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Abstract 

 

Huntington's disease (HD) is a fatal neurodegenerative disorder characterized 

by progressive loss of striatal and cortical neurons. HD is caused by an abnormal 

polyglutamine (polyQ) expansion in Huntingtin protein (HTT). HTT controls vesicular 

trafficking along axons in neurons through interaction with components of the 

molecular motor machinery. Arginine methylation is one of the most abundant post-

translational modifications (PTMs) and is catalyzed by protein arginine 

methyltransferases (PRMTs). Recent evidence supports a key role for arginine 

methylation in neurodegeneration and particularly in polyglutamine diseases. 

However, whether HTT is methylated at arginine residues has not been investigated 

yet and the role of arginine methylation in HD pathogenesis remains to be fully 

elucidated.  

In this thesis, I show that vesicle-associated HTT is methylated in vivo at two 

evolutionarily conserved arginine residues, namely R101 and R118. Methylation of 

HTT at R118 is catalyzed by Protein Arginine Methyltransferase 6 (PRMT6), which 

localizes on vesicles together with HTT, whereas further analyses are required to 

identify the enzyme(s) responsible for R101 methylation. Interestingly, loss of PRMT6-

mediated R118 methylation reduces the association of HTT with vesicles, impairs 

anterograde axonal transport and exacerbates polyQ-expanded HTT toxicity. 

Conversely, PRMT6 overexpression improves the global efficiency of anterograde 

axonal transport and rescues cell death in neurons expressing polyQ-expanded HTT. 

These findings establish a crucial role of arginine methylation as a modulator of both 

normal HTT function and polyQ-expanded HTT toxicity and identify PRMT6 as a novel 

modifier of HD pathogenesis. Importantly, defects in HTT methylation may contribute 

to neurodegeneration in HD and promoting arginine methylation of HTT might 

represent a new therapeutic strategy for HD. 
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1. Introduction 

1.1 Huntington’s Disease 

Huntington’s disease (HD), also known as Huntington’s chorea, is an autosomal 

dominant, progressive and fatal neurodegenerative disorder. It is named after George 

Huntington, the American physician who wrote the first detailed description of this 

hereditary disease in 1872. HD is caused by an abnormal expansion of a CAG 

trinucleotide repeat in the coding region of IT15 gene (also called HD or HTT gene), 

which encodes a polyglutamine (polyQ) tract in the Huntingtin (HTT) protein (The 

Huntington's Disease Collaborative Research Group, 1993). HD is the most common 

condition belonging to the family of polyglutamine diseases, which comprises nine 

genetically inherited late-onset neurodegenerative diseases, i.e. spinal and bulbar 

muscular atrophy (SBMA), dentatorubral-pallidoluysian atrophy (DRPLA) and 

spinocerebellar ataxia (SCA) type 1, 2, 3, 6, 7 and 17. HD is characterized by a triad of 

late-onset motor, cognitive and psychiatric symptoms. There are currently no disease-

modifying treatments available, and HD patients die within 15-20 years after the 

appearance of symptoms (Ross and Tabrizi 2011).  

1.1.1 Clinical features of Huntington’s Disease 

1.1.1.1 Epidemiology  

HD is the most common monogenic neurological disorder in the developed 

world (Bates et al. 2015). In the past, the true prevalence of HD was most probably 

underestimated; nowadays the wider availability of genetic testing for the 

identification of the CAG repeat expansion allows to obtain more accurate estimates 

(Ghosh and Tabrizi 2018). Prevalence studies combining both genetic testing and 

neurological evaluations indicate that 10.6–13.7 individuals per 100,000 (or 1 in 

7,300) are affected in Western populations, the incidence being around 4.7-6.9 new 

cases per million per year (Bates et al. 2015). Remarkably, there is geographic and 

ethnic variation in the prevalence of HD between populations: HD occurs at much 

higher rates in populations of European ancestry, whereas lower frequencies are 

observed in Asian and African populations (Kay, Hayden, and Leavitt 2017). These 
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higher rates correlate with the genetic differences at the HTT locus, with longer 

average CAG repeat lengths in individuals of European descent compared to other 

populations (Figure 1). However, the overall worldwide prevalence of HD is still 

unclear, since HD remains significantly understudied outside the developed countries 

(Kay, Hayden, and Leavitt 2017). 

1.1.1.2 Genetics 

The genetic mutation responsible for HD was discovered in 1993 by a 

collaborative research group, thanks to genetic linkage studies in a Venezuelan 

population living near Lake Maracaibo, where the prevalence of the disease is 

particularly high (around 700 in 100,000 people). HD is caused by the expansion of an 

instable CAG repeat in the first exon of HTT gene, which lies on the short arm of 

chromosome 4 (Gusella et al., 1983; The Huntington's Disease Collaborative Research 

Group, 1993). The CAG repeat expansion leads to the production of an extended polyQ 

tract in the N-terminus of HTT protein. HD is a monogenic autosomal dominant 

disorder, therefore each child of an affected parent has 50% chance of inheriting the 

Figure 1: Ethnic variation in the prevalence of Huntington’s Disease. 

Longer CAG repeats in individual of European ancestry are thought to give rise 

to higher frequencies of CAG expansion, higher rates of de novo HTT mutation, 

and hence higher HD prevalence (Bates et al., 2015). 



3 
 

disease. In healthy individuals, the CAG sequence is repeated 10 to 35 times, with an 

average of 18 CAG repeats across the population; expansions over 40 repeats cause HD 

with full penetrance, whereas people with 36 to 39 repeats might or might not develop 

HD symptoms due to reduced penetrance (Ghosh and Tabrizi 2018). Longer CAG 

repeat length correlates with greater severity, more rapid disease progression and 

younger age at onset. Accordingly, rare juvenile forms of HD (JHD) occur when the HTT 

gene bears more than 55 CAG repeats, with patients developing symptoms before the 

age of 20 years (Andrew et al. 1993). Unstable trinucleotide repeats tend to further 

expand during meiosis from generation to generation, especially when the disease 

gene is inherited from the father, resulting in progressively younger age of onset in 

children, a phenomenon known as genetic anticipation. Therefore, individuals carrying 

intermediate (or pre-mutation) alleles with CAG repeats ranging from 27 to 35 may 

still transmit the disease to their offspring  (Zuccato, Valenza, and Cattaneo 2010). 

Sporadic cases of HD caused by de novo mutations represent at least 5–8% of 

diagnosed patients (Bates et al. 2015) and may thus arise from the pathological 

expansion of intermediate alleles.  

1.1.1.3 Symptoms and disease progression 

HD is characterized predominantly by adult-onset motor symptoms, which 

initiate with chorea (defined as short-lived, involuntary, excessive movements), 

dystonia, and movement incoordination, and culminate in impaired voluntary 

movement, bradykinesia, and rigidity in the final stages of the disease. These symptoms 

are preceded in the early stages by subtle cognitive impairment, which then progresses 

to subcortical and frontal dementia in advanced stages (Ross and Tabrizi 2011). In 

addition, HD patients are largely affected by psychiatric symptoms, including 

depression, anxiety, personality changes and psychosis. A marked incidence of suicide 

among HD patients has also been reported, and suicide is considered the second most 

common cause of death in HD (Ghosh and Tabrizi 2018). Moreover, as disease 

progresses, a wide range of systemic symptoms become evident, including body weight 

loss, skeletal muscle atrophy, osteoporosis, endocrine and metabolic abnormalities, 

cardiac dysfunction, testicular atrophy, and defective hematopoiesis (Marques Sousa 

and Humbert 2013). The average age of onset is 45 years, when patients develop clear 

motor symptoms, and divides the course of HD into ‘premanifest’ and ‘manifest’ phases 
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(Figure 2); the period before diagnosable signs and symptoms appear can be further  

subdivided into a presymptomatic phase, when HD patients are indistinguishable from 

healthy individuals, and a prodromal phase, where subtle motor, cognitive and 

behavioural changes are present (Ross et al. 2014). After the appearance of definitive 

motor and cognitive symptoms, the disease progresses slowly and inexorably over 15-

20 years, when death occurs mainly due to respiratory failure. 

1.1.1.4 Neuropathology 

Most clinical features of HD arise from degeneration of the brain, despite the 

ubiquitous expression of wild-type and mutant HTT throughout the organism. 

