retention of the mutant transcript, and at the cellular level, this retention is 

manifested by the formation of ribonuclear inclusions called RNA foci. Also for 

Huntington’s disease-like 2 (HDL2) it was proposed that RNA toxicity may 

contribute to the pathogenesis: RNA foci resembling DM1 (myotonic dystrophy type 

1) foci were detected in neurons in HDL2 cortex and other brain regions (Rudnicki et 

al., 2007). The genetic defect in DM1 is the expansion of a CTG repeat tract in the 3’ 

untranslated region of a protein kinase gene, DMPK. The pathogenic DMPK 
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transcripts do not enter into the speckles suggesting that their export is blocked at 

an early step in nucleoplasmic transport. The muscleblind-like 1 (MBNL1) proteins, 

implicated in pre-mRNA alternative splicing regulation (Ho et al., 2004), were found 

to bind these expanded CUG repeats and to colocalize with nuclear foci of CUGexp-

RNAs in DM1 cells (Miller et al., 2000). 

The last class of repeat disease are the GCG-polyalanine disorders that are grouped 

together because all involve short GCG repeat tracts falling within the coding 

regions of unrelated genes that become expanded to moderately sized GCG repeats. 

With the exception of oculopharyngeal muscular dystrophy, all are developmental 

malformation syndromes, and while gain-of-function polyalanine toxicity has been 

proposed for a number of these disorders, loss of function due to the polyalanine 

expansion seems more likely for other diseases. Finally, a number of repeat disorders 

including spinocerebellar ataxia type 10 (SCA10), spinocerebellar ataxia type 12 

(SCA12) currently defy classification because very little is known about their 

molecular basis. In the next chapter we will focus on the first class of repeat 

expansion diseases, which includes SCA7.  

1.2.2. Polyglutamine disease: genetic characteristics 

The polyglutamine diseases are a family of nine genetically-similar progressive, 

neurodegenerative diseases that includes Huntington’s Disease (HD), Spinal and 

Bulbar Muscular Atrophy (SBMA), Dentatorubral-pallidoluysian atrophy (DRPLA), 

and the spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7 and 17 (Table 2). These 

diseases arise from the expansion of an unstable CAG triplet repeat within the 

coding region of a given gene. This results in the expansion of a glutamine stretch in 

the protein, which renders the host protein toxic mainly through gain-of-function 

mechanisms. Although the disease-causing proteins are expressed widely in the 

CNS, specific populations of neurons are vulnerable in each disease, resulting in 

characteristic patterns of neurodegeneration and clinical features. Nonetheless, 

these diseases share some similarities including progressive neurodegeneration in a 

disease-specific subset of neurons and the presence of insoluble protein aggregates. 

The polyglutamine diseases have a striking genotype-phenotype correlation. 

Furthermore, the length of the CAG repeat has a strong positive correlation with the 
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age of the individual at onset of disease (Orr, 2001). It was described that the 

expanded polyglutamine protein has a toxic function related to neurons in a length-

dependent manner regardless of the function of each gene (La Spada et al., 1994) 

(Orr, 2001) (Christie et al., 2014).  

 

Table 2 - PolyQ diseases table summary (Gatchel and Zoghbi, 2005) 

Pathological Threshold 

In each gene responsible for a trinucleotide expansion disease, non-affected 

individuals have two normal sized alleles. The number of repeats is polymorphic in 

the general population and everyone has his own number of triplets. An allele is 

called normal when it presents a number of repeats under a specific threshold, 

different for each gene. On the other hand, the allele is called pathogenic or mutant 

when the number of repeats exceeds this pathogenic limit, after which it triggers the 

disease pathology.  

Starting from a precise number of repeats and due to mechanisms that we will 

discuss later, repeats expansions become unstable and are inclined to increase in 

size. Thus, in addition to the normal alleles, we observe in some healthy individuals 

intermediate-sized alleles at the origin of de novo mutations in the next generation. 

This is also the case for the spinocerebellar ataxia type 7 (SCA7). In this disorder, the 

trinucleotide repeat (CAG)n encodes for polyglutamine (polyQ) and the normal 

alleles contain from 4 to 35 triplets (the majority of individuals have 10 to 12 

repeats, whereas pathogenic alleles have 37 or more repeats). However, there is an 

intermediate group of alleles, containing from 28 to 35 repeats, for which there is a 
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risk of instability and thus occurrence of mutation in the offspring (Stevanin et al., 

1998). The notion of an intermediate allele is even more pronounced in non-coding 

triplet expansion diseases, in which the number of repeats is higher and the 

instability is greater. This is the reason why they were not called intermediate alleles 

but directly pre-mutations (Figure 4). One example is the fragile-X syndrome caused 

by the (CGG)n expansion. In fragile-X syndrome, the normal allele possesses from 6 

to 50 repeats, the premutation range is 50-200 and the pathogenic range from 230 to 

more than 1000 CGGs.  

 

Figure 4 - Schematic representation of pathological theshold, premutation and complete 
mutation 

 

Correlation between the number of repeats, disease onset and severity!

There is a correlation between the number of repetitions in the pathogenic allele and 

disease severity (David et al., 1998) (Gusella and MacDonald, 2000) (Stevanin et al., 

2000): a higher number of repeat leads to earlier onset of disease and faster 

progression (Figure 5). This explains the clinical heterogeneity encountered in 

triplet-expansion diseases that are relatively mild and very severe infantile forms of 

the same disease. However, given a constant number of repeats, strong individual 

variations in the age at onset of symptoms can be observed. Due to instability, 

pathogenic allele size differs among patients, even in the same family. The use of 

this correlation to predict the age at onset of the disease, especially during a pre-

symptomatic diagnosis, is then inappropriate.  The number of repeats accounts in 

fact only for 50 to 75% of the variability in the age at onset, suggesting that other 

genetic or environmental factors may modulate the severity of the disease (Stevanin 

et al., 2000).  
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Figure 5 - Relationship between age at onset and CAG repeat length for polyglutamine disorders  
Filled circles represent the onset age of homozygous patients with respect to the greatest expansion 
(Gusella and MacDonald, 2000).  

Mechanisms at the origin of the instability!

In all triplet expansion diseases, the number of repeats evolves over successive 

generations: this is why they are called dynamic mutations. Most often they increase 

in size, while they rarely decrease. The instability is usually observed in mammals 

and especially in humans (Hardy and Orr, 2006) (Rubinsztein et al., 1995). This 

instability could result from the formation of secondary DNA structures by the 

repeats during replication and results in a shift of the DNA polymerase (Marquis 

Gacy et al., 1995) (Pearson et al., 2005). In fact, small repeats, which cannot form 

such structures are more stable. Moreover, interruption of the expansion seems to 

confer greater stability to large normal alleles. Two mechanisms could explain the 

expansion of normal alleles into pathological alleles: first, a loss of interruptions 

that would make these alleles unstable; or second, an expansion from uninterrupted 

large normal alleles. The fact that instability is greater in humans seems to represent 

an accelerated evolutionary mechanism due to the appearance or loss of a specific 

genetic factor or a transition threshold beyond which the cellular machinery is 

overwhelmed.  
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Germline mosaicism and genetic anticipation	
  

The mechanisms that we have just described are responsible for significant germline 

mosaicism, usually in the father (Pearson et al., 2005). The large number of cell 

divisions in spermatogenesis increases the probability of accumulating replication 

errors and explains the wide variety of sizes of mutated alleles observed in the 

patient’s sperm. In comparison, oogenesis implicates only a limited number of 

divisions that stop early during embryogenesis, whereas spermatogenesis continues 

during the entire patients’ life. This explains why the number of repeats tends to 

increase over successive generations, and the significant paternal contribution 

(Table 3). Among all polyglutamine diseases, SCA7 has the most pronounced 

instability (Stevanin et al., 2000). Furthermore, the size of transmitted expansions 

increases with age during paternal transmission in many mouse models (Mangiarini 

et al., 1997) (Savouret, 2003) and patients (Goldberg et al., 1993) (Stevanin et al., 

2000). Expansion instability, the resulting germline mosaicism and the correlation 

between the number of repeats and disease severity, are responsible for dynamic-

mutation diseases characterized by the genetic anticipation: the appearance of 

earlier and more severe symptoms in successive generations of an affected family.  

 

Table 3 - Comparison of CAG repeat instability in polyQ diseases 
Comparison of CAG repeat instability durign transmission to progeny at loci SCA1, SCA3, SCA2, SCA7, 
DRPLA, SBMA and HD (Stevanin et al., 2000) 

 

1.2.3. Pathogenesis of polyglutamine diseases 

A proteolytic cleavage appears to initiate most polyglutamine diseases by generating 

a toxic fragment. The expanded polyglutamine tract then allows the transition into a 

distinct conformation that may cause toxicity in several ways. For example, the 

peptide may exert toxicity as a monomer or it may self-associate to form toxic 

oligomers. The oligomers can assemble into larger aggregated species and ultimately 
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to be deposited in macromolecular intracellular inclusions. The principal toxic 

effects of the incorrectly folded protein may include alterations in different cellular 

pathways. They include: i) misfolding of the disease protein resulting in altered 

function (Todi et al., 2007), ii) deleterious protein interactions engaged in by the 

mutant protein (Bennett et al., 2005), iii) formation of toxic oligomeric complexes; 

iv) transcriptional dysregulation (Palhan et al., 2005) (McMahon et al., 2005), v) 

mitochondrial dysfunction resulting in impaired bioenergetics and oxidative stress 

(Lin and Beal, 2006), vi) impaired axonal transport (Caviston et al., 2007), vii) 

aberrant neuronal signaling including excitotoxicity, viii) cellular protein 

homeostasis impairment (Tang et al., 2005), and ix) RNA toxicity (Li et al., 2008)  

1.2.4. Cellular protective mechanisms 

The tendency of proteins to aggregate has made it necessary for cells to evolve 

several defence mechanisms against misfolded or abnormal proteins (Figure 6).  

The first defence is provided by molecular chaperones, many of which have been 

identified as heat shock proteins (Hsp). These molecules can refold abnormal 

proteins and render them non-toxic. Cell transfection studies have shown that 

molecular chaperones can increase the solubility of mutant polyglutamine proteins 

(Muchowski et al., 2000) (Sittler et al., 2001) and suppress mutant polyglutamine-

mediated neuronal toxicity in vitro (Miller et al., 2005) and in invertebrate models in 

vivo (Chan et al., 2000), although the effects of molecular chaperone overexpression 

in mouse models have been variable. The enhancement of the HSP70 chaperone 

activity increased the protection against neurodegeneration and improved motor 

function in a SCA1 mouse model (Cummings et al., 2001); on the contrary, in a 

transgenic SCA7 mouse model, co-expression of HSP70 with its co-factor HDJ2 did 

not prevent either neuronal toxicity or aggregate formation (Helmlinger et al., 

2004a).   
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Figure 6 - A schematic illustration of Protein Quality Control in the cell 
A schematic illustration of PQC in the cell. Chaperones facilitate the folding of nascent polypeptides 
and the unfolding/refolding of misfolded proteins, prevent the misfolded proteins from aggregating, 
and escort terminally misfolded proteins for degradation by the UPS. The UPS degrades both 
misfolded/damaged proteins and most unneeded native proteins in the cell. This process involves two 
steps: first, covalent attachment of ubiquitin to a target protein by a cascade of chemical reactions 
catalysed by the ubiquitin-activating enzyme (E1), ubiquitin- conjugating enzymes (E2), and ubiquitin 
ligase (E3); and then the degradation of the target protein by the proteasome. The autophagy-
lysosomal pathway participates in PQC by helping remove protein aggregates formed by the misfolded 
proteins that have escaped from the surveillance of chaperones and the UPS. Protein aggregates or 
defective organelles are first segregated by an isolated double membrane (phagophore) to form 
autophagosomes, which later fuse with lysosomes to form autophagolysosomes, where the segregated 
content is degraded by lysosomal hydrolases. The legend for symbols used is shown in the box at the 
lower left (Su and Wang, 2009).  

 

A second important cellular defence against misfolded proteins involves degradation 

by the proteasome. The proteasome is a complex molecular machine that can unfold 

proteins and process them to short peptide fragments in an interior space that 

contains proteolytic enzymes. Proteins are typically targeted for proteasomal 

degradation by ubiquitylation, although other mechanisms of targeting are also 

possible, including targeting by the chaperone protein CHIP. 

A third defence mechanism involves autophagy, which has several variants, 

including macroautophagy, microautophagy and chaperone-mediated autophagy. 

These lysosome-mediated pathways can degrade soluble cytoplasmic proteins, 

especially those that do not undergo rapid turnover. Chaperone-mediated autophagy 
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involves the delivery of proteins that contain a consensus motif to transporters in 

the lysosomal membrane by a chaperone and co-chaperone complex. Autophagy can 

also be involved in the degradation of proteins with mutant polyglutamine repeats, 

as it was shown for huntingtin (Thompson et al., 2009) (Heng et al., 2010), ataxin-3 

(Menzies et al., 2010) and ataxin-7 (Yu et al., 2013), also by our team (Alves et al., 

2014). Proteasomes and autophagy are also involved in the normal turnover of 

proteins. 

1.2.5. Mechanism for clearance of polyglutamine aggregates: the UPS and 

autophagy 

The degradation of misfolded proteins involves two main pathways in eukaryotic 

cells: the ubiquitin-proteasome system (UPS) and autophagy. In contrast to 

autophagy, UPS is highly specific. In mammalian cells, about a thousand E3-

ubiquitin ligase enzymes are responsible for the specific detection and binding of 

their substrates, which include misfolded proteins and short half-life regulatory 

proteins. In this process, the 76 amino acid protein ubiquitin is conjugated to a 

lysine residue on the degradation-bound substrate via the concerted actions of three 

enzymes: an activating enzyme (E1), a conjugating enzyme (E2), and a ligase (E3). 

Through this pathway, soluble, short-lived proteins are targeted to the 26S 

proteasome, a multisubunit protease (Pickart, 2001). The proteasome consists of a 

20S central core complex and two 19S lid complexes. The barrel-shaped central 

complex comprises four stacked rings. The two identical outer rings are each made 

up of seven α-subunits (termed α 1–7), and the two identical inner rings each 

consisting of seven β-subunits (termed β 1–7). The proteolytic activity resides in 

three active subunits: β1, β2 and β5, that have caspase-like activity to cleave behind 

acidic residues, trypsin-like activity to cleave after basic residues, and chymotripsin-

like activity to cleave behind hydrophobic residues, respectively. The two 19S lid 

complexes that bind to both sides of the central complex restrict the access to the 

proteolytic sites. Subunits of these 19S regulatory lid complexes bind to ubiquitin 

chains on substrates, release the ubiquitin chains, and allow the substrate to enter 

the central proteolytic complex. Proteasomal degradation of target substrates results 

in short polypeptides that are released into the cytoplasm or the nucleus, where they 

are then further processed by peptidases for antigen presentation or degraded into 
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amino acids. In polyglutamine diseases intracellular aggregates recruit components 

of the UPS. While it is commonly thought that proteasomes are irreversibly 

sequestered into these aggregates, leading to impairment of the UPS (Bennett et al., 

2005), the data on proteasomal impairment in Huntington’s disease and in SCA7 are 

contradictory. For example for Huntington, it was described an inhibition of UPS 

function in both early and late stage in HD patients’cerebellum, cortex, substantia 

nigra and caudate-putamen brain regions (Seo et al., 2004). Moreover, altered 

proteasomal function was associated with disruption of the mitochondrial 

membrane potential (Jana et al., 2001). M. Rechsteiner’ team proposed, based on in 

vitro data, that the proteasome activator REGgamma could contribute to UPS 

impairment in polyglutamine diseases by suppressing the proteasomal catalytic sites 

responsible for cleaving Gln-Gln bonds (Li and Rechsteiner, 2001). Capping of 

proteasomes could potentially 'clog' the proteasome by pathogenic polyglutamines. 

Surprisingly, in the 13-week-old Huntigton R6/2 mouse model developed by G. 

Bates, a collaborative study with M. Rechsteiner described that proteasomal 

chymotrypsin-like activity, increased compared to non-R6/2, irrespective of 

REGgamma levels. Assays of 26S proteasome activity in mouse brain extracts 

revealed no difference in the proteolytic activity of R6/2 or REGgamma genotypes. 

The authors concluded that overall proteasome function is not impaired by trapped 

mutant polyglutamine in R6/2 mice (Bett et al., 2006). 

Others authors showed that accumulation of ubiquitin conjugates in a R6/2 mouse 

model occurs without global ubiquitin/proteasome impairment (Maynard et al., 

2009). Moreover, in a conditional HD94Q mouse model, which express an inducible 

chimeric mouse/human httQ94(exon1), an earlier reported UPS impairment could not 

be detected, but an increase in both trypsin- and chymotrypsin-like activity was 

observed. This was similar to the increase in activities observed in cells expressing 

so-called immunoproteasome, induced upon treatment with IFN gamma. The 

labelling of immunoproteasome subunits indeed confirmed the presence of 

immunoproteasome in brains of HD mice (Díaz-Hernández et al., 2003). The same 

debate also concerns SCA7. In 2001, Matilla demonstrated the association of ataxin-

7 with the proteasome subunit S4 of the 19S regulatory complex: these results 

suggested a role for S4 and ubiquitin-mediated proteasomal degradation in the 
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molecular pathogenesis of SCA7 (Matilla et al., 2001). But four years later, the 

impairment of UPS was excluded as a necessary step for polyglutamine 

neuropathology (Bowman et al., 2005).  

How can these apparently contrasting findings in proteasome activity be explained? 

In vitro experiments did not show any impairment when proteasomes were 

incubated with isolated mutant htt aggregates and, although proteasomes were 

associated with aggregates, the cells still contained a large fraction of proteasomes 

that were not associated (Bennett et al., 2005) (Díaz-Hernández et al., 2006). This 

evidence, coupled with the observation that proteasomal impairment can already 

occur before aggregate formation, argues against a sequestration model. Moreover, 

improved survival of neurons with inclusion bodies was again demonstrated in the 

striatal cell model observed by automated fluorescence microscopy developed by 

Steven Finkbeiner (Arrasate et al., 2004). To determine proteasome activity in these 

cells, coexpression of the short-lived UPS reporter, mRFP, with mutant GFP-htt 

exon1 coincided with less proteasomal impairment (Mitra et al., 2009). Intriguingly, 

inclusion body-containing cells showed a significant decrease in proteasome activity 

just before inclusion bodies were formed. This suggests that inclusion body 

formation might be a protective mechanism to sequester toxic mutant htt species 

that would otherwise impair the UPS. 

To summarize, impairment of the proteasome remains contradictory. It is unknown 

whether proteasomes are "good guys" because they can efficiently degrade nuclear 

mutant polyglutamine fragments, or "bad guys" because they generate toxic, 

aggregation-prone polyQ peptides, or even "ugly" guys when they become clogged 

and impaired by the polyQ fragments (Schipper-Krom et al., 2012). In all cases, 

modification of proteasome activity could stimulate clearance and prevent 

aggregation and toxicity of the polyQ fragments in related disorders. Introduction of 

activators, exchanging catalytic subunits or even using specific compounds that 

modulate proteasome activity, might improve the proteolytic cleavage of polyQ 

proteins, making the proteasome an interesting therapeutic target (Schipper-Krom 

et al., 2012). 

The UPS and autophagy have long been regarded as two separate cellular pathways 

with distinct functions. It was previously thought that autophagy predominantly 
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degraded long half-life proteins and that the clearance of the short-lived proteins 

would not be affected by this pathway. However, recent findings suggest that the 

two systems communicate, at least under certain circumstances, and might even 

have compensatory functions in some cases. Short lived proteins normally degraded 

by the UPS can be indeed degraded by autophagy under various growth conditions, 

as for example serum deprivation (Fuertes et al., 2003a) (Li, 2006) and long-lived 

proteins can also be degraded by the UPS (Fuertes et al., 2003b). It is now clear that a 

number of proteins can be degraded by both autophagy and the proteasome (Webb 

et al., 2003). A perfect example is ataxin-7, which is a target for both the proteasome 

and autophagy (Alves et al., 2014) (Yu et al., 2012). In a SCA7 transgenic mouse 

model, using an antibody specific for LC3, immunostaining of cerebellum 

demonstrated and increase in LC3-positive structures in Purkinje cells (Mookerjee et 

al., 2009). Our team demonstrated that in a SCA7 knock-in (KI) mouse model, 

mutant ataxin-7 accumulated in inclusions immunoreactive for the autophagy-

associated proteins mTOR, beclin-1, p62 and ubiquitin. Atypical accumulations of 

the autophagosome/lysosome markers LC3, LAMP-1, LAMP-2 and cathepsin-D were 

also found in the cerebellum of the SCA7 KI mice (Alves et al., 2014). Furthermore, 

mutations that interfere with the proteasomal degradation of a protein may increase 

the dependency of such proteins on autophagy for their degradation, as this will 

then become the default clearance route (Wong and Cuervo, 2010). This is especially 

true for mutated proteins with an increased tendency to aggregate: oligomeric and 

higher-order structures become inaccessible to the narrow proteasome barrel. This 

seems to be the case for most of mutant polyQ protein; ataxin-7 (Alves et al., 2014), 

huntingtin (Ravikumar et al., 2003) and ataxin-3 (Menzies et al., 2010) (Nascimento-

Ferreira et al., 2011) have been shown to be targeted via the autophagic degradation 

pathway. 

Numerous studies in yeast and mammalian cells, including primary neurons, have 

reported that proteasome inhibition leads to the upregulation of autophagy (Ding et 

al., 2003) (Ding et al., 2007) (Rideout et al., 2004). The converse does not occur. 

Inhibition of autophagy leads, in fact, to impaired degradation of substrates destined 

for the proteasome (Korolchuk et al., 2009). This is dependent on the ubiquitin-

binding protein p62, which is an autophagy substrate that accumulates in 
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autophagy-deficient cells (Bjørkøy et al., 2005). The resulting elevated levels of p62 

appear to compromise the UPS by delaying the delivery of ubiquitinated substrates 

to the proteasome and sequestering them away from other ubiquitin-binding 

proteins (for example, p97). Prolonged inhibition of autophagy would therefore also 

result in reduced flux through UPS. This may be relevant to the interpretation of 

studies examining the effects of autophagy knockout in various tissues, since some 

of the effects may be secondary consequences of a compromised UPS (for example, 

p53 elevation and apoptosis) (MacLaren et al., 2001). 

A growing amount of data has recently drawn attention to p62 and its possible role 

in connecting autophagy with the UPS. P62, also called sequestosome1 SQSTM1, is 

cleared by both the UPS and autophagy (Komatsu et al., 2007); it is commonly 

detected in ubiquitin-containing protein aggregates associated with various 

neurodegenerative diseases (Bjørkøy et al., 2005) (Kuusisto et al., 2001) (Nagaoka et 

al., 2004), in particular polyQ diseases such as SCA3 (Nascimento-Ferreira et al., 

2011), Huntington (Heng et al., 2010) and, as we demonstrated,  SCA7 (Alves et al., 

2014). P62 polymerizes via its NH2-terminal PB1 domain and binds to polyubiquitin 

chains via its COOH-terminal UBA domain. In vitro GST-pulldown data revealed that 

p62 interacts with LC3, and it has been suggested that this may facilitate the 

autophagic clearance of ubiquitin-positive protein aggregates (Pankiv et al., 2007). 

The strongest support for this hypothesis comes from studies using an artificially 

ubiquitinated peroxisomal integral membrane protein, where it was demonstrated 

that a single ubiquitin molecule is sufficient as a degradation signal for autophagy, 

in contrast to the tetra-ubiquitin chain that is necessary to signal for the 

degradation of proteasome clients (Kim et al., 2008). Unfortunately, definitive data 

supporting this mechanism for the clearance of endogenous proteins are still 

missing. P62 is unlikely to be necessary for the clearance of most autophagic 

substrates, as there does not appear to be a defect in bulk autophagy in p62 

knockout mice (Komatsu et al., 2007). 
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1.2.6. Differences in toxicity in the central nervous system and periphery: the 

importance of the context 

Regardless of the widespread expression of many polyglutamine diseases proteins in 

non-neural cell types, the selective vulnerability of the CNS is a main feature of 

polyglutamine diseases. However, there is a striking divergence in clinical 

phenotypes among the polyglutamine diseases: neurologists can easily distinguish 

the movement disorder of HD from the weakness in SBMA or the ataxia in SCA1. The 

disease-specific features reflect selective loss of different neurons populations. 

Despite a wide expression within the CNS, polyglutamine expansion in huntingtin 

selectively affects striatal neurons and cortical neurons, whereas the same genetic 

mutation in the androgen receptor (or in ataxin-7) targets respectively motor 

neurons or Purkinje neurons. On the basis of these observations, it was predicted 

that features other than polyglutamine and unique to each disease protein must 

influence pathogenesis (La Spada and Taylor, 2003). Recent advances support this 

prediction and highlight the importance of the host protein context in 

polyglutamine disease pathogenesis and in determining cell-type specificity.  

The problem of cell-type specificity is not only relevant to the polyglutamine 

diseases; indeed, the question exists for other major neurodegenerative disorders, 

including Alzheimer’s disease, Parkinson’s disease, and ALS. While the toxic effects 

of polyglutamine expansion are cell-type- or protein context-dependent, an 

increasing amount of evidence suggests that we can modulate these effects by 

posttranslational modification. For example, lysine modification by a small 

ubiquitin-like protein (SUMO-1) or acetylation has been shown to modulate protein 

accumulation and toxicity in HD (Steffan et al., 2004), SCA1 (Riley et al., 2005), 

DRPLA (Terashima et al., 2002) and SBMA (Chan et al., 2002). More recently our 

team demonstrated how SUMOylation attenuates the aggregation propensity and 

cellular toxicity of polyglutamine expanded ataxin-7 (Janer et al., 2010). Dissecting 

the role of post-translational modifications in polyQ disease can shed light into the 

mechanisms of polyQ neurodegeneration and could ultimately help in developing 

novel therapeutic strategies to counteract disease progression and manifestations.  
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1.2.7. Post-translational modification on polyQ disease 

One of the most intriguing aspects of polyQ disease is that unique populations of 

neurons are affected in each disorder, despite the widespread and overlapping 

distribution of the disease-causing proteins in the central nervous system. The 

molecular bases for neuronal specificity are unknown. But recent evidence has 

suggested that protein context and post-translational modifications influence the 

neurotoxicity of the polyQ proteins. In the next paragraph we will analyse two 

aspects of the effect of post-translational modifications on polyQ toxicity: their 

general effect on cell homeostasis and their specific effect on the polyQ proteins.  

Phosphorylation	
  

Phosphorylation, a highly regulated post-translational modification that regulates 

protein localization, turnover and function, can be initiated in neurons by 

neurotrophin and growth factor signalling and is propagated by kinase cascades. 

Among the growth factors, insulin-like growth factor 1 (IGF-1) possesses remarkable 

neuroprotective properties (Trejo et al., 2004). Binding of neurotrophic factors and 

IGF-1 to their receptors activates two major signalling pathways: the mitogen-

activated protein kinase (MAPK) and the phosphatidyl-inositol 3-kinase/Akt 

pathways. Alterations in neurotropic or growth factor signalling are associated with 

several neurodegenerative conditions such as spinal and bulbar muscular atrophy 

(SBMA) (Sopher et al., 2004) and Huntington’s disease (HD) (Colin et al., 2005). 

Although dysfunction of these signalling pathways is not likely to be the primary 

cause of neurodegeneration in polyQ diseases, it may contribute to disease 

progression and manifestation. PolyQ hungtintin (htt), androgen receptor (AR) and 

ataxin-1 are substrate for Akt. Of remarkable importance is that phosphorylation by 

Akt has different consequences on these polyQ proteins. Phosphorylation of polyQ 

htt at serine 421 by Akt results in the decreased formation of nuclear inclusions and 

reduced toxicity in cultured striatal neurons (Humbert et al., 2002) and in a rodent 

model of HD (Pardo et al., 2006). This phosphorylation is reduced in the cortex and 

striatum of mouse model of HD (Warby et al., 2005).  If phosphorylation of polyQ 

and AR protects against toxicity, phosphorylation of ataxin-1 by Akt has opposite 

effects.   Phosphorylation of ataxin 1 at serine 776 increases interactions with the 

molecular chaperone 14-3-3 and results in increased protein stabilization and 
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formation of neuronal inclusions (Chen et al., 2003).  In fly models of 

spinocerebellar ataxia type 1 (SCA1), activation of the phosphatidyl-inositol 3-

kinase/Akt pathway can worsen the eye degeneration associated with the expression 

of mutant ataxin-1. In mouse model of SCA1, substitution of serine 776 with 

alanine, a non-phosphorylatable residue, reduces the accumulation of the protein in 

nuclear inclusions and decreases the toxic properties of the expanded polyQ protein 

(Emamian et al., 2003).    

Acetylation	
  

The covalent binding of an acetyl group to lysine residues is a reversible reaction 

catalyzed by histone acetyltransferase (HAT) enzymes, such as CREB-binding 

protein (CBP); histone deacetylase (HDAC) enzymes are responsible to its remove. 

The major targets of acetylation are histones and transcription factors such as AR. 

Histone and transcription factor acetylation leads to transcriptional activation of 

specific genes. The disruption of the delicate equilibrium between HAT and HDAC 

activities results in reduced expression of vital genes in HD (Sadri-Vakili et al., 

2007). For example, CBP is an acetyltransferase, the activity of which is altered in 

polyQ disease. In fact, the polyQ protein/CBP interaction causes loss of CBP function 

by decreasing its availability. Moreover, the interaction of polyQ htt, atrophin 1, 

ataxin 3 or AR with CBP sequesters CBP into inclusions, thereby decreasing the 

amount of soluble CBP (McCampbell et al., 2000) (Nucifora et al., 2001) and 

enhancing its ubiquitylation and degradation through the proteasome (Jiang et al., 

2003). On the contrary, the overexpression of CBP protects neurons against the 

toxicity of expanded polyQ (McCampbell et al., 2000) (Taylor et al., 2003). In ataxin-

7, lysine 257 (K257), a highly conserved residue near the D266 caspase clivage site, 

was acetylated, identifying it as an important modulator of fragment accumulation 

in vitro and in vivo. Modification of ataxin-7 K257 by acetylation promotes 

accumulation of the fragment, whereas unmodified ataxin-7 is degraded (Mookerjee 

et al., 2009). Our team had identified simultaneously lysine K257 as a target for 

SUMOylation and its implication in ataxin-7 toxicity and aggregation (Janer et al, 

2010). 
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Ubiquitylation 

Ubiquitylation plays an important role in polyQ disease: it reduces polyQ toxicity by 

enhancing protein degradation. For instance, the overexpression of the ubiquitin 

ligase E4B increases ataxin 3 ubiquitylation, reduces the accumulation of insoluble 

species and suppresses neurodegeneration in a fly model of SCA3 (Matsumoto et al., 

2004). Overexpression of the ubiquitin ligase C-terminus of Hsp70-interacting 

protein (CHIP) reduces the aggregation and toxicities of polyQ ataxin-3 and htt (Jana 

et al., 2001), AR (Adachi et al., 2007) and ataxin-1 (Al-Ramahi et al., 2006). 

Overexpression of the E3 enzyme parkin enhances ataxin-3 ubiquitylation, 

degradation and reduces its toxicity (Tsai et al., 2003). Normal ataxin-3 is a poly-

ubiquitin-binding protein the overexpression of which reduces the accumulation of 

various polyQ proteins and suppresses neurodegeneration in vivo (Warrick et al., 

2005). Importantly, the ubiquitin-associated activity of ataxin-3 is required to 

protect against neurodegeneration. In contrast, ubiquitylation can also enhance 

toxicity: for example, inhibition of the E2 enzyme Hip2 reduces the accumulation of 

insoluble fragments of polyQ htt (de Pril et al., 2007). Moreover, CHIP was shown to 

enhance the ubiquitylation of polyQ ataxin-1, leading to a reduction in solubility 

and increased accumulation in insoluble aggregates (Choi et al., 2007).  

SUMOylation  

The covalent and reversible attachment of SUMO (small ubiquitin-related modifier) 

proteins to the side chain of target protein lysine residues is referred to as 

SUMOylation. One consensus sequence motif for SUMOylation is ΨKX[D/E], where 

C is a hydrophobic residue, K is the acceptor lysine, X is any amino acid and D/E is an 

aspartate or glutamate. SUMO co-localizes with neuronal inclusions in autopsy brain 

and cell models of dentatorubral pallidoluysian atrophy (DRPLA) (Terashima et al., 

2002), HD (Steffan et al., 2004) and SCA7 (Janer et al., 2010). Interestingly, the 

amount of SUMOylated proteins is increased in autopsy brain tissues of DRPLA, 

SCA1, SCA3, HD and SCA7 patients (personal contribution in this manuscript) and in 

mouse models of SCA1, suggesting that SUMO modification contributes to 

neurodegeneration in polyQ disease (Ueda et al., 2002) (Table 4).  
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Table 4 - SUMOylation in polyQ diseases (Krumova and Weishaupt, 2013) 
 

An even more intriguing aspect of the genetic interaction between SUMOylation and 

polyQ disease emerges from the finding that polyQ proteins, including htt (Steffan 

et al., 2004), AR (Poukka et al., 2000), ataxin-1 (Riley et al., 2005) and ataxin-7 (Janer 

et al., 2010) are direct targets for SUMOylation. SUMO modification of the polyQ 

proteins is important for their toxicity and it may influence neurodegeneration by 

different mechanisms. For example, SUMOylation attenuates the aggregation 

propensity and cellular toxicity of the polyglutamine expanded ataxin-7 (Janer et al., 

2010). Moreover, enhanced htt SUMOylation increases the stabilization of the 

protein, possibly due to competition with ubiquitylation at the same lysine residues, 

and reduces aggregation of polyQ htt (Steffan et al., 2004). In contrast, loss of 

SUMOylation in polyQ htt reduces neurodegeneration (Steffan et al., 2004) but 

increased mutant ataxin-7 aggregates (Janer et al., 2010). 

1.3. Spinocerebellar Ataxia type 7 (SCA7) 

1.3.1. Anatomopathology 

SCA7 is a rather unique disease from a clinical and neuropathological point of view 

because it is the only polyQ disease in which the cerebellum and retina are both 

affected, sometimes leading to blindness (Enevoldson et al., 1994).  

Symptoms in patients usually start with a cerebellar disease, which is characterized 

by ataxia and disorders of balance movement and speech. Other neurological 
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disorders such as dysarthria, dysphagia, hearing loss and abnormal eye movements 

often accompany this cerebellar syndrome. It also affects the corticospinal tract, 

inducing exaggerated osteo-tendon reflexes and spasticity.  

In patients characterised by a large repeat expansion, the disease appears already 

during childhood and in a very severe form. In this case, we also observe a broader 

phenotype including affected non-neuronal tissues, as for example the heart 

(Benton et al., 1998) (David et al., 1998) (Johansson et al., 1998) (Whitney et al., 

2007). Most frequently, SCA7 patients present atrophy of the cerebellum, pons, 

dentate nucleus of the inferior olive, the subthalamic nucleus and spinocerebellar 

and pyramidal tracts (Martin et al., 1999) (Michalik et al., 2003).  

Patients also have significant loss of Purkinje cells in the cerebellum, whereas the 

granular layer is relatively spared. They also have massive neuronal loss in the 

inferior olive, some nuclei of cranial nerves (III, IV and XIII) and the basal ganglia 

including the substantia nigra (Martin et al., 1999). Other important characteristics 

are a hypomyelinisation of the optic nerve and gliosis in the geniculate bodies and 

visual cortex (David et al., 1998)  (Martin et al., 1994).  

1.3.2. Genetics aspects in SCA7 

From a genetic point of view, normal SCA7 alleles contain a number of repeats 

varying from 4 to 35 pure CAGs (75% of population has 10 repetitions), whereas 

pathogenic alleles contain more than 35 repeats (Benomar et al., 1994) (Benton et 

al., 1998) (David et al., 1998) (Del-Favero et al., 1998) (Gouw et al., 1998) (Moseley et 

al., 1998).  

SCA7 is the most unstable polyQ disease. Patients can in fact possess up to 306 

repetitions (Benton et al., 1998). When the allele contains an intermediate number 

of repetitions (28 to 35), it can increase in the number and lead to de novo mutations 

in the next generation (Stevanin et al., 1998). This is typical of polyQ diseases, as 

explained in the previous sections. Another phenomenon, called anticipation, is 

extremely significant in SCA7; the largest additive expansion transmitted by a father 

and to his son was 263 repeats (Benton et al., 1998). Although paternal transmission 

is associated with larger expansions, the disease is most often transmitted by 

maternal DNA (Monckton et al., 1999). This suggests that the paternal transmission 
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probably leads to death at the embryonic state or to a default during the fertilization 

step.  

The SCA7 gene occupies a special place in our laboratory since 1997 when it was 

cloned with J.L Mandel’s group in Strasbourg (David et al., 1997). It encodes the 

ataxin-7 protein, which is composed by 892 amino acids and is ubiquitously 

expressed, primarily in the heart, placenta, skeletal muscle and pancreas.  In the 

CNS, ataxin-7 transcript levels are higher in the cerebellum (David et al., 1997). At 

the cellular level, ataxin-7 is found in the nucleus and is associated with the nuclear 

matrix (David et al., 1997) (Kaytor et al., 1999). It is also found in the cytoplasm of 

cells in several other brain regions (Cancel et al., 2000) (Holmberg et al., 1998).  

A very recent paper also reports that cytoplasmic ataxin-7 is a microtubule (MT)-

associating and (MT)-stabilizing protein. This association with MTs was observed for 

both wild type and mutant ataxin-7 (Nakamura et al., 2012). Three NLS (Nuclear 

Localisation Signals) (Chen et al., 2004) (Kaytor et al., 1999) and one NES (Nuclear 

Export Signal) (Taylor et al., 2006) control the nuclear and cytoplasmic localisation 

of this shuttling protein. The polyQ expansion appears to inhibit the NES function, 

which might explain the nuclear accumulation of the protein in patients affected by 

the disease. Protein cleavage might also regulate translocation: an N-terminal 

fragment excluding the NES has been described in mouse models and in patients 

(Garden et al., 2002) (Young et al., 2007) (Yvert et al., 2000).  

The ataxin-7 protein has cleavage sites for caspase 7 at amino acids 266 and 344: 

they seem able to regulate the location and toxicity of this protein (Young et al., 

2007). In particular, non-cleavable mutant ataxin-7 translocates into the nucleus 

where it aggregates and is less toxic than the cleavable form. 

1.3.3. Molecular mechanisms 

By combining profile-based sequence analysis with genome-wide functional data in 

model organisms, Scheel and co-authors found that ataxin-7 is orthologous to the 

open reading frame Ygl066c in Sgf73, a yeast protein of Saccharomyces cerevisiae 

(Scheel et al., 2003). The study suggested that Ygl066c was a component of the 

SAGA (SPT/Ada/Gcn5 acetylase) histone acetyltransferase complex. This study also 
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suggested that the finding had implications for disease pathogenesis, since it 

provided a direct connection between SCA7 and histone acetylation. 

In 2004, it was confirmed that ataxin-7 belongs to the SAGA-like complexes TFTC 

(TATA-binding protein-free TAF-containing complex) and STAGA (SPT3/TAF9/GCN5 

acetyltransferase complex), which are transcriptional coactivators.  Both complexes 

are involved in the histone acetylation, DNA repair and pre-mRNA splicing 

(Helmlinger et al., 2004b). These complexes are the link between transcription 

factors bound to DNA and RNA polymerase II (Blazek et al., 2005) (Timmers and 

Tora, 2005). The same authors also described the existence of a new zinc-binding 

domain between amino acids 330 and 401 in ataxin-7. This area is responsible for 

the interaction of ataxin-7 with the TFTC complex and STAGA; the latter contains 

the GCN5 protein with histone acetyl-transferase activity (HAT). In that study, the 

polyQ expansion did not change the composition of the complex and ataxin-7 

incorporation (Helmlinger et al., 2004b).  

In 2005, two studies completed this work (McMahon et al., 2005) (Palhan et al., 

2005). The first confirmed that SGF73 belongs to SAGA-like complexes via 

observations on a yeast model. SGF73 in the complex is essential for its organization 

and HAT activity. This study found that wild type or mutated human ataxin-7 are 

capable of binding without Sgf73 and that it is usually incorporated in the yeast 

complex. However, whereas the incorporation of GCN5 was detected, as expected, 

the presence of the polyQ expansion affected the HAT activity of the complex 

containing the mutated ataxin-7. The observed consequence was a decrease in the 

recruitment of regulatory subunits, such as Ada2, Ada3 and TAF12 (McMahon et al., 

2005). This first study therefore suggested that the polyQ expansion disrupts the 

normal function of ataxin-7 and the complex it belongs to. This dysfunctional 

complex could subsequently act in a dominant and negative fashion and be recruited 

to promoters in the same way as the wild type complex. However, it can also have 

different effects on histone acetylation and transcriptional regulation.  

The second study confirmed that polyQ repeats do not modify the incorporation of 

ataxin-7 or any other protein, in the complex (Palhan et al., 2005). This work was 

carried out in stable transfected HEK293 cells. It demonstrated that ataxin-7 

stabilizes the STAGA complex and that it directly interacts with GCN5. In this case, 
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when ataxin-7 binds to GCN5 and to the transcription factor CRX (Cone Rod 

homeoboX), it allows STAGA recruitment to the gene promoters expressed in CRX-

regulated photoreceptors by inducing their activation. It was then demonstrated 

that mutant ataxin-7 decreases the incorporation of HAT regulatory proteins such as 

SPT3, Ada2b and TAF12, into the STAGA complex. This complex is thus usually 

recruited to promoters, but its HAT activity decreases, leading to a CRX-dependent 

inhibition of gene transcription by a dominant negative effect (Palhan et al., 2005) 

(Figure 7).  

 

Figure 7 - Ataxin-7 role into STAGA complex and its consequences due to expanded polyQ 
mutation 

Models indicating (i) normal function of WT ataxin-7 (Atx7), as an integral GCN5-interacting subunit of 
STAGA, in facilitating STAGA recruitment and GCN5-mediated histone H3 acetylation through 
interactions with a promoter-bound transcription factor (TF) such as CRX (Left), and (ii) dominant-
negative inhibition of GCN5 function (histone acetylation) within promoter-bound STAGA by poly(Q)-
expanded ataxin-7 (Atx7–92Q) after interactions with WT ataxin-7-containing STAGA (Center) or after 
incorporation into STAGA in place of WT ataxin-7 resulting in reduced incorporation of ADA2b, SPT3, 
and TAF12 (Right) (Palhan et al., 2005).  

A study based on the analysis of the SCA7 mouse retina, however, contradicts these 

observations (Helmlinger et al., 2006). The reason why the retina was chosen is 

because this is where anomalies in transcription cause photoreceptor dysfunction 

(Helmlinger et al., 2006). The composition of the purified complex from the retina of 

SCA7 mice is identical to that in healthy mice, although it contains mutated ataxin-

7. Its HAT activity on free histones or nucleosomes is equal to that of the complex in 

wild type mice. In SCA7 mice, this complex is nevertheless recruited in an unusual 

way to some specific gene promoters, leading to histone H3 hyperacetylation. In 

agreement with these results, the chromatin structure appears deeply perturbed. In 

the retina, whereas control photoreceptors have a large central region of 

heterochromatin and a thin border of peripheral euchromatin, in photoreceptor 
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from SCA7 mouse, nuclei are enlarged and heterochromatin is condensed. 

Surprisingly, in this case, gene hyperacetylation leads to a decrease in transcription. 

To account for this observation, the authors proposed the following model. They 

suggested that deregulation of the function of the complex increases recruitment to 

specific photoreceptor gene promoters, leading to hyperacetylation, chromatin 

decondensation and an increase in the volume of the nucleus.  This increase in 

volume would then lead to a secondary dilution of transcription factors, explaining 

the decrease in the transcription of specific genes that are usually highly expressed 

in photoreceptors (Figure 8). 

 

 

Figure 8 - Model of potential mechanisms by which polyQ-expanded ataxin-7 induces toxicity in 
rod photoreceptors 

Model of the potential mechanisms by which polyQ-expanded ataxin-7 induces toxicity in rod 
photoreceptors. (a) In normal rod photoreceptor nuclei, strongly expressed genes are localized in the 
small peripheral compartment of euchromatin (light gray) whereas non-expressed and housekeeping 
genes are found in the large central region of heterochromatin (dark gray). The concentration of 
specific and general transcription factors (green ovals) in euchromatin leads to strong and restricted 
expression of rod-specific genes such as rhodopsin (Rho). TFTC/STAGA complexes, which contain 
normal ataxin-7, act as coactivators for transcriptional activators (TA) of these genes. (b) In SCA7 
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retina, polyQ-expanded ataxin-7 induces a severe decondensation of heterochromatin that increases 
rod nuclear volume and perturbs the normal gene compartmentalization seen in rod photoreceptors. 
Dilution of transcription factors primarily affects expression of genes strongly expressed in this cell 
type. Incorporation of polyQ-expanded ataxin-7 (polyQ-ataxin-7) in TFTC/STAGA complexes does not 
modify the subunit composition or the HAT activity of these complexes but leads to deregulation of 
TFTC/STAGA recruitment over large genomic regions, thereby inducing histone H3 hyperacetylation, 
chromatin decondensation and dilution of the transcriptional machinery over the increased nuclear 
volume. (c,d) An alternative model proposed by Pahlan et al. in which TFTC/STAGA is recruited at the 
promoters of rod-specific genes through direct interaction between CRX and ATXN7 (c). Incorporation 
of polyQ-ataxin-7 in TFTC/STAGA decreases the recruitment of other subunits (ADA2b, SPT3 and 
TAF12: gray ovals) thereby leading to reduced HAT activity of these complexes (d). Acetylated 
nucleosomes are shown as orange ovals and unacetylated nucleosomes as yellow ovals. GTFs: general 
transcription factors; Pol II: RNA polymerase II (Helmlinger et al., 2006b). 

 

The contradictions between the results obtained in these three studies probably 

come from differences in the used models. The in vivo study seems the most 

convincing and the most coherent because it integrates the results obtained in 

different SCA7 mouse models. Ataxin-7 seems to play an important role in the 

transcriptional regulation. It would now be interesting to elucidate its precise 

function in the complex and identify the genes controlled by TFTC/STAGA. The 

SAGA-like complex indeed regulates about 10% of the yeast genome, and most of 

the genes are activated by a stress response.  

To gain further insight into the importance of SAGA and GCN5, a recent study 

examined the effects of GCN5 mutations on mice bearing polyQ-ataxin-7 (Chen et 

al., 2012). In this study, they introduced singles copies of either a Gcn5 hypomorphic 

allele (Gcn5fn/+), or a deletion allele (Gcn5Δ/+), into Atxn7100Q/5Q or Atxn7100Q/100Q mice. 

The resulting reduction of GCN5 expression of around 50% was performed to 

investigate the consequences in hetero- and homozygous SCA7 KI mice model. 

Partial loss of GCN5 function accelerates neuronal dysfunction and pathogenesis in 

the two major neurological phenotypes of SCA7 mice. However, the complete 

deletion of GCN5 in normal Purkinje cells, which are the most affected neuronal cell 

in SCA7, was not sufficient to induce severe ataxia in the presence of wild-type 

ataxin-7. These data demonstrate that loss of GCN5 function can contribute to 

SCA7, further indicating that polyQ-ataxin-7-interacting proteins in SAGA are 

important for the development of the disease (Chen et al., 2012).  

Two other studies on the transcriptome in two different SCA7 mouse models support 

the hypothesis of ataxin- 7 involvements in the regulation of transcription. In 2006, 
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a transcriptome study on R7E mouse retina, a model overexpressing mutant ataxin-7 

(90Q) only in photoreceptors, showed a very strong decrease in the expression of 

genes essential for retinal photoreceptor function. It also highlighted how 

photoreceptors expressing polyQ expansion proteins progressively loose their 

differentiation features due to transcriptional alterations of mature photoreceptor 

genes compared to the wild type retina (Abou-Sleymane et al., 2006). More recently, 

a transcriptome analysis of the cerebellum was performed in another SCA7 mouse 

model overexpressing mutant ataxin-7 (52Q). In this study realized after the 

appearance of the first symptoms, the team described the repression of certain genes 

expressed in mouse cerebellum. These genes are known to be involved in various 

phenomena ranging from the regulation of glutamatergic neurotransmission to 

myelinisation (Chou et al., 2010).   

Transcriptional deregulation in polyglutamine diseases has also been associated 

with changes in the state of acetylation due to alteration of the HAT activity of 

member complexes (McCullough and Grant, 2010) or by a direct interaction of 

ataxin-7 with histone deacetylases (HDACs), in particular HDAC3 (Tsai et al., 2004) 

(Evert et al., 2006). A very recent paper showed that HDAC3 enhances the post-

translational modifications and the stability of ataxin-7, with evidence that ataxin-7 

and HDAC3 are colocalized and interact physically. Their association enhances 

cellular toxicity in a polyQ-dependent manner. The same studies also detected an 

increased level of HDAC3 in SCA7 mice, as well as altered levels of lysine acetylation 

and deacetylase activity in the brain of SCA7 transgenic mice, indicating that the 

association between HDAC3 and ataxin-7 may be a pathological feature of the 

disease (Duncan et al., 2013).  

Interestingly, the scientific literature does not contain documented studies of the 

implications of ataxin-7 polyglutamine expansions on the function of the SAGA 

complex deubiquitination module (USP22). It is easy to imagine that disruption of 

SAGA complex HAT activity would be sufficient to cause the deregulation of a large 

number of genes by itself. However, it is difficult to ignore the potential for the 

additional alteration of deubiquitination activity, given that several studies confirm 

that ataxin-7 plays a role in the anchoring of the functional deubiquitination activity 

to the greater SAGA complex (Lang et al., 2011).  
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Further studies are necessary to elucidate whether polyglutamine expansions in 

ataxin-7 alter the deubiquitination activity of the SAGA complex and whether it 

affects the regulation of SAGA-dependent genes. A better understanding of the 

molecular mechanisms underlying SCA7 pathology will facilitate the development of 

effective treatments for SCA7 and other polyglutamine-expansion disorders.  

1.4. SUMOylation  

Post-translational modification with the small ubiquitin-related modifier (SUMO) 

was shown to regulate a vast variety of proteins in many pathways. The key to 

SUMO’s role as a molecular switch is the reversible nature of the modification it 

induces. SUMO-specific enzymes attach to SUMO in an ATP-dependent enzymatic 

cascade that resemble ubiquitylation (Komander and Rape, 2012). Since at least 

some SUMO proteins can themselves serve as targets for SUMOylation, chains may 

be formed in consecutive steps (poly-SUMOylation). Dedicated SUMO-specific 

proteases reverse the modification by stimulating hydrolysis of the isopeptide bond 

(Drag and Salvesen, 2008) (Hickey et al., 2012). Most targets seem to undergo rapid 

cycles of SUMOylation and de-SUMOylation, often resulting in a very low steady-

state level of the modified species. In 2010, our team identified ataxin-7 as a SUMO 

target protein and SUMOylation as a post-translational modification that attenuated 

aggregation propensity and cellular toxicity of polyglutamine-expanded ataxin-7 

(Janer et al., 2010). On the basis of these findings, we have continued to investigate 

the influence of these post-translational modifications of ataxin-7. In the next 

section, we will describe the scientific and experimental background of 

SUMOylation, as an introduction to the work presented in this thesis. 

1.4.1.   The SUMOylation cycle 

SUMOylation regulates many aspects of normal protein function, including 

subcellular localization, protein partnering and transcription factor transactivation 

(Yeh, 2009) (Geiss-Friedlander and Melchior, 2007) (Zhao, 2007). Cells express three 

major SUMO paralogs: SUMO-1, SUMO-2 and SUMO-3; SUMO-2 and SUMO-3 

resemble each other more than to SUMO-1. A gene encoding SUMO-4 has been 

described, however it remains unclear whether SUMO-4 is processed or conjugated 

to cellular proteins (Guo et al., 2004).  
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Figure 9 - The SUMOylation pathway
The translated small ubiquitin-like modifier (SUMO; denoted S in the figure) precursor is processed 
into its mature form by the action of SUMO-specific proteases (SENPs), which cleave the SUMO 
carboxyl terminus to reveal a Gly-Gly motif (step 1). This motif is essential for all subsequent steps of 
the SUMO cycle and mediates the direct linkage of SUMO to each enzyme and target molecule. Mature 
SUMO is activated by and covalently linked to a catalytic Cys in the SUMO-activating enzyme 1 (SAE1)–
SAE2 heterodimer (E1 enzyme) (step 2). Activated SUMO is transferred to the catalytic Cys of the 
SUMO-conjugating enzyme UBC9 (E2 enzyme) (step 3). UBC9 catalyses the conjugation of SUMO to Lys 
residues in target proteins, either independently of or in concert with a SUMO E3 ligase, both of which 
determine target and Lys specificity (step 4). SENPs can cleave SUMO from target substrates 
(deconjugation), thus releasing an unmodified target and free SUMO (which can re-enter the 
sumoylation cycle) (step 5). (Everett et al., 2013) 

 

Like ubiquitin, attachment of SUMO to proteins involves a series of enzymatic steps. 

In the first step, the SUMO protein is cleaved by the SUMO-specific carboxyl-

terminal hydrolase activity of a sentrin-specific protease (SENP); the enzyme cleaves 

the SUMO protein to produce a carboxyl-terminal diglycine motif. The mature 

SUMO protein is covalently attached via a thioesther bond to a cysteine in the 

SUMO-activating enzyme subunit 2 (SAE2) of the heterodimeric SUMO E1. This 

activates enzymes in an ATP-dependent reaction (Desterro et al., 1999) (Okuma et 

al., 1999). SUMO is then transferred from the E1 to Ubc9, the SUMO E2 enzyme, 

which then attaches the SUMO to a lysine in the target protein that is often found 

within the consensus sequence #KXE (# represents hydrophobic amino acids) 

(Johnson and Blobel, 1997) (Rodriguez et al., 2001). SUMO E3 proteins stimulate 

protein SUMOylation by associating it with both Ubc9 and substrate to increase the 

efficiency of the modification reaction (Geiss-Friedlander and Melchior, 2007). The 

SUMO E3 proteins identified so far include members of the protein inhibitor of 
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activated STAT (PIAS) family of proteins (PIAS1, PIAS3, PIASχ and PIASγ) (Kahyo 

et al., 2001) (Takahashi et al., 2001), the polycomb protein 2 (Pc2) (Kagey et al., 

2003), and Ran-binding protein 2 (RanBP2) (Pichler et al., 2002). SUMO groups are 

removed from proteins by the action of enzymes called SENPs, six of which exists in 

human cells (Mukhopadhyay and Dasso, 2007). SENP1 and SENP2 are able to remove 

all three SUMO polypeptides from modified proteins, whereas the other SENPs seem 

to be selective for SUMO-2 and SUMO-3. SENP1 and SENP2 also function as the C-

terminal hydrolases described earlier. They catalyse the removal of short stretches of 

C-terminal residues from the SUMO proteins, which must occur before they can be 

conjugated to target proteins (Figure 9).  

1.4.2. SUMO E3 ligases 

E3 ligases catalyse the transfer of ubiquitin or ubiquitin-related proteins from an E2 

enzyme to a target lysine residue. Several structural studies on SUMO, but also on 

RING-type ubiquitin E3 ligases, provide insight into their function (Plechanovová et 

al., 2012a) (Reverter and Lima, 2005). E3 ligases mediate or stabilize the interaction 

of the target with the charged E2, and they lock the flexible Ubl~E2 thioester bond in 

an orientation that is favourable for nucleophilic attack by the target lysine. The 

largest family of SUMO E3 ligases is a group of SP-RING-containing proteins. Six 

members have been identified in humans so far: the protein inhibitor of activated 

STAT (PIAS) proteins, PIAS1, PIAS2 and its isoforms PIASxα and PIASxβ, PIAS3, 

PIASγ  and Nse2/Mms21 (Andrews et al., 2005). The SP-RING domain is required for 

Ubc9 interaction and flanking regions mediate the interaction with SUMO and 

specific targets. PIAS proteins are best known for their roles in transcriptional 

regulation. Many of these functions can be attributed to their E3 ligase activity, but 

others seem to depend on non-covalent interactions with SUMOylated proteins 

(Rytinki et al., 2009). A unifying theme among the SUMO E3 ligases is their ability to 

interact non-covalently with SUMO proteins via their SUMO Interacting motifs 

(SIMs), which appear to be required for the activity of select SUMO E3 ligases 

(Mascle et al., 2013).  

An unrelated E3 ligase is the 358-kDa nucleoporin and Ran-binding protein 2: 

RanBP2, also known as Nup358 (Pichler et al., 2002). Its vertebrate-specific E3 ligase 
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region, which is natively unfolded, does not show any obvious homology to other 

known SUMO or ubiquitin E3 ligases. It is characterized by two 50 amino acid 

internal repeats (IR1 and IR2, which are 43% identical) separated by a 20 amino acid 

linker (M) (Figure 10). Both IR1 and IR2 can bind to Ubc9, and can catalyse 

sumoylation of model substrates in vitro. However, IR2 has significantly lower 

affinity for Ubc9 than IR1, and is much less effective in SUMOylation (Pichler et al., 

2002) (Tatham et al., 2005). In addition, the RanBP2 E3 ligase region also has two 

SUMO binding sites: after IR1 in the direction of the N-terminal is a noncovalent 

SUMO-interaction motif (SIM), a short hydrophobic stretch flanked by acid residues 

(Kerscher, 2007). No SIM motif has been identified in M and IR2, but Tatham and 

coworkers (Tatham et al., 2005) found that M-IR2 interacts with SUMO-1 in pull-

down assays. 

 

Figure 10 - The RanBP2/RanGAP1*SUMO1/Ubc9 complex is a multisubunit SUMO E3 ligase 
(Werner et al., 2012) 

 

In vitro activity requires only one of two closely spaced amino acid repeat regions 

that can both bind to Ubc9 and SUMO (Tatham et al., 2005). In vivo, however, 

RanBP2, SUMOylated RanGAP1, and Ubc9 form a stable isopeptidase-resistant 

complex that represents the functional and physiologically relevant multisubunits 

E3 ligase, named RanBP2/RanGAP*SUMO1/Ubc9 complex (Werner et al., 2012). 

Intriguingly, this complex should interact with many proteins because binding sites 

for nuclear transport receptors and the GTPase Ran flank the E3 ligase core. These 

transport factors and their cargos could serve as SUMO targets during 

nucleocytoplasmic transport or mitosis, events in which RanBP2 E3 ligase activity 
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seems to be most relevant (Hamada et al., 2011). Several teams also showed how 

RanBP2 preferentially conjugates with SUMO-1 rather than SUMO-2 (Saitoh and 

Hinchey, 2000) (Hecker et al., 2006).  

1.4.3. SENPs 

The family of proteases that catalyse small ubiquitin-related modifier (SUMO) 

processing and deconjugation includes two ubiquitin-like protein-specific proteases 

in yeast (Ulp1 and Ulp2) and six sentrin-specific proteases (SENPs) in humans 

(SENP1-3 and SENP5-7).  

SENPs can be divided into three families. The first family consists of SENP1 and 

SENP2, which have broad specificity for the three mammalian SUMOs (SUMO1–3). 

However, SENP1 displays a slight preference for processing SUMO1, whereas SENP2 

couples better with SUMO2. The second family includes SENP3 and SENP5, which 

favour SUMO2/3 as substrates and are localized in the nucleolus. The third family 

contains SENP6 and SENP7, which have an additional loop inserted in the catalytic 

domain and also appear to preferentially deconjugate SUMO2/3 and SUMO chains. 

From an evolutionary standpoint, SENP1–3 and SENP5 are more closely related to 

Ulp1, whereas SENP6 and SENP7 are related to Ulp2 (Yeh, 2009). 

Family members differ in their subcellular localization and can undergo changes in 

localization in a cell cycle-dependent manner (Gareau and Lima, 2010). SENP2 is 

located in the nuclear pore complex, whereas SENP1, SENP6 and SENP7 are present 

in the nucleoplasm and SENP3 and SENP5 are observed in the nucleolus.  

1.4.4. SUMO-interacting motifs 

A SUMO-interacting motif (SIM) is a short element sequence (less than 10 amino 

acids), that potentially includes phosphorylated amino acids; it is found in many 

proteins and interacts with a specific surface groove in small ubiquitin-like modifiers 

(SUMO) (Kerscher, 2007). Although the properties of all SIMs are similar, consensus 

sequences for given SUMO paralogues are only now beginning to emerge (Namanja 

et al., 2012). Most SIMs that have been identified so far have two important 

elements: a core of 3-4 hydrophobic residues (usually Val or Ile) and a nearby acidic 

region, which can be Glu or Asp side chains or phosphorilated Ser or Thr residues. 
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The hydrophobic residues of the SIM bind to the β2 strand of SUMO and extend the 

β-sheet of the β-grasp fold. The acidic residues bind a nearby basic patch on the 

SUMO surface, thereby reinforcing the interaction and orientation of the SIM 

(parallel or antiparallel to the β2 strand) (Song et al., 2005) (Hecker et al., 2006). 

Although the SIM is the best-studied motif that binds SUMO, a variant SUMO-

binding motif has recently been described (Danielsen et al., 2012), and others are 

likely to be discovered in the future.  

1.5. PML 

The promyelocytic leukemia protein (PML) is a member of the tripartite motif 

(TRIM) family of proteins, which contain an N-terminal RBCC region, consisting of a 

RING domain, one or two B boxes (for PML), and a coiled-coil (CC) motif, followed 

by a variable C-terminal region. Many members of this family are ubiquitin ligases 

that generate subcellular structures through autoassembly (Reymond et al., 

2001)(Meroni and Diez-Roux, 2005) (Figure 11).  