Furthermore, there are no pronounced regional differences in HTT expression within 

the brain (Strong et al. 1993), yet selective neuronal vulnerability is observed, with 

primary and prominent damage in the caudate and putamen (Zuccato, Valenza, and 

Cattaneo 2010). In fact, the motor abnormalities observed in HD patients derive from 

Figure 2: Natural history of clinical Huntington’s Disease. The period before the 

appearance of diagnosable signs and symptoms is termed ‘premanifest’. Subtle signs and 

symptoms begin in the ‘prodromal’ phase. Manifest HD is characterized by slow 

progression of motor and cognitive defects, with chorea often prominent early but 

plateauing or even decreasing later. Fine motor impairments such as incoordination, 

bradykinesia and rigidity progress more steadily (Ghosh and Tabrizi, 2018). 
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the massive degeneration of the striatum, which can shrink to as little as 10% of its 

normal volume in later stages of the disease (Subramaniam and Snyder 2011). The 

degree of striatal neuronal loss correlates with disease severity and progression of HD. 

Intriguingly, neuronal dysfunction and degeneration in affected brain regions is also 

cell-specific. Within the striatum, the most severely affected neurons (up to 95% 

neuronal loss) are γ-aminobutyric acid (GABA)-ergic medium-sized projection spiny 

neurons (MSNs) projecting to the globus pallidus and the substantia nigra (Ross and 

Tabrizi 2011), whereas interneurons are relatively spared even in advanced stages of 

HD (Ferrante et al. 1985). As the disease progresses, degeneration of other brain 

regions is observed, such as cerebral cortex, subcortical white matter, thalamus, 

subthalamic nucleus (Figure 3). By the late stages of the disease, widespread brain 

atrophy is observed in HD patients. Selective vulnerability of specific tissues or cell 

types of the nervous system is a common feature of neurodegenerative disorders, but 

the underlying mechanisms are still poorly understood. The expression and location of 

the affected protein do not explain the selective neurodegeneration. Therefore, it is 

likely that both cell-autonomous and non-cell-autonomous pathways of degeneration 

contribute to selective striatal damage.  
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Figure 3: Neuropathology of Huntington’s Disease. Coronal sections through the human brain of 

a healthy control (a,c) and a Grade 3/4 HD patient (b,d). Major shrinkage of the caudate nucleus and 

putamen (white arrows) as well as the globus pallidus (white asterisks) are observed in HD. 

Shrinkage of the cerebral cortex is also evident. CN, caudate nucleus; GPe, globus pallidus external 

segment; GPi, globus pallidus internal segment and P putamen. Scale bar, 1 cm (Waldvogel et al. 

2014). 
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1.1.2 Huntingtin protein 

1.1.2.1 Huntingtin structure 

HTT is a large 348 kDa protein of 3144 amino acids encoded by the IT15 gene, 

that consists of 67 exons and whose locus spans around 180 kb. HTT is highly 

conserved throughout evolution, from mammals to the oldest still living deuterostome, 

the sea urchin (Tartari et al. 2008), with the highest degree of conservation among 

vertebrates (Schulte and Littleton 2011). Given that the pathogenic mutation is found 

in exon1 of HTT, most research focused on the very N-terminal region of the protein, 

resulting in 97% of the protein being largely uncharacterized (Saudou and Humbert 

2016). Furthermore, the high molecular weight and the flexibility of HTT hindered the 

production of crystals and the efforts to elucidate its structure (Zuccato, Valenza, and 

Cattaneo 2010). However, recently Guo and colleagues revealed by cryo-electron 

microscopy the first high-resolution (4Å) structure of full-length human HTT in a 

complex with Huntingtin-associated protein 40 (HAP40), providing new insights into 

HTT three-dimensional architecture (Guo et al. 2018). HTT is organized as a succession 

of ordered domains, known as HEAT (Huntingtin, Elongation factor 3, protein 

phosphatase 2A and TOR1) repeats, separated by intrinsically disordered regions 

(Bates et al. 2015) bearing many proteolysis-susceptible PEST (proline (P)-, glutamic 

acid (E)-, serine (S)-, and threonine (T)-enriched) sequences (Caterino et al. 2018). 

HTT is mostly α-helical and consists of three major domains: an amino-terminal and a 

carboxy-terminal domain comprising multiple HEAT repeats connected to each other 

by a smaller bridge domain (Figure 4) (Guo et al. 2018).  

Figure 4: Schematics of Huntingtin structure. HTT is organized in three major domains: one N-

terminal and a C-terminal domain composed of several HEAT repeats (N-HEAT and C-HEAT, 

respectively) and a smaller bridge domain connecting them (adapted from Guo et al., 2018). 
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The N-terminal portion of HTT is the most recently evolved, with the polyQ-containing 

exon1 being poorly conserved in evolution, whereas the C-terminal region is well 

conserved among all animals (Zuccato, Valenza, and Cattaneo 2010). The first 

appearance of the polyQ tract dates back to the sea urchin, which has a NHQQ sequence 

biochemically similar to the 4Q repeats found in other vertebrates (Tartari et al. 2008). 

The polyQ stretch has progressively expanded in mammals, with humans having the 

longest and most polymorphic tract. PolyQ sequences in proteins are thought to be 

involved in the stabilization of protein-protein interactions. (Schaefer, Wanker, and 

Andrade-Navarro 2012). However, it remains unclear how the variability of the polyQ 

repeat affects the normal function of HTT (Saudou and Humbert 2016). At the N-

terminal, the polyQ stretch is preceded by a segment of 17 residues (N17) strongly 

conserved in vertebrates (Tartari et al. 2008) and followed by a proline-rich domain 

(PRD). N17 is an amphipathic membrane-binding α-helix that can reversibly target 

HTT to the endoplasmic reticulum, Golgi and endosomes (Atwal et al. 2007; 

Rockabrand et al. 2007) and determines HTT intracellular localization between the 

nucleus and the cytoplasm by acting as a nuclear export signal (Maiuri et al. 2013). 

Moreover, N17 influences the aggregation properties of the polyQ stretch (Jayaraman 

et al. 2012) and contains several regulatory post-translational modification sites that 

modulate HTT clearance and subcellular localization (Atwal et al. 2011; Steffan et al. 

2004; Thompson et al. 2009). The PRD represents a recently evolved region of the 

protein as it is found only in mammals (Tartari et al. 2008), and it mediates the 

interaction of HTT with several partners containing Src homology 3 (SH3) or 

tryptophan (WW) domains (Harjes and Wanker 2003). 

HTT contains around 37 well conserved HEAT repeats (Guo et al. 2018) clustered into 

three to five α-rod domains arranged in a solenoid-like structure that is critical to 

mediate protein-protein interactions (Figure 5) (Saudou and Humbert 2016). 

Importantly, it has been observed that α-rods in different portions of the protein bind 

to each other creating intramolecular interactions (Palidwor et al. 2009), suggesting 

that HTT can adopt multiple three-dimensional conformations. In this way, by 

combining both intra- and intermolecular interactions HTT acts as a molecular scaffold 

for several protein complexes and coordinates numerous cellular functions. 

Furthermore, HTT contains a highly conserved nuclear export signal (NES) in the C-

terminus (Xia et al. 2003) and a karyopherin β2-dependent proline-tyrosine nuclear 
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localization sequence (PY-NLS) in the N-terminus spanning between amino acids 174 

and 207 (Desmond et al. 2012), indicating that HTT shuttles to and from the nucleus.  

Finally, HTT undergoes multiple post-translational modifications which are mostly 

located in the unstructured regions between HEAT repeats (Figure 5) and will be 

discussed in detail later in this thesis.  

1.1.2.2 Biological functions of wild-type Huntingtin 

Soon after the discovery of HTT gene in 1993, it was established that HTT is 

ubiquitously expressed throughout the body. HTT protein and transcripts are found in 

most tissues at different concentrations, with the highest levels of expression in the 

nervous system, particularly in the brain, and testes (Li et al. 1993; Strong et al. 1993; 

Figure 5: Structure of human Huntingtin protein. In human HTT several HEAT repeats are separated 

by highly disordered regions containing many PEST sequences. Orange amino acids: phosphorylation 

sites identified by mass spectrometry and confirmed by other approaches. Black amino acids: other post-

translational modifications. Blue amino acids: cleavage sites. Orange and black stars: phosphorylation 

and acetylation sites identified by mass spectrometry with no further confirmations. H indicates the 

number of predicted HEAT repeats organized in larger domains. Ubi, ubiquitin; Sumo, sumoyl; Acet, 

acetyl; Palm, palmitoyl; MMP10, metalloproteinase 10; Calp, calpain; Casp3/2/6, caspase 3/2/6 (Saudou 

and Humbert, 2016). 
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Sharp et al. 1995). Within the brain, HTT expression is not restricted to specific regions 

or cellular subtypes; it is found in several types of neurons as well as in glial cells, 

although at lower levels (Landwehrmeyer et al. 1995). In addition, HTT is expressed 

starting from the early embryonal stages up into adulthood. Importantly, HTT 

knockout in mice causes lethality at embryonic day (E) 7.5, before gastrulation and 

development of the nervous system (Zeitlin et al. 1995; Nasir et al. 1995; Duyao et al. 

1995), indicating that in higher vertebrates HTT is essential for embryogenesis. 

Besides the widespread spatial and temporal expression pattern of HTT, the 

subcellular localization of HTT adds a further layer of complexity. HTT is primarily 

cytoplasmatic and particularly abundant in the perinuclear region, yet it is associated 

with many organelles, including the nucleus, Golgi apparatus, endoplasmic reticulum, 

mitochondria and endosomes, as well as with microtubules (DiFiglia et al. 1995; 

Hoffner, Kahlem, and Djian 2002; Hilditch-Maguire et al. 2000). Finally, HTT has a large 

and complex structure and more than 350 HTT partners have been identified with 

different biochemical and bioinformatic approaches. This strongly supports the idea 

that HTT serves as a major protein interaction hub, tethering multiple interactors into 

molecular complexes (Guo et al. 2018; Saudou and Humbert 2016). For all these 

reasons, HTT is a protein with pleiotropic functions that has been implicated in diverse 

cellular processes, such as cell survival, transcription, axonal transport, trafficking of 

endosomes and organelles, vesicular recycling, synaptic activity, cell division, 

autophagy. However, a thorough understanding of HTT biological functions is still 

lacking. The most studied are described hereafter. 

Huntingtin function during embryonic development 

Complete genetic inactivation of HTT in mice results in gastrulation defects and 

embryonic lethality before day 8.5 (Zeitlin et al. 1995; Nasir et al. 1995; Duyao et al. 

1995). This appears to be the consequence of defective organization of the 

extraembryonic tissue in the absence of HTT, as chimeric embryos with wild-type 

extraembryonic tissues are rescued from early death (Dragatsis, Efstratiadis, and 

Zeitlin 1998). Interestingly, HTT knockout in Drosophila melanogaster does not 

recapitulate the same phenotype, suggesting that an expanded polyQ region after 

protostome-deuterostome divergence may have conferred new relevant molecular 

functions to wild-type HTT (Zuccato, Valenza, and Cattaneo 2010). Indeed, 
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experiments in mice with 50% reduction in HTT levels have revealed that at post-

gastrulation stages HTT is a key player in the development of the nervous system. 

These mice display defects in the epiblast, which will later give rise to the central 

nervous system, reduced neurogenesis and structural aberrations of the cortex and 

striatum, and they die shortly after birth (White et al. 1997). The role of wild-type HTT 

in brain maturation might involve the regulation of neuroblasts proliferation, 

differentiation and/or survival in specific areas: chimeric embryos created by injection 

of HTT-/- cells in the blastocyst show few HTT-depleted cells in the cortex, striatum, 

basal ganglia and thalamus (Reiner et al. 2001). The underlying molecular mechanisms 

may be linked to HTT-mediated regulation of the mitotic spindle orientation in 

replicating neural progenitors (Godin et al. 2010). These studies reveal that HTT is 

required at different stages of embryogenesis and that 50% decrease in HTT levels 

causes early developmental abnormalities. However, interestingly polyQ-expanded 

HTT rescues embryonic lethality in HTT-null mice, indicating that the CAG expansion 

does not interfere with the developmental function of wild-type HTT and that mutant 

HTT can compensate for the absence of endogenous HTT; this is consistent with the 

normal development and late-onset symptoms of HD patients who carry only one fully 

functional allele (Cattaneo, Zuccato, and Tartari 2005).  

Huntingtin has antiapoptotic activity 

Wild-type HTT has pro-survival properties that have been demonstrated by 

several in vitro and in vivo studies. Evidence supporting the antiapoptotic activity of 

HTT was first provided by in vitro experiments showing that overexpression of wild-

type HTT protects brain-derived cells from various pro-apoptotic stimuli, such as 

serum starvation, death receptors (Rigamonti et al. 2000; Rigamonti et al. 2001), 

excitotoxicity (Leavitt et al. 2006) and polyglutamine-expanded HTT itself (Ho et al. 

2001). These observations were confirmed by in vivo studies showing that upon 

lowered HTT levels, ectopic expression of wild-type HTT confers protection from 

excitotoxicity-induced neurodegeneration in a dose-dependent manner (Zhang et al. 

2003; Leavitt et al. 2006). In contrast, cells depleted of HTT showed higher 

vulnerability to apoptotic cell death and increased caspase-3 activity (Zhang et al. 

2006). Similarly, morpholino-mediated knockdown of HTT in zebrafish embryos 

caused strong activation of caspase-3 and massive induction of cell death particularly 
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in the mid-/hindbrain region, together with central nervous system 

underdevelopment (Diekmann et al. 2009). Moreover, conditional HTT knockout in 

mouse forebrain resulted in progressive apoptotic neuronal death in cortex, striatum 

and hippocampus, delineating a key role of HTT in neuronal homeostasis and survival 

in the adult brain (Dragatsis, Levine, and Zeitlin 2000). It has been shown that HTT 

exerts its protective effect by inhibiting the assembly of a functional apoptosome 

complex, thereby blocking the activation of caspase-3 and caspase-9 (Rigamonti et al. 

2000; Rigamonti et al. 2001). In addition, HTT physically interacts with caspase-3 and 

inhibits its proteolytic activity (Zhang et al. 2006). Others have reported that HTT 

hinders Fas-induced programmed cell death by preventing caspase-mediated cleavage 

and activation of p21-activated-kinase 2 (Pak2) (Luo and Rubinsztein 2009). Finally, 

HTT also interferes with caspase-8 activation and cell death by sequestering huntingtin 

interacting protein 1 (HIP1) and inhibiting the formation of the HIP1-HIPPI pro-

apoptotic complex (Gervais et al. 2002). Interestingly, these apoptosis-inhibitory 

activities of wild-type HTT are partially lost upon polyQ expansion. Altogether, these 

observations indicate that HTT promotes cell survival. 

Huntingtin modulates transcription 

Profound gene expression alterations have been observed both in human HD 

brains and HD mouse models, suggesting that HTT has a role in transcriptional 

regulation. HTT is mainly found in the cytoplasm but localizes also in the nucleus and 

influences transcription in a variety of ways, such as directly interacting with 

transcription factors, scaffolding transcriptional complexes and shuttling transcription 

factors or transcriptional regulators to the nucleus (Saudou and Humbert 2016). 

Notably, polyQ tracts are enriched in eukaryotic transcription factors and are known 

to mediate the binding between transcription factors and transcriptional regulators, 

thereby contributing to transcriptional activation; indeed, polyQ-containing proteins 

are able to recruit other regulatory proteins with polyQ stretches or glutamine-rich 

activation domains (Atanesyan et al. 2012). Accordingly, wild-type HTT binds several 

transcription factors, including nuclear factor-kB (NF-kB)(Takano and Gusella 2002), 

specificity protein 1 (Sp1) (Dunah et al. 2002; Li et al. 2002), p53 and most notably 

with cAMP-response element (CREB)-binding protein (CBP) (Steffan et al. 2000). HTT 

can also bind to some nuclear receptors, which are highly expressed in the brain and 
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transcriptionally regulate a large number of physiological processes (Futter et al. 

2009). HTT interacts with both positive and negative transcriptional regulators, such 

as the co-activator TAFII130 (Dunah et al. 2002) and the Repressor Element-1 

Transcription Factor/Neuron Restrictive Silencer Factor (REST/NRSF) (Zuccato et al. 

2003). TAFII30 is part of the Transcription Factor II D (TFIID), a multisubunit general 

transcription factor that binds to the TATA box in the core promoter of genes. The fact 

that HTT binds both TAFII130 and Sp1 suggests that it acts as a scaffold that allows the 

association of Sp1 to the basal transcription machinery (Harjes and Wanker 2003). 

REST/NRSF activity as a transcriptional silencer is particularly relevant in neurons 

because it recognizes and binds to neuron-restrictive silencer elements (NRSE) that 

control the expression of many genes essential for neuronal development and function, 

including the gene encoding for brain-derived neurotrophic factor (BDNF). 