SUMO was the first identified partner of PML in a two-hybrid screen (Boddy et al., 

1996). PML directly interacts with Ubc9 (Duprez et al., 1999) and may be 

SUMOylated on three lysine residues: K65 in the RING domain, K160 in the B1 box 

and K490 in the coiled coil region.  Moreover PML SUMOylation at K160 is essential 

for PML ability to recruit nuclear partners into NBs (Lallemand-Breitenbach et al., 

2001). In addition, the SUMOylation state or the presence of a SUMO Interacting 

Motif (SIM) in partner proteins were proposed to be the major signals driving their 

recruitment into NBs (Lin et al., 2006) (Cho et al., 2009). Pandolfis team investigated 

the mechanisms of PML nuclear body formation (Shen et al., 2006), using Pml-/- 

mouse cells, because functional PML NBs can only be reconstituted by introducing 

wild-type (WT) not SUMOylation-deficient PML (Ishov et al., 1999) (Lallemand-

Breitenbach et al., 2001). Thus, PMLs with the three lysines/K mutated into 

arginine/R were transfected into Pml-/- MEFs (mouse embryonic fibroblasts) with or 

without GFP-SUMO-1. Immunoprecipitation with anti GFP showed that PML 

mutated at 3K was still efficiently pulled down, implying that there is another non-

covalent interaction between PML and SUMO. PML thus retained a SUMO binding 

domain that is independent of its SUMOylation sites. Another study has indeed 
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identified a SUMO-binding consensus sequence, VVVI (Song et al., 2004),  in PML at 

amino acids 508-511. Mutation or deletion of this SUMO-interacting motif (SIM) in 

the 3K mutant abolished the ability of PML to bind GFP-SUMO-1. The sequence 

VVVI in PML was finally identified as the SIM required for non-covalent SUMO-1 

binding (Shen et al., 2006). 

 

 

Figure 11 - The PML gene and protein isoform 
The human promyelocytic leukaemia (PML) gene is located on chromosome 15q22. It spans ~53,000 
bases and contains nine exons (see figure). Alternative splicing of C terminal exons leads to the 
generation of several PML isoforms, some of which partially retain intronic sequences. Most PML 
isoforms show a predominantly nuclear localization because exon 6 contains a nuclear localization 
signal (NLS). However, alternative splicing of exons 4, 5 and 6 has been reported for many isoforms, 
making it possible that all PML isoforms exist in a cytoplasmic form. Indeed, cytoplasmic PML 
aggregates are often detected in some cell lines, although this does not necessarily reflect the 
expression of cytoplasmic PML as overexpressed nuclear PML can also show some cytoplasmic staining. 
All PML isoforms contain the first three exons, which encode the RBCC/TRIM motif. This is a tripartite 
structure that contains a zinc finger called the RING motif (R), two additional zinc finger motifs (B-
boxes; B) and a coiled-coil domain (CC). The RBCC motif promotes homo multimerization and the 
formation of macromolecular complexes. Variable C terminal sequences in PML isoforms might create 
different binding interfaces and functional specificity. This has indeed been described for some 
isoforms: PML IV induces premature senescence through p53 binding, promotes Myc destabilization 
and cellular differentiation and binds to and induces PU.1 mediated transcription; PML I binds the 
transcription factor AML1 to enhance AML1 induced transcription; and PML III interacts with the 
centrosome. Additionally, a cytoplasmic isoform of PML has been shown to regulate transforming 
growth factor  signalling. Recently, isoform specific PML antibodies (stars in the figure indicate 
different antibodies) have been generated, which will be of great use in exploring the function of 
specific PML isoforms as well as the structure of PML nuclear bodies (Bernardi and Pandolfi, 2007).  
 



Introduction 
 

57 

1 

The same authors provided evidence that the mutation in the RING sequence 

(PMLcs) reduced its SUMO binding ability. Their data suggest, but do not prove, that 

the PML RING domain can also mediate SUMO binding. It is possible that the subtle 

structural changes caused by mutation of the RING domain may result in reduced 

SUMO binding. However, the authors also demonstrated that the PML RING-domain 

mutants fold properly and can dimerize with wild type PML, forming heterodimers. 

However, the PML RING domain is required for PML SUMOylation by SUMO-1, since 

mutation of the PML RING domain drastically decreases PML SUMOylation. 

All these studies propose that the SUMO binding motif (SIM) contributes to 

interactions between PML and other SUMOylated proteins in vivo; the SUMO binding 

ability of the PML RING domain would mediate enzymatic activity such as the PML 

auto-SUMOylation or the SUMOylation of other proteins. Since the RING domain is 

essential for the activity of a class of SUMO E3 ligases (Seeler and Dejean, 2003), and 

since only PML with GFP-SUMO1 were overexpressed in Pml-/- MEFs, the authors 

speculated that PML acts as a SUMO E3 ligase that catalyzes self-SUMOylation (Shen 

et al., 2006). This is in agreement with a study in yeast showing that the PML RING 

domain was essential for PML self SUMOylation (Quimby et al., 2006). 

1.5.1. PML Nuclear Bodies 

The PML protein is the key organizer of PML Nuclear Bodies (NBs). PML NBs are 

implicated in multiple cellular process including virus-defence, apoptosis, and 

senescence. The nuclear structures are strongly associated with the SUMOylation 

process (Van Damme et al., 2010).   

In mitosis, PML is found in aggregates or foci resulting from de-SUMOylation, 

subsequent disassembly of the PML NBs (Everett et al., 1999) and PML 

dimerization/multimerization mediated by its RBCC motif (Jensen et al., 2001). 

During interphase, once PML is SUMOylated, its SUMO binding motif (SIM) can 

mediate interactions with nearby SUMOylated PML molecules, hence allowing the 

formation of orderly PML networks (Figure 12). A large number of proteins, 

discovered to be associated with the PML NBs, are also SUMOylated or contain 

SUMO binding motifs. In particular, Daxx contains also a SIM (Lin et al., 2006) and 

Daxx SUMOylation is required to form mature NBs. It was proposed that many 
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SUMO-modified proteins are recruited to the PML networks to form higher-order 

protein structures such as the PML NB through non-covalent interactions mediated 

by covalently bound SUMO and SUMO binding motifs present in PML and other NB 

components (Shen et al., 2006).  

 

Figure 12 - A model of PML-NB formation 
In mitosis, deSUMOylation of PML causes disassembly of PML-NBs. As a result, PML is in aggregate 
mediated by its RBCC motif (shown as a dimer). In interphase, PML is SUMOylated. Subsequently, the 
noncovalent interactions between two PML molecules mediated both by SUMO binding motif and RBCC 
motif promote the growth of concentered PML networks, in which nuclear body proteins that are 
SUMOylated and/or contain SUMO binding motifs will be recruited through SUMO moieties and SUMO 
binding motifs that are amply provided by PML. Although, based on this model, it is not clear how the 
electron-dense core material in the center of the PML NB is packaged during the NB biogenesis (not 
shown in the model), it is likely that PML SUMOylation is associated with the packaging process and 
that the diameter of the NB is determined by the volume of the core material. Red rods, PML dimers; 
green circles, SUMO; light blue circle joined to green circle, SUMOylated proteins; and dark blue circle 
with indentation, proteins containing a SUMO binding motif (Shen et al., 2006). 

 

1.5.2. Role of PML in the Nervous System 

PML expression at the transcript level in the postnatal mouse brain is very low (Gray 

et al., 2004). In the developing brain, on the contrary, it is highly enriched in 

germinal areas (Regad et al., 2009). These include the ventricular zone of the 

neocortex, the hippocampus, and the cerebellum. In these regions, PML accumulates 

in both the nucleoplasm and PML-NB. Isoforms localized in the cytoplasm are not 

expressed in the developing brain, and only nuclear isoform 1 and 2 are readily 

detected. PML expression was absent from postmitotic cells in developing cortex, 

cerebellum, and hippocampus (Regad et al., 2009), with the exception of Purkinje 
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neurons. In adult mouse brains, PML becomes re-expressed in the cortex and 

hippocampus. PML is expressed in the adult human brain, in neurons of the 

substantia nigra (Woulfe et al., 2004) (Woulfe et al., 2007), supraoptic area (Villagra 

et al., 2006) and sensory ganglia (Villagrá et al., 2004). It is also highly expressed in 

terminally differentiated Purkinje cells, which are the cell type mostly affected in 

SCA. In particular, PML-NBs are often associated with intranuclear inclusions in 

both normal and pathological conditions. Early reports showed that PML is 

associated in cells with nuclear aggregates formed by mutant ataxin-1 (Klement et 

al., 1998a), ataxin-3 (Chai et al., 1999), and ataxin-7  (Kaytor et al., 1999). This 

association was later confirmed in samples from patients, for example, in SCA1 

(Dovey et al., 2004) and also SCA7 (Takahashi et al., 2002). In normal control cases, 

ataxin-7 was found in cell bodies and in nuclei; neurons contained several (5-15) 

small PML-immunoreactive dots, which correspond to NBs. In SCA7 patients’ brain, 

PML-positive NIIs were larger than normal NBs (> 1.0 µm). This could result from 

the accumulation of ataxin-7 and other proteins in the NBs (Takahashi et al., 2002). 

PML-immunopositive structures with a maximum size of 3.7 µm were also detected 

in SCA2, SCA3, SCA7, SCA17 and DRPLA (Takahashi et al., 2003). Tissue from 

frontotemporal dementia patients contained ubiquitin nuclear inclusions associated 

with PML-NBs (Mackenzie et al., 2006). Colocalization with Marinesco bodies, 

another form of intranuclear inclusions, was also reported in non-degenerative 

conditions (Kumada et al., 2002). What then is the role of PML in intranuclear 

inclusions in neurodegenerative diseases?  

PML-positive inclusions contain ubiquitin and in some cases proteasome subunits, 

thus suggesting that aberrant proteasomal function causes these aggregates. 

Alternatively, they could represent active sites of proteasomal degradation (Figure 

13), as we showed in SCA7 and other polyglutamine disorders (Janer et al., 2006). In 

chapter 1.2.5, we presented the ongoing debate on whether inclusions positively or 

negatively affect the proteasome and, more generally, if alterations of the 

proteasome contribute to neurodegeneration in polyQ-associated diseases. A recent 

report has described a mechanism underlying PML and PML-NB degradation by the 

proteasome, which is dependent on an elevation of ROS levels leading to the 

formation of disulfide bonds and ubiquitin-dependent breakdown (Jeanne et al., 
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2010) (Zhang et al., 2010). Cellular redox control is one of the potential mechanisms 

underlying the pathogenesis of polyQ-associated diseases (Imarisio et al., 2008), 

thus suggesting that formation of PML inclusions in dysfunctional neurons could be 

related to changes in ROS levels accompanied by impaired proteasomal functions.  

 

Figure 13 - The role of PML in the Nervous System 
Within neural stem/progenitor cells NPC, PML interacts with and regulates other tumor suppressors 
(TS), thus mediating vital NPC functions such as proliferation. Within post-mitotic neurons, PML has 
been found associated with intranuclear inclusions of neurodegenerative diseases, suggesting it may 
play an important role in mediating degradation of aberrant proteins by the proteasome (Salomoni and 
Beth-Henderson, 2011). 

 

More recently, PML NB was shown to regulate oxidative stress-responsive 

SUMOylation through cooperation between PML, Ubc9, and RNF4. In particular, NB 

biogenesis was shown to involve two distinct steps: an initial oxidation-sensitive 

PML multimerization and, subsequently, a polarized SIM-SUMO-dependent 

recruitment of partner proteins. PML NBs act as a cellular sensor, which aggregates 

upon oxidative stress, and globally enhances sensitivity to SUMOylation and other 

post-translational modifications, most likely of NB partners (Sahin et al., 2014).  

1.5.3. Clastosomes 

Clastosomes, a subset of PML bodies, contain components of the UPS and were 

suggested to be possible sites for protein degradation in the nucleus (Lafarga et al., 

2002). They appear to be transient structures that assemble when proteolysis is 

highly active in the nucleus but disappear when the proteasome is inhibited (Lafarga 

et al., 2002). Our team has shown that clastosomes, and specifically PML isoform IV, 
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are actively involved in the clearance of mutant ataxin-7, via a recruitment of 

ataxin-7 into newly formed PML IV bodies, as demonstrated by time-lapse 

photography in a cellular model in which PML IV was overexpressed (Janer et al., 

2006). Soluble mutant ataxin-7 is thus directed towards a structure, the clastosome 

enriched in proteasomes, in which mutant ataxin-7 can be degraded. As a 

consequence, insoluble SDS resistant intranuclear inclusions are also cleared. 

Interaction between ataxin-7 and PML IV was demonstrated by co-

immunoprecipitation. We showed that PML III isoform was not able to degrade 

mutant ataxin-7, and the PML bodies obtained by expression of PML III did not co-

localize with accumulated ataxin-7 aggregates in the nucleus, thus demonstrating 

the isoform-specificity of clastosomes. Using different doses of cadmium chloride to 

alter the amount of endogenous PML bodies in cells expressing mutant ataxin-7, we 

demonstrated that aggregation of mutant ataxin-7 was dependent on the absence or 

presence of PML bodies, as shown by filter assay, suggesting that endogenous 

clastosomes are indeed involved in the degradation of mutant ataxin-7. Finally 

because β-IFN was reported to up-regulate the expression of PML (Regad and 

Chelbi-Alix, 2001), we investigated its effect on the PML-dependent degradation of 

mutant ataxin-7. β -IFN treatment led to the formation of large, strongly 

immunoreactive PML bodies that colocalized with mutant ataxin-7. Accordingly, 

degradation of overexpressed mutant ataxin-7 or normal ataxin-7 was observed; 

interestingly, the level of endogenous ataxin-7 was unaffected. This latter result 

suggested that β-IFN might have therapeutic value (Janer et al., 2006). 

To follow-up on this study, the next step was to investigate whether interferon beta 

is similarly protective in a preclinical model of SCA7, the SCA7266Q/5Q knock-in mouse 

(Yoo et al., 2003). Endogenous interferon beta was detected in the wild-type mice, 

but its expression was significantly higher in the SCA7 knock-in mice, indicating 

that expression of mutant ataxin-7 itself induces expression of the cytokine, perhaps 

as a defensive response to the disease state. Interferon beta, administered 

intraperitoneally three times a week in the knock-in mice, was internalized with its 

receptor in Purkinje cells. These results show that exogenous interferon beta crosses 

the blood-brain barrier in treated mice and upregulates the expression of its 

receptor, a known interferon-responsive gene. To determine whether interferon beta 
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treatment had a deleterious effect on Purkinje cell morphology, we also analysed 

sections of the cerebellum with an antibody against the Purkinje cell marker 

calbindin. We did not detect any difference in cell morphology between interferon 

beta and MSA-treated mice. There was also no reactive gliosis in the interferon-

treated SCA7 KI mice compared to MSA-treated controls, as shown by the labelling 

of the astrocyte marker glial fibrillary acidic protein (GFAP) and the 

macrophage/microglia marker Iba1. The treatment reduced neuronal intranuclear 

inclusions composed by insoluble mutant ataxin-7, the hallmark of the disease. The 

decrease in mutant ataxin-7 was related to increased PML protein expression and 

the formation of PML protein nuclear bodies by interferon beta treatment. 

Immunohistochemical analysis of cerebellar section with an antibody against PML 

revealed an increase in PML immunoreactivity in the molecular, Purkinje cell and 

granule cell layers of the cerebellum, notably in the nuclei, in interferon beta-

treated mice compared with the MSA-treated animals. The performance of the 

SCA7266Q/5Q knock-in mice was significantly improved on two behavioural tests 

sensitive to cerebellar function: the Locotronic® Locomotor Test and the Beam 

Walking Test. Quite importantly, interferon beta induces PML-dependent protein 

degradation, which is the physiological mechanism involved in clearance of the 

mutant protein in SCA7. This decreases the burden of the mutant protein in Purkinje 

and other cells and improves cerebellum-related motor function. Although, this is 

probably not the only effect of the cytokine, the treatment might be effective in 

patients with SCA7, alone or in conjunction with other treatments aimed at 

preventing accumulation of the mutant protein or enhancing its degradation, such 

as the substances cited above or gene silencing techniques, all of which were active 

against polyglutamine proteins (Chort et al., 2013).  

The ability of PML to modulate the degradation of mutant proteins, for example by 

enhancing its transcription, suggests it plays a protective role against 

neurodegeneration. As a result, PML loss in neurodegeneration-prone animal 

models should result in aggravation of the phenotype. In this regard, a very recent 

paper shows how PML deficiency exacerbates behavioural and pathological 

phenotypes in the BO5 mouse model of SCA1 (Guo et al., 2014). PML deficiency or 

Atxn1 82Q transgene expression alone was insufficient to cause motor defects at 7 
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weeks of age. But interestingly, performance on the Rotarod of Pml-/-: Atxn1tg/- mice 

was severely impaired compared to either PML+/+: Atxn1tg/- or Pml-/- mice. Moreover, 

a PML deficiency significantly increased the number of aggregate-containing 

Purkinje cells in Atxn1 82Q transgenic mice (Guo et al., 2014). These results suggest 

that endogenous PML plays a role in preventing the accumulation of misfolded 

proteins in SCA1 animals and in suppressing the progression of this 

neurodegenerative disease. 

1.6. RNF4 – E3 Ubiquitin ligase 

The 2004 Nobel Prize in Chemistry was awarded to Avram Hershko, Aaron 

Ciechanover and Irwin Rose for the discovery of the functions of a small (76-

residue), ubiquitous, eukaryotic cellular protein that was given the name ubiquitin. 

These laureates, along with others, found that ubiquitin is covalently attached to 

target proteins to signal their subsequent degradation by a multicompartmentalized 

protease called the 26S proteasome (Glickman and Ciechanover, 2002).  

Ubiquitin is activated in an ATP-dependent manner by an ubiquitin-activating 

enzyme known as an enzyme-1 (E1), and it is transferred to an ubiquitin-

conjugating enzyme (E2). The latter, with the help of an ubiquitin-protein ligase 

(E3), specifically attaches ubiquitin to a target protein through the ε-amino group of 

a lysine residue. The ubiquitin chain is lengthened by the E2 and E3, sometimes with 

the help of an accessory factor (E4) (Koegl et al., 1999), to at least four sequentially 

attached ubiquitins, which is sufficient to allow the ubiquitylated target protein to 

be recognized and degraded by the 26S proteasome. Finally, there is a mechanism of 

considerable physiological and pathological importance, in which deubiquitylating 

enzymes can remove ubiquitins.  

There are two broad classes of ubiquitin E3 ligases: ‘homologous to E6-AP C 

terminus’ (HECT) ligases and ‘really interesting new gene’ (RING) ligases (Deshaies 

and Joazeiro, 2009). HECT-type ubiquitin E3 ligases contain a catalytic cysteine 

residue that forms a thioester intermediate with ubiquitin before the final transfer. 

RING E3 ligases do not form a covalent intermediate, but catalyze direct transfer of 

ubiquitin from the E2~Ub thioester to a substrate. RING proteins contain a 
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conserved arrangement of cysteine and histidine residues that coordinate two zinc 

atoms and cross-brace the folded structure. 

SUMO-targeted ubiquitin ligases (STUbLs) are a conserved family of proteins that 

target SUMO-modified proteins for ubiquitylation (Perry et al., 2008) (Uzunova et 

al., 2007), as typified by RING finger protein 4 (RNF4) in mammals. STUbLs contain 

multiple SUMO-interaction motifs (SIMs) allowing them to specifically recognize 

poly-SUMO chains (Song et al., 2004) (Hecker et al., 2006) (Song et al., 2005) and a 

RING domain. SIMs are short peptide motifs that can be classified as SIMa, SIMb or 

SIMr according to their exact amino acid sequence (Keusekotten et al., 2014). 

Structurally the SIM motif was shown to adopt a short β strand structure that inserts 

into a hydrophobic groove formed between  a β strand and an α helix in SUMO (Song 

et al., 2005). In a number of proteins, including components of PML nuclear bodies, 

like PML itself, Sp100 or the E3 SUMO ligase PIAS1, it appears that a stretch of 

negatively charged amino acids flanking the hydrophobic core of the SIM enhances 

their affinity for SUMO (Hecker et al., 2006). One function of SUMO-targeted 

ubiquitin ligases or ubiquitin ligases (E3) is to mediate their target degradation by 

the proteasome. 

To date the most studied STUbL is probably RNF4. It possesses both ubiquitin E3 

ligase activity and 4 SIM motifs (Sun et al., 2007) and can itself be SUMOylated and 

polyubiquitylated. Whereas in yeast (Slx5-Slx8) function as heterodimers, the 

human homologue RNF4 functions as a homodimer: the RING from the two subunits 

make contact with a single ubiquitin-charged E2 (Liew et al., 2010) (Plechanovová et 

al., 2011) (Plechanovová et al., 2012b).  

In cells under normal growth conditions SUMO chains are maintained at low levels. 

During stress responses such as DNA damage, arsenic treatment or heat shock, 

SUMO chains accumulate and it was predicted that they activate RNF4.  

PML was identified as a first physiological substrate of RNF4 : the STUbL promotes 

ubiquitylation of SUMOylated PML in vitro and disrupts PML nuclear bodies (PML-

NBs) in cells treated with arsenic trioxide (Weisshaar et al., 2008). In the case of 

arsenic trioxide treatment, SUMO chains are formed on PML protein present in 

nuclear bodies, and RNF4 is rapidly recruited to these sites in a SIM-dependent 
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RING-independent fashion (Tatham et al., 2008) (Lallemand-Breitenbach et al., 

2008), (Geoffroy et al., 2010). PolySUMOylated PML is the target of RNF4, which, 

after dimerization through its RING domain, catalyzes the addition of poly-ubiquitin 

chains onto PML, which is subsequently degraded via the proteasome. 

1.6.1. RNF4 RING domain is sufficient for ubiquitylation activity. 

The RNF4 C-terminal RING domain is required for ubiquitin E3 ligase activity, 

whereas four tandems SIMs located in the N-terminal region provide binding 

specificity for its substrate (Keusekotten et al., 2014), poly-SUMO chains (Figure 14). 

RNF4 is capable of autoubiquitylation and attaches ubiquitin to its internal lysine 

residues. The isolated RING domain of RNF4 is active in autoubiquitylation, 

confirming that the RING domain is sufficient for ubiquitin transfer. However, it was 

unable to ubiquitylate poly-SUMO2 chains (Plechanovová et al., 2011).  

 

 

Figure 14 - Model of RNF4 activation by polySUMO chains 
STUbL RNF4 is predominantly monomeric and inactive in the absence of its poly-SUMO substrate. 
However, cellular accumulation of SUMO chains serves to recruit monomeric RNF4, creating a locally 
high concentration that allows the RING dimerization and activation of ubiquitination activity (Rojas-
Fernandez et al., 2014).  

In 2010, Tony Hunter’s team generated a number of point mutation in different 

residues to identify features of the RNF4 RING domain (Liew et al., 2010). They 

identified three residues (Met140, Asp141 and Arg181) in the RING domain, which are 

predicted to contact with the E2 UbcH5b and favour ubiquitylation of target protein. 

The second set of mutants was focused on understanding the role of the C-terminal 

residues that they were required for the biological activity of RNF4 (Sun et al., 2007). 
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Lastly, they also made mutations that are expected to disrupt dimerization, but not 

affect the C-terminal tail (V161A, V134A/E, I153A/E, S155A/E). Their studies showed 

that disruption of either E2 recruitment or RING dimerization inactivates the E3-

ligase activity of RNF4: analysis of mutant RNF4 proteins suggests that RING 

dimerization destabilizes the E2~ubiquitin conjugate so that ubiquitin transfer is 

favoured. Moreover, the C-terminal domain may have another role, because the 

monomeric mutants that disrupt the dimer interface (but have a wild type C-

terminus) retain some, albeit low in vitro activity, but those that disrupt the C-

terminal residues are inactive (Liew et al., 2010). A full understanding of the role 

played by the C-terminus is still missing. But this observation is consistent with 

analysis of the RING domains from MDM2 and MDMX, which showed that mutation 

of the C-terminal residues disrupted ubiquitylation of the subsrate, p53, but not 

MDM oligomerization (Uldrijan et al., 2007). 

1.6.2. The guardians of the nucleus: PML, SUMO and RNF4 

Very recently, Guo and co-authors followed the fate of the aggregation-prone 

mutant polyQ ataxin-1 with 82Q and Htt97Q as well as misfolded model substrates 

that do not belong to the polyQ type. They presented a clearance pathway for 

nuclear misfolded protein where PML, SUMO and RNF4 have a very coordinated role. 

The model presents PML as a SUMO E3 ligase that promotes the attachment of 

polymeric SUMO chains to the target proteins. SUMO2/SUMO3 chains subsequently 

serve as a docking site for RNF4, which finally catalizes misfolded protein 

degradation by adding a poly-ubiquitin tag, thus marking it for proteasomal 

degradation (Guo et al., 2014). This is indeed of physiological significance, as in a 

mouse model for SCA1 in which loss of PML was genetically induced, the 

neurodegenerative phenotype was more severe. 
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Figure 15 Recognition and Clearance of Misfolded Protein by the concerted action of PML, 
SUMO, and RNF4 

Nuclear misfolded proteins are selectively recognized by PML and marked with poly-SUMO2/3 chains. 
RNF4, which is a SUMO-dependent E3 ubiquitin ligase, binds to the poly-SUMO2/3 chains via tandem 
SUMO interacting motifs (SIM) and ubiquitylates the protein, which leads to its proteasomal 
degradation (Gartner and Muller, 2014). 

 

A conceptual question emerges as to the reason why cells use a two-step, SUMO-

primed pathway for ubiquitylation and clearance of misfolded proteins rather than 

triggering their ubiquitylation directly. One might hypothesize that it aims at adding 

an additional regulatory layer to the protein quality control pathway of damaged 

proteins in mammalian, but also yeast cells. Conjugation of SUMO-1 and SUMO-2 in 

ther monomeric form may also allow the recruitment of factors that facilitate 

refolding or disassembly of polyglutamine-containing aggregates. In that case 

SUMOylation may not necessarily lead to the removal of the protein.  

Finally, the additional regulatory layer of protein quality control by the 

SUMOylation pathway could represent an option for therapeutic intervention: 

stimulating the attachment of SUMO2/SUMO3 to a misfolded protein should foster 

its removal (Gärtner and Muller, 2014). It remains a challenging task since, 

according to the disease, enhanced SUMO-2 modification proves to be beneficial for 

SCA7 (our work, presented in this manuscript) and SCA1 (Guo et al., 2014), but 

caused an increase in insoluble mutant huntingtin possibly due to impairement of 

the downstream clearance machinery (O’Rourke et al., 2013). 
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2. Aims of this work  

How does the cell promote degradation of nuclear proteins that accumulate? Our 

team showed the importance of two molecular pathways: one by SUMOylation, a 

post-translational modification, which is able to influence ataxin-7 protein 

aggregation and toxicity. Another is the clearance of mutant ataxin-7 in a 

subpopulation of PML nuclear bodies, clastosomes, involving the UPS. The two 

pathways might act together, possibly via SUMO-2, which is known to target 

proteins for degradation. 

Two series of experiments will be presented. The first were performed to increase 

our knowledge of the impact of SUMOylation, and how it influences the function of 

the ataxin-7 protein in normal (10Q) and pathological expanded (92Q) proteins. 

SUMOylation regulates the molecular interactions of the modified proteins leading 

to changes in solubility or even stability of the respective target proteins. I will show 

that endogenous ataxin-7 is a target for both SUMO-1 and SUMO-2. I propose that 

RanBP2 is the main SUMO E3 ligase for ataxin-7, via SUMO-1 the known partner of 

RanBP2. When SUMO-2 is overexpressed together with RNF4 we will observe a 

reduction in the concentrations of soluble and insoluble mutant ataxin-7 protein, 

and thus propose that RNF4 mediates the polyubiquitination and subsequent 

proteasomal degradation of mutant ataxin-7. 

The second series of experiments was performed in Atxn7100Q/5Q knock-in mice. We 

will evaluate the expression levels of SUMO-1 and 2 and those of enzymes involved 

in SUMOylation, conjugation and de-sumoylation by quantitative RT-PCR. We will 

also use immunohistochemistry in a late stage of their disease to correlate SUMO-

related gene expression patterns with alterations in protein expression related to 

presence of mutant ataxin-7. We will conclude that SUMOylation is globally 

impaired in this SCA7 mouse model compared to wild type littermates, suggesting 

that this pathway is deregulated in vivo.  





    
 

71 

3. Results 

3.1. Identification of a new interaction between ataxin-7 and SUMO-2  

3.1.1. Ataxin-7 is modified by both SUMO-1 and SUMO-2  

Our team previously demonstrated that full-length normal ataxin-7 is SUMOylated 

by SUMO-1 on Lys257 in cells overexpressing ATXN7-10Q by mutagenesis of the 

target lysine (Janer et al., 2010).  We also showed by in vitro SUMOylation that 

ATXN7-10Q could be modified by SUMO-2; in addition to unmodified ataxin-7 

bands, bands of higher molecular weight were detected on western blot. 

To determine whether SUMO-1 or SUMO-2 was attached preferentially to normal or 

mutant ataxin-7, we examined SUMOylation in HeLa and COS-7 cell models, in 

which we overexpressed normal ATXN7-10Q and polyQ-expanded ATXN7-92Q, with 

or without SUMO-1 or SUMO-2. 

When ATXN7-10Q and SUMO-1 were co-expressed for 48 hrs, we detected, on 

western blots of total extracts with an anti-ataxin-7 polyclonal antibody, the 

presence of a modified band at approximately 120 kDa, corresponding to the 15-20 

kDa expected shift due to the addition of SUMO-1 to unmodified ataxin-7 (Figure 

16-A). We also observed a decrease in the amount of soluble unmodified ataxin-7 

(Figure 16-A, right panel). When ATXN7-10Q and SUMO-2 were co-expressed, the 

same band shift, corresponding to the addition of one SUMO-2 residue, was 

observed. In addition, there was a faint band above this modified band, which can be 

attributed to the conjugation of two SUMO-2 residues. PolySUMOylated bands were 

technically difficult to detect, probably due to their low abundance. The unmodified 

ataxin-7 band was more intense in the absence of SUMO-1 than when SUMO-1 was 

expressed, possibly due to protein degradation in the presence of SUMO-1 or to 

downregulation of its expression via SUMO-1. Using anti HA antibody we detected 

free SUMO-1 and free SUMO-2 around 18 kDa. In some other experiments, we 
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showed that free SUMO-2 is more abundant than free SUMO-1 (Figure 18-B), in 

agreement with the fact that SUMO-1 is usually conjugated to substrates in cells 

rather than free in the nucleoplasm (Saitoh and Hinchey, 2000).  