Importantly, wild-type HTT sequesters REST/NRSF in the cytoplasm, preventing the 

formation of an active co-repressor complex in the nucleus and its binding to NRSE, 

thereby promoting BDNF transcription and neuronal survival (Zuccato et al. 2003). 

HTT might additionally regulate transcription by acting as a transcriptional cofactor. 

By chromatin immunoprecipitation, Benn and collaborators have demonstrated that 

HTT occupies gene promoters and directly binds DNA in vivo in a polyQ-dependent 

fashion (Benn et al. 2008). Finally, HTT is involved in epigenetic regulation of gene 

expression by interacting with the epigenetic silencer polycomb repressive complex 2 

(PRC2). Wild-type HTT binds two PRC2 subunits, namely Suppressor of zeste 12 

(Suz12) and Enhancer of zeste 2 (Ezh2), and facilitates H3K27me3 deposition by PRC2 

(Seong et al. 2010). 

1.1.2.2.1 Huntingtin and axonal transport 

Overview of axonal transport 

Axonal transport, also called axoplasmic transport, is essential for neuronal 

survival and function. Neurons are polarized cells with axons that can reach up to one 

meter in length, therefore a proper communication between the soma and the axon 

terminal is required. Intracellular transport is critical to ensure efficient signal 

transmission between neuronal cells and allows neurons to react to both trophic and 

stress stimuli. Moreover, axonal transport has an important role in neuronal 

metabolism, given that the axon largely depends on the biosynthetic and catabolic 
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activities of the cell body. Although axonal mRNA localization and local protein 

synthesis have been demonstrated, most of the axonal proteins are produced in the cell 

body and need to be actively transported along axons. Axoplasmic transport supplies 

axons and axon terminals with newly synthetized mRNAs, proteins, lipids, synaptic 

vesicles and organelles, such as mitochondria providing a local energy source. At the 

same time, proteins vesicles and organelles, such as mitochondria and 

autophagosomes, are removed from the periphery and transported back to the soma 

for clearance and recycling of the molecular components. Axonal transport is carried 

out by molecular motors that drive the different cargoes along cytoskeletal tracks 

formed by parallel and polarized microtubules.  

Microtubules assemble thanks to the polymerization of α-tubulin/β-tubulin dimers 

and they form a unipolar array in the axon, with the slower growing ‘minus’ end 

oriented toward the soma and the faster growing ‘plus’ end facing the axon tip (Maday 

et al. 2014). The movement of cargoes from the cell body toward the axon terminal is 

called anterograde transport, whereas the transport of material toward the cell body 

is called retrograde transport. Specific ATP-driven motor proteins mediate transport 

in the two directions: kinesins (mainly kinesin-1) are the major drivers of anterograde 

transport, whereas the cytoplasmic dynein complex is the major motor responsible for 

retrograde transport, together with its activator dynactin (Millecamps and Julien 

2013) (Figure 6). Finally, axonal transport can be divided into fast axonal transport 

and slow axonal transport. Fast axonal transport is involved in the movement of 

membrane-bound organelles, such as mitochondria, vesicular cargoes, signalling 

endosomes and autophagosomes; on the other hand, slow axonal transport is 

responsible for the travelling of cytoskeletal proteins (microtubules and 

neurofilaments) and soluble cytoplasmic proteins, including enzymes (Maday et al. 

2014). Considering the crucial role of axonal transport for the growth, homeostasis and 

survival of the neuron, it is not surprising that defects in axoplasmic transport have 

been associated to several neurodegenerative diseases. 
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Role of Huntingtin in vesicle and organelle trafficking 

The first work suggesting that HTT could play a role in vesicle trafficking was 

published in 1995 by DiFiglia and colleagues, who detected the presence of HTT in 

cortex-derived synaptosomes and showed association of HTT with vesicles and 

microtubules along with widespread cytoplasmic HTT localization in neurons (DiFiglia 

et al. 1995). Soon after it was also reported that HTT and Huntingtin-associated protein 

1 (HAP1) are anterogradely and retrogradely transported in rat sciatic nerve (Block-

Galarza et al. 1997). Additional evidence was provided by earlier studies in D. 

melanogaster showing that HTT silencing in neurons causes axonal transport defects 

in larval nerves, a phenotype that was further aggravated upon reduction of kinesin 

heavy chain (KHC) or kinesin light chain (KLC) expression (Gunawardena et al. 2003). 

Similarly, defects in fast axonal trafficking of mitochondria were observed in 

embryonic mouse striatal neurons expressing less than 50% of normal HTT levels, 

indicating that wild-type HTT is involved in axonal transport in mammals as well 

(Trushina et al. 2004). HTT regulates the bidirectional transport of various organelles 

Figure 6: Microtubule-based axonal transport is mediated by specific motor proteins.  Axonal 

transport of most cargoes is mediated by ATP-driven kinesin and dynein complexes. Kinesin is 

composed of two heavy chains and two light chains and transports cargoes in the anterograde 

direction. Dynein complexes comprise the dynein heavy, intermediate, intermediate light and light 

chains and several dynactin subunits and move cargoes retrogradely (adapted from Millecamps and 

Julien 2013). 
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along microtubules by acting as a scaffold that coordinates the function of the 

molecular motor machinery (Caviston and Holzbaur 2009). HTT interacts directly with 

dynein and indirectly via HAP1 with the p150Glued subunit of dynactin (Engelender et 

al. 1997; Li et al. 1998; Gauthier et al. 2004; Caviston et al. 2007) and the kinesin-1 

member KIF5C (Colin et al. 2008; McGuire et al. 2005; Twelvetrees et al. 2010). Thanks 

to these interactions HTT facilitates dynein/dynactin-mediated retrograde transport 

and kinesin-driven anterograde transport (Figure 7). HTT controls the movement of 

various different cargoes, including BDNF-containing vesicles, synaptic precursor 

vesicles, endosomes and lysosomes, autophagosomes, vesicles containing GABA-

receptors, and amyloid precursor protein (APP)-positive vesicles (Saudou and 

Humbert 2016). 

HTT promotes anterograde transport of BDNF-containing vesicles along cortical axons 

and their delivery at the cortico-striatal synapses (Gauthier et al. 2004). Upon release, 

BDNF binds and activates TrkB receptors, which are in turn endocytosed and 

transported to the soma of striatal neurons, thereby stimulating pro-survival 

pathways. Importantly, it has been shown that the HTT-dynein complex regulates the 

retrograde transport of TrkB-signalling endosomes in striatal dendrites (Liot et al. 

2013). These two coordinated functions of HTT are crucial for the survival of striatal 

neurons, because they do not produce BDNF themselves and hence they depend almost 

exclusively on the neurotrophic support provided by the transport of BDNF through 

the cortico-striatal connections.  

Figure 7: Huntingtin scaffolds molecular motors and controls axonal 

transport in both directions.  HTT scaffolds dynein/dynactin and kinesin 

complexes and regulates axonal trafficking of various organelles both in the 

anterograde and retrograde direction (adapted from Saudou and Humbert 2016). 
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The proposed mechanism underlying the enhancement of the efficiency and velocity of 

vesicular transport by HTT involves its ability to bind and scaffold the glycolytic 

enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) on vesicles (Zala et al. 

2013b). Indeed, HTT depletion both in vitro and in vivo results in reduced attachment 

of GAPDH to vesicles and consequent decrease in transport efficiency (Zala et al. 

2013b). The specific vesicular localization of a glycolytic enzyme producing ATP may 

constantly provide the energy required by the molecular motors to drive fast axonal 

transport over long distances. 

Besides being a facilitator of vesicular trafficking, HTT also regulates the directionality 

of axonal transport based on its phosphorylation status. HTT phosphorylation at serine 

421 (S421) promotes anterograde transport by recruiting kinesin-1 to the 

microtubule-associated motor machinery and vesicles; conversely, unphosphorylated 

HTT favours kinesin-1 detachment and retrograde movement of vesicles (Colin et al. 

2008).  