 

Figure 16 – Ataxin-7 is modified by SUMO-1 and SUMO-2: SUMO-2 attenuates the propensity of 
expanded polyQ ataxin-7 to aggregate 

(A) HA-SUMO-1 and HA SUMO-2 were transfected into HeLa (left panel) and COS-7 (right panel) cells 
in combination with either ATXN7-10Q or ATXN7-92Q.  Expression of SUMO-1 and ATXN7-10Q leads 
to the appearance of a band above unmodified ataxin-7 corresponding to ataxin-7 conjugated with one 
SUMO-1 residue (*). Co-expression of SUMO-2 gives rise to 2 bands resulting from conjugation of one 
(*) or two (**) SUMO residues. Expression of SUMO-2 and ATXN7-92Q led to SUMO-2 conjugation (*) of 
mutant ataxin-7; due to the abnormal migration of polyQ-containing proteins, the separation between 
unmodified and SUMO-2-conjugated ATXN7-92Q is difficult. Total extracts (40 µg) were analysed on 4-
12% gels (left panel) and on 4-20% gels (right panel). Tubulin was used as loading control. SUMO-1 and 
SUMO-2 were detected with anti-HA tag antibody. (B) Filter retardation assay from two experiments 
are presented, one from lysates in the right panel (A) and a second from another (not shown), to detect 
SDS-resistant aggregates (SR); 30 and 60 µg of total extract were analysed; ataxin-7 was detected with a 
polyclonal anti-ataxin-7 antibody. ATXN7-10Q did not form aggregates. ATXN7-92Q aggregation was 
concentration dependent. SUMO-1-conjugated ataxin-7 aggregated less than polyQ ataxin-7 expressed 
alone; SUMO-2 had a greater effect. (C) Immunofluorescence of COS-7 cells 40 h after transfection with 
ATXN7-92Q.  Endogenous SUMO-1 and RanBP2 expression were analysed. Mutant ataxin-7 labelling in 
nuclei was either strong but diffuse (upper panel) or aggregated (lower panel). The number and size of 
aggregates varied on the amount of ataxin-7 accumulated. Endogenous SUMO-1 labelling was in dots 
(possibly nuclear bodies) in the nucleus and at the nuclear membrane corresponding to the presence of 
RanBP2 in complex with RanGAP1. Labelling with anti-RanBP2 antibody (lower panel) showed the 
characteristic nuclear rim staining of endogenous RanBP2. 
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When ATXN7-92Q and SUMO-1 were co-expressed, the shift of the SUMO-1-

modified band was difficult to separate from the unmodified ATXN7-92Q band, 

especially as the polyQ species accumulated strongly in cells over 48h. The use of 4-

12% gradient gels permitted visualization of both free SUMO species in transfected 

cells and full-length polyQ-containing ataxin-7 that migrates at 140 kDa. The 

expression of HA-SUMO-1 and 2 species was verified as above. When SUMO-2 was 

co-expressed, we detected higher molecular weight bands above the unmodified 

polyQ-ataxin-7. The smear, in which the bands were detected, corresponded most 

probably to poly-SUMOylated ataxin-7. The levels of soluble unmodified polyQ-

ataxin-7 was slightly reduced by overexpression of SUMO-1, but not by SUMO-2, 

again indicating that modification of ataxin-7 by these two isoforms are different. 

To investigate the potential of SUMO-2 and SUMO-1 to degrade SDS-insoluble 

ATXN7-92Q aggregates, we analyzed the samples by filter retardation assay, which 

permits separation of inclusions or aggregates from soluble mutant ataxin-7 by 

boiling in the presence of SDS and DTT and filtration through a 0.2 µm pore 

cellulose acetate membrane. The retained material, corresponding to SDS-resistant 

or insoluble ataxin-7, was detected with the anti-ataxin-7 antibody, as for western 

blots.  Using this technique, we observed a decrease in ATXN7-92Q aggregates after 

overexpression of SUMO-1 for 48h, compared to cells transfected only with mutant 

ataxin-7 and an empty vector (pcDNA3).  In the presence of SUMO-2, a much 

stronger decrease by 50% in poly-Q-containing aggregates was observed (Figure 16-

B) compared to mutant ataxin-7 expression alone.  

These results show that SUMO-2 conjugation to ataxin-7 reduces its aggregation to a 

greater extent than SUMO-1. We have demonstrated in cell models that mutant 

ataxin-7 modification by SUMO-2, a stress-responsive modification pathway not 

previously investigated for SCA7, regulates the accumulation of insoluble mutant 

ataxin-7. 

To analyse the sub-cellular localization of mutant ataxin-7 and endogenous SUMO-

1, we seeded COS7 on cover slips and transfected them with ATXN7-92Q to 

subsequently perform immunofluorescence. Two pattern of staining were observed 

(Figure 16-C): in the upper panel, a strong but rather uniform nuclear staining was 

present before the formation of aggregates of mutant ataxin-7. On the contrary in 
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the lower panel, three cells in which aggregates had formed can be seen: ataxin-7 

staining was in the nucleus but there were additional dots with more intense 

staining by the ataxin-7 antibody. The presence of these nuclear inclusions confirms 

that mutant ataxin7 is able to aggregate in the nucleus. The number and size of 

aggregates varies depending upon the amount of ataxin-7 accumulated in each cell. 

The staining pattern of endogenous SUMO-1 was also nuclear with a few intense 

dots. It was also present around the nuclear rim; this was expected since highly 

SUMOylated RanGAP and RanBP2, a SUMO E3 ligase, are a part of the nuclear pore 

complex at the nuclear rim. The SUMO-1-positive dots may correspond to nuclear 

bodies. The lower panel shows the characteristic staining of RanBP2 at the nuclear 

rim: the SUMOylation pathway, in fact, is implicated in the shuttling of target 

proteins from the cytoplasm to the nucleus (Kirsh et al., 2002)(Salinas et al., 2004).  

3.1.2.  Endogenous ataxin-7 is a target of SUMO-1 and SUMO-2 

 Usually only a small fraction, up to 2-3% of a given protein in the cellular pool is 

SUMOylated at steady state (Hay, 2005). Consequently, SUMOylated targets are 

difficult to detect, especially when the unmodified proteins are present in low 

abundance. Furthermore, SUMOylation is easily lost during nondenaturing lysis, 

because SUMO isopeptidases remain highly active in many buffer conditions. The 

group of Frauke Melchior recently developed a method for the specific enrichment of 

endogenous SUMO-1 and SUMO-2/3-modified proteins based on denaturing lysis of 

biological material, immunoprecipitation with monoclonal antibodies recognizing 

SUMO-1 or SUMO-2/3, and specific elution of SUMO targets (Barysch et al., 2014).  

We used this technique to gain insight into the regulation and role of SUMOylation 

of endogenous ataxin-7. We undertook a denaturing immunoprecipitation in MCF7 

cells to examine endogenously SUMOylated ataxin-7. This method allows the 

enrichment of endogenous SUMO targets. The experiments were performed in MCF7 

cells as they contain higher levels of endogenous ataxin-7 than COS-7 or HeLa cells. 

The experiment was performed in the laboratory of F. Melchior. We processed MCF7 

lysates further by fragmenting DNA by sonication and reducing disulfide bonds by 

boiling the sample in DTT followed by dilution in RIPA buffer conditions ensures 

that the initial SDS concentration does not interfere with the SUMO 

immunoprecipitation. To immunoprecipitate SUMOylated ataxin-7, we incubated 



Results 
 

75 

3 

the input material with antibody-coupled beads at 4°C overnight then eluted SUMO 

conjugates with an excess of epitope-spanning peptides to ensure specificity: one 

pre-elution step (incubation without peptide) followed by two-elution steps 

(incubation with epitope-spanning peptide). To facilitate detection of endogenous 

ataxin-7, we precipitated the eluted protein with trichloroacetic acid (TCA) 

precipitation.  

The results presented in Figure 17-A show that after elution with a peptide 

competing with SUMO-2 we detected the presence of a band slightly above the band 

corresponding to unmodified endogenous ataxin-7, with a polyclonal antibody 

raised against ataxin-7. The absence of this band in the control IP, and its intensity 

in the SUMO-2 eluate, strongly suggests that endogenous ataxin-7 is modified by 

SUMO-2. Similarly, we detected a less intense band after elution with a peptide 

competing for SUMO-1. Thus endogenous ataxin-7 is a target for both SUMO-1 and 

SUMO-2, with a preference for SUMO-2 because SUMO-2-conjugated beads captured 

more ataxin-7. SUMOylated RanGAP1, well known SUMO-1 target was used as a 

positive control for the immunoprecipitation. This result is coherent with the results 

of the above-described experiments showing that overexpressed ataxin-7 is 

preferentially modified by isoform 2 of SUMO.   

While performing the SUMO immunoprecipitation experiments, we performed 

SUMO controls blots of samples termed “input”, “flow-through”, “pre-elution wash” 

and “eluate” to verify the successful completion of the protocol. These experiments 

confirmed that SUMO-1 and -2 were present in the control blot; in addition a band 

corresponding to SUMOylated RanGAP1 was detected in the immunoblot revealed 

with SUMO-1 (Figure 17-A).    
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Figure 17 - Endogenous ataxin-7 is a SUMO-1 and SUMO-2 target in MCF7 cells as shown by 
immunoprecipitation 

(A) Immunoblots of ataxin-7 and RanGAP1 showing the SUMOylation of ataxin-7 and RanGAP1 
immunoprecipitated by antibodies against SUMO-1 (ab 21C7) and SUMO-2 (ab 8A2) and eluted with 
epitope-containing peptides or control peptides; IgG is the negative control; RanGAP1 
immunoprecipitation is the positive control; SUMO-modified ataxin-7 is boxed. (B) Positive controls 
for SUMO immunoprecipitation: arrows indicate eluted free SUMO-1, free SUMO-2 and SUMOylated 
RanGAP1. CTRL, control; FT, flow-through; preE, pre-elution wash; E, eluate. IB, immunoblot. Asterisk 
(*) non-specific band. (C) Proximity ligation assay  (PLA) to show proximity (<40 nm) between 
endogenous SUMO-1 and ataxin-7 (red dots) performed with monoclonal anti-1C1 (ataxin-7) and 
polyclonal anti-SUMO-1 antibodies. Secondary antibodies were labelled with specific oligonucleotides 
that were hybridized, ligated, amplified before detection. Red fluorescent dots attest that SUMO-1 and 
ataxin-7 are very close or interact; red dots along the nuclear membrane show endogenous ataxin-7 
modified by SUMO-1 or interacting with another SUMO-1-positive protein, such as RanGAP1, a partner 
of RanBP2 in the nuclear complex. Negative controls: anti-1C1 or anti-SUMO-1 alone do not generate a 
signal. 
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To confirm that endogenous ataxin-7 is indeed SUMOylated, we investigated the 

modification of ataxin-7 by proximity ligation assay (PLA). Also known as Duolink in 

situ, this technique is based on a pair of oligonucleotide labeled secondary 

antibodies (PLA probes) that generates a signal only when the two PLA probes are 

bound in close proximity (< 40 nm). The signal from each detected pair of PLA 

probes is visualized as an individual red fluorescent spot. As shown in Figure 17-C, 

endogenous ataxin-7 and endogenous SUMO-1 were recognized by their respective 

antibodies: the close proximity of these two proteins leads to and interaction 

between DNA strands and amplification of the DNA by a polymerase. The red 

fluorescent spots confirm the interaction between these two proteins; particularly 

noteworthy is the present of positive red dots around the nuclear membrane. This 

result reinforces our hypothesis that ataxin-7 is SUMOylated at the nuclear rim by 

RanBP2 that we suggest to be the major SUMO E3 ligase for ataxin-7. To properly 

evaluate our results, we included negative controls by omission of ataxin-7 or 

SUMO-1 antibodies, respectively. In absence of one primary antibody, the two PLA 

probes will not be able to bind together. The negative controls show that the red 

fluorescent spots that we detected are due to a real proximity between endogenous 

ataxin-7 and SUMO-1. Thus endogenous ataxin-7 is either modified by SUMO-1, or 

interacts with another protein that is SUMO-1 positive, like RanGAP, which is known 

to interact with RanBP2. 

3.1.3. RanBP2 is the main SUMO E3 ligase for modification of ataxin-7 by SUMO-1. 

Potential interactions between ataxin-7 and an E3 SUMO ligase were first 

investigated by in vitro SUMOylation assay in the presence of recombinant enzymes. 

The obtained results suggested that RanBP2 was a major candidate for conjugation 

of SUMO to ataxin-7 (Janer et al., 2010). RanBP2 is a protein that is part of the 

nuclear pore complex and has been implicated in protein shuttling from cytoplasm 

to nucleus associated with SUMOylation of target proteins (Kirsh et al., 2002). Other 

SUMO E3 ligase could also be implicated in the modification of ataxin-7: the PIAS 

(Protein Inhibitor of Activated Stat) proteins that can act as SUMO E3 ligases. To 

test the implication of PIAS in ataxin-7 SUMOylation and evaluate each PIAS protein 

for its ability to enhance SUMOylation of ataxin-7, we overexpressed ATXN7-92Q in 

presence of six different constructs for the known SUMO E3 ligases (5 for different 
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PIAS and RanBP2) in combination with alternative expression of SUMO-1 and 

SUMO-2.  We tested PIAS1, PIASxα, PIASxβ, PIAS3 and PIAS4 and compared their 

effect on western blots and on filter assays. As described in section 3.1.1, we show 

that SUMO-1 overexpression leads to a slight reduction of mutant soluble ataxin-7 

(Figure 18-B lane 2 compared to lane 1) and a strong decrease of aggegated SDS 

insoluble protein (Figure 18-A). On western blots, PIAS1 slightly enhanced the 

modification of ATXN7-92Q with SUMO-1 overexpression (Figure 18-B lane 3 

asterisk). But the major effect, which was easily detected on western blots, was the 

increase in ataxin-7 poly-SUMOylation by SUMO-2 (Figure 18-B, lanes 8-13 

compared to lane 1, single asterisk for mono-SUMOylation and double asterisk for 

poly-SUMOylation); this modification also correlated with a reduction of SDS-

insoluble ATXN7-92Q (Figure 18-A). In particular, the degradation of the aggregates 

seems to be dependent on co-expression of SUMO-1 or -2 combined with the 

different SUMO E3 ligases. For example, PIASxα seems to be more prone to catalyze 

the modification of ataxin-7 when supported by SUMO-1 (Figure 18-A); on the 

contrary, PIAS3 and 4, in presence of SUMO isoform 2, massively degrades ataxin-7 

aggregates  (Figure 18-A). Because the PIAS proteins are regulators of transcription, 

like SUMO, and can act as coactivators and corepressors in addition to their E3 ligase 

activity, a myc-actin construct under CMV-based promoter was cotransfected to 

account for transcriptional effects. The corresponding fusion protein, used as 

control, was detected by an anti c-myc antibody  (Figure 18-B). An anti-HA antibody 

detected free SUMO-1, known to be less abondant than free SUMO-2. An anti-T7 

antibody detected the overexpressed PIAS that were tagged with T7.  

We tested directly the action of RanBP2 only with SUMO-1, because it has a greater 

affinity for SUMO-1 than for SUMO-2 (Hecker et al., 2006). We expressed a fragment 

of RanBP2, delta FG (ΔFG, aa 2553-2838), that contains the E3 ligase catalytic 

activity (Werner et al., 2012), since full-length RanBP2, a 358 kDa protein, cannot be 

efficiently expressed due to its large size. The effects of RanBP2 expression on the 

degradation of ataxin-7 aggregates in the presence of SUMO-1 were more important 

than those of the other SUMO E3 ligases tested. We obtained a reduction by 87% of 

mutant protein aggregates when both RanBP2 and SUMO-1 were expressed, relative 
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to the expression of ATXN7-92Q alone or coexpressed with RanBP2 alone (Figure 

18-A).  

 

Figure 18 – Identification of a major SUMO E3 ligase for ataxin-7 modification 
(A) Filter retardation assay. In COS7 cells, co-expression of ATXN7-92Q and SUMO-1 or SUMO-2 with 
candidate SUMO E3 ligases: PIAS1, PIASxα, PIASxβ, PIAS3, PIAS4 and a fragment of RanBP2 (aa 2553-
2838) that contains the E3 catalytic activity. ATXN7-92Q was expressed in all samples. SUMO-1 or 
SUMO-2 overexpression decreased aggregation of mutant ataxin-7 by around 76% and 70%, 
respectively, compared to aggregation level of ATXN7-92Q expression alone. RanBP2 co-expressed 
with SUMO-1 decreased aggregation by 87%; PIAS1 co-expressed with SUMO-1 by 65%; PIASxα and 
SUMO-2 by 45%. S1, SUMO-1; S2, SUMO-2. (B) Western blot analysis. ATXN7-92Q co-expressed with 
SUMO-1 or SUMO-2 and different PIAS isoforms. SUMO-1 in combination with PIAS1 reduced soluble 
ataxin-7 by 28% (lane 3) and PIAS4 by 15% (lane 7). SUMO-2 increases the mono (*) and poly-
SUMOylation (**) of ataxin-7; addition of PIAS4 increased by 173 % the level of modified ataxin-7 (lane 
13, * mono-SUMO). To control for transcriptional effects of PIAS, one tenth of a myc-actin construct 
under CMV-based promoter was co-tranfected. SUMO-1 (less abundant than SUMO-2) was detected 
with an anti-HA tag antibody; PIAS was detected with the anti-T7 antibody. Relative ratios of NS 
ataxin-7 versus tubulin are indicated. 
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Figure 19 - SUMOylation of ataxin-7 by RanBP2 
ATXN7-92Q (1 µg per well) was co-expressed in COS7 cells with different concentrations of plasmids 
expressing RanBP2, SUMO-1 and SUMO-2. (A) Filter retardation assay. Increased SUMO-1 expression 
reduced SDS-resistant aggregates (SR) more (lane 6-8) than SUMO-2 (lane 9-11). Forty and 80 µg of 
total protein extracts were applied to the filter. Ataxin-7 was detected with an anti ataxin-7 antibody 
(rabbit). Relative ratios of SR ataxin-7 versus lane 1 are indicated (B) Western blot analysis. Amounts of 
plasmids are as in (A). The catalytic fragment of RanBP2 and free SUMO-1 and 2 were detected with an 
anti-HA antibody. Actin was the loading control. Upper panel: SUMO-1 titration showed a decrease in 
soluble ataxin-7 by 69% (lane 2) due to both transcriptional repression and protein degradation. 
RanBP2 caused additional degradation of soluble ataxin-7 by 85% (lane 7).  Bottom panel: SUMO-2 
caused less degradation than SUMO-1 by 56% (lane 2); co-expression with RanBP2 had a slightly 
greater effect (decreased by 65%, lane 7). Relative ratios of NS ataxin-7 versus actin are indicated. 
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To further investigate the role of RanBP2 as the major SUMO E3 ligase of ataxin-7, 

SUMO isoforms were titrated with and without overexpression of the enzyme to 

confirm its preferential interaction with SUMO-1 in ataxin-7 modification. First, in 

the absence of SUMO expression, RanBP2 had a small but dose-dependent effect on 

ataxin-7 aggregates (Figure 19-A, lanes 1 to 5) that can be explained by the presence 

of endogenous SUMO-1. Increased amounts of overexpressed SUMO-1 (from ¼, ½, 

2/3 to 1) reduced soluble ataxin-7 (Figure 19-B, upper panel, lanes 2-5) and the 

insoluble aggregates (Figure 19-A, lanes 6-8): this effect was increased by the 

addition of RanBP2 (Figure 19-A, lanes 6-8 and –B, upper panel, lanes 6-9 compared 

to lanes 2-5). On the contrary, SUMO-2 overexpression reduced the level of soluble 

mutant ataxin-7 less than SUMO-1 (bottom panel in Figure 19-B, lanes 1-5). 

However co-expression of SUMO-2 and RanBP2 slightly reduced soluble mutant 

ataxin-7 (Figure 19-B lower panel, lanes 7-9), but strongly reduced ataxin-7 

aggregates (Figure 19-A, lanes 9-11). Together our results suggest that RanBP2 is the 

major SUMO E3 ligase for modification of ataxin-7 by SUMO isoform 1; SUMO-1 is a 

known partner of RanBP2. However, in this overexpression model, RanBP2 and 

SUMO-2 also seem to target mutant ataxin-7. 

We also tested the effects of a RanBP2 plasmid coding for the same fragment (Δ∆FG) 

used in the above-described experiment but with a mutation that inactivated its 

SUMO E3 ligase activity (L2651A/L2653A/F2658A). In COS7 cells, we overexpressed 

ATXN7-10Q or -92Q and SUMO-1, with or without wild type or mutant RanBP2Δ∆FG. 

By western blot, we confirmed the expression of the two RanBP2 constructs using an 

anti-HA antibody.  Soluble ATXN7-92Q accumulated more than its ATXN7-10Q 

counterpart, which always has a more rapid turnover in cells, as seen on the western 

blot. Overexpression of SUMO-1 and RanBP2 decreased the level of ATXN7-10Q 

(Figure 20-A, lane 10 compared to lane7 and to lane 8), again suggesting that 

RanBP2 acts in concert with SUMO-1 on its target ataxin-7. Mutant RanBP2 did not 

have the same effect (Figure 20-A, lane 12). Neither did RanBP2 WT in the absence 

of SUMO-1 (Figure 20-A, lane 9). 

A small decrease in the amount of soluble ATXN7-92Q was observed when RanBP2 

was coexpressed with SUMO-1 (Figure 20-A, lane 4 compared to lane 1).  When 

extracts of cells co-transfected with wild type or mutant RanBP2 and ATXN7-92Q 



Chapter 3 

 

82 

were examined by filter retardation assay, the reduction of mutant ataxin-7 

aggregates was much stronger when the wild type form of RanBP2 fragment was 

expressed. As to why the mutant fragment was active, it is possible that when the 

IR1 motif is inactivated, the IR2 motif is able to be cryptically activated (Andreas 

Werner, personal communication). 

We conclude that in an overexpression system, the RanBP2 fragment containing the 

SUMO-1 E3 ligase activity is able to mimic SUMOylation of normal and mutant 

ataxin-7. Thus, mutant ataxin-7 is probably more efficiently or rapidly modified by 

SUMO-1 and aggregates much less than if only SUMO-1 is expressed. 

 

Figure 20 - RanBP2ΔFG fragment but not RanBP2ΔFG with a mutation in the IR1 motif causes 
efficient SUMO-1 -mediated degradation of ataxin-7 aggregates 
ATXN7-92Q was co-expressed, in COS7 cells with SUMO-1 and a fragment of wild-type RanBP2 
(RanBP2Δ∆FG with or without a mutation in the IR1 motif that inactivates E3 ligase activity 
(L2651A/L2653A/F2658A) (MUT). (A) Filter retardation assay. SUMO-1 reduced aggregation by 56%; 
SUMO-1 and RanBP2Δ∆FG reduced aggregation even more, by 71%; SUMO-1 and mutant RanBP2Δ∆FG 
reduced it by 46%. Relative ratios of SR ataxin-7 versus ATXN7-92Q overexpression alone (lane 1) are 
indicated. (B) Western blot of samples in (A). Co-expression of SUMO-1 and ATXN7-92Q (left panel) or 
ATXN7-10Q (right panel). 
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3.1.4. Endogenous RanBP2 co-immunoprecipitates with endogenous ATXN7.  

To avoid the effects of non-physiological conditions, we performed an 

immunoprecipitation under non-denaturing conditions, as above, to confirm the 

possible interaction between ataxin-7 and RanBP2 in MCF7 cells. 

Since RanBP2 is part of the nuclear pore complex, we used two different extraction 

buffers to determine the best conditions for isolating this protein from the nuclear 

membrane and avoid losing it in the pellet after centrifugation. We opted for an 

extraction buffer containing non-ionic detergents, either NP-40 0.5% or TRITON X-

100 0.1% (50 mM Tris pH 7,4; 100 mM NaCl; 2 mM MgCl2; 1mM EGTA). Analysis of 

the input samples confirmed that we were able to extract endogenous RanBP2 

protein with the two buffers quite similarly, as well as ataxin-7, which was less 

abundant. Immunoprecipitation of samples with anti-RanBP2 and anti-ataxin-7 

antibodies confirmed the binding of the two proteins. Similar amount of ataxin-7 

were immunoprecipitated in both buffers, whereas RanBP2 was more abundant in 

eluates when immunoprecipitated in NP-40 buffer. Ataxin-7 protein was co-

immunoprecipitated when RanBP2 was immunoprecipitated, and vice versa, 

regardless of the extraction buffer. This suggests that endogenous ataxin-7 interacts 

with RanBP2 in MCF7 cells. We confirm the specificity of the binding with an 

immunoprecipitation using an anti-myc antibody: neither ataxin-7 nor RanBP2 were 

immunoprecipitated. The control using beads without antibodies demonstrated that 

neither RanBP2 nor ataxin-7 stuck non-specifically to the beads. Using two different 

buffers we confirm that the interaction of ataxin-7 with RanBP2 is specific.  

In 2006 our team published the interaction between ataxin-7 and another SUMO 

target, PML. Thereafter, other teams suggested that RanBP2 was a candidate SUMO 

E3 ligase for PML (Saitoh et al., 2006).  Our immunoprecipitation experiment 

confirmed the already described interaction of ataxin-7 with PML. We have now 

shown that RanBP2 might well be a SUMO E3 ligase for PML. Our 

immunoprecipitation experiments show that RanBP2 and PML interact, indirectly 

within a complex, or maybe directly (Figure 21). Finally we conclude that RanBP2 

and ataxin-7 interact with each other: our hypothesis is that RanBP2-catalyzed 

SUMOylation of ataxin-7 confers this interdependence, probably during nuclear 

import (Figure 21).  



Chapter 3 

 

84 

 

Figure 21 - Endogenous ataxin-7 and RanBP2 are in a complex in MCF7 cells 
MCF7 cell extracts were subjected to immunoprecipitation with anti-ATXN7, anti-RanBP2 or anti-myc 
antibodies.  Input samples and immunoprecipitated material (IP) were analysed on 4-20% gel; blots 
were revealed with the indicated antibodies.  Samples precipitated with anti ataxin-7 were revealed 
with the antibody against RanBP2 or vice versa. PML in the samples was co-immunoprecipitated with 
anti ataxin-7 and, to a lesser extent with anti-RanBP2.  No ab, control incubated only with beads. 
Triton: 0.1% in the extraction buffer; NP-40: 0.5% in the extraction buffer. The blot corresponding to 
immunoprecipitation with anti-ataxin-7 is shown at a shorter exposure to avoid saturation.  

 

3.1.5. SUMO E3 ligase silencing enhances mutant ataxin-7 aggregation   

The results presented above show the implication of a major SUMO E3 ligase on 

ataxin-7 modification by SUMO-1: overexpression of RanBP2 in presence of SUMO-1 

enhanced mutant ataxin-7 degradation. In order to confirm that this enzyme plays 

an important role in protein modification, we studied the effect of SUMO E3 ligase 

depletion on ataxin-7 SUMOylation. We transfected ATXN7-10Q and -92Q in HeLa 

cells during silencing of the individual PIAS or RanBP2 SUMO E3 enzymes with a 

pool of four different siRNA for each target gene. The silencing was confirmed at the 

protein level by western blot using specific antibodies against PIAS1, or PIAS2, 

PIAS3, PIAS4 or RanBP2.  The analysis was performed 60 hours after administration 

of the siRNA onto cells. In (Figure 22-A, middle panel), we show that in the presence 

of a pool of control "Non-Target" siRNA we detect each PIAS and RanBP2 at their 

endogenous levels. After individual silencing of each target, the corresponding 

proteins are no longer detected, thus confirming efficient knockdown of the PIAS 

and RanBP2. Since ATXN7-10Q protein levels are lower than those of ATXN7-92Q, 

which accumulates, we analysed samples transfected with ATXN7-10Q to determine 
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the effect of SUMO E3 ligase silencing on SUMOylation of ataxin-7 (Figure 22-B). A 

long exposure of the western blot is shown to visualize the reduction of the modified 

bands after silencing. There is a clear decrease in the SUMOylation of ataxin-7 after 

silencing of SUMO E3 enzymes: in particular, we detected an important decrease of 

SUMOylation after RanBP2 and PIAS4 (Figure 22-B) silencing. If RanBP2 is silenced, 

other PIAS may take over the role of the major SUMO E3 ligase for ataxin-7. We are 

still able to detect some modification of ataxin-7 after RanBP2 and PIAS4 silencing. 

As PIAS and RanBP2 may be both contribute to SUMOylation, we never observed a 

total absence of ataxin-7 SUMOylation, but we did see a very strong effect (loss of 

bands migrating above ataxin-7) after PIAS4 or RanBP2 silencing. 

We next investigated the influence of silencing each PIAS or RanBP2 on mutant 

ataxin-7 aggregation by filter retardation assay. Compared to cells treated with non-

target siRNA, we observed an increase in ataxin-7 aggregates when we prevented 

SUMO E3 ligase expression (Figure 22-B). This was true for all PIAS. The greatest 

aggregation was observed after RanBP2 silencing, again indicating that it could play 

a specific role in the fate of mutant ataxin-7 via SUMOylation.  

Finally we wanted also to confirm RanBP2 depletion by immunofluorescence (Figure 

22-C). As expected, endogenous RanBP2 was stained around the nuclear rim when 

we used “Non-target” siRNA (siCTRL). Interestingly, in some cells, endogenous 

ataxin-7 staining was also detected at the nuclear rim colocalized with RanBP2, 

supporting the notion that the two proteins may interact during shuttling of ataxin-

7 from the cytoplasm to the nucleus. In the presence of siRNA that targeted RanBP2, 

we were not able to detect cells reporting nuclear rim staining of ataxin-7. We 

reasoned that the silencing of RanBP2 had a negative effect on the localization of 

endogenous ataxin-7 at the nuclear-rim. This would be in agreement with our 

hypothesis that ataxin-7 is SUMOylated via RanBP2 at the nuclear membrane.  

Together our experiments demonstrate that PIAS4 and RanBP2 are involved in the 

SUMOylation of normal and mutant ataxin-7. The silencing of these E3 SUMO 

ligases leads to increased aggregation of mutant ataxin-7 in the cells. RanBP2 could 

be the major E3 SUMO-1 ligase acting at the nuclear pore, coupling SUMO-1 

modification of ataxin-7 to its entry into the nucleus.  
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Figure 22 - PIAS and RanBP2 silencing enhance mutant ataxin-7 aggregation 
(A) Western blot analysis. Expression of normal ATXN7-10Q or expanded ATXN7-92Q was performed 
in HeLa cells treated with siRNA that target PIAS1, PIAS2, PIAS3, PIAS4 or RanBP2. 60 hours after 
siRNA addition, extracts were analysed by SDS-PAGE. The upper panel shows ATXN7-10Q and -92Q 
expression and modification. The bottom panel shows the efficiency of PIAS and RanBP2 silencing. 
Antibodies specific for each PIAS isoform and RanBP2 were used (see table in Material and Methods) as 
indicated above the gels. Non-target siRNA did not affect the signal of each PIAS. SMART Pool siRNA 
specific for each PIAS prevented their expression. (B) Samples of overexpressed ATXN7-10Q were 
reanalysed to improve detection of the RNA interference on soluble ataxin-7. SiRNAs against the PIAS 
and RanBP2 are indicated above the gels. PIAS4 silencing had the greatest effect, but RanBP2 silencing 
also robustly decreased modified ataxin-7 levels. Tubulin was the loading control. (C) Filter retardation 
assay of ATXN7-92Q after silencing of the PIAS and RanBP2. Aggregation of mutant ATXN7 was 
increased by PIAS (until up to 230%) and RanBP2 silencing (280%). The filter was probed with an anti-
ataxin-7 antibody. Nt, non-target. Relative ratios of SR ataxin-7 versus ATXN7-92Q overexpression 
alone lane are indicated. (C) Confocal images of immunofluorescence in Hela cells treated with non-
target or RanBP2 siRNA.  Endogenous RanBP2 and ataxin-7 were observed at the nuclear rim with non-
target siRNA; RanBP2 and ataxin-7 staining at the nuclear rim were prevented by siRanBP2. In these 
conditions ataxin-7 staining at the nuclear membrane was no more detected. Scale bar 8 µm. 
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3.1.6. Ataxin-7 is SUMOylated by RanBP2 in vitro: a validation that it is a 

candidate ataxin-7 SUMO E3 ligase.  

SUMOylation of proteins in vitro is an indispensable tool for the functional analysis 

of this post-translational modification. In collaboration with Andreas Werner in 

Frauke Melchior’s laboratory, we tested whether ataxin-7 could be SUMOylated in 

vitro by addition of recombinant RanBP2. To perform the assay we used a truncated 

form of GST-ATXN7 (aa 90-406), incubated with E1, E2 enzymes, ATP, SUMO-1 and 

two different E3 ligases, PIAS1 or RanBP2. As for RanBP2, either free RanBP2, 

corresponding to the fragment between amino acids 2304-3062, or a RanBP2 

complex, consisting of RanBP2/RanGAP SUMOylated by SUMO-1/Ubc9 (Werner et 

al, 2012), were incubated with GST-ATXN7 and E1, E2, ATP, SUMO-1. 