1.1.3 Molecular mechanisms of Huntington’s Disease pathogenesis 

The expansion of CAG repeats located in coding regions is commonly thought to 

confer a deleterious gain-of-function to the mutant protein. Accordingly, experimental 

analyses in animal and in vitro models as well as in HD patients’ tissues provide 

considerable evidence that the polyQ expansion in HTT results primarily in a toxic 

gain-of-function phenotype. This is also suggested by the autosomal dominant 

inheritance pattern of HD. However, deletion or depletion of wild-type HTT also leads 

to neurodegeneration (O’Kusky et al. 1999; Dragatsis, Levine, and Zeitlin 2000) and 

several studies indicate that the expansion of the polyQ tract can also cause HTT loss-

of-function. Therefore, a combination of gain-of-function mechanisms and loss of 

normal HTT function might contribute to the pathogenesis of HD. Moreover, 

considering the widespread subcellular localization of HTT and the broad range of 

cellular processes in which it is involved, mutant HTT protein is likely to cause 

neurodegeneration through a variety of mechanisms. These pathogenic mechanisms 

are probably not exclusive, but rather highly interconnected. 
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1.1.3.1 Gain of toxic function  

Multiple neurodegenerative pathways which are indicative of a toxic gain-of-

function of expanded HTT have been implicated in the pathogenesis of HD, including 

misfolding and aggregation of mutant HTT, proteolytic cleavage of expanded HTT, 

impairment of the proteostasis network, abnormal protein-protein interactions, 

mitochondrial dysfunctions, early transcriptional dysregulation, axonal transport 

defects, altered synaptic dysfunctions (Figure 8) (Bates et al. 2015). 

The accumulation of protein aggregates in the brain is a common pathogenic hallmark 

of neurodegenerative disorders and particularly of polyglutamine diseases. Initially, 

aggregates were considered to play a crucial role in HD pathogenesis. The expansion 

of the polyQ tract in HTT causes a conformational change that triggers the aggregation 

process, which is thought to proceed with the nucleated growth polymerization 

mechanism proposed by Perutz and colleagues (Perutz and Windle 2001). In 

Figure 8: Pathogenetic cellular mechanisms in Huntington’s Disease.  

(Bates et al. 2015) 
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particular, polyglutamine repeats form β-sheets held together by hydrogen bonds, 

leading to the generation of amyloid fibrils (Perutz et al. 1994). However, the 

mechanism by which mutant HTT aggregates is complex and not completely 

understood. In addition, although the presence of insoluble aggregates is a hallmark of 

HD, their role in disease pathogenesis remains controversial. HTT aggregates are both 

intranuclear and cytoplasmatic and they are also found in neuronal processes (DiFiglia 

et al. 2007). Intracellular aggregates are thought to exert toxicity mainly through 

sequestration and consequent depletion of several proteins, including other polyQ-

containing proteins, thereby causing alterations or loss of their canonical function. On 

the other hand, a number of studies reported inverse correlation between the presence 

of aggregates and cell death, supporting the idea that large inclusion bodies containing 

aggregated HTT might be neuroprotective because they reduce the levels of the soluble 

mutant protein (Saudou et al. 1998; Arrasate et al. 2004). In agreement with this, many 

reports indicate that the most toxic species are intermediate soluble HTT oligomers 

that precede the formation of amyloid fibrils and inclusions (Ross et al. 2017). 

Moreover, there is substantial evidence that the accumulation of N-terminal polyQ-

containing HTT fragments is a key early pathogenic step in HD (Jimenez-Sanchez et al. 

2017). The importance of small HTT fragments has been highlighted by their detection 

in several HD mouse models and human post-mortem brains (Bates et al. 2015). They 

are generated through proteolysis of HTT by several proteases, including caspases and 

calpains, which recognize PEST domains mostly located in disordered regions of the 

protein (Warby et al. 2008). Furthermore, a highly pathogenic HTT exon1 protein is 

produced by an aberrant splicing event (Sathasivam et al. 2013). Both wild-type and 

mutant HTT are good substrates for cleavage; however, an increase of the activity of 

proteases has been observed in the brain of HD patients (Saudou and Humbert 2016). 

N-terminal fragments of HTT containing an expanded polyQ stretch eventually drive 

toxicity in the cell because of their higher propensity to form nuclear toxic aggregates 

(Jimenez-Sanchez et al. 2017).  

Once these various cytotoxic species of HTT are produced, they cause dysregulation of 

many downstream cellular processes, leading to an extremely complex molecular 

pathogenesis. For instance, N-terminal fragments that translocate to the nucleus form 

intranuclear aggregates and cause widespread transcriptional abnormalities. 

Importantly, transcriptional dysregulation is a key and early event in the pathogenesis 
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of HD, often occurring before the onset of symptoms (Sharma and Taliyan 2015), and 

it mainly arises from abnormal interaction of expanded HTT with several transcription 

factors, transcriptional co-regulators and chromatin-remodeling proteins, and their 

sequestration into nuclear and/or cytoplasmic aggregates. Disruption of the activity of 

gene expression regulators results in both depletion and ectopic activation of 

numerous gene products that eventually affect neuronal functions and survival. Some 

critical pathways are in fact dysregulated in HD, such as the CRE/CREB-mediated and 

the Sp1-dependent pathways. In particular, mutant HTT interferes with the 

transcriptional activity of CREB/CBP and TFIID, preventing their binding to the CRE 

sequence in the promoter region of several genes, including PGC1-α (Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha), leading to reduced 

activation of this master regulator of mitochondrial function and biogenesis. 

Misregulation of the vast number of genes controlled by PGC1-α is likely to underlie 

the mitochondrial dysfunctions observed in HD (Zuccato, Valenza, and Cattaneo 2010). 

Expanded HTT also inhibits the binding of Sp1 and its co-activator TAFII130 to DNA, 

thereby affecting the transcription of the D2 dopamine receptor gene, among many 

others (Dunah et al. 2002). In addition, interaction of the polyQ-polyP region of mutant 

HTT with the glutamine-rich C-terminal of CBP causes its sequestration in cytoplasmic 

aggregates (Steffan et al. 2000; Nucifora et al. 2001). This results in reduction of CBP-

mediated histone acetyltransferase (HAT) activity and consequent imbalance between 

HATs and histone deacetylases (HDACs), causing general transcriptional repression. 

Accordingly, studies in invertebrate and mouse models of HD have shown that HDAC 

inhibitors can ameliorate the neurodegeneration phenotype (Steffan et al. 2001; 

Ferrante et al. 2003; Hockly et al. 2003). 

The expression and accumulation of misfolded polyQ-expanded HTT leads also to an 

impairment of the two major cellular processes responsible for degradation and 

clearance of misfolded proteins: the ubiquitin-proteasome system (UPS) and 

autophagy (Jimenez-Sanchez et al. 2017). The collapse of the proteostasis network 

might be explained by the sequestration of components of the UPS machinery into 

aggregates and/or the poisoning of the proteasome by degradation-resistant HTT 

species (Jimenez-Sanchez et al. 2017). Remarkably, as disease progresses, the protein 

quality control system becomes progressively compromised, and the failure of 

clearance mechanisms is expected to further exacerbate HD pathogenesis. 
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Finally, synaptic dysfunctions and alterations of the neuronal circuitry at the cortico-

striatal connection significantly contribute to disease pathogenesis. 

Neurotransmission abnormalities are thought to arise from both excitotoxicity and 

deficient delivery of synaptic vesicles and synaptic receptors at dendrites and axon 

terminals. Molecular mechanisms underlying excitotoxicity comprise aberrant 

distribution and activity of glutamatergic NMDA  (N-methyl-D-aspartate) receptors 

(NMDAR) and dysregulated release and uptake of glutamate at the cortico-striatal 

synapse (Zuccato, Valenza, and Cattaneo 2010). Axonal transport defects might derive 

from mutant HTT-mediated sequestration of wild-type HTT and components of the 

molecular motor machinery into aggregates (Gunawardena et al. 2003; Trushina et al. 

2004). An example is the disruption of HAP1-KIF5C complex by mutant HTT, with 

consequent deficits of trafficking and delivery of GABA(A) receptors to synapses 

(Twelvetrees et al. 2010). However, other observations suggest that defective axonal 

trafficking might be caused by loss-of-function of wild-type HTT, and they will be 

outlined in the following section. 

Given the wide range of gain-of-function mechanisms through which mutant HTT 

causes neuronal dysfunction and degeneration, in the last years several HTT lowering 

therapeutic strategies aimed at mitigating all downstream pathogenic effects exerted 

by polyQ-expanded HTT have been developed and are currently being tested in clinical 

trials. These potential therapies as well as possible issues and future challenges have 

been recently reviewed by Tabrizi and collaborators (Tabrizi, Ghosh, and Leavitt 

2019).  