SUMOylation of the GST-ATXN7 fragment (aa 90-406) was remarkable with the 

RanBP2 complex: a strong band corresponding to addition of one SUMO-1 residue to 

GST-ATXN7 was detected by immunoblot revealed with anti-GST antibody (Figure 

23-A). A less intense band corresponding to two SUMO residues conjugated to GST-

ATXN7 was also observed. When incubated with the free form of RanBP2, GST-

ATXN7 was poly-SUMOylated with SUMO-1 (Figure 23-A). It is not yet known, 

whether this poly-SUMOylation is of physiological relevance, since poly-SUMO-1 

chains have not yet been described so far in vivo. GST-PIAS1 was able to mono-

SUMOylate ataxin-7 (Figure 23-A); it is to be noted that the background in this lane 

is due to GST-PIAS1, as seen in the GST control lane (Figure 23-A). 

These results show that the ataxin-7 fragment 90-406 containing the previously 

identified Lysine 257 is an excellent substrate for in vitro SUMOylation by the 

RanBP2 complex. We conclude that RanBP2 acts, in vitro, as the major SUMO E3 

ligase for ataxin-7. 

3.1.7. Ataxin-7 contains motifs for non-covalent binding to SUMO 

SUMOylation regulates the molecular interactions of the modified proteins leading 

to changes in the localization, activity, solubility, or stability of respective target 

proteins. In addition to covalent attachment of SUMO to target proteins, specific 

non-covalent SUMO Interaction Motifs (SIMs), which are generally short 

hydrophobic peptide motifs, have been identified. It has become clear that there is 
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also some flexibility in the precise sequence of the hydrophobic core of the SIMs: as 

shown by NMR studies, the hydrophobic core interacts with a groove of SUMO 

formed by a β sheet and part of the α helix (Song et al., 2004) (Hecker et al., 2006). 

Interestingly, consensus SIMs are found in several components of the SUMOylation 

machinery, including members of the PIAS E3 family and RanBP2. Additionally, 

SIMs are found in some SUMO substrates. This clearly raises the possibility that 

components of the modification pathway interact non-covalently with SUMO to 

facilitate its transfer to substrates. 

 

Figure 23 - Ataxin-7 is efficiently SUMOylated in vitro by free RanBP2 and by the 
RanBP2/RanGAP1*SUMO1/Ubc9 complex. Ataxin-7 also interacts with SUMO-1 and SUMO-2. 

(A) GST-ATXN7 (aa 90-406) was incubated with E1, E2 enzymes, ATP, SUMO-1 and two E3 ligases, 
PIAS1 or RanBP2. Free RanBP2 is the fragment between amino acids 2304-3062. Complex is 
RanBP2/RanGAP SUMOylated by SUMO-1/Ubc9. SUMOylation of the GST-ATXN7 fragment (aa 90-406) 
was remarkable with the RanBP2 complex. SUMOylation of GST-ATXN7 with the free form of RanBP2 
gave poly-SUMO-1 modified bands. Asterisks represent (*) SUMO residues added onto GST-ATXN7. 
GST-PIAS1 was able to mono-SUMOylate ataxin-7. The background in this lane is due to GST-PIAS1, as 
seen in the GST control lane. (B) Extracts of HEK-293 cells transfected with ATXN7-10Q HA were 
incubated with SUMO-1 beads (S1), SUMO-2 beads (S2) or ovalbumin beads (Ov) as control. Pull down 
with the SUMO-1 or-2 beads demonstrated that ATXN7-10Q interacts with SUMO-1 and with SUMO-2. 
Ubc9 was used as a positive control; (C) Radioactive-labelled ATXN7-10Q produced by in vitro 
transcription/translation was incubated with SUMO-1 beads (S1), SUMO-2 beads (S2) or ovalbumin 
beads (Ov) as control. The eluates were analyzed by SDS-PAGE and autoradiography; 10% Input (Inp).  
Luciferase, used as control protein, did not bind to SUMO beads. 
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To investigate whether ataxin-7 interacts non-covalently with SUMO-1 or SUMO-2, 

we transiently transfected HA-tagged ATXN7-10Q into HEK293 cells and incubated 

the lysate with immobilized SUMO-1, SUMO-2 or ovalbumin as the control. Pull-

down was performed by a 4h incubation on rotator, at 4°C, followed by a 

centrifugation to precipitate beads. Beads were washed and subsequently boiled in 

Laemmli buffer to release the proteins bound to SUMO-1 or SUMO-2 or ovalbumin.  

The samples were analyzed by SDS-PAGE. Ubc9 blot is the positive control for the 

pull-down: Ubc9 is known to interact non-covalently with SUMO and we show here 

that it is highly enriched with pull-down using SUMO beads (but not ovalbumin 

control). Using a HA-tag antibody to detect ataxin-7, we were able to visualize 

efficient protein pull-down. As shown in Figure 23-B, ataxin-7 seems to interact 

more efficiently with SUMO-2 compared to SUMO-1.  

To define which residues of ataxin-7 are involved in the interaction with SUMO, we 

looked at the protein sequence to identify a possible candidate sequence, which 

must have the characteristic hydrophobic core (V/I-V/I-X-V/I) followed or preceded 

by a negatively charged cluster of amino acids. Based on sequence analysis, we found 

a candidate sequence located between amino acids 349 to 352 (VIDL). To confirm a 

potential interaction between this candidate SIM on ataxin-7 and SUMO, we 

mutated this sequence by replacing valine and isoleucine with two alanine residues 

in consecutive hydrophobic cores (VIDLàAADL). We also used a plasmid coding for 

a truncated human wild-type form of ataxin-7 (ATXN7-T2) containing amino acids 

1-232; it has been shown that ataxin-7 is cleaved by caspase 7 at position 266 and 

344 (Young et al., 2007) and the truncated N-terminal form of ataxin-7 that we used 

is close to the shortest natural fragment observed and should therefore be relevant 

to the study of SCA7 pathology. Another way to test a non-covalent interaction is to 

incubate beads covalently coupled to recombinant His-SUMO1, His-SUMO2 or 

ovalbumin to target protein produced by in vitro transcription-translation. SUMO 

beads were incubated with in vitro transcribed-translated (35S labelled) full-length 

wild type ataxin-7, AADL-mutant ataxin-7, and ataxin-7-T2 or luciferase as control. 

As shown above in pull-down assay, wild type ataxin-7 preferentially bound SUMO-2 

(Figure 23-C). The AADL-mutant ataxin-7 was still able to bind SUMO-1 and SUMO-

2, with a preference for the latter, but to a lesser degree than wild-type ataxin-7. 
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This means that additional SIMs are to be found in the ataxin-7 sequence. Finally 

ataxin-7-T2 only weakly bound SUMO, if at all, and did not show a preference for 

SUMO-2. We conclude that this N-terminal sequence does not play an active role in 

a direct interaction between SUMO and ataxin-7. Taken together, these findings 

demonstrate that the interaction between ataxin-7 and SUMO-1, -2 could also 

involve a SUMO-SIM interface. Further investigation will be necessary to confirm 

VIDL (aa 349-352) as an ataxin-7 SIM motif and identify other potential SIMs. In 

fact, proteins containing multiples SIM were identified.  

3.2. Does PML SUMOylation affect mutant ataxin-7 aggregation or 

degradation? 

In 2006, our team discovered that a subgroup of PML bodies, called clastosomes, 

prevent nuclear accumulation of mutant ataxin-7 and other polyglutamine proteins. 

In particular, expression of PML isoform IV leads to the formation of distinct nuclear 

bodies enriched in components of the ubiquitin-proteasome system. SUMOylation 

plays an important role in the scaffold function of PML and permits assembly of 

mature nuclear bodies. SUMO-3 attachment has been reported to be responsible for 

the correct nuclear localization of PML (Fu et al., 2005), and without SUMO-1 

modification several protein partners are not recruited to the PML-NB (Lallemand-

Breitenbach et al., 2008). However, a non SUMOylable mutant of PML (3K mutated 

into 3R) still shows the typical speckled nuclear pattern, indicating that other factors 

also play a role in PML-NB formation (Lallemand-Breitenbach et al., 2001). Keeping 

in mind the relevance of SUMOylation also for PML body formation, we decided to 

investigate the effects on mutant ataxin-7 localisation and aggregation of various 

mutants of PML isoform IV, which were described to affect PML SUMOylation (Shen 

et al, 2006). We obtained four PML IV plasmids (kind gift from P. Pandolfi) 

harbouring either mutations of SUMOylated lysines or mutations/a deletion of the 

SIM motif, and a combination of both (Figure 24-A).  We performed an 

immunofluorescence analysis to study the effect of PML mutations on subcellular 

localization of ataxin-7. In COS7 cells, we coexpressed ATXN7-92Q with wild type 

and mutant PML isoform IV for 48 hours and analysed the localisation of both 

proteins.  
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Figure 24 - SUMO-deficient PML is still able to partially colocalize with mutant ataxin-7 
(A) Schematic representation of PML mutants. Wild type PML IV, SUMO binding motif mutant (PMLas), 
SUMOylation-deficient and SUMO binding motif mutant (PML3mas), SUMOylation-deficient and 
SUMO binding motif deletion mutant (PML3mds) PML constructs. (B) In COS-7 cells, full-length 
mutant ATXN7-92Q colocalized with PML IV in round, regular PML bodies (C). Upper panel: 
colocalization of ATXN7-92Q and PMLas; note the abnormal irregular shape of the nuclear bodies. 
Lower panel: one cell contains irregular rod-like PML bodies, which partially colocalize with ataxin-7; 
the other cell contains enlarged round PML bodies, reminiscent of PML IV (wt), which colocalize with 
less intense ataxin-7 staining. (D) Co-transfected ATXN7-92Q and PMLmas co-localized, but the 
nuclear bodies lost their usual staining pattern: intensity was low in the nucleus and abnormally 
intense outside the nucleus. (E) In cells overexpressing PMLmds, ATXN7-92Q aggregates were not 
homogeneously stained, but still colocalized with disrupted PML bodies, confirming an effort to 
degrade nuclear inclusions. Antibodies used were anti–ataxin-7 (1C1) and polyclonal anti-PML. 
Representative confocal images are presented. Scale bar 8 µm. 
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In cells expressing wild type PML IV and ATXN7-92Q, ataxin-7 staining was 

typically nuclear in a subset of cells; the presence of multiple round dots 

corresponded to the mutant protein in aggregates (Figure 24-B). As expected, these 

aggregates colocalized perfectly with PML IV nuclear bodies, confirming our 

previously published results. Moreover, staining with an anti SUMO-1 antibody 

confirmed the colocalization between this protein and the known SUMOylation 

targets ataxin-7 and PML (Figure 24-B). 

This result provides evidence supporting the hypothesis that PML NBs are a 

(de)SUMOylation platform where SUMO is coupled or detached to/from its target 

protein.  To determine whether there is a difference in the subcellular localization of 

ataxin-7 or PML when the latter cannot either be SUMOylated, or interact with other 

SUMO-modified proteins, we transfected ATXN7-92Q with different SUMO/SIM 

mutant PML constructs. In Figure 24-C, we present immunofluorescence from cells 

overexpressing ATXN7-92Q and PML SUMO binding motif (SIM) mutant (PMLas). 

Ataxin-7 staining is always nuclear but, compared to the image above (Figure 24-B), 

the dots seem to be less numerous and the shape of the aggregates is not 

homogenous. We found a similar change in nuclear staining for PML: PMLas formed 

fewer and aberrant structures compared to those formed by PML IV in the nucleus, 

but still colocalized with ATXN7-92Q. This pattern is still in agreement with the 

notion that PMLas can still be SUMOylated and is probably still able to be a platform 

for the proteasome-component implicated in the degradation of mutant ataxin-7. 

The study of Shen and co-authors (Shen et al., 2006) showed that PML, in which 3K 

is mutated to R (named PMLm), also formed fewer and aberrant compact structures 

compared to those formed by wild-type PML in the nucleus and still colocalized with 

GFP-SUMO-1, in agreement with the notion that it retains the SUMO binding motif. 

Mutagenesis or removal of the SUMO binding motif in PMLm (PMLmas and 

PMLmds, respectively) completely abrogated colocalization with GFP-SUMO-1 (Shen 

et al., 2006). In our experiments, ataxin-7 staining was nuclear and the 

colocalization with PML mutants, PMLmas and PMLmds, although not totally 

abolished, was highly reduced. In some cells, PMLmas showed no colocalisation with 

ATXN7-92Q dots (not shown); in other cells, partial colocalization was observed 

(Figure 24-D). In the cell presented in Figure 24-D, the presence of PMLmas in large 
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cytoplasmic dots may be due to aberrant overexpression of PML. Finally PMLmds 

completely lost their regular round shape. Either we observed no colocalization at all 

(rare event, not shown) between PMLmds and ATXN7-92Q, or we observe 

colocalized proteins in non-homogenous nuclear inclusions (Figure 24-E). The 

aspect of these inclusions is reminiscent of the previously described non-

homogenous inclusions of mutant ataxin-7 (Janer et al, 2006). These non-

homogenous inclusions were less SUMO-1- and SUMO-2-positive than the 

homogenous inclusions, and less associated with endogenous clastosomes, but 

rather with no nuclear bodies (Janer et al., 2006). We propose here that PMLmds may 

not be able to recruit or interact, as its SIM is missing, with mutant ataxin-7. 

Nevertheless, the proteins colocalize.  

To better compare the effect on mutant ataxin-7 aggregation of wild type PML IV to 

the SUMO-deficient PML expression, we cotransfected COS7 cells with ATXN7-92Q 

and SUMO-mutant PML and analyzed cell extracts by western blot (Figure 25-A) and 

filter retardation assay (Figure 25-B). Since aberrant patterns of PML NB formation 

were observed by immunofluorescence when PMLmas and PMLmds were 

overexpressed, including the loss of perfect colocalization with mutant ataxin-7, we 

expected that these PML mutants would not actively degrade ataxin-7. Surprisingly, 

SUMO-deficient PML co-transfected with ATXN7-92Q was still able to reduce 

mutant protein aggregation, as shown by filter retardation assay (Figure 25-B). A 

question thus emerged: could the observed effect be linked to endogenous levels of 

PML? We then used transformed Pml -/- MEFs to determine whether we would 

obtaind different results, or reproduce those obtained in COS7 cells. We transfected 

ATXN7-92Q with one of each SUMO-deficient PML plasmid in Pml -/- MEFs, and after 

48h of expression we analyzed cell extracts by western blot (Figure 25-C) and filter 

retardation assay (Figure 25-D). As in COS7 cells, wild type and SUMO-deficient PML 

overexpression in Pml-/-MEFs cells led to a strong decrease in aggregated mutant 

ataxin-7 (Figure 25-D). As a control, PML III, an isoform that we previously 

demonstrated to be unable to degrade mutant ataxin-7, was included (Figure 25-D). 

The results confirm the specificity of ataxin-7 degradation by PML isoform IV. Why 

do PMLmas and PMLmds still degrade mutant ataxin-7 efficiently? Is the 

SUMOylation of PML and interaction via the SIM not required for recruitment of 
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ataxin-7 and its subsequent proteasomal degradation? Very recently, analysis of 

PML3KRΔSIM demonstrates that SUMO-SIM interactions are not responsible for 

the initial nucleation of the spherical mesh (Sahin et al., 2014), in opposition to what 

was previously thought (Shen et al., 2006). This structure is triggered by a complex 

polymerization scheme involving PML coiled-coil and disulfide bonds (Sahin et al., 

2014). Consequently, a second hyphothesis is that proteasome components can still 

be recruited in the inner matrix core of these pre-mature PML NBs, inducing 

degradation of mutant ataxin-7.     

 

Figure 25 - SUMO-deficient PML degrades mutant ataxin-7 aggregates 
(A) Western blot analysis. ATXN7-92Q and either wild type or PML SUMO-deficient variants were 
expressed in COS7 cells.  Western blot was revealed using anti ataxin-7 antibody. The expression of 
PML SUMO-deficient variants was detected by anti-Flag. Ataxin-7 levels strongly decreased in the 
presence of PML IV, as expected (lane 2), but slightly less when co-expression was performed with 
SUMO-deficient mutant PML plasmids (lane 3-6). PML III was tested to assess the specificity of PML IV 
on ataxin-7 degradation. (B) Filter retardation assay. Coexpression of wild type and mutant PML led to 
the disappearance of SDS-resistant (SR) aggregates of mutant ataxin-7 (lane 2-5). (C) Western blot of 
Pml-/- MEFs cells co-expressing ATXN7-92Q and wild-type (lane 2) or SUMO-deficient variants of PML 
plasmids (lanes 3-5). All PML constructs slightly decreased NP-40-soluble ataxin-7 (same antibodies as 
in A). (D) Filter retardation assay on Pml-/- MEFs. Cells were transfected with ATXN7-10Q or 92Q in the 
presence of wild type and SUMO-deficient PML (lane 1-10). ATXN7-10Q does not aggregate (lane 2, 4, 
6, 8), as opposed to ATXN7-92Q. Co-expression of wild type or SUMO-deficient PML with ATXN7-92Q 
led to the decrease of SDS-resistant (SR) aggregates of mutant ataxin-7 (lane 3, 5, 7, 9). PML III co-
expressed with ATXN7-92Q did not degrade soluble mutant ataxin-7 and had no effect on aggregation 
(lane 10).  
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3.2.1. RNF4 attenuates the propensity of ataxin-7 to aggregate  

Proteins conjugated with a poly-SUMO-2/3 chain can be recognized and 

ubiquitinated by RNF4, a RING domain ubiquitin ligase. Since we have shown that 

ataxin-7 is modified by SUMO-2, we inferred that poly-SUMOylated ataxin-7 might 

be a target for RNF4. RNF4 would thus recognize ataxin-7, mediate its ubiquitination 

and facilitate its degradation by the proteasome.  We tested our hypothesis in a 

cellular overexpression system. Jacob Seeler (Institut Pasteur) kindly gave us three 

constructs for expression of human RNF4: the first containing the wild-type 

sequence (RNF4 WT), the second with mutations at the 4 SIMs in the N-terminal 

domain to prevent binding to SUMO-2 chains (RNF4 ΔSIM), and the third with a 

mutation in the RING domain that abolishes ubiquitin E3 ligase activity (RNF4 dHC). 

In COS7 cells, we overexpressed ATXN7-92Q with either one of the three plasmids 

encoding RNF4 (Figure 26-A lane 1 compared to lanes 3, 5, 7). In this case, the cells 

contained endogenous SUMO-2 levels. We also overexpressed each RNF4 construct 

in the presence of a SUMO-2 construct to make sure to be in conditions appropriate 

for ataxin-7 recruitment by RNF4, and did not limit SUMO-2 levels (Figure 26-A lane 

2 compared to lanes 4, 6, 8). The idea was to test ataxin-7 recognition by RNF4 via 

SUMO-2 chains. 

We analyzed and confirmed by western blot the overexpression of ATXN7-92Q, 

SUMO-2 and RNF4 (Figure 26-A). More specifically, we observed that wild type RNF4 

expression affected soluble mutant ataxin-7 when coexpressed with SUMO-2 (Figure 

26-A lane 4): ataxin-7 levels were decreased compared to the condition in which 

only wild type RNF4 was overexpressed (Figure 26-A, lane 4 compared to lane 3). In 

COS7 cells transfected with ATXN7-92Q and RNF4 ΔSIM, we did not detect any 

change in the band of soluble ataxin-7, also in presence of SUMO-2 (Figure 26-A 

lane 5-6 compared to lane 1-2). Intriguingly, coexpression of ATXN7-92Q with the 

RING mutant RNF4 dHC improved SUMOylation of ataxin-7 (Figure 26-A lane 7). 

This effect was potentiated by cotransfection of SUMO-2, as we observe even higher 

molecular weight bands above ataxin-7 (Figure 26-A lane 8). These could correspond 

to either poly-SUMOylated or poly-ubiquitilated ataxin-7. 
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Figure 26 - RNF4 overexpression in the presence of SUMO-2 leads to a decrease in mutant 
ataxin-7 aggregates 

Western blot analysis of NP-40 soluble proteins (A) and filter retardation assay of SDS-resistant 
aggregates (B) of ATXN7-92Q co-expressed with SUMO-2 and either wild type or mutant RNF4 in COS-
7 cells.  (A) Wild type RNF4 and SUMO-2 co-expression led to a greater decrease in the amount of NP-
40 soluble mutant ATXN7 by 47% (lane 4) than RNF4 dSIM by 36% (lane 6). Overexpression of RNF4 
dHC and SUMO-2 improved ATXN7 modification and decreased soluble protein by 35% (lane 8). Anti 
ataxin-7 and anti-FLAG were used, respectively, to detect mutant ataxin-7 and RNF4. Relative ratios of 
NS ataxin-7 versus tubulin are indicated. (B) SDS-resistant mutant ataxin-7 aggregates, in the presence 
of wild type RNF4 and SUMO-2 (lane 4) were reduced by 60%. Mutant RNF4 dSIM was not able to 
degrade ataxin-7 aggregates (lane 5 and 6). Co-expression of a RING mutant of RNF4 (RNF4 dHC) with 
SUMO-2 and ATXN7-92Q (lane 8) led to a greater decrease in ataxin-7 aggregation. (C) qRT-PCR. 
mRNAs were extracted from COS-7 cells expressing ATXN7-92Q alone or combined with SUMO-1, 
SUMO-2 or/and wild type RNF4. Two primers specific for the human SCA7 cDNA and a primer to 
GAPDH reference cDNA were used for qRT-PCR. The effect of wild type RNF4 and SUMO-2 was similar 
to the effect of RNF4 alone.      
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We then investigated the level of aggregated mutant ataxin-7, since increasing the 

SUMO chains on ataxin-7 and their recognition by RNF4, should lead to the 

degradation of soluble ataxin-7 and consequently also reduce its aggregation.  We 

performed a filter retardation assay to test the effect of RNF4 coexpression with 

ATXN7-92Q. As previously described, SUMO-2 overexpression induced a decrease in 

ataxin-7 aggregation (Figure 26-B lane 2 compared to lane 1). The expression of 

wild-type RNF4 is able to slightly reduce ataxin-7 aggregates (Figure 26-B lane 3 

compared to 1). Very interestingly, when wild type RNF4 and SUMO-2 were 

coexpressed, the decrease of aggregated mutant ataxin-7 was significantly reduced 

by 60% (Figure 26-B lane 4), as compared to wild type RNF4 or SUMO-2 alone. We 

conclude that there is an additive effect of RNF4 and SUMO-2 on mutant ataxin-7 

degradation. In presence of RNF4 mutated in the SIM motifs, we did not detect a 

decrease in ataxin-7 aggregation (Figure 26-B lane 5), even when SUMO-2 was 

overexpressed (Figure 26-B lane 6). Our conclusion is that there is no cooperation 

between SUMO-2 and RNF4 ΔSIM, because the latter is not able to bind ataxin-7 

poly-SUMO-2 chains, and cannot facilitate its degradation by the proteasome 

system.  

Finally, we tested overexpression of RING-mutant RNF4 (RNF4 dHC) with and 

without cotransfection of SUMO-2 and in presence of ATXN7-92Q. With 

overexpression of RNF4 dHC alone, ataxin-7 aggregates are only slightly reduced, as 

with the other RNF4 constructs (Figure 26-B lane 7). Surprisingly, the addition of 

SUMO-2 induced a stronger decrease in aggregated mutant ataxin-7 (Figure 26-B 

lane 8). Since RNF4 dHC is mutated in the RING sequence, the protein is not 

supposed to ubiquitylate ataxin-7 poly-SUMO-2 chains. We may hypothesize that 

RNF4 dHC might form heterodimers with endogenous RNF4, such that the resultant 

dimer would retain catalytic ubiquitin E3 ligase activity. In that case, ataxin-7 would 

be poly-ubiquitinated and degraded via the proteasome. Another potential 

explanation may be that the C-terminal domain of RNF4 could play a role in its E3-

ligase activity, in accordance with the low level of ubiquitin discharge and transfer 

demonstrated in vitro (Liew et al., 2010).    

The results obtained with RNF4 on ATXN7-92Q levels raise a new question: could 

RNF4 also be a regulator of ataxin-7 at the transcriptional level? 
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The effects that we described on mutant ataxin-7 protein upon expression of RNF4 

can be mediated upon the E3 ubiquitin ligase activity only and/or repression of 

transcription of the transfected plasmid. We thus measured the level of messenger 

RNA corresponding to the exogenously expressed ataxin-7 (Figure 26-C). In parallel 

to protein extraction, RNA was extracted from the samples, reverse transcribed and 

subjected to quantitative PCR. Primers were designed to specifically amplify 

exogenously expressed, not endogenous monkey-derived ataxin-7. We observed that 

RNF4 expression reduced the messenger level of overexpressed ataxin-7 by 60%, 

compared to mutant ataxin-7 expression with a control plasmid. We obtained a 45% 

reduction of ataxin-7 mRNA when only SUMO-2 was expressed, and quite similar 

effects were obtained (55%) when we cotransfected RNF4 in presence of SUMO-2. 

The effect of wild type RNF4 and SUMO-2 was similar to the effect of RNF4 alone, on 

overexpressed ataxin-7 messenger RNA level. 

These results demonstrate that RNF4 affects the level of the overexpressed 

messenger encoding ataxin-7. However, it is important to note that the effects 

obtained at the protein level do not mirror the messenger levels. By western blot and 

filter retardation assay, we described an additive effect of co-expression of RNF4 

with SUMO-2 on mutant ataxin-7 protein degradation, compared to RNF4 

expression alone. On the contrary, ataxin-7 mRNA levels were similar in conditions 

where RNF4 was alone, or when RNF4 was combined to SUMO-2. This is why we 

conclude that a combination of SUMO-2 and RNF4 is required for the recruitment of 

poly-SUMOylated mutant ataxin-7 by the SUMO E3 ubiquitin ligase and promote its 

degradation by the proteasome.  

To demonstrate that the decrease in mutant ataxin-7 is really due to proteasome 

degradation via RNF4 recognition, and not only mRNA reduction, we inhibited the 

proteasome in COS7 cells co-expressing ATXN7-92Q and wild type RNF4 plasmids. 

We exposed cells to 1 µM of epoxomicin for 24 hours; epoxomicin is a cell-

permeable, potent and selective irreversible inhibitor of the 20S proteasome subunit. 

After 24 hours of epoxomicin treatment, cells were lysed and subjected to western 

blot analysis and filter retardation assay.  

On the western blot, we could not detect a significant increase in soluble ataxin-7 in 

epoxomicin-treated compared to DMSO-treated samples. In particular, we found a 
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decrease in the intensity of ataxin-7 when it was co-expressed with SUMO-2 and 

wild type RNF4, as described above (Figure 27-A). We reasonably expected, if the 

proteasome was inhibited, to obtain accumulation of ataxin-7, in soluble and SDS-

insoluble forms. The extracts were prepared by lysis in the NP-40 0.5% buffer 

described in paragraph 4.7; the supernatant contained the soluble or NP-40 soluble 

fraction, the pellet contained the NP-40 insoluble, aggregated material, and pelleted 

membranes. This pellet is usually only analysed by filter retardation assay (SDS-

insoluble material), but it can be further divided into SDS-soluble (SS) and SDS-

resistant (SR) species after boiling for 5 min in 2% SDS-50 mM DTT. By filter 

retardation assay we analysed the SDS-resistant species (SR) and we observed an 

increase in mutant ataxin-7 aggregates in epoxomicin treated cells (Figure 27-B). 

Compared to DMSO treated cells, co-expression of SUMO-2 and ataxin-7 was not 

able to reduce protein aggregates in epoxomicin-treated cells (Figure 27-B lane 5 

compared to lane 2). The same was true for RNF4 and SUMO-2 coexpression with 

mutant ataxin-7, attesting that SDS-resistant species accumulated in epoxomicin-

treated cells (Figure 27-B lane 6 compared to lane 3). Interestingly, when we 

subjected the SDS-soluble (SS) species to western blot analysis, we observed a 

significant accumulation of ataxin-7 in epoxomicin-treated cells compared to 

DMSO- treated cells (Figure 27-C). In cells expressing ATXN7-92Q and SUMO-2 

treated with epoxomycin, an increase in ataxin-7 levels was observed (Figure 27-C 

lane 5 compared to lane 2), supporting our hypothesis that SUMO-2 induces the 

modification and subsequent degradation of ataxin-7 via the proteasome. The co-

expression of wild type RNF4 and SUMO-2 in epoxomicin treated cells was unable to 

activate degradation of either SDS-resistant or SDS-soluble ataxin-7 (Figure 27-B 

and -C lane 6 compared to lane 3). Note that on western blot of epoxomicin-treated 

cells, we found in the SDS-soluble fraction  (Figure 27-C lane 6 compared to lane 3), 

an increase in RNF4 protein (Figure 27-C lane 6 compared to lane 3). Like PML (Janer 

et al., 2006), RNF4 might co-aggregate or be co-trapped into mutant ataxin-7, and 

be released after boiling in 2% SDS. These results confirm an involvement of RNF4 in 

mutant ataxin-7 degradation via the proteasome. Finally, we showed that 

epoxomicin treatment inhibited the proteasome, since we observed the 

accumulation of ubiquitin species. Altogether we confirmed here that mutant 

ataxin-7 is degraded by the proteasome, via implication of RNF4 and SUMO-2. This 
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effect is independent of RNF4-mediated transcriptional repression of the ataxin-7 

plasmid (Figure 26-C). 

 

Figure 27 - Proteasome inhibition abolishes mutant ataxin-7 degradation by RNF4 
(A) Western blot.  COS-7 cells were transfected with ATXN7-92Q with or without SUMO-2 and RNF4. 
Inhibition of the proteasome by epoxomicin (1 µm) treatment did not increase NP-40-soluble ataxin-7 
(NS) fractions (lane 4-6 compared to 1-3). Mutant ataxin-7 was detected with an anti ataxin-7, RNF4 
with anti-FLAG, SUMO-2 with anti-HA antibodies. Relative ratios of NS ataxin-7 versus tubulin are 
indicated. (B) Filter retardation assay. ATXN7-92Q, wild type RNF4 and SUMO-2 overexpression 
decreased SDS-resistant (SR) aggregates (DMSO, lane 2 and 3 compared to lane 1). Proteasome 
inhibition by epoxomicin treatment abolished the effect of RNF4, leading to an important accumulation 
of aggregated mutant ataxin-7 (lane 5 and 6 compared to 2 and 3). Anti ataxin-7 antibody detected 
mutant ataxin-7 aggregates. (C) Western blot analysis of the effects of overexpressed SUMO-2 and 
RNF-4 on the SDS-soluble ataxin-7 separated from aggregates (SS). Epoxomicin-treatment induced 
ataxin-7 accumulation even when SUMO-2 and RNF4 were overexpressed (lane 4-6 compared to 1-3). 
Thus, the degradation of mutant ataxin-7 by RNF4 occurs via the proteasome. An anti-ubiquitin 
antibody was used to detect non-degraded ubiquitinated proteins, confirming the efficacy of 
proteasome inhibition. 
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The above-described experiment confirmed the effect of epoxomicin. We undertook 

to test other proteasome inhibitors, MG132 and lactacystin. MG132 is a strong 

reversible inhibitor of the multiple peptidase activities of the proteasome; 

lactacystin is an antibiotic that hydrolyses cellular clasto-lactacystin into beta-

lactone, an active inhibitor of the 20S proteasome. We transfected COS7 cells with 

ATXN7-92Q alone and co-expressed with SUMO-2 and wild type RNF4 (Figure 28-A). 