1.1.3.2 Loss of normal Huntingtin function 

Abnormal expansions of the polyQ repeats can also abrogate or modify the 

normal function of wild-type HTT. As previously described, not only HTT favours the 

transcription of BDNF gene (Zuccato et al. 2001), but it also facilitates the axonal 

trafficking of BDNF-containing vesicles and its delivery to the cortico-striatal synapse 

(Gauthier et al. 2004). Importantly, expanded HTT loses the ability to exert both 

functions. First, mutant HTT fails to interact with REST/NRSF in the cytoplasm, leading 

to increased translocation of REST/NRSF to the nucleus (Zuccato et al. 2003). 

Enhanced REST/NRSF binding to promoter regions drives the recruitment of Sin3A-

HDACs complexes, thereby triggering chromatin remodeling into a closed architecture 
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and suppression of the transcription of numerous genes, including BDNF (Figure 9) 

(Zuccato et al. 2003). Second, polyQ-expanded HTT binds with higher affinity to HAP1 

and interferes with the ability of wild-type HTT to interact with HAP1, resulting in 

reduced binding of normal HTT and p150Glued dynactin to microtubules and 

compromised assembly of the motor machinery (Figure 9); these mutant HTT-induced 

BDNF transport deficits cause a loss of neurotrophic support to striatal neurons 

(Gauthier et al. 2004). Moreover, trafficking defects in HD are not restricted to BDNF 

transport in cortical neurons but also affect the retrograde transport of its receptor 

TrkB in striatal neurons (Liot et al. 2013). Considering the strict dependence of the 

striatum on the production and transport of BDNF from the cortex, loss of normal HTT 

function in the regulation of these interconnected processes might explain the selective 

striatal vulnerability observed in the early stages of HD. 

Figure 9: Loss of HTT normal function in the regulation of BDNF production and 

transport.  a) Wild-type HTT sequesters REST/NRSF in the cytoplasm, leading to BDNF 

transcription. b) Mutant HTT fails to interact with REST/NRSF, which translocates to the 

nucleus and represses BDNF expression. c) Wild-type HTT controls BDNF transport along 

microtubules by assembling p150Glued (grey) with the dynein (blue) and dynactin complexes 

(pink) through its interaction with HAP1. d) Mutant HTT binds more tightly to HAP1 and 

interferes with the transport of BDNF vesicles along microtubules by wild-type HTT (Cattaneo, 

Zuccato, and Tartari 2005). 



23 
 

An additional axonal transport defect associated with HTT loss-of-function is the 

trafficking of autophagosomes. It has been reported that HTT and HAP1 regulate 

autophagosome dynamics by promoting their transport on microtubules (Wong and 

Holzbaur 2014). The polyQ expansion impairs axonal transport of autophagosomes, 

leading to inefficient autophagosome-lysosome fusion and reduced cargo degradation 

(Wong and Holzbaur 2014). Impairment of the autophagic flux in HD might also be 

linked to the proposed role of HTT as a scaffold for the recruitment of the autophagic 

machinery during selective autophagy, a function that may be lost upon expansion of 

the polyQ repeats (Ochaba et al. 2014). As a result, defective clearance due to loss of 

wild-type HTT function might contribute to neurotoxicity in HD. 
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1.2 Post-translational modifications in neurodegeneration 

Post-translational modifications (PTMs) dramatically increase the size and complexity 

of the proteome, and are essential for the fine-tuning of the function, activity, stability, 

localization and interaction of proteins with their binding partners. In the context of 

neurodegenerative diseases, PTMs play a central role as modulators of protein 

homeostasis. PTMs such as phosphorylation, arginine methylation, palmitoylation, 

acetylation, SUMOylation, ubiquitination, and proteolytic cleavage can affect for 

instance the subcellular localization, turnover, degradation, aggregation propensity 

and clearance of proteins linked to neurodegeneration. In this way, PTMs can either 

enhance or suppress the toxicity of the disease-causing proteins, which are typically 

prone to accumulate into insoluble aggregates and elicit toxicity through gain-of-

function mechanisms. A high degree of crosstalk between different PTMs is also 

observed; this implies that changes in one PTM may influence other PTMs of the same 

protein, with major impact on its function, degradation and toxicity. Remarkably, 

several intrinsic and extrinsic signaling cascades regulate PTMs in the cell and 

pharmacologic or genetic modulation of these signaling pathways offers valuable 

therapeutic opportunities, in addition to specific targeting of the enzymes directly 

responsible for the catalysis of each PTM. 

This thesis focuses specifically on protein arginine methylation and its emerging role 

in neurodegeneration, with a particular focus on its impact for the native function of 

HTT and HD pathogenesis. Despite being a highly abundant PTM in mammalian cells, 

arginine methylation of HTT has not been described yet. In the following paragraph, an 

overview of identified PTMs of HTT and their effect on wild-type and mutant HTT is 

presented. 

1.2.1 Post-translational modifications of Huntingtin 

HTT is subjected to numerous PTMs, including phosphorylation, acetylation, 

ubiquitylation, sumoylation and palmitoylation (Figure 5) (Saudou and Humbert 

2016). Most PTMs of HTT are clustered in the proteolytic domains (PEST domains) 

within unstructured regions between HEAT repeats (Ratovitski et al. 2017). 

Importantly, significant stoichiometric differences between wild-type and HD mouse 

brain were detected for several PTMs (Ratovitski et al. 2017). PTMs play a critical role 
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in the regulation of HTT function and activity but they also modulate the toxicity of 

polyQ-expanded HTT. Indeed, the therapeutic relevance of several HTT PTMs has been 

demonstrated. Some examples are described hereafter.  

HTT is phosphorylated at S13 and S16 by inflammatory kinase IKK and this 

modification regulates HTT nuclear localization and promotes proteasomal and 

lysosomal degradation of both wild-type and mutant HTT, thereby reducing toxicity 

(Thompson et al. 2009). Phosphorylation of HTT at S421 is mediated by Akt and the 

serum- and glucocorticoid kinase SGK (Humbert et al. 2002; Rangone et al. 2004), 

whereas its dephosphorylation is mediated by calcineurin (Pardo et al. 2006). As 

previously mentioned, S421 phosphorylation regulates the directionality of axonal 

transport by promoting anterograde trafficking (Colin et al. 2008). Furthermore, it 

abrogates mutant HTT-induced toxicity eliciting a neuroprotective effect in cultured 

striatal neurons and in a rat model of HD (Humbert et al. 2002; Pardo et al. 2006). 

Activation of Akt (also known as Protein Kinase B, PKB) by the insulin-like growth 

factor 1 (IGF-1) signaling pathways or inhibition of calcineurin-dependent S421 

dephosphorylation might represent therefore effective therapeutic strategies 

(Humbert et al. 2002; Pardo et al. 2006). HTT is also phosphorylated by cyclin-

dependent kinase 5 (Cdk5) at S1181 and S1201 and these PTMs regulate neuronal cell 

death: absence of Cdk5-mediated phosphorylation renders wild-type HTT toxic 

whereas phosphorylation at S1181 and S1201 protects from polyQ-induced toxicity 

(Anne, Saudou, and Humbert 2007). Moreover, phosphorylation of mutant HTT at S434 

or S536 reduces proteolysis of HTT by caspase-3 and calpain, thereby lowering 

expanded HTT-mediated toxicity. Acetylation of expanded HTT at K444 by CREB-

binding protein (CBP) improves clearance of mutant HTT aggregates by the 

autophagic-lysosomal pathway and leads to neuroprotection in primary striatal and 

cortical neurons and in a C. elegans model of HD, suggesting that stimulation of HTT 

acetylation may represent a mechanism for removing accumulated mutant HTT (Jeong 

et al. 2009). Conversely, SUMOylation stabilizes the pathogenic exon 1 fragment of 

HTT, reduces aggregation of polyQ-expanded HTT and promotes its ability to repress 

transcription in cultured cells; moreover, SUMOylated mutant HTT exacerbates 

neurotoxicity in a Drosophila model of HD (Steffan et al. 2004). Finally, palmitoylation 

of HTT by the palmitoyl transferase huntingtin interacting protein 14 (HIP14) at C214 

is crucial for HTT function and trafficking; in contrast, expansion of the polyQ tract 
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results in reduced interaction between mutant HTT and HIP14, decreased HTT 

palmitoylation and enhanced neuronal death (Yanai et al. 2006).  

1.2.2 Arginine methylation 

1.2.2.1 Protein Arginine Methyltransferases 

Arginine methylation is one of the most abundant post-translational 

modifications (PTMs) in mammalian cells; indeed,  the occurrence of this modification 

is comparable to phosphorylation and ubiquitylation (Larsen et al. 2016). Arginine 

methylation is catalyzed by a family of enzymes called protein arginine 

methyltransferases (PRMTs). The mammalian PRMT family comprises nine conserved 

members (PRMT1-9) with established enzymatic activity, although other two putative 

PRMTs gene transcripts (PRMT10 and PRMT11) have been identified in humans (Wolf 

Figure 10: Arginine methylation by protein arginine methyltransferases. 

PRMTs catalyze the transfer of a methyl groups to the side chain of arginine, thereby 

generating monomethylarginine or dimethylarginine. Type I PRMTs form 

asymmetric dimethylarginine and type II PRMTs generate symmetric 

dimethylarginine, whereas type III PRMTs catalyze only the formation of 

monomethylarginine (Basso and Pennuto 2015). 
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2009; Bedford and Clarke 2009). PRMTs catalyze the transfer of methyl groups from S-

adenosylmethionine (SAM) to the terminal nitrogen atom of the guanidinium side 

chain of arginine residues, generating methylarginine and S-adenosylhomocysteine 

(SAH). Three distinct types of methylated arginine residues occur in mammalian cells, 

i.e. ω-NG-monomethylarginine (MMA), ω-NG,N’G-symmetric dimethylarginine (SDMA) 

and ω-NG,NG-asymmetric dimethylarginine (ADMA), the latter being the most 

prevalent in cells (Bedford and Clarke 2009). PRMTs are classified into three categories 

according to their catalytic activity: type I (PRMT1, PRMT2, PRMT3, PRMT4 also 

known as CARM1, PRMT6, and PRMT8) and type II (PRMT5 and PRMT9) PRMTs 

generate MMA as an intermediate before the formation of ADMA and SDMA, 

respectively, whereas PRMT7 is the only type III enzyme which catalyzes uniquely the 

formation of MMA (Figure 10) (Blanc and Richard 2017). Most MMA modifications are 

presumably precursors for the subsequent methylation by Type I and II PRMTs, but 

some proteins also exist in a monomethylated state (Gayatri and Bedford 2014). 

PRMTs mainly target arginine residues within arginine- and glycine-rich motifs, 

termed RGG/RG motifs, such as GAR, RXR, and RGG sequences, which are often 

involved in nucleic acid binding and protein-protein interactions (Thandapani et al. 

2013). PRMT family members share a conserved seven-β-strand catalytic domain 

containing the SAM binding pocket, as well as additional 'double E' and 'THW' sequence 

motifs that are particular to the PRMT subfamily of methyltransferases. PRMTs differ 

in their substrate specificity as well as in their subcellular localization (except for 

PRMT8 which is membrane-bound), although their distribution in specific cellular 

compartments may vary in different cell types (Basso and Pennuto 2015). PRMTs 

appear to interact both transiently or permanently with their binding partners and it 

is still not clear whether PRMTs require the presence of other regulatory subunits to 

form an active enzymatic complex in vivo. Of note, it seems that PRMTs have non-

redundant functions and mouse full knockouts display generally clear and distinct 

phenotypes (Bedford and Clarke 2009). Arginine methylation is enriched in RNA-

binding proteins and histones (Gayatri and Bedford 2014); however PRMTs catalyze 

arginine methylation of a large fraction of the proteome and the major role of this PTM 

in modulating protein function has gained increasing evidence in the last years. 
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1.2.2.2 Biological role of arginine methylation 

The covalent modification of arginine with methyl groups can directly regulate 

the physiological function of proteins by modifying their binding properties. Indeed, 

arginine is unique among amino acids as each guanidino group of arginine residues 

contains five potential hydrogen bond donors which can interact with hydrogen bond 

acceptors found on DNA, RNA and proteins. Each methyl group added to an arginine 

residue changes its shape without altering its charge and removes one hydrogen bond 

donor, thereby modifying the interaction of the methylated protein with its native 

binding partners; moreover, the methylation of arginine residues can also increase 

their affinity to aromatic rings in cation–pi interactions, thus promoting additional 

interactions (Bedford and Clarke 2009; Blanc and Richard 2017). Consequently, 

arginine methylation is emerging as a potent regulator of a wide spectrum of cellular 

processes, including regulation of gene expression, signal transduction, DNA repair, 

maturation and nucleocytoplasmic transport of RNA, protein stability, and ribosomal 

assembly (Basso and Pennuto, 2015). Arginine methylation plays a major role in both 

transcriptional and epigenetic regulation: PRMTs methylate and modulate the activity 

of transcription factors, co-activators and histone proteins, acting both as co-activators 

and co-repressors (Bedford and Clarke, 2009). Specifically, PRMTs deposit important 

activating (H4R3me2a, H3R2me2s, H3R17me2a, H3R26me2a, H3R8me2a) as well as 

repressive (H3R2me2a, H3R8me2a, H3R8me2s, H4R3me2s) histone marks (Blanc and 

Richard 2017).  

Besides modulating protein-protein interactions, the methylation of arginines in 

polypeptides creates binding sites for recognition by methylarginine-binding domains. 

The primary “readers” of methylarginine marks are Tudor domain-containing 

proteins. The complete family of Tudor domain-containing proteins contains thirty-six 

proteins that are not fully characterized yet and can be divided largely into a 

methyllysine-binding group and a methylarginine-binding group (Gayatri and Bedford 

2014; Chen et al. 2011). To date, only three mammalian proteins containing Tudor 

domains have been demonstrated to bind methylated arginine motifs, namely SMN, 

SPF30 and TDRD3 (Bedford and Clarke, 2009). For many PTMs a highly dynamic 

‘writer-reader-eraser’ system has been identified, comprising proteins that can 

recognize and bind specific PTMs and others that can remove the modification. On the 

contrary, the existence of erasers able to remove arginine methylation is still 
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controversial. It has been reported that arginine demethylation in vitro can be 

catalyzed by some lysine demethylases, such as the Jumonji-domain containing protein 

6 (JMJD6 (B. Chang et al. 2007), KDM3A, KDM4E and KDM5C; nonetheless, further in 

vivo investigation is required (Blanc and Richard 2017). Due to their ubiquitous 

expression and to the wide range of substrates they can methylate, PRMTs are involved 

in a number of different diseases, including cancer, cardiovascular disease, viral 

pathogenesis, multiple sclerosis, spinal muscular atrophy (Wolf 2009; Bedford and 

Clarke 2009). Over the last few years, PRMTs have also been directly implicated in 

aging, metabolic diseases and several neurodegenerative diseases (Blanc and Richard 

2017). 

1.2.2.3 Arginine methylation in neurodegeneration 

Arginine methylation has been recently shown to have a major impact in the 

pathogenesis of neurodegenerative diseases, including amyotrophic lateral sclerosis 

(ALS), Alzheimer’s disease (AD) and polyglutamine diseases such as spinal and bulbar 

muscular atrophy (SBMA) and HD. Mutations in the gene coding for Fused in Sarcoma 

(FUS) have been associated with both familial and sporadic forms of ALS, a fatal late-

onset motor neuron disease. Wild-type FUS interacts with PRMT1 and PRMT8 and 

undergoes extensive arginine methylation at several RXR and RGG motifs (Tradewell 

et al. 2012; Scaramuzzino et al. 2013). ALS-linked FUS mutants mislocalize to the 

cytosol where they form insoluble stress granule-like inclusions. Arginine methylation 

has a key role in nuclear-cytoplasmic shuttling of FUS and global pharmacologic 

inhibition of PRMTs as well as depletion of PRMT1 reduced the mislocalization and 

cytoplasmic accumulation of FUS mutants in cell lines and motor neurons (Tradewell 

et al. 2012; Scaramuzzino et al. 2013). Thus, arginine methylation regulates the toxicity 

of ALS-related FUS and contributes to the toxic gain-of-function conferred by the 

disease-causing mutations.  

SBMA (also known as Kennedy’s disease) is caused by the expansion of a polyglutamine 

tract in the androgen receptor (AR) and leads to selective loss of lower motor neurons. 

A recent study carried out by Maria Pennuto and colleagues in collaboration with our 

laboratory has demonstrated that AR physically and functionally interacts with PRMT6 

and that this interaction is enhanced by polyQ expansion in mutant AR (Scaramuzzino 

et al. 2015). PRMT6 acts as a specific co-activator of wild-type and polyQ-expanded AR 
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and mutant AR transactivation by PRMT6 is increased compared to that of normal AR. 