The cells were treated for 16 hours at 10 µM MG132 or 10 µM lactacystin before lysis. 

The analysis of the NP-40 soluble fractions by western blot showed no increase in 

soluble ataxin-7 protein in samples treated with MG132 and lactacystin. To further 

confirm that these components blocked the proteasome, we reprobed the membrane 

with anti-ubiquitin, and detected an increase in ubiquitin species in samples treated 

with MG132 and lactacystin (Figure 28-A). This confirms the inhibition of the 

proteasome machinery.  

To analyse the effects of proteasome inhibition on SDS-resistant (SR) samples, we 

performed a filter retardation assay (Figure 28-B). Interestingly, when we co-

transfected ATXN7-92Q with SUMO-2 and wild type RNF4, we detected a decrease in 

mutant ataxin-7 aggregates in DMSO treated cells, but strangely also in MG132- and 

lactacystin-treated cells. This suggests that, under specific conditions, mutant 

ataxin-7 could be degraded by another pathway such as autophagy. This hypothesis 

is consistent with our recent publication in which we showed that autophagy, the 

major pathway for organelle and protein turnover, is implicated in SCA7 (Alves et 

al., 2014). In particular, we demonstrated in a cellular model that the autophagy flux 

was impaired but not completely blocked in cells overexpressing full-length mutant 

ataxin-7. In addition, it is known that, when the proteasome is impaired, the 

autophagic degradative pathway may be turned on (Ding et al., 2007) (Rideout et al., 

2004). This led us to consider the activation of the autophagy pathway as a possible 

way to degrade ataxin-7 in presence of proteasome inhibition by MG132 or 

lactacystin at the concentration used (10 µM). Further investigations will be however 

necessary to confirm this hypothesis.  
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Figure 28 - Proteasome inhibition by high concentration of MG132 and lactacystin did not 
impair mutant ataxin-7 degradation by overexpressed RNF4 

(A) Mutant ATXN7-92Q and SUMO-2 were co-expressed, in COS7 cells, with or without RNF4. The 
proteasome inhibition was inhibited by treatment with 10 µM MG132 (lane 5-8) or 10 µM lactacystin 
(lane 9-12) for 16 hours. Soluble and aggregated ataxin-7 were detected with an anti-ataxin-7 antibody, 
RNF4 with an anti-FLAG and SUMO-2 with anti–HA antibodies. Poly-ubiquitinated proteins were 
detected with an anti-ubiquitin antibody, confirming proteasome inhibition. (B) Even after strong 
proteasome inhibition, the filter retardation assay showed that SUMO-2 overexpression, with or 
without RNF4 overexpression, decreased mutant ataxin-7 aggregates (lane 3-5 compared to 1-2), 
suggesting that mutant ataxin-7 was degraded another cellular pathway. Mutant ataxin-7 was detected 
with an anti ataxin-7 antibody.   
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Figure 29 - Degradation of mutant ataxin-7 in the presence of PML IV or RNF4 
(A) Western blot analysis. ATXN7-92Q and wild type or mutant RNF4 were co-expressed in COS-7 cells, 
with or without SUMO-2 (lane 1-6). SUMO-1 or SUMO-2 overexpression reduced NP-40 soluble mutant 
ataxin-7 and the higher molecular weight bands corresponding to SUMO-modified protein (lane 2 and 3 
compared to 1). Overexpression of wild-type RNF4 decreased soluble ataxin-7 more than SUMO-2 (lane 
4 compared to 3) or ATXN7-92Q co-expressed with a mock plasmid (lane 4 compared to 1). RNF4 dSIM 
and dHC co-expression with SUMO-2 did not reduce soluble ataxin-7 to the levels observed with wild-
type RNF4 (lane 5 and 6 compared to 4). RNF4 dHC increased high molecular weight bands 
corresponding to ataxin-7 modified by poly-SUMO or poly-ubi (lane 6). ATXN7-92Q was also co-
expressed with PML IV, in presence of SUMO-1 or SUMO-2 (lanes 7-9): PML overexpression decreased 
mutant ataxin-7 (lane 7 compared to 1); the effect was greater when co-expressed with SUMO-1 or 
SUMO-2 (lane 8 and 9 compared to 1). Anti-ataxin-7 and anti-PML were used to detect the respective 
proteins. Anti-FLAG detected RNF4 and anti-HA SUMO-1 and SUMO-2. * Post-translationally modified 
ataxin-7. Relative ratios of NS ataxin-7 versus tubulin are indicated. (B) Filter retardation assay 
showing that wild type RNF-4 coexpression with SUMO-2 (lane 3-5 compared to lane 1-2) reduced 
mutant ataxin-7 aggregates more than PML (lane 6-8 compared to lane 1-2). Relative ratios of SR 
ataxin-7 versus lane 1 are indicated. 
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To better understand the impact of RNF4 on ataxin-7, we compared it to PML, as 

PML IV was shown to degrade mutant ataxin-7 in clastosomes (Janer et al., 2006). As 

shown in Figure 29-A, we transfected ATXN7-92Q in COS7 cells with wild type and 

mutant (dSIM and dHC) RNF4 and compared them to the samples transfected with 

ATXN7-92Q and PML IV co-expressed with SUMO-1 or -2.  SUMO-1 and SUMO-2 

alone induced a decrease in NP-40-soluble protein (NS) and SDS-resistant species 

(Figure 29-A and -B). When co-expression of wild type RNF4 and SUMO-2 was 

analysed, we obtained a reduction of 95% of soluble (Figure 29-A lane 4) and 60% of 

ataxin-7 SDS resistant protein (Figure 29-B lane 3). The effect was less important for 

mutant RNF4 and SUMO-2 co-expression: 40% of reduction with dSIM and 54% with 

dHC. We then compared wild type RNF4 expression to expression of PML IV alone or 

with SUMO-1/-2, and their respective effects on the amount of mutant ataxin-7. 

With PML overexpression we obtained a reduction of soluble ataxin-7 by 42% and by 

20% for the insoluble form. The co-expression with SUMO-1 or SUMO-2 improves 

the decrease of both soluble (by 80 and 90%, respectively) and insoluble (by 40 and 

37%, respectively) mutant ataxin-7. These results suggest that PML is able to reduce 

soluble and insoluble mutant ataxin-7 protein but RNF4 overexpression could be 

more efficient to poly-ubiquitinate and recruit ataxin-7 to the proteasome and 

increase its degradation.  

 

3.3. SUMO pathway deregulation in SCA7 KI mice 

3.3.1. Deregulation of PIAS and SUMO in SCA7 mouse brain 

The key to the discovery of therapeutic targets that regulate SUMOylation may be 

the identification of the E3 ligase that promotes SUMOylation of ataxin-7. This is 

why we investigated whether ataxin-7 is modified via a major SUMO E3 ligase that 

we identified as RanBP2 or PIAS4. In order to establish whether these enzymes are 

indeed in vivo candidates for therapeutic strategies, we investigated their expression 

in brain regions affected by the SCA7 disease.  We obtained from Prof. Huda Zoghbi 

a polyQ-Atxn7 knock-in line, Atxn7100Q/5Q, that developed previously described 

symptoms of a SCA7 mouse model including weight loss, kyphosis, ataxia, ptosis, 

tremors and gradual loss of mobility (Yoo et al., 2003). This line named Atxn7100Q/5Q 
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was derived from the SCA7266Q/5Q line by spontaneous contraction of the CAG repeat 

(Chen et al., 2012). Wild-type Atxn75Q/5Q mice have a lifespan of more than 24 

months, whereas Atxn7100Q/5Q mice have a shorter lifespan, averaging 13 months in 

our colony.  

To determine whether the expression of SUMO pathway-related genes was affected 

by mutant ataxin-7, we quantified the expression of each gene by quantitative RT-

PCR, in wild-type Atxn75Q/5Q and Atxn7100Q/5Q mouse cerebellum, striatum and retina. 

We performed these analyses at 6 months, before or close to symptom onset, and at 

12 months, at the end of their lifespan when they had severe SCA7 symptoms. Since 

the most affected regions in SCA7 are the cerebellum and retina, we analysed mRNA 

expression in these tissues; the striatum, which is not affected by neurodegeneration 

in the SCA7 mouse model, was used as a control. 

With quantitative RT-PCR (qRT-PCR), we detected some deregulations that began to 

occur as early as at 6 months of age, when the aggregates were detectable by IHC but 

symptoms were not yet present. At six months, we observed statistically significant 

reductions in Sumo-2, Senp1, Senp2 and PanPML expression in SCA7 cerebellum, 

compared to wild type littermates (Figure 30-A), and of Senp1, RanBP2 and PanPML 

expression in SCA7 striatum (Figure 31-A). At 12 months, we found a statistically 

significant reduction in Sumo-1, Pias4, Senp2, RanBP2 and Pml isoform 3 expression 

in SCA7 cerebellum (Figure 30-B), Senp3, Senp6 in SCA7 striatum (Figure 31-A) and 

Senp6 also in SCA7 retina (Figure 31-B). 

These results strongly suggest that, in vivo, SUMO-modifying pathways might be 

perturbed in SCA7. The reductions in Sumo-1 and Sumo-2, specifically in the 

cerebellum, the region of greatest vulnerability to neurodegeneration, were 

particularly noteworthy. Moreover, the significant decrease at the late stage of the 

disease (12 months) in mRNA levels of RanBP2 and Pias4 supports our hypothesis 

concerning the importance of these enzymes in ataxin-7 modification by the SUMO 

pathway, this time in an in vivo SCA7 model. As for Senps, we noticed a significantly 

reduction in Senp1 and 2, the main role of which in the SUMOylation process is to 

de-conjugate SUMO-1 and SUMO-2. It is interesting to note that the reduction in 

Senp1 and Senp2 mirror those of Sumo-1 and Sumo-2 at 6 months. This result was 

particularly noteworthy for Senp2, the translation product of which is present at the 
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nuclear pore complex, the location we suppose to be the principal site of 

SUMOylation for ataxin-7 by RanBP2. The most consistent changes in this SCA7 

mouse model was the downregulation of the SUMO pathway, strongly suggesting 

that it may be deregulated in vivo.  

  

Figure 30 - Downregulation of SUMO-1 and SUMO-2 mRNA in Atxn7100Q/5Q KI mice 
qRT-PCR analysis of SUMO-modifying proteins and enzymes in cerebella of Atxn7100Q/5Q. (A) qRT-PCR of 
SUMO mRNAs from cerebella of 6-month-old SCA7 KI mice and wild-type littermates. SUMO enzymes 
were differentially expressed in SCA7 KI versus wild type with statistically significant decreases in 
Sumo-2 (p = 0.003), Senp-1 (p = 0.03), Senp2 (p = 0.015), PanPML (p = 0.04). (B) qRT-PCR of SUMO 
mRNAs from cerebella of 12-month-old SCA7 KI mice and wild-type littermates. SUMO enzymes were 
differentially expressed in SCA7 KI versus wildtype mice with a statistically significant decrease in 
Sumo-1 (p = 0.003), Pias4 (p = 0.013), Senp2 (p = 0.016), RanBP2 (p=0.007), PML iso 3 (p = 0.0002). 
Samples were analysed in triplicate and normalized to mouse 36b4. Data are shown as SCA7 KI 
expression relative to wild-type levels set at 1 for each enzyme with ± SEM (n=4). * p < 0.05      δ p < 0.01 
# p < 0.005  
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Figure 31 - qRT-PCR analysis of SUMO-modifying proteins and enzymes in striatum and retina 
of wild-type compared to Atxn7100Q/5Q KI mice 

(A) qRT-PCR of SUMO mRNAs from striata of 6- and 12-month-old SCA7 KI mice and wild-type 
littermates. SUMO enzymes were differentially expressed in SCA7 KI versus wild-type mice with 
statistically significant decreases in Senp1 (p = 0.029), RanBP2 (p = 0.0014), PanPml (p= 0.0001) in 6-
month-old mice; Senp3 (p = 0.005), Senp6 (p=0.04) and PanPml (p = 0.007) for 12-month-old mice. (B) 
qRT-PCR of SUMO mRNAs from retina of SCA7 KI mice and wild-type littermates. SUMO enzymes were 
differentially expressed in SCA7 KI versus wild type with a statistically significant decrease in Senp6 
(p=0.045) at 12-months-old. Samples were analysed in triplicate and normalized to mouse 36b4. Data 
are shown as SCA7 KI expression relative to wild-type littermate levels set at 1 for each enzyme with ± 
SEM (n=4). * p < 0.05  δ p < 0.01 # p < 0.005  
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We then focused our attention on the potential deregulation of the mRNA for 

murine PML isoform 3 corresponding to the human isoform IV (Figure 30-A and -B). 

This is especially interesting, since we previously showed that stimulation of PML 

transcription by interferon-beta provides a possible therapeutic strategy to 

counteract mutant ataxin-7 aggregation (Chort et al., 2013). This treatment is also a 

potential way to improve the behavioural performance of SCA7266Q/5Q KI mice. At 6 

months of age, Atxn7100Q/5Q mice showed a small increase in the mRNA of Pml isoform 

3; on the contrary, at 12 months, they showed a dramatic decrease of about 50%. 

These data are extremely important, because they suggest that the pathology might 

deregulate other cellular pathways in addition to SUMOylation. Since we know that 

PML isoform IV is the main constituent of clastosomes (Janer et al., 2006), the small 

increase found at 6 months might be a hint that early on the mice try to compensate 

for mutant ataxin-7 accumulation by upregulating Pml 3, and at late stage (12 

months) the decrease in its mRNA level suggests that less PML protein may be 

present to constitute clastosomes. The negative consequence of such deregulation 

could be a worsening of the pathology due to the reduced presence of nuclear PML, 

which we demonstrated to be one of the main actors for mutant ataxin-7 

degradation (Janer et al., 2006).  

In order to verify whether deregulation of the expression of mRNA of elements of 

ther SUMO pathway also induces a change in protein expression, we performed a 

western blot on whole cerebellar lysates. We compared four samples from Atxn75Q/5Q 

mice against four samples from Atxn7100Q/5Q mice at 12 months of age. Soluble wild-

type ataxin-7 levels did not change. In addition, high molecular weight insoluble 

mutant ataxin-7 was detected in the stacking gel for Atxn7100Q/5Q mice but not their 

wild-type littermates (Figure 32-A). This accumulation of mutant ataxin-7 observed 

by western blot was further confirmed by filter retardation assays of the same 

samples (Figure 32-C). 

The main goal of the experiments described above was to verify whether a 

deregulation of proteins implicated in SUMOylation actually existed in Atxn7100Q/5Q 

mice. To this end, we compared SUMO-1 and SUMO-2 expression levels, and saw an 

increase in the soluble forms of both proteins in Atxn7100Q/5Q mice (Figure 32-B). This 

increase was consistent with the decrease of SUMO-1 and SUMO-2 detected in 
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modified high molecular weight proteins. This was clearly observed in the stacking 

gel on western blot (Figure 32-B) and filter retardation assays (Figure 32-C), which 

showed decreases in the insoluble proteins SUMO-1 and SUMO-2.  

 

Figure 32 - Deregulation of SUMO-modifying proteins and enzymes expression in Atxn7100Q/5Q KI 
mouse model at a late stage of disease 

(A) Representative western blot showing an accumulation of insoluble ataxin-7 protein in the stacking 
gel from mouse cerebella of Atxn7100Q/5Q at 12-months of age (n=4) compared to wild-type littermates at 
the same age (n=4). (B) SUMO-1 and SUMO-2 protein expression in SCA7 KI (n=2) and age-matched 
control mice (n=2): both proteins increased soluble ataxin-7 in SCA7 KI compared to wild-type 
samples, consistent with the reduction of insoluble SUMO-1 and SUMO-2 proteins in the stacking gel. 
Anti-ataxin-7 was used to detect mouse ataxin-7, and polyclonal anti-SUMO-1 or SUMO-2 antibodies 
were used to identify SUMO-1 and SUMO-2, respectively. (C) Filter retardation assay performed on 
Atxn7100Q/5Q mice at 12-months of age confirmed the increase of insoluble ataxin-7 in cerebella of SCA7 
KI compared to wild type. SUMO-1-positive SDS-insoluble material was reduced in SCA7 KI mice 
compared to samples from wild-type mice. SUMO-2-positive proteins “aggregates” were slightly 
reduced in Atxn7100Q/5Q. Antibodies used were the same as for the western blot. (D) Expression of the 
SUMO-modifying enzyme PIAS1 did not change. PIAS2 expression increased in SCA7 KI compared to 
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wild–type mice. PIAS3 and PIAS4 decreased slightly in cerebella of Atxn7100Q/5Q mice compared to wild-
type littermates. Two major bands corresponding to PML were detected: the upper band (presumably 
isoforms 1 and 2) did not change; the lower band (presumably isoforms 3 and 4) increased in SCA7 KI 
mice compared to wild-type littermates. Polyclonal anti-PIASn and PML were used to identify the 
protein. 

 

These results suggest that the efficiency of the modification by SUMO of ataxin-7 is 

reduced over time. A notable decrease of SUMO-2-modified proteins in the insoluble 

fraction, shown on western blot, (Figure 32-B) also suggests that fewer SUMO chains 

are conjugated, thus impairing overall degradation. 

We then determined whether other enzymes in the SUMOylation pathway were 

deregulated in Atxn7100Q/5Q mice. Expression of RanBP2 and PIAS1 did not change, 

whereas PIAS2 expression increased by 70% (Figure 32-D). PIAS3 and PIAS4 

expression decreased by 15%, respectively: this is consistent with the reduction in 

Pias3 and Pias4 mRNA shown above (Figure 31-B). 

Investigating on PML protein expression, we did not detect any change of the 100-

kDa band probably corresponding to the soluble murine isoform 1 or 2 protein in 

Atxn7100Q/5Q 12 months old mice compared to wild type littermates at the same age. 

The 70-kDa band that might correspond to mouse isoform 3 or 4, the smallest PML 

isoforms, however increased (Figure 32-D). 

These last results confirm deregulation of the expression the proteins involved in 

the SUMOylation process in SCA7 KI mice.  We then determined whether the 

changes in expression were associated with changes in the cellular localisations of 

ataxin-7 and SUMO. To this end, we performed an immunohistofluorescence study 

on Atxn75Q/5Q and Atxn7100Q/5Q brain slices from 12-month-old mice. In wild type mice, 

we detected a significant amount of ataxin-7 in the cytoplasm (Figure 33-A). Co-

staining ataxin-7 with the GMP1 (SUMO-1) antibody was performed to detect the 

colocalization of ataxin-7 and SUMO-1 in intranuclear inclusions (Figure 33-B). In 

Figure 33-A, ataxin-7 and SUMO-1 are co-localized at the nuclear membrane. This 

corresponds to the localisation of RanBP2, the major candidate enzyme for SUMO-1 

conjugation to ataxin-7. Thus, the results of this immunohistofluorescence 

experiment are consistent with the hypothesis concerning the role of RanBP2. 
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Figure 33 - Co-localisation of SUMO-1 and ataxin-7 in the cerebellum of Atxn7100Q/5Q KI mice 
(A) Purkinje cells in the cerebellum of a 12-month-old wild-type littermate were labelled with anti-
ataxin-7 and anti-GMP1 (SUMO-1) antibodies. Ataxin-7 immunoreactivity was detected as diffuse 
staining in the cytoplasm, but was also present in cytoplasmic dots. SUMO-1 was present along the 
nuclear membrane, in granular staining in the nucleoplasm and in cytoplasmic dots. Ataxin-7 and 
SUMO-1 colocalized in the latter and partially co-localized along the nuclear membrane. (B) Purkinje 
cells from the cerebellum of a 12-month-old knock-in mouse showed partial colocalisation of SUMO-1 
with intranuclear inclusions. One large size inclusion contained SUMO-1, whereas a smaller inclusion 
in the same Purkinje cell was ataxin-7 but not SUMO-1 positive. In the lower panel SUMO-1 
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immunoreactivity was detected along the nuclear membrane and in a large, round ataxin-7-positive 
inclusion. Co-localisation was very strong, as attested by the yellow dots in the inclusion (see 
enlargement). Note that, in this enlargement of a Purkinje cell, some colocalisation of ataxin-7 and 
SUMO-1 can be seen at the nuclear membrane, potentially corresponding to the nuclear rim. Intense 
yellow colocalisation within an aggregate is also detected in a second Purkinje close to the enlarged 
cell. GCL, Granular cell layer; PCL, Purkinje cell layer; ML, Molecular cell layer. Confocal images are 
shown. Scale bar 20 µm  

 

We also examined by immunohistofluorescence the presence of mutant ataxin-7 

intranuclear inclusions in Purkinje cells in 12-month-old Atxn7100Q/5Q (Figure 33-B). 

In the cerebellum, these aggregates are usually present as one or two big ataxin-7-

positive dots in Purkinje cell nuclei.  SUMO-1, present at the nuclear membrane of 

SCA7 KI mice was also clearly co-localized with ataxin-7 aggregates inside the 

nucleus (Figure 33-B). 

Using different antibodies SUMO-1 and SUMO-2 staining were also performed in 

Atxn7100Q/5Q mice and their wild type littermates. In wild type brain tissue, cytosolic 

SUMO-1 and SUMO-2 staining was stronger than in SCA7 KI brains (Figure 34). In 

SCA7 KI mice we observed a decrease in the general cytosolic staining (Figure 34-A 

and B upper panel), but an increase in nuclear immunoreactivity of SUMO-1 and 

SUMO-2, particularly as dots in Purkinje cell nuclei that may correspond to ataxin-7 

aggregates (Figure 34-A and B bottom panel).  SUMOylation seems therefore to be 

part of the physiopathological process in SCA7. 

As for RanBP2, quantitative RT-PCR showed a statistically significantly decrease in 

RanBP2 mRNA levels at 12 months in Atxn7100Q/5Q mice. On the contrary, by western 

blot, we did not detect any difference at the protein level for RanBP2 comparing two 

wild-type littermates to two Atxn7100Q/5Q mice. Immunohistological analysis on SCA7 

KI mice compared to wild-type littermates showed an increase in RanBP2-positive 

punctate structures in the cytoplasm of Purkinje cells (Figure 35-A and B bottom 

panel). We confirmed, using two different anti-RanBP2 antibodies, the specificity of 

this staining related to SCA7 mice: both of them showed an increase of cytosolic 

staining in Purkinje cells from Atxn7100Q/5Q mice.  This localisation is consistent with 

previous studies that described how RanBP2 is present not only at the nuclear 

envelope but also in the extranuclear annulate lamellae (AL), which are thought to 

serve as reservoirs of excess nuclear membrane components (Tirard et al., 2012).  
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Figure 34 - SUMO-1 and SUMO-2 in nuclear dots in Atxn7100Q/5Q knock-in mice 
(A) Upper panel: confocal immunofluorescence images of Purkinje cells from a 12-month-old wild-type 
mouse showing diffuse, intense cytoplasmic staining of SUMO-1, and its presence in some more 
intense dots. Lower panel: Purkinje cells in an Atxn7 100Q/5Q knock-in mouse showing relocalization of 
SUMO-1 staining into big nuclear dots that could also contain ataxin-7, as previously showed with a 
monoclonal antibody (GMP1). (B) SUMO-2 is intensely stained in the cytoplasm of a Purkinje cell from 
a wild-type mouse that contains numerous intense positive dots.  SUMO-2 staining was very intense in 
the nucleus of an Atxn7 100Q/5Q Purkinje cell; the dot-like staining resembles that of SUMO-1. Scale bar 8 
µm.  
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Figure 35 - RanBP2 staining increases in the Atxn7100Q/5Q KI mouse 
RanBP2 immunostaining in Purkinje cells from SCA7 KI mice and wild-type littermates. (A) Confocal 
immunofluorescence images show diffuse staining of RanBP2 in the cytoplasm of wild type Purkinje 
cells. Note the small dots in the cytoplasm, like those of SUMO-1 and SUMO-2. In the SCA7 KI 
cerebellum, RanBP2 staining was more intense than in wild type littermates, but was always 
cytoplasmic. Polyclonal anti-RanBP2 was used to detect RanBP2 protein. (B) RanBP2 staining was 
performed with a second antibody to confirm the specificity of the signal. Monoclonal anti-RanBP2 
confirmed the increase in RanBP2 in the cytoplasm of Atxn7 100Q/5Q Purkinje cells. Scale bar 8 µm. 
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3.4. SUMO pathway components detected in the cerebellum of a SCA7 

patient 

In our previous study, we showed the co-localization of SUMO-1, SUMO-2 and 

mutant ataxin-7 intranuclear inclusions in temporal and frontal cortex of two SCA7 

patients (Janer et al., 2010). Here we investigated the cerebellum of one SCA7 

patient, since neuronal death is particularly important in the Purkinje cell layer. 

Ataxin-7 accumulated throughout the cerebellum of the SCA7 patient, and labeling 

with anti ataxin-7 antibody was particularly intense in the few remaining Purkinje 

cells, in which staining of a large nuclear inclusion was prominent (Figure 36-D). 

Compared to Purkinje cells in a control patient (Figure 36-A), the Purkinje cell from 

a diseased patient totally lost its arborisation and the cell body was shrunken with 

some accumulation of ataxin-7 in the cytoplasm in addition to the large intranuclear 

inclusion. In the control brain, ataxin-7 staining was diffuse in both the nucleus and 

the cytoplasm (Figure 36-A). 

We then visualized SUMO-1 and RanBP2 by immunohistochemistry. Compared to 

the control brain (Figure 36-B and -C), SUMO-1 (Figure 36-E) and RanBP2 (Figure 

36-F) both increased in the nucleus and at the nuclear rim (the expected localisation 

for RanBP2), as well as in the cytosol of the Purkinje cell in a SCA7 patient. The 

accumulation of these proteins, involved in the SUMOylation pathway of ataxin-7, 

suggests deregulation of this pathway during the disease.  
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Figure 36 - SUMO-1 and RanBP2 accumulate abnormally in the cerebellum of a SCA7 patient 
Cerebellae from an SCA7 patient and a control with no neurological disease were analysed. 
Representative sections are shown. In the cerebellum of the SCA7 patient, ataxin-7 accumulated 
strongly in nuclei and in other areas, such as the cytoplasm of the few surviving Purkinje cells. Ataxin-7 
immunoreactivity was diffuse in the nucleus, both diffuse and granular in the cytosol and present at the 
nuclear membrane of control Purkinje cells. SUMO-1 immunoreactivity increased in the cytoplasm and 
in the nucleus of a Purkinje cell in the SCA7 patient: staining was granular. In the control Purkinje cell, 
staining was diffuse in the cytoplasm. No SUMO-1 immunoreactivity was detected in the nucleus of the 
control. Nuclear RanBP2 immunoreactivity was very strong in a Purkinje cell in the SCA7 patient: it was 
intense and granular in the cytoplasm; massive accumulation was detected in the nucleus. In the 
control, RanBP2 immunoreactivity was found in the nucleus, along the nuclear membrane and in dots 
in the nucleoplasm. Some granule cells show similar RanBP2 immunoreactivity in dots in the 
nucleoplasm, as well as in the nuclear membrane. GCL, Granular cell layer; PCL, Purkinje cell layer; ML, 
Molecular cell layer. Scale bar 20 µm. 
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4. Materials & Methods 

4.1. Plasmids and site-directed mutagenesis 

The SCA7 constructs were previously described in (Zander et al., 2001). ATXN7-10Q 

and ATXN7-92Q, cloned in pcDNA3 vector (Invitrogen), contain the full-length wild 

type ATXN7 cDNA and an ATXN7 cDNA with 92 CAG repeats, as well as an HA tag at 

the NH2 terminus and a FLAG tags at the COOH terminus. The construct ATXN7-

10Q-AADL-pCS2 (VI mutated into AA at position 349/350) was obtained by site-

directed mutagenesis with the QuickChange II Kit (Stratagene). The RanBP2 

plasmids and HA-SUMO-1, -2 were kind gifts from A. Werner (DKFZ-ZMBH, 

Heidelberg) and were previously described (Werner et al., 2012). PIAS1, 3, xα, xβ and 

y were previously described (Janer et al., 2010). Plasmids coding for wild type and 

mutant RNF4 (dSIM: mutation in all three SIM motif; dHC: mutation to inactivate 

RING domain) were kindly given by J. Seeler (Pasteur Institute, Paris). Plasmid 

coding for myc-actin was kindly gift by Joan Steffan and already described in 

(O’Rourke et al., 2013). All constructs were verified by DNA sequencing.  

4.2. RNA intereference 

Dharmacon On Target Plus SMARTpools (Thermo Scientific) were used for siRNA 

disruption of all PIAS genes: PIAS1 (L-008167), PIAS2 (L-009428), PIAS3 (L-004164), 

PIAS4 (L-006445) and Non-targeting siRNA (D-001810). RanBP2/Nup358 silencing 

was performed with a single target sequence: CACAGACAAAGCCGUUGAA 

(corresponding to nucleotides 351-369; accession no. NM_006267) as described in 

(Hutten et al., 2008) , HeLa cells were seeded in six-well dishes at a density of 3 x 105 

per well in 2 ml of DMEM complete medium. One day later cells were transfected 

with 75 ρmol of RNA using 4 µl of RNAi Max in 2 ml of DMEM according to the 

manufacturer’s instructions. After 24 h cells were transfected with 2 µg of ATXN7-

92Q using Lipofectamine 2000. After 48h incubation, cells were harvested and 

analysed by Western blot. 
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4.3. Primary Antibodies 

Antibodies used in western blot (WB), immunofluorescence, immunohistochemical 

and immunoprecipitation analyses: 

 

Table 5 - Primary antibodies 
 

4.4. Cell culture 

COS7, HeLa, HEK293, MCF7 and Pml-/- MEF were maintained in DMEM (Invitrogen) 

supplemented with 10% fetal bovine serum and penicillin-streptomycin (100 UI/ml; 

100 µg/ml). Cell lines were transfected with Lipofectamine 2000 (Invitrogen) as 

prescribed. Depending on type of analysis to be performed, cells were either scraped 

in PBS containing NEM, centriguged and lysed, or directly lysed in Laemmli 2% SDS 

sample buffer or in the buffer mentioned in the paragraph 3.7. Expression of 

different constructs (see paragraph 3.1) was usually allowed for 48h for western blot 

analysis. For immunofluorescence, COS-7 cells were analysed 40-45h post-

transfection.  



   Materials & Methods 
 

119 

4 

4.5. Animals 

Heterozygous Atxn7100Q/5Q knock-in mice carrying 100Q CAG repeats in the mouse 

Sca7 locus on the pathological allele, kindly provided by prof. H. Zoghbi (Baylor 

College of Medicine, USA), were housed in a temperature-controlled room and 

maintained on a 12 h light/dark cycle. Food and water were available ad libitum. For 

immunohistochemical analysis they were analysed at 12 months of age (late stage 

disease) and compared to 12 months old wild-type littermates. For mRNA analysis 

by quantitative RT-PCR, they were analysed at 6 (n=4) and 12 (n=5) months of age 

and compared to wild-type littermates at the same age: 6 (n=4) and 12 (n=4) months 

old. The experiments were carried out in accordance with the European Community 

Council directive (86/609/EEC) for the care and use of laboratory animals and were 

approved by the Commission Génie Génétique of the French Ministry for Scientific 

Research and Education (06/26/2010).  

4.6. In vitro SUMOylation and in vitro binding assay 

In	
  vitro	
  SUMOylation	
  

GST, GST-ATXN7 (90-406) and –PIAS1 were expressed in BL21DE3 E.coli cells and 

purified according to standard procedures. RanBP2 complex and recombinant free 

RanBP2 were prepared as described in (Werner et al., 2012). 1.3 µM GST-ATXN7 (aa 

90-406) or GST were incubated with 90 nM E1, 111 nM E2, 16 µM SUMO-1, 5 mM 

ATP and different E3 ligases: 25 nM free RanBP2 (aa 2304-3062), 25 nM 

RanBP2/RanGAP1*SUMO1/Ubc9 complex or 75 nM GST-PIAS1, for 90 min at 30 °C. 

Reaction was stopped by addition of SDS sample buffer. The in vitro reaction 

products were directly analysed by Western blot, using anti-GST antibody. 

In	
  vitro	
  binding	
  assay	
  

Equal amounts of recombinants SUMO-1, SUMO-2 or ovalbumin were covalently 

coupled to Cyanogen-bromide-activated sepharose (Sigma-Aldrich) in 0.2 M 

Carbonate buffer pH 8.9 at a concentration of 1 mg protein per ml beads. Ataxin-7 

was produced by overexpression of construct HA-ATXN7-pCS2 in HEK293 cells for 

48hr. Cells from two 10-cm dishes were lysed in 1 ml TB buffer (20 mM Hepes pH 

7.3, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 

1 µg/µl of each aprotinin, leupeptin, pepstatin) by incubation on ice for 20 min, 
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followed by three freeze/thawing steps (using liquid nitrogen and 37 °C heating 

block). The samples were centrifuged at 4 °C for 60 min at 20000 g. The supernatant 

was used as cell lysate for the pulldown. 1% of input sample was taken for control on 

western blot. 300 µl of the cell lysate was added to the beads and incubated for 3 h at 

4 °C on rotator. Beads were centrifuged at 600g and supernatant was removed, beads 

were washed 3 times with 1 ml of TB buffer. Bound proteins were eluted by adding 

60 µl of SDS sample buffer and boiling. The entire sample was loaded on the gel for 

western blot analysis. 

4.7. Protein extraction and western blot analysis 

Protein	
  extraction	
  from	
  cell	
  lines	
  

Cells were washed and harvested in PBS supplemented with 20 mM of freshly 

dissolved NEM (N-Ethylmaleimide is used to inhibit de-sumoylation of proteins; 

Sigma), pelleted, and lysed 30 min on ice in lysis buffer containing 50 mM Tris, pH 

8.8, 100 mM NaCl, 5 mM MgCl2, 0.5% NP-40, 1 mM EDTA, 20 mM NEM and 250 

IU/ml benzonase (Merck) supplemented with a cocktail of protease inhibitors 

(Complete and Pefabloc; Roche). Total extracts were centrifuged at 13,000 rpm for 

15 min at 4°C to separate soluble proteins from aggregates and membranes. 

Supernatants (30 µg protein) were analyzed by Western blot (NP-40 soluble fraction, 

NS). Pellets were further incubated 30 min on ice in a pellet buffer containing 20 mM 

Tris, pH 8.0, 15 mM MgCl2, and 250 IU/ml benzonase. Protein concentrations 

(supernatant and pellet) were determined by Bradford assay (Bio-Rad Laboratories). 

The pellet was analysed in a filter retardation assay (SDS-resistant fraction, SR), but 

was also loaded, after boiling in Laemmli buffer on gels for western blot analysis 

(SDS-soluble fraction, SS).  

Protein	
  extraction	
  from	
  mouse	
  tissue	
  

Mouse cerebella, striatum and retina were collected and frozen at -80 °C. Cerebella 

were lysed in radioimmunoprecipitation assay-buffer solution (RIPA buffer: 50 mM 

Tris HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0,5% sodium deoxycholate, 0,1% sodium 

dodecyl sulphate) containing protease inhibitors (Roche diagnostics GmbH) and 250 

IU/ml benzonase (Merck). Samples were sonicated by a 4 seconds ultra-sound chase 

(1 pulse/sec). Total protein lysates were stored at -80 °C and protein concentration 
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was determined with the Bradford protein assay (Bio-Rad laboratories).  

Western	
  blot	
  analysis	
  

Depending on the analysis and the sample, 25 µg (COS-7, HeLa, Pml-/- MEF cell lines) 

or 100 µg (mouse cerebellae) were resolved on precast gel 4-12 % (Invitrogen) and 4-

20% (Bio-Rad), respectively. Samples were transferred onto a nitrocellulose 

membrane (Protran, Whatman) by liquid transfer for 1.5 hr. Ponceau staining of the 

nitrocellulose membrane was performed, followed by blocking in 5% dry non-fat 

milk. Selected primary antibodies were incubated over night at 4 °C (see Table 5) 

followed by three washes with PBS/Tween20 0.1%; secondary antibodies were 

applied for 2 hr at room temperature. Membranes were incubated with enhanced 

chemioluminescence substrate (Pierce) and chemioluminescence or fluorescence 

signals were revealed on a film (ECL, Amersham Hyperfilm), or captured with 

Odyssey Imaging (Li-COR, U.S.A) systems. Densitometric analysis was carried out 

using ImageJ software (NIH).  

4.8. Immunoprecipitation 

SUMO immunoprecipitation (SUMO-IP) to detect endogenous ataxin-7 as a target of 

both SUMO-1 and -2 was performed as described (Becker et al., 2013) (Barysch et al., 

2014). Briefly, the day before IP we plated MCF7 cells in 9 15-cm plates and let them 

grow to confluence. At least 3 plates were used for each IP condition (Control, 

SUMO-1, SUMO-2). The day of the experiment, the culture medium was removed 

and the plates washed with 15 ml of cold wash buffer (10 mM NEM in PBS). 250 µl of 

2x lysis buffer (1x PBS, 2% (wt/vol) SDS, 10 mM EDTA, 10 mM EGTA, 20 mM NEM, 2 

mM Pefabloc and 2 µg/ml each of aprotinin, leupeptin and pepstatin) was then 

added to each plate and the cells collected with a cell scraper.  

For immunoprecipitation of ataxin-7 and RanBP2, 1 mg of total MCF7 lysate was 

diluted in two buffers differing in their detergent composition (50 mM Tris pH 7,4; 

100 mM NaCl; 2 mM MgCl2; 1mM EGTA; 0,1% Triton or 0,5% NP-40). The lysates 

were added to G-Sepharose beads (Fast Flow, Sigma) complexed with antibodies 

against ataxin-7 (Thermo Scientific), RanBP2 (Abcam) or c-myc (Abcam). Following 

overnight incubation at 4 °C on rotator, beads were collected by centrifugation at 

600g. Beads were then washed three times in lysis buffer. Bound proteins were 
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eluted into 80 µl of Laemmli buffer by heating to 95 °C for 5 minutes, followed by 

centrifugation to pellet the beads and 40 µl was loaded on a gel for western blot 

analysis. 

4.9. Proximity ligation assay (PLA) – Duolink® in situ 

COS-7 cells plated on glass coverslips were fixed for 20 min with 4% 

paraformaldehyde. Three washes of 5 min were performed with PBS, followed by a 

permeabilization step with PBS/TritonX-100 0.1% for 15 min at room temperature. 

After three subsequent washes with PBS, blocking buffer, composed of 5% bovine 

serum albumin diluted in PBS, was added and incubated for 1 hour at room 

temperature. We then added diluted ataxin-7 (1:1000) and SUMO-1 (1:500) antibody 

in blocking buffer overnight at 4 °C (A).  

 

PLA PROBES STEP (day 2)- We prepared a mix of two PLA probes (one anti-mouse to 

link ATXN7 antibody, the other anti-rabbit to link SUMO-1 antibody) diluted 1:5 in 

blocking buffer and allowed the mixture was kept for 20 min at room temperature. 

During this time, the primary antibody solution was removed and each coverslip was 

transferred into a 6-well and twenty washes were performed for each well using 

Wash Buffer A prepared according to the manufacturer’s instructions. In a pre-

heated humidified chamber, we placed the coverslips on glass slides and added the 

diluted PLA probes (anti-rabbit and anti-mouse for ataxin-7 and SUMO-1 detection, 

respectively) probes solution. Incubation of the PLA probes was for 1ht at 37 °C (B). 

LIGATION STEP - After two washes of 5 min each with Wash Buffer A under gentle 

agitation, we added Ligation-Ligase solution to each sample followed by an 

incubation in a humidified chamber for 30 min at 37 °C (C). AMPLIFICATION STEP – 

After removal of the Ligation-Ligase solution, two washes of 2 min under gentle 

agitation were performed with Wash Buffer A. The Amplification-Polymerase 
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solution was added prepared according to the manufacturer’s instruction followed 

by an incubation for 100 min at 37 °C in a pre-heated humidity chamber (D).  

FINAL STEP – After removal of the Amplification-Polymerase solution from the 

coverslips, two washes of 10 min with 1x Wash Buffer B (prepared according 

manufacturer’s instruction) were performed.  

The last wash was made with 0.01x of Wash Buffer B for 1 min. Glass coverslip were 

mounted onto a glass slide using a mounting medium with DAPI.  

Wash buffer A: dissolve 8.8 g NaCl, 1.2 g Tris base and 0.5 ml Tween 20 in 800 ml 

high purity water. Adjusted pH to 7.4 using HCl. Added high purity water to 1000 ml 

(final concentrations 0.01 M Tris, 0.15 M NaCl and 0.05% Tween 20). Filter the 

solution through a 0.22 µm filter and store at +4 °C. Bring the solutions to room 

temperature before use. 

Wash buffer B: Dissolve 5.84 g NaCl, 4.24 g Tris base and 26.0 g Tris-HCl in 500 ml 

high purity water. Adjust pH to 7.5 using HCl. Add high purity water to 1000 ml 

(final concentrations 0.2 M Tris and 0.1 M NaCl). Filter the solution through a 

0.22 µm filter and store at +4 °C. Bring the solutions to room temperature before 

use. 

4.10. Filter Retardation Assay 

This assay is based on the finding that the polyglutamine-containing protein 

aggregates are insoluble in SDS and are retained on a cellulose acetate filter (Wanker 

et al., 1999). Whole cells, the pellet fraction or tissue extracts (40 µg of protein for 

COS7, HeLa and Pml-/- MEF cells; 100 µg of protein for mouse cerebellar extracts) 

were diluted in 100 µl of 2% SDS and 50 mM DTT in phosphate-buffered saline 

(PBS), boiled at 95° for 5 minutes. Samples were filtered on a BRL dot-blot filtration 

unit through a cellulose acetate membrane (Schleicher and Schuell, NH, 0.2 µm pore 

size) that was pre-equilibrated with 0.1% SDS. Wells were washed twice with 200 µl 

0.1% SDS and membrane blocked in PBS-Tween20 0.1% containing 5% non-fat dried 

milk, followed by incubation with desired antibody overnight at 4 °C. Membrane was 

washed three times in PBS-Tween20 0.1% then incubated for two hours at room 

temperature with a secondary anti-rabbit antibody conjugated to horseradish 
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peroxidase (Jackson laboratories) followed by ECL detection (Pierce). Densitometric 

analysis was carried out using ImageJ software (NIH).  

4.11. RNA Purification and Real-Time Quantitative PCR 

Cerebellum, striatum and retina were dissected from 6 and 12 months old Atxn7100Q/5Q 

and wild type littermates mice. Tissues were homogenized using an electric pestle 

(Sigma) in QIAzol (Qiagen), and total RNA was isolated using RNeasy® Lipid Tissue 

Mini kit (Qiagen) including an RNase-free DNase step to remove residual DNA. RNA 

from whole-cell lysate of transfected or untransfected COS7 cells was extracted 

using the RNAeasy® kit (QIAGEN). Total RNA was controlled for RNA quality 

(Bioanalyser 2100, Agilent®). Biological replicate samples of 1 µg of total RNA were 

reverse transcribed using iScript cDNA synthesis kit (Bio-Rad) according to the 

manufacturer’s instructions. Quantification of mRNAs was performed by real time 

RT-PCR using a Roche LightCycler LC480 sequence detection system (Roche, 

France). Oligonucleotide primer pairs were obtained from mwg/operon (France), 

designed with Oligo Explorer 1.0 and verified for specificity with the NCBI Blast 

engine (www.ncbi.nlm.nih.gov/BLAST) using the “nearly exact short match” 

program (Table 6). The end point PCR (35 cycles) was performed with LightCycler 

480 SYBER Green I master (Roche, France) on 20 ng of RT product. After 

amplification, PCR products were analyzed by the melting curve to confirm the 

amplification specificity. The relative levels of mRNA were standardized using 36b4 

ribosomal RNA as the non-variant RNA species: primer forward 5’-

TACACCTTCCCACTTGCTG-3’ and primer reverse 5’-TCTGATTCCTCCGACTCTTC-

3’. The quantitative RT-PCR on each sample was performed in triplicate. Expression 

values were determined using the Δ∆Δ∆CT method. 

4.12. Immunofluorescence 

COS-7 or HeLa cells plated on glass coverslips coated with poly-lysine (Sigma) were 

fixed for 20 min with 4% paraformaldehyde. Cells were incubated for 30 min with 

gentle agitation, washed two times for 5 min at room temperature with PBS. Cells 

were permeabilized in 0.1% Triton in PBS for 15 min, washed 2 x 5 min in PBS, and 

blocked in 4% fetal bovine serum (FBS) in PBS for 1 hour. Primary antibodies were 

diluted in 4 % FBS in PBS and incubated with cells over night at 4 °C. Cells were then 
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washed 3 x 10 min in PBS, secondary antibodies diluted in 4 % FBS in PBS was 

applied for 2 h at room temperature (RT) and washed. Finally cells were incubated 

with DAPI diluted in 1x PBS for 15 min at room temperature and washed 3 x 5 min 

with PBS. Cells were mounted with Fluorescent Mounting Medium (Dako). Slides 

were stored at 4 °C. Confocal images were acquired with an Olympus BX 61 

microscope equipped with x60/1.35 lens and a Fluoview FV-1000 image acquisition 

system. 

 

Table 6 - Oligonucleotides sequences 
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4.13. Human post-mortem brain 

Formalin-fixed, paraffin-embedded cerebellar tissue from a SCA7 patients, with 

morphologically and genetically confirmed SCA7 (10 years of age at death, with 85 

CAG repeats on the mutant allele), and a control individual with no evidence of 

neurological disease, were obtained from the Brain Bank of the Pitié-Salpêtrière 

(Cancel et al., 2000). The European Institute for Bioethics approved the use of this 

material (12/30/2008).  

4.14. Immunohistochemical analysis 

Mouse	
  brain	
  tissues	
  

The mice were given an overdose of sodium pentobarbital and were perfused 

transcardially with 4% paraformaldehyde in 0.1 M PBS. The brains were post-fixed in 

4% paraformaldehyde for 24h and cryoprotected in 30% sucrose-PBS for 48 h at 4 °C. 

Immunostaining were performed on 12 µm-thick frozen tissue sections collected 

from a cryostat.  

Antigens were retrieved by boiling the sections in 1 mM citrate buffer pH 6.0, in a 

microwave oven at 350 W. Sections were permeabilized and non-specific epitopes 

were blocked by incubation for 2 h at room temperature in PBS containing 3% 

bovine serum albumin, 4% normal goat serum, 0.1% Triton™ X-100. Section were 

incubated for 48 h at 4° with primary antibodies (see Table 5) followed by 

appropriate Alexa Fluor® dye-conjugated secondary antibodies (1:1000). Sections 

were mounted with Fluorescence Mounting Medium (S3023, Dako). Fluorochromes 

are indicated in the figure legends. Confocal images were acquired with an Olympus 

BX 61 microscope equipped with x60/1.35 lens and a Fluoview FV-1000 image 

acquisition system. 

Human	
  brain	
  tissue	
  

Five micrometre sections were cut from paraffin-embedded brains and stained with 

anti ataxin-7, SUMO-1 and RanBP2 antibodies.  Secondary antibodies for DAB 

staining were biotinylated goat anti-rabbit or goat anti-mouse antibodies (BA-9200, 

BA-1000, respectively; Vector) 1:250. 3,3’-Diaminobenzidine (DAB) staining was 

carried out with the Vectastain ABC kit (Pierce). Images of immunostained sections 
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were acquired with LAS V3.8 (Leica) software, at room temperature, with a bright-

field Leica DM 4000B microscope equipped with x40/0.75 and x100/1.35 lenses and a 

Leica DFC500 digital camera. 
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5. Discussion 

The main goal of this study was to contribute to the identification of new potential 

targets for SCA7 therapeutic intervention. In order to achieve this objective, I 

focused on gaining a better understanding of the mechanisms regulating ataxin-7 

degradation by the SUMOylation pathway, including the modifying and demodifying 

enzymes. 

In the introduction, I illustrated how previous studies identified several polyQ 

proteins as targets for SUMO modification. In 2010, my team showed that ataxin-7 is 

also modified by SUMO-1 and identified the major acceptor site as lysine 257.  In 

addition, SUMOylation was observed to attenuate the propensity of polyglutamine-

expanded ataxin-7 to aggregate and its cellular toxicity (Janer et al., 2010). The 

observation that SUMOylation plays an important role in SCA7 by modifying the 

aggregation of polyQ-expanded ataxin-7 suggests that cellular mechanisms 

modulating the SUMOylation pathway might be involved in ataxin-7 pathogenesis.  

Given this scientific background, the first step was to investigate the role of RanBP2 

in the transfer of the SUMO-1 protein to the ataxin-7 substrate, then to compare 

effects of overexpression of different known SUMO E3 ligases on mutant ataxin-7 

aggregation. We thus identified RanPB2 as the major modifying enzyme and PIAS4 

as a minor modifier. 

To further confirm that ataxin-7 was a target of SUMOylation at the physiological 

level, we established a collaboration with F. Melchior’s team at Heidelberg 

University. Thanks to their lab competences and infrastructure, I was able to identify 

ataxin-7 as an endogenous SUMO-1 and SUMO-2 modification target. 

As an additional confirmation of these findings, I proceeded with experiments on a 

SCA7 mouse model to quantify expression of the mRNA SUMO modifying enzymes 

to determine whether the SUMO pathway was deregulated in the central nervous 

system in tissues affected by the pathology.  Finally, by immunohistochemical 
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analysis of human brain samples from SCA7 cerebellum, I observed an accumulation 

of SUMO1 and RanBP2 in Purkinje cells - a further indication that SUMOylation 

deregulation goes hand in hand with the worsening of the pathology. 

In the following sections, I will discuss each major result in relation with the state of 

the art and its impact and significance in the global context of spinocerebellar ataxia 

type 7. Where appropriate, I will also highlight possible future research directions to 

build on the obtained results. 

5.1. SUMOylation as regulator of toxic ATXN7 protein in SCA7 disease 

In this section, I will illustrate how I gained experimental evidence that 

SUMOylation is a regulator agent of mutant ataxin-7. For the past few years, 

SUMOylation has attracted increasing attention as a versatile regulator of toxic 

proteins in neurodegenerative diseases such as SCA7. 

5.1.1. Scientific background 

The yeast SUMO (small ubiquitin-like modifier) orthologue SMT3 was initially 

discovered in a genetic suppressor screen for the centromeric protein Mif2 (Meluh 

and Koshland, 1995). It later emerged that the homologous mammalian proteins 

SUMO-1 to SUMO-4 are reversible protein modifiers that can form isopeptide bonds 

with lysine residues of target proteins (Mahajan et al., 1997). This was the discovery 

of a post-translational modification called SUMOylation, which enzymatically 

resembles ubiquitination (Krumova and Weishaupt, 2013). 

Whereas the contribution of other post-translational modifications, especially 

phosphorylation and ubiquitination, to neuronal function and dysfunction have 

been investigated for a long time, SUMOylation of neuron-specific targets remained 

unknown until recently (Hudson et al., 2012). In fact, most assays identifying SUMO 

conjugated proteins were carried out in non-neuronal cell lines. In addition, 

covalent SUMO modifications, in general, escaped discovery until 1996, partly due to 

the unstable nature of this protein modification, which is hard to detect.  

SUMOylation has been implicated in repair of DNA single-strand breaks in neurons. 

DNA single-strand breaks, which occur continuously and are an inherent feature of 

chromosome metabolism to overcome torsion barriers, are resealed by tyrosyl DNA 
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phosphodiesterase 1 (TDP1) (Takashima et al., 2002). In 2002, it was shown that 

mutations in TDP1 and subsequent loss of TDP1 DNA repair activity are the cause of 

a familial form of ataxia (spinocerebellar ataxia with axonal neuropathy; SCAN1). 

Deficiency of this DNA repair pathway affects primarily the post-mitotic, terminally 

differentiated, large neuronal cells (e.g., cerebellar pyramidal cells) (Takashima et 

al., 2002). Very recently, it was shown that SUMO modification of TDP1 is necessary 

for proper subnuclear TDP1 targeting in neurons guaranteeing that sufficiently high 

local concentrations of TDP1 protein are reached at sites of DNA damage (Hudson et 

al., 2012). Of note, topoisomerase 1, which is responsible for a large proportion of 

protein-linked single-strand DNA breaks, is itself a SUMO target and 

rapidly modified upon cellular stress (Mao et al., 2000). 

In 2004, Steffan et al. (Steffan et al., 2004) showed for the first time that a protein 

involved in neurodegeneration is SUMO conjugated. SUMO-1 modified a pathogenic 

fragment of Huntingtin (Httex1p) at the N-terminal lysines 6, 10, and 15. It was 

demonstrated that a SUMO-Htt97QP fusion protein reduces Htt inclusion formation 

when SUMO is N-terminally fused to Htt. On the contrary, Huntingtin’s cytotoxicity 

is reduced in flies heterozygous for SUMO and in transgenic Drosophila, expressing 

SUMO-deficient Htt. This indicates that SUMOylation of Htt contributes to the 

disease pathology possibly by stabilizing toxic Htt species (Steffan et al., 2004). This 

is also an example of how SUMO-dependent reductions in aggregation are not 

always associated with a reduction in toxicity, and how SUMO effects on toxicity can 

be both positive and negative (Krumova and Weishaupt, 2013).  

Altered solubility is related to a pathological propensity to form intracellular protein 

aggregates. In addition, several aggregation-prone proteins implicated 

in neurodegeneration were found to be SUMOylated (Riley et al., 2005) (Steffan et 

al., 2004) (Krumova et al., 2011). Based on the presumed function of SUMO 

attachments as a ‘‘protein solubility enhancer’’, it seems plausible that regulation of 

protein aggregation is another way by which SUMOylation may influence 

neurodegenerative diseases. This makes SUMOylation in principle an important 

candidate regulator in disease conditions characterized by reduced protein solubility 

and pathological aggregation, as in the neurodegenerative diseases. However, only 

in a few instances the direct impact of SUMO on protein solubility has been 
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documented, among which: alpha-synuclein, DJ-1, huntingtin and STAT1 (Krumova 

and Weishaupt, 2013). 

Our team has linked SUMOylation to SCA7, since SUMO-1 and -2 co-localized with 

ataxin-7 in intranuclear inclusions in a SCA7 cell culture model and in the cortex of 

a patient. Furthermore, a SUMOylation-deficient mutant ataxin-7 showed increased 

inclusion formation, implying that SUMO plays a role in the regulation of ataxin-7 

aggregation (Janer et al., 2010).  

5.1.2. Contribution and contextualisation of this work 

In order to identify potential factors responsible for ataxin-7 SUMOylation and their 

effects on normal and mutant ataxin-7, I expressed proteins implicated in this 

pathway.  

Overexpression of SUMO-1 with wild type (10Q) and mutant (92Q) ataxin-7 led to 

the appearance of a modified western blot band corresponding to ataxin-7 with the 

addition of 20 kDa corresponding to SUMO-1. In presence of SUMO isoform 2, I 

detected a faint band in addition to the previous one, corresponding to the 

conjugation of two SUMO-2 residues. When SUMO-2 was co-expressed with mutant 

(92Q) ataxin-7, a smear was sometimes observed, indicating that the substrate was 

poly-SUMOylated. I compared the consequences of SUMO-1 and SUMO-2 

overexpression in the SCA7 cell model, analysing the levels of both soluble and the 

SDS-insoluble ataxin-7. As we previously showed that SUMOylation attenuated 

aggregation of mutant ataxin-7, I compared here the effect of SUMO-1 and SUMO-2 

by filter retardation assay: a stronger decrease was observed in the presence of 

SUMO-2. This result supports the hypothesis that ataxin-7 is also a target for 

modification by SUMO-2. This is particularly noteworthy because we know 

from the literature that SUMO-2 conjugation is usually stimulated in a stress-

dependent manner (Saitoh and Hinchey, 2000).  

To contextualise the importance of the correlation above, it should be noted that 

oxidative stress represents one of the most direct links between neurodegenerative 

diseases and impaired SUMOylation. In general, the activity of key enzymes of the 

SUMO pathway responds to a number of different external stimuli. More 

interestingly, the enzymatic centre of the E1 and E2 enzymes of the SUMOylation 
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cascade is reversibly oxidized and thereby efficiently inhibited by low levels of 

oxidative stress (Bossis and Melchior, 2006). High levels of reactive oxygen species 

(ROS), which damage cellular components and trigger apoptosis, is observed in the 

neurons of HD patients and an HD-like animal model (Browne and Beal, 2006). The 

same happens in a stable, inducible SCA7 cell model, in which polyQ expanded 

ataxin-7 results in a concomitant increase in ROS levels and aggregation of the 

disease protein, and later in cellular toxicity (Ajayi et al., 2012).  

From the references above, we know that oxidative stress is a typical reaction to 

neurodegenerative diseases such as SCA7. Since we showed in this study that ataxin-

7 is a target for SUMOylation by SUMO-2, we may postulate that polyQ ataxin-7 

triggers an increase in ROS levels; this in turn would lead to activation of 

endogenous SUMO-2. This cellular response is triggered to cope with aggregation of 

mutant ataxin-7, in an attempt to degrade it. Overexpression of SUMO-2 mimics and 

amplifies the cellular response, and aggregates of mutant ataxin-7 are degraded as 

attested by filter assay analysis.  

Above I stated that overexpressed SUMO-2 modifies ataxin-7. However, the 

interplay among SUMO-conjugation, SUMO-deconjugation and SUMO-mediated 

interactions requires tight regulation, both at the level of the individual targets and 

of the proteome (Flotho and Melchior, 2013) (Watts, 2013). This fragile balance can 

easily be disturbed by overexpressing SUMO, which is rate-limiting for the 

modification of targets in vivo, or by overexpressing enzymes that in high 

concentrations might override regulatory mechanisms. As a consequence, full 

insight into the regulation and role of SUMOylation requires analysis in the absence 

of protein overexpression.  

Very recently, Frauke Melchior and her collaborators developed a method for 

specific enrichment of endogenous SUMO-1 and SUMO2/3-modified proteins. 

Thanks to the collaboration with this team, we performed the experiments required 

to understand whether ataxin-7 is a target for SUMO modification at endogenous 

levels. Although SUMOylated ataxin-7 is not abundant, this technique allowed us to 

show that the protein is a SUMO-1 and -2 target. In particular, immunoprecipitation 

with monoclonal antibodies recognizing SUMO-1 and SUMO2/3 showed that ataxin-

7 was preferentially modified by isoform 2.  
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To confirm the novelty of this finding, we carefully checked the literature to see if 

previous studies already described endogenous ataxin-7 as a SUMO target. In 2006, 

the Lamond team used quantitative proteomics to investigate the target protein 

preferences of SUMO-1 and SUMO-2 in HeLa cells stably expressing His-SUMO-1 or 

His-SUMO-2. One third of the identified proteins were transcriptional regulators: 

this functional group included 10 preferential SUMO-1 targets, six preferential 

SUMO-2 targets and one protein that was possibly conjugated to both SUMOs, 

showing that both SUMO family members play a role in transcription (Vertegaal et 

al., 2006). Ataxin-7 is a member of the TFTC/STAGA complex, which is implicated in 

several steps of transcriptional regulation: but ataxin-7 was not present in their list. 

More recently, colleagues from the Melchior group analysed elution from SUMO-1 

and 2/3 immunoprecipitation in HeLa cells by mass spectrometry (unpublished 

data): ataxin-7 was not detected in this case either.  

As HeLa did not appear to contain SUMO-modified ataxin-7, we compared various 

cell lines for their content in endogenous ataxin-7. By western blot we found that 

MCF7 cells contained higher levels of ataxin-7 than COS7, HEK293 and HeLa cells. 

Thus, I performed the immunoprecipitation experiments in MCF7 cells to increase 

the probability of detecting endogenous SUMO-modified ataxin-7. As previously 

described, SUMOylation is a very fast and instable modification. Moreover, not all 

proteins are modified by SUMO. We realized the immunoprecipitation with 

monoclonal anti-SUMO-1 and anti-SUMO-2 antibodies, starting from 9 plates (or 15 

mg of protein/condition) of MCF7 cells; a large amount of starting material is needed 

since only 1 or 2% of the protein is SUMOylated. 

Since SUMO-modified ataxin-7 would be present in low quantities if at all, we 

concentrated the eluted proteins by TCA precipitation. This allowed us to detect 

ataxin-7 as an endogenous target in the SUMOylation pathway. Ataxin-7 was found 

to be modified both by SUMO-1 and by SUMO-2, to a higher extent, in MCF7 cells. 

Even if the amount of modified ataxin-7 was low, we demonstrated that endogenous 

ataxin-7 is indeed a SUMO target.  To confirm that endogenous ataxin-7 is modified, 

I investigated the interaction between ataxin-7 and SUMO-1. A proximity ligation 

assay (PLA) in COS7 cells revealed the proximity of the two proteins by the presence 
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of red fluorescent spots, further confirming the results obtained by 

immunoprecipitation.    

We conclude that ataxin-7 is in the growing list of proteins endogenously 

modified by SUMO. 

5.2. RanBP2 as a major SUMO E3 ligase of ataxin-7 for SUMO-1 

conjugation. 

It this section, we focus on the role of RanBP2 as a SUMO E3 ligase. Since SUMO E3 

ligases provide specificity in targeting proteins, identification of the E3 ligase(s) that 

promotes ataxin-7 SUMOylation may be a key to the discovery of therapeutic targets 

that regulate this modification. 

5.2.1. Scientific background 

RanBP2 was identified as a candidate for ataxin-7 SUMO-modification by in vitro 

SUMOylation (Janer et al., 2010). For this reason, I evaluated whether this protein, or 

other known ligases, could function as ataxin-7 E3 SUMO ligases.  

During interphase, RanBP2 is localized at the cytoplasmic face of the Nuclear Pore 

Complex, where it forms a stable subcomplex with Ran GTPase-activating protein 1 

(RanGAP1) and the SUMO E2-conjugating enzyme Ubc9. At the onset of mitosis 

when the nuclear envelope (NE) disintegrates and Nuclear Pore Complexes 

disassemble, RanBP2-RanGAP1-SUMO1-Ubc9 subcomplexes disperse into the 

mitotic cytosol and accumulate at the spindle microtubules and at kinetochores of 

chromosomes. 

Since its discovery as a SUMO E3 ligase, numerous proteins have been SUMO-

modified with the help of catalytic RanBP2 fragments in vitro. However, no major 

evidence of SUMOylation by RanBP2 was found in vivo until 2008. The critical 

biological functions of the mammalian RanBP2 protein were not elucidated. Since 

depletion of RanBP2 caused various mitotic abnormalities in HeLa cells, including 

misalignment of chromosomes in metaphase, the authors generated mutant mice in 

which the dose of RanBP2 was reduced in a graded fashion (Dawlaty et al., 2008). 

Complete loss of the protein is embryonic lethal. Mitotic defects, such as anaphase-

bridge formation were observed in mice that were hypomorphic for RanBP2. The 
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observation that RanBP2 hypomorphism led to decreased SUMOylation of 

Topoisomerase IIα in mitosis suggested that Topo IIα was an in vivo substrate of 

RanBP2 during this cell-cycle stage (Dawlaty et al., 2008). A SUMO1-Topo IIα-EGFP 

fusion protein encoding a non-hydrolyzable SUMO-1 restored a correct mitotic 

spindle in MEF cells from the mutant RanBP2 mice, allowing efficient separation of 

sister chromatids. This was the first direct evidence that RanBp2 was a SUMO E3 

ligase. To date the known targets of RanBP2 in cells are topoisomerase II and 

borealin, both of which are involved in binding to complexes associated with 

chromosomal segregation during mitosis (Dawlaty et al., 2008) (Klein et al., 2009). 

Thus, the SUMOylation properties of RanBP2 have been demonstrated in vivo during 

mitosis. 

5.2.2. Contribution and contextualisation of this work 

One of my objectives was to verify whether ataxin-7 is a target for SUMOylation by 

RanBP2 in vivo. This hypothesis emerged from the results of an in vitro experiment 

where PIAS were tested for their E3 ligase activity. Unexpectedly RanBP2 modified 

ataxin-7 to a greater extent than other SUMO E3 ligases (Janer et al., 2010 - supp 

data).  

My first contribution was then to show that overexpression of RanBP2 and 

SUMO-1 influenced the level of aggregated expanded ataxin-7 in a cellular 

SCA7 model. In addition to RanBP2 expression, SUMO-1 co-expression significantly 

improved degradation of mutant aggregates.  This is consistent with previous 

finding that state that RanBP2 has a major affinity for isoform 1 of SUMO (Hecker et 

al., 2006). I also confirmed by filter retardation assay the beneficial effect of RanBP2 

co-expressed with SUMO-1, which emerged as its preferential partner in the 

SUMOylation of ataxin-7. 

Mirroring the approach pursued in the previous section, I proceeded with additional 

immunoprecipitation experiments to confirm that the interaction between ataxin-7 

and RanBP2 also occurs endogenously. The main difficulty to face when approaching 

this specific problem is the important size of RanBP2, along with its stable 

integration into one of the largest complex in the cell. In mitotic extracts, RanBP2 is 

soluble but remains associated with SUMOylated RanGAP1 (Swaminathan et al., 
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2004). This information helped us to immunoprecipitate RanBP2 after cell 

synchronisation by nocodazole treatment to ensure that the majority of the cells 

were in mitosis. These conditions favour RanBP2 immunoprecipitation along with 

its interaction partners because RanBP2 is soluble and not bound to the nuclear 

membrane. Technically speaking, the protocol proved to work, because I was able to 

co-immunoprecipitate RanGAP1, but I did not co-immunoprecipitate ataxin-7 with 

RanBP2 (not presented in this manuscript). In my opinion, this was due to the 

following reasons: I conducted this experiment during mitosis, which is 

characterised by the absence of the nuclear membrane; RanBP2 and ataxin-7 might 

not interact during mitosis, but only in interphase. In addition, HeLa cells express a 

lower level of ataxin-7 than MCF7 cells. Thus, the experimental conditions were 

sub-optimal for studying possible interactions between the two proteins, especially 

if interaction is transient during the cell cycle. This is consistent with my hypothesis 

that ataxin-7 modification by RanBP2 at the nuclear pores complex might take place 

during ataxin-7 shuttling from the cytoplasm to the nucleus. To circumvent this 

issue, I used an alternative immunoprecipitation protocol. 

This protocol is in the “Materials and Methods” chapter. We used MCF7 cells and 

tested, in a pilot experiment, different percentages of non-ionic detergents in the 

extraction buffer: the aim was to increase the probability of extracting RanBP2 from 

the nuclear membrane along with its interaction partners during the SUMOylation 

process. We identified two buffers that extracted RanBP2 efficiently from the 

membrane, as well as extracting ataxin-7. The next step was to perform an 

immunoprecipitation under non-denaturing conditions. 

Co-immunoprecipitation of endogenous ataxin-7 and RanBP2 in MCF7 cells 

was the first step in the demonstration that RanBP2 and ataxin-7 may interact 

endogenously.  

To further support the hypothesis that RanBP2 and ataxin-7 interact endogenously, 

I verified by immunofluorescence that, in some cells, ataxin-7 staining was present 

at the nuclear membrane, exactly where RanBP2 is located. The percentage of cells 

in which colocalization was observed was low, however, mostly because 

SUMOylation is a rapid and reversible “unstable” process, and thus difficult to detect 

by immunofluorescence. Nevertheless, using a recently developed technique, PLA 
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(Proximity Ligation Assay), I was able to detect the physical proximity (less than 40 

nm) of SUMO-1 and ataxin-7 at the cell nuclear rim.  By attentive visual inspection 

of Figure 17-C, it is possible to see red fluorescent dots in both the cytoplasm and 

close to the nucleus. This zone could be the cytoplasmic filament at the nuclear pore 

complex, where RanBP2 is located. This observation contributes to the 

validation of our hypothesis that ataxin-7 is SUMO-1-modified by RanBP2. The 

reason why I focused on SUMO-1, and not SUMO-2, is because, as demonstrated in 

the previous section, it is the preferential partner for ataxin-7 modification by 

RanBP2. 

To summarize, we suggested that RanBP2 might SUMOylate ataxin-7 in interphase, 

at the nuclear pore complex. Our results are in line with the work of Saitoh and 

collaborators, who also suggested that RanBP2 could act as a SUMO E3 ligase of PML 

in interphase. When the RanBP2 was invalidated, an anti-SUMO-1 antibody detected 

fewer PML bodies and nuclear foci. Based on the fact that RanBP2 acts as SUMO E3 

ligase for PML in vitro (Tatham et al., 2005) and that SUMOylation of PML is required 

for proper formation for PML bodies, the results suggested that RanBP2 might be 

involved in the formation of PML bodies, probably through its SUMO E3 ligase 

activity (Saitoh et al., 2006). 

An alternative approach for demonstrating that ataxin-7 SUMOylation is important 

to prevent aggregation of the mutant protein was to show that aggregation in the 

nucleus is influenced by the absence of the SUMO E3 ligase. To this end, I chose to 

selectively silence each SUMO E3 ligase in a cellular SCA7 model. By western blot, I 

was able to confirm the silencing of each target protein. The western blot of wild 

type ataxin-7 shows that in absence of either PIAS4 or RanBP2, there was a decrease 

in the presence of high molecular bands compared non-target control siRNA 

condition. This result gained in significance when the filter retardation assay 

showed that the absence of RanBP2 induced an increase in the aggregation of 

mutated ataxin-7. Although the selective silencing of each SUMO E3 ligase led to an 

increase in aggregation, the most significant aggregation was obtained in the 

absence of RanBP2.  

In our above-described in vitro experiments, we demonstrated that PIAS4 and 

RanBP2 silencing reduced ataxin-7 modification, and by filter assay that RanBP2 
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silencing had the greatest effect. We then wanted to compare these in vitro results to 

the SCA7 KI mouse model in vivo. By comparing the mRNA of SCA7 KI mice (aged 12 

months) and their wild-type littermates, we observed that RanBP2 and PIAS4 were 

deregulated compared to the other SUMO E3 ligases tested. This result supports 

previous evidence that RanBP2 is the main actor in ataxin-7 SUMO 

modifications, whereas PIAS4 plays a secondary role.  

Co-expression of PIAS4 and SUMO-2 led to the appearance of high molecular weight 

bands that were more intensely labelled than those seen with other SUMO E3 ligases 

(Figure 18-B). These results are consistent with the hypothesis that RanBP2 

SUMOylates ataxin-7 by SUMO-1 conjugation, whereas PIAS4 conjugates 

ataxin-7 to SUMO-2. Our findings are in line with the literature. In 2006, Hecker 

and co-authors showed in a yeast two hybrid screen that PIAS4 preferentially 

coupled SUMO-2 (Hecker et al., 2006).  Topoisomerase II also is a target of 

SUMOylation by RanBP2 and PIAS4 in vivo, much like ataxin-7 (Dawlaty et al., 2008). 

Finally, PIAS4 was shown to mediate SUMO-2 conjugation of topoisomerase II on 

mitotic chromosomes in (Azuma et al., 2005).  

5.2.3. Future research perspectives 

Starting from this base, it would be extremely interesting to determine whether the 

mRNA deregulation observed in SCA7 mice can also be seen in SCA7 patients. 

However, brain tissue from SCA7 patients is very rare. This hypothesis will, 

therefore, be very difficult to test.  

It would also be interesting to confirm the deregulation of the SUMOylation 

machinery observed in SCA7 mice by microarray analysis. To this end, we recently 

started collaboration with David Housman’s team at MIT in Boston to analyse 

samples from SCA7 mice by microarray. In the coming months, we hope to confirm 

deregulation of the SUMO pathway in SCA7 mice.  
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5.3. PML IV SUMOylation: a role in expanded ataxin-7 degradation? 

In this section we focus on the role of PML IV SUMOylation and nuclear bodies in 

the degradation of mutant ataxin-7.  

5.3.1. Scientific background 

In 2006, our team demonstrated that subcategories of PML bodies, the clastosomes, 

recruit ataxin-7 to degrade the mutant protein via the proteasome components 

(Janer et al., 2006). One point of major interest is that PML, the main component of 

clastosomes, requires SUMOylation to form structurally correct nuclear bodies.  In 

the same year, Shen demonstrated that the simple presence of different mutations 

within lysines involved in PML SUMOylation, prevents the correct formation of PML 

bodies (Shen et al., 2006). From the above, we understand the importance of the role 

played by SUMOylation in PML body formation. To further increase our 

understanding of the role of SUMOylation in ataxin-7 degradation, I investigated 

whether PML that is not modified by SUMO can still prevent ataxin-7 degradation.  

5.3.2. Contribution and contextualisation of this work 

Based on the literature, we expected that degradation of mutant ataxin-7 would be 

inversely proportional to the severity of PML mutation affecting the SUMO 

interacting motif (SIM) and the three lysines (K65, 160, 490) to which SUMO can be 

attached (Shen et al., 2006). We tested this hypothesis with three SUMO-deficient 

PML constructs: PMLas mutated in the SIM; PMLmas with a mutation in the three 

lysines and in the SIM sequence; PMLmds, harbouring a mutation in the three lysine 

and deletion of the SIM. However, regardless of the PML mutation, a significant 

reduction in mutant ataxin-7 was detected.  

To determine whether this was due to the presence of endogenous PML, we 

overexpressed SUMO-deficient PML in Pml-/-MEF cells. The results confirmed the 

previous experiments on COS7 cells, suggesting that even abnormal PML bodies can 

degrade ataxin-7. As we will see in the next paragraph, this hypothesis is consistent 

with the most recent data in the literature. 

To confirm that mutated PML formed structurally abnormal PML bodies, I 

investigated the morphology of the bodies by immunofluorescence. The increase in 
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the number of PML mutations was correlated with a structural change in the nuclear 

bodies, as also reported by others (Shen et al., 2006). PML in which the three lysines 

are mutated and SIM-deleted (PMLmds) colocalized with mutant ataxin-7, but the 

inclusions resembled those described, in 2010, as non homogeneous (Janer et al., 

2010). At that time, the non-homogeneous inclusions were observed to co-localize 

mostly with Hsp70, the 19s proteasome subunit and caspase 3, confirming the effort 

of the cell to degrade nuclear inclusions. These inclusions, which have a star-like 

structure, were detected in my immunofluorescence experiment as well.  

Taken together, these results suggest that non-conventional PML-positive 

structures are still able to degrade mutant ataxin-7 in the nucleus. SUMO-deficient 

PML mutated on the three lysine and in the SIM motif still have a functional RING 

sequence that might be responsible for another activity, as ubiquitin E3 ligase, 

attributed to TRIM family member who PML belongs to (Ikeda and Inoue, 2012) (Bell 

et al., 2012).   

In addition, very recent results, (Guo et al., 2014), reported the discovery of two 

substrate recognition regions in PML thanks to in vitro  binding experiments. The 

first of these regions, SRS1, preferentially recognizes the pathogenic variants of Htt, 

and corresponds to the coiled-coil domain (CC) of PML. The CC domain of PML thus 

serves as an interaction platform for CC structures typically found in long polyQ 

stretches. The second is SRS2 that specifically binds to short peptides in denatured 

luciferase, which was used as a misfolded model substrate.  

Given this evidence, it is possible that a SUMO-deficient PML might still be able to 

interact with poly Q proteins, such as ataxin-7, via the SRS1 region due to its 

preference for polyQ stretches, or via SRS2 domain. With respect to SRS2, it is 

important to note that this region is encoded by a part of exon 8a and exon 8b, both 

of which are present in PML IV (Gärtner and Muller, 2014), responsible for ataxin-7 

degradation. The CC domain that contains SRS1, or the SRS2 at the C-terminal 

domain, could affect the potential ubiquitin E3 ligase activity of PML, as suggested 

by the presence of a RING sequence. Moreover, in SUMO-deficient PML, the RING 

domain identified as responsible for the E3 ligase activity in other proteins is still 

active and, in collaboration with the SRS1 or SRS2 sequence, could convert PML into 

an ubiquitin E3 ligase. This would explain the reduction of ataxin-7 aggregates 
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during SUMO-deficient PML overexpression in a SCA7 cell model. 

5.3.3. Future research perspectives 

It would be interesting to express PML isoform IV, mutant/deleted or not in the 

coiled-coil (aa 223-360) or C-terminal (aa 571-633) domain to determine whether 

ataxin-7 and PML still co-localise. This would be a significant contribution, because 

it would help to show whether PML actually has ubiquitin E3 ligase activity. 

5.4. The role of RNF4 in ATXN7 degradation 

5.4.1. Scientific background 

Proteins conjugated with poly-SUMO2/3 chains are recognized and ubiquitinated by 

RNF4, a RING domain ubiquitin ligase with four tandem SUMO-interacting motifs 

(SIMs) (Sun et al., 2007). However the role of RNF4 in degrading misfolded proteins 

remains to be investigated. 

5.4.2. Contribution and contextualisation of this work  

In the previous sections, we provided evidence that both exogenous and endogenous 

ataxin-7 is a target for modification by SUMO-1 and SUMO-2. The experiments 

discussed above suggest a non-negligible preference of ataxin-7 for SUMO-2, which 

implies that ataxin-7 may be poly-SUMOylated. Protein degradation is mediated by 

the recruitment of ataxin-7 to the proteasome via SUMO-2 modifications (see 

epoxomicin-based treatment reported in Figure 27). It was unclear, however, 

whether RNF4 would contribute to the degradation of ataxin-7, even if this 

mechanism of degradation was first demonstrated for PML (Geoffroy et al., 2010) 

and very recently for another polyQ-containing protein ATXN1 (Guo et al., 2014). 

This is important because RNF4 recognizes proteins as a target for the proteasome 

via their poly-SUMO chains, and could thus contribute to the degradation of 

polySUMOylated ataxin-7. RNF4 is able to act as an ubiquitin E3 ligase when it binds 

to polySUMO chains by its SIMs domains. At this point, via the RING, catalytic 

addition of ubiquitin residues to the target protein finally leads to its degradation by 

the proteasome (Plechanovová et al., 2012).  
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As demonstrated also for ATXN1 (Guo et al., 2014), the co-expression of wild-type 

RNF4 and SUMO-2 in the cellular SCA7 model led to a significant decrease in ataxin-

7 aggregation. When the proteasome was inhibited, there was a strong accumulation 

of mutant ataxin-7, even in the presence of RNF4. This suggested that RNF4 could 

recruit ataxin-7 via the poly-SUMO chain to catalyse its ubiquitination and re-direct 

the protein to the proteasome. To confirm these results, we performed the same 

experiment with a SIM-mutated form of RNF4 (RNF4 dSIM). Overexpression of RNF4 

dSIM in the SCA7 cell model was unable to induce a decrease of either soluble 

ataxin-7 or its aggregated form, as expected if the dSIM mutant is defective for 

binding to any SUMO target – ataxin-7, in our case. We also tested another mutant 

form of RNF4 (dHC), which is unable to catalyse the ubiquitin transfer to the protein 

target due to a mutation in the RING sequence. Dimerization is an essential feature 

of many RING-containing proteins. In RNF4, dimerization confers ubiquitin E3 

ligase activity (Plechanovová et al., 2011)(Liew et al., 2010). Surprisingly, even when 

the zinc finger motif was mutated, RNF4 was nevertheless able to degrade mutant 

ataxin-7 and possibly to conjugate ubiquitin protein to ataxin-7.  

To explain this unexpected result, I hypothesise that the mutated RNF4 could create 

a heterodimer with endogenous RNF4 and still maintain ubiquitin E3 ligase activity 

due to the RING sequence in the wild type protein. This hypothesis is supported by 

previous studies that demonstrated that PML with a mutation in its RING sequence 

was still able to recruit endogenous PML (fig. 5 in Shen et al., 2006). 

In addition to the unexpected property described above, mutated RNF4 dHC co-

expressed with SUMO-2 increased high molecular weight (HMW) modified ataxin-7 

bands on western blots.  We could not confirm whether these modified bands 

corresponded to a poly-ubiquitin or to a poly-SUMOylated protein. Additional 

experiments are necessary to investigate the nature of these modifications; for 

example, immunoprecipitation under denaturing conditions to precipitate SUMO-2 

or ubiquitin, and verification of the presence of ataxin-7 in the immunoprecipitated 

material. 

The results discussed above suggest that RNF4 recruits mutant ataxin-7 to the 

proteasome via its SUMO-2 chains for degradation. However, RNF4 has been 

described as a transcriptional regulator: it behaves as a co-repressor when associated 
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with a novel POZ-AT hook-zinc finger (PATZ) (Fedele et al., 2000). To investigate 

the possibility that RNF4 negatively regulated ataxin-7 by acting as a transcription 

co-repressor, we quantified ataxin-7 mRNA during RNF4 overexpression with and 

without co-expression of SUMO-2.  By qRT-PCR, we observed a reduction in ataxin-

7 mRNA in cells overexpressing ATXN7-92Q, RNF4 wild type and SUMO-2. A similar 

reduction was detected in cells overexpressing ATXN7-92Q and RNF4, but not 

SUMO-2. The reduction in mRNA levels did not, however, mirror the decrease in 

ataxin-7 protein observed when SUMO-2 and RNF4 were overexpressed which had 

additive effects. This was the final confirmation that the effects observed in a 

SCA7 cellular model were actually related to RNF4 activity on protein 

degradation and not to mRNA transcription repression. This confirms that 

RNF4 recruits mutant ataxin-7 to the proteasome via its SUMO-2 chains for 

degradation. 

5.5. SUMO enzymes and proteins deregulation in SCA7 KI mouse model 

5.5.1. Scientific background 

Joan Steffan’s team showed for the first time, in 2013, that deregulation of 

SUMOylation affects the Huntington mouse model R6/2: this mouse contains N-

terminally truncated mutant Htt (mHtt) with CAG repeat expansion (125 repeats) 

within the huntingtin gene exon 1 (Mangiarini et al., 1996). In this model, both 

Sumo-1 and Sumo-2 mRNA increases in the mice at a late stage of their disease; the 

same pattern is observed in the expression of the enzymes involved in this pathway, 

such as Senp2, Senp3 and Senp6. These alterations suggested that SUMO 

disregulation depends on the huntingtin gene triplet expansion, suggesting that the 

same might be true in a SCA7 mouse model. 

5.5.2. Contribution and contextualisation of this work  

In the previous sections, we demonstrated that endogenous ataxin-7 is a target for 

SUMOylation and that this pathway is important for the cellular response to mutant 

ataxin-7 aggregation. We now focus on the in vivo evidence for SUMOylation 

deregulation in a SCA7 mouse model, to determine whether a reduction in 
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SUMOylation prevents the cell from coping efficiently with the accumulation of 

aggregated ataxin-7 in the cerebellum.  

Quantification of mRNA by qRT-PCR showed a decrease in the transcription of key 

genes, such as Sumo-1 and Sumo-2, starting at 6 months, just before the onset of 

symptoms in this mouse model of SCA7. This deregulation increased during the 

following months, along with the worsening of the disease: Sumo-1 mRNA decreased 

whereas Sumo-2 mRNA increased. This is consistent with the activation of SUMO-2 

in response to stress described in the literature for other neurodegenerative 

diseases. The SUMO-2 response to neuronal stressors has recently been observed in 

several systems, including APP overexpression in AD mice (McMillan et al., 2011) 

and transient ischemia in cells (Yang et al., 2012). In some cases, this promotes a 

neuroprotective response to ischemic stress (Datwyler et al., 2011). As for SCA7, we 

have in vitro evidence that the expression of expanded polyQ in a stable, inducible 

cell model results in a concomitant increase of ROS levels, cellular toxicity and 

aggregation of the disease-causing protein. The increase in ROS could be completely 

prevented by inhibition of NADPH oxidase (NOX) complexes, suggesting that 

ataxin-7 directly or indirectly causes oxidative stress by increasing superoxide anion 

production from these complexes (Ajayi et al., 2012). From the literature and our 

results above, we can deduce that the presence of polyQ-expanded ataxin-7 

leads to a cellular reaction, which can in turn induce an increase in SUMO-2 

mRNA.  

In addition to the cerebellum, we considered retina, which we know being a tissue 

particularly affected by the disease – a unique feature of SCA7 among all other 

spinocerebellar ataxias. Since SUMO E3 ligases has been confirmed to be expressed 

in the retina and to regulate SUMOylation of the metabotropic glutamate receptor 

8b (Dütting et al., 2011), we pursued our investigation on this specific tissue. 

Sumo-1 and Sumo-2 mRNA was also reduced at 6 months in the retina. At 12 

months, the decrease in Sumo-1 mRNA and the increase of Sumo-2 mRNA was 

observed in the retina as well as in the cerebellum. This recurrent pattern 

confirms that SUMO pathway deregulation is present in the tissues most 

affected by the disease.  
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We identified, in in vitro experiments, RanBP2 as the major SUMO E3 ligase for 

ataxin-7. In vivo, a significant decrease in the mRNA for this enzyme was observed, 

along with Pias4, in SCA7 KI mice compared to wild type littermates. This result 

validates our hypothesis that these enzymes are involved in SUMO 

modification of ataxin-7. Their deregulation could negatively affect 

degradation of mutant ataxin-7. The reduction is less evident in the retina, 

however: this may imply that the SUMO E3 ligases catalysing this process in the 

retina are different from those in the cerebellum. For example, PIAS3-regulated 

SUMOylation of transcription factors has been described in photoreceptors, 

demonstrating additional functions for SUMO proteins in the CNS, such as the 

development of rods (Onishi et al., 2010). This result is particularly noteworthy 

from a therapeutic point of view, because it suggests that different targets for 

regulation should be chosen depending on the affected tissue. 

Our results suggest that chronic expression of ataxin-7 with expanded CAG repeats 

produces a misfolded protein that activate stress response pathways inducing 

SUMO-2 modification of ataxin-7. This response is, nevertheless, not sufficient to 

cope with the accumulation of insoluble and HMW species that reflect on-going 

pathogenesis. By western blot, we showed an increase in the non-conjugated form of 

SUMO-1 and SUMO-2 from SCA7 KI cerebellae samples and a decrease in the HMW 

species that we observed in the stacking gel from the same samples. We deduce 

neither isoform is conjugated with either mutant ataxin-7 or other SUMOylation 

targets. 

The above observations could be explained by a modification of the three-

dimensional structure of ataxin-7 that would hide the SUMO acceptor site. In the 

cellular SCA7 model, in which ataxin-7 aggregates (Figure 16-C and Figure 24-B) are 

smaller in size than in the SCA7 KI mice (Figure 33-B), SUMO-1 and SUMO-2 

overexpression induced the degradation of the mutant protein. In the Purkinje cells 

of the mouse model, we detected one or at most two large inclusions that were 

circular in shape. These structural characteristics might result from a protein 

conformation that prevents SUMO from reaching its site of attachment. We also 

demonstrated by immunofluorescence that mutant ataxin-7 aggregates and SUMO-1 

are co-localized, although this does not prove that they interact.  PML, another 
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protein involved in ataxin-7 degradation, is also a SUMOylation target. It is possible 

that SUMO-1 conjugates with PML in the nucleus. Likewise, we cannot ignore that 

ataxin-7 and SUMO-1 co-localized in the nuclear rim and cytoplasm of wild-type 

mice but also in the knock-in mice. As previously reported, RanBP2 is present in 

both cell compartments, and RanBP2 is a major SUMO E3 ligase. This confirms that 

the co-localization of ataxin-7 and SUMO-1 is compatible with SUMO-1-

modification of ataxin-7 by RanBP2 in vivo.   

5.5.3. Future perspective 

To confirm that SUMOylation is impaired in SCA7 mice, and that SUMO conjugation 

is defective, it would be interesting to perform a SUMO-immunoprecipitation on 

samples of mouse cerebellum. This could be done with the protocol developed in 

Melchior’s laboratory (Barysch et al., 2014) (Becker et al., 2013), as it was used 

successfully for the detection of SUMOylated proteins in mouse liver tissues. 

This is encouraging for its use on mouse brain samples, but will require collecting a 

large number of cerebellae to be able to detect the low levels of SUMO-modified 

ataxin-7. Using this protocol in MCF7 cells, SUMO-2 and SUMO-1 modified ataxin-7 

was detectable only with “super-sensitive” ECL detection kit. It will thus be a 

challenge to detect SUMO-ataxin-7 in cerebella. Immunoprecipitation could tell us 

whether ataxin-7 is also a target for SUMO modification in vivo and whether SUMO-1 

and SUMO-2 conjugation is affected in SCA7 KI mice.  

5.6. SUMO-1 and RanBP2 accumulation in the brain of SCA7 patients 

5.6.1. Scientific background 

SUMO proteins have been detected in inclusions in various neurodegenerative 

diseases, such as multiple system atrophy (Terashima et al., 2002), Huntington’s 

disease and other polyglutamine disorders (Ueda et al., 2002). In addition, several 

proteins specifically involved in these neurological diseases have been identified as 

SUMO targets. An example is ataxin-7, which we demonstrated to be a target for 

SUMOylation both in vitro and in vivo. 
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5.6.2. Contribution and contextualisation of this work  

After confirming the expression of SUMO-related proteins in SCA7 KI mice, we 

targeted tissues from SCA7 patients. We previously showed that SUMO-1 and 

SUMO-2 co-localized with ataxin-7 in the cortex of SCA7 patients (Janer et al., 

2010). Here, I demonstrated by IHC in the cerebellum of a SCA7 patient that 

Purkinje cells contained much more SUMO-1 than the control cerebellum. This 

accumulation suggests that SUMO-1 expression might be deregulated during the 

course of the disease. 

SUMO-1 staining is nuclear but also cytoplasmic, and increases specifically in the 

cytoplasm in SCA7 brain tissue. An increase in the cytoplasmic staining for SUMO-1 

was already shown in other neurodegenerative diseases, such as multiple system 

atrophy (MSA) (Poutney et al., 2005). Fluorescence immunohistochemistry showed 

that SUMO-1 sub-domains were frequent within and around inclusion bodies in MSA 

disease and co-localized with the lysosomal marker, cathepsin D, in affected brain 

regions. This suggests that SUMO-1 plays a role in lysosome function (Wong et al., 

2013), and would explain the increase in cytoplasmic SUMO-1 in Purkinje cells in a 

human SCA7 brain. Moreover, we very recently published that autophagy-lysosomal 

degradation pathway contributes to SCA7, as shown by the increase in cathepsin-D 

expression in the SCA7266Q/5Q knock-in mouse model and in brain tissue from SCA7 

patients (Alves et al., 2014). These results suggest that molecular markers of 

SUMOylation accumulate in the brain of SCA7 patients. It might also imply that 

there could be a connection between SUMO-1 and the autophagy-lysosome system 

in this disease. These results confirm the importance of this pathway in SCA7 

disease and indicate that proteins involved in the SUMOylation or deSUMOylation of 

ataxin-7 might represent target for therapeutic strategies, as already identified for 

cancer therapy.  

5.6.3. Future perspective 

At present, there is no in vivo evidence in other neurodegenerative diseases, except 

for Huntington disease and SCA1, of mutations affecting or deregulating 

SUMOylation.    
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It would be of interest to determine whether the expression of genes related to the 

SUMOylation pathway is correlated with the progression and severity of SCA7 

pathology. Potentially, this could be investigated in blood cells from patients, 

although expression of the relevant messenger RNA in blood may differ from their 

expression in neurons. In the animal model of SCA7, one could perform a laser 

dissection of Purkinje cells in order to investigate deregulation of mRNA expression; 

this is a feasible approach. 

The obtained results could help us determine whether SUMOylation, and notably the 

enzymes involved in this pathway, are potential targets for therapeutic intervention. 

These results could contribute to a better understanding of the basic cell 

mechanisms triggered by the disease. 
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6. Conclusions 

The overall scientific goal of this work was to advance the understanding of the 

fundamental molecular processes that regulate the interaction of ataxin-7 with 

other proteins involved in the SUMOylation pathway. In the longer term, this study 

could contribute to the identification of a therapeutic strategy for spinocerebellar 

ataxia type 7 (SCA7), a polyQ neurodegenerative disease mostly affecting Purkinje 

cells in the cerebellum and photoreceptor cells in the retina. 

Our first main result indicates a correlation between the SCA7 pathology and a 

deregulation in SUMO-related mRNA levels in vivo. This correlation is supported by 

additional evidence that we collected; in particular that ataxin-7 is an endogeneous 

SUMO target with a preference for SUMO-2 over SUMO-1. 

Moreover, we identified RanBP2 as the major SUMO E3 ligase of ataxin-7: the 

overexpression of RanBP2 and SUMO-1 decreases the level of aggregated and 

mutant ataxin-7 in a SCA7 cellular model. We also observed the same phenomenon 

for PIAS4, which however induces ataxin-7 SUMOylation via SUMO-2 instead of 

SUMO-1. RanBP2 and PIAS4 mRNA reduction in a SCA7 mouse model validates our 

hyphothesis that these enzymes are involved in SUMO modification of mutant 

ataxin-7. 

We also showed that “non-conventional” PML-positive structures are still able to 

degrade mutant ataxin-7 in the nucleus. Being a member of the TRIM family and 

having a RING sequence, PML could posses an ubiquitin E3 ligase activity that could 

explain our results in the degradation of mutant ataxin-7, even when PML is SUMO 

deficient. 

Finally, we demonstrated that molecular markers of SUMOylation accumulate in the 

brain of SCA7 patients, both in the cytoplasm and the nucleus. Increase in 

cytoplasmic staining of SUMO-1 could represent a connection between the SUMO 

pathway and the autophagy-lysosome system in SCA7. 
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