In addition, AR transactivation requires the catalytic activity of PRMT6 and occurs 

through arginine methylation at two Akt consensus site motifs (RXRXXS, where R is 

arginine, S serine and X any amino acid) present in AR. AR was previously shown to be 

phosphorylated by Akt at the serines located in the same two Akt consensus sites 

(Palazzolo et al. 2007). Remarkably, phosphorylation by Akt at these sites suppresses 

polyQ AR-induced toxicity (Palazzolo et al. 2007) and stimulation of Akt by IGF-1 is 

protective in SBMA transgenic mice (Palazzolo et al. 2009). Moreover, serine 

phosphorylation and arginine methylation at Akt consensus site motifs are mutually 

exclusive and while Akt-mediated phosphorylation diminishes toxicity, arginine 

methylation by PRMT6 enhances expanded AR-elicited cell death and leads to 

neurodegeneration in fly models of SBMA (Scaramuzzino et al. 2015). These findings 

indicate that PRMT6 is a modifier of mutant AR toxicity in vitro and in vivo and 

demonstrate a direct role for arginine methylation in the pathogenesis of 

polyglutamine disorders. Importantly, the regulation of Akt-mediated phosphorylation 

by arginine methylation may apply to several Akt consensus site-containing proteins 

involved in the pathogenesis of neurodegenerative disorders (Basso and Pennuto 

2015). 

It has been recently reported by Ratovitski and collaborators that HTT interacts with 

PRMT5 in transfected neurons and HD brain. Interestingly, wild-type HTT stimulates 

symmetric arginine dimethylation (SDMA) of histones by PRMT5/MEP50 complex in 

vitro, a function which is partially lost upon polyQ expansion of HTT (Ratovitski et al. 

2015). Accordingly, SDMA histone marks are reduced in human HD brains, suggesting 

that a loss of normal HTT ability to facilitate PRMT5 activity and consequent PRMT5 

deficiency could contribute, at least in part, to HD pathogenesis (Ratovitski et al. 2015). 

In addition, PRMT5 was identified as a regulator of Aβ-induced toxicity in human cells 

and C. elegans models of AD, suggesting that stimulation of neuronal PRMT5 activity 

may represent a potential therapeutic strategy for the prevention of AD (Quan et al. 

2015). 
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1.3 Aim of the thesis 

Recent evidence supports a key role for arginine methylation in neurodegeneration 

and particularly in polyglutamine diseases, such as SBMA and HD. However, whether 

HTT is methylated at arginine residues has not been investigated yet, and the role of 

arginine methylation in the pathogenesis of HD remains to be fully elucidated. Maria 

Pennuto’s group demonstrated that PRMT6-mediated arginine methylation of polyQ-

expanded androgen receptor (AR) is a modifier of SBMA pathogenesis (Scaramuzzino 

et al. 2015). AR is methylated by PRMT6 at arginine residues within two Akt consensus 

sites (RXRXX[S/T]), and this PTM enhances both the transcriptional activity of wild-

type AR and the toxicity of mutant AR. The Akt consensus site motif is shared between 

several proteins associated with neurodegeneration, including HTT which contains 

two Akt consensus sites (416RSRSGS421; 2063RFRLST2068) (Basso and Pennuto 2015). 

This raises the intriguing possibility that HTT could be methylated at arginine residues 

as well, with a possible impact on the function of normal HTT and the toxicity of polyQ-

expanded HTT. In this work, we focused our attention on one of the most thoroughly 

characterized functions of HTT, i.e. the role of HTT in axonal trafficking. 

The objective of this work is to elucidate the role of PRMT-mediated arginine 

methylation in the pathogenesis of HD. I tested the central hypothesis that arginine 

methylation of HTT is a modifier of HD pathogenesis, by pursuing the following specific 

aims: 

1) To determine whether HTT is methylated at arginine residues in vivo.  

To address this, by mass spectrometry we analyzed the PTMs of vesicle-

associated HTT purified from mouse brain and we subsequently identified 

which PRMTs interact with HTT and catalyze its arginine methylation. 

2) To unravel the role of arginine methylation in the regulation of wild-type HTT 

function. We tested the hypothesis that arginine methylation modulates HTT-

mediated axonal transport by studying vesicular trafficking dynamics in 

neurons expressing methylation-defective HTT. 

3) To assess whether arginine methylation modulates mutant-HTT induced 

toxicity. 

The role of arginine methylation in HD pathogenesis was investigated through 

a gain- and loss-of-function approach. 
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2. Materials and methods 

2.1 Animals 

Animal care and experimental procedures were conducted in accordance with 

the Ethical Committee of the University of Trento and were approved by the Italian 

Ministry of Health (D. Lgs no. 2014/26, implementation of the 2010/63/UE). Animals 

were maintained with access to food and water ad libitum and kept at a constant 

temperature (19–22°C) on a 12:12 h light/dark cycle. Primary mouse cortical neurons 

were obtained from wild-type C57BL/6J mice (Charles River Laboratories, ITALIA) 

mated to generate male and female embryos. 

As HD mouse model, we used HdhCAG140/+ heterozygous knock-in mice generated on a 

C57BL/6J background, which express human HTT exon 1 sequence with 140 CAG 

repeats, as previously described (Virlogeux et al. 2018). All experimental procedures 

were performed in an authorized establishment (Institut des Neurosciences de 

Grenoble (GIN), U1216, license #B3851610008) in strict accordance with the local 

animal welfare committee (Comité Local Grenoble Institut Neurosciences, C2EA-04) 

and the EU guidelines (directive 63/2010/EU) on the protection of animals used for 

experimental research. 

2.2 Purification of vesicle-associated HTT for mass 

spectrometry analysis 

The subcellular fractionation was performed as previously described 

(Hinckelmann et al., 2016). Briefly, mouse brains were collected and mechanically 

homogenized in lysis buffer (HEPES 4 mM, sucrose 320 mM pH 7.4) containing 

protease inhibitor (Sigma Aldrich-P8340) and phosphatase inhibitor (Sigma Aldrich-

P5726) cocktails. The homogenate was subjected to sequential centrifugation steps 

(Figure 1A) to isolate the small vesicles-rich fraction (P3), which was resuspended in 

lysis buffer. To select vesicle-associated HTT, the P3 fraction (1 mg) was pre-cleared 

for 1 hour at 4°C with Protein A Sepharose beads (Sigma Aldrich-P9424) and subjected 

to immunoprecipitation on a rotating wheel for 3 hours at 4°C with agarose beads pre-

incubated with 2,5 µg anti-HTT D7F7 antibody (Cell Signaling-5656). The beads were 

washed three times in lysis buffer and proteins were eluted with Laemmli buffer and 
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boiled at 95°C for 10 min. After SDS-PAGE, the band corresponding to HTT was cut and 

analysed by LC-MS/MS to identify HTT post-translational modifications (PTMs). MS 

was performed with an LTQ Orbitrap XL mass spectrometer (Thermo Scientific), 

equipped with a nanoESI source (Proxeon). The top eight peaks in the mass spectra 

(Orbitrap; resolution, 60,000) were selected for fragmentation (CID; normalized 

collision energy, 35%; activation time, 30 ms, q-value, 0.25). Dynamic exclusion was 

enabled (repeat count, 2; repeat duration, 10 s; exclusion duration, 20 s). MS/MS 

spectra were acquired in the LTQ in centroid mode. Proteins were identified using the 

MaxQuant software package version 1.2.2.5 (MPI for Biochemistry, Germany) and 

UniProt database version 04/2013. 

2.3 Purification of HTT from transfected HEK293 cells and 

mass spectrometry analysis 

HEK293 cells were transfected with full-length human expanded (82Q) HTT 

constructs (described in Arbez et al. 2017) using Lipofectamine 2000 reagent 

(ThermoFisher). 24h post transfection cells were lysed by the Dounce homogenization 

in Triton lysis buffer containing 50 mM Tris, pH 7.0, 150 mM NaCl, 5 mM EDTA, 50 mM 

MgCl2, 0.5% Triton X100, 0.5% Na deoxycholate, Protease Inhibitor Cocktail III 

(Calbiochem), and Halt Phosphatase Inhibitor Cocktail (ThermoFisher), followed by 

centrifugation at 13,000 g. Lysates were pre-cleared by incubating with Protein G-

Sepharose beads (GE Healthcare) for 1 h at 4°C, followed by incubation overnight at 

4°C with MW1 polyQ-specific antibody (Hybridoma Bank, University of Iowa) to IP 

expanded HTT. These were then incubated with Protein G-Sepharose for 1 h at 4°C. The 

IPs were washed 3 times with the lysis buffer, and HTT protein was eluted from the 

beads with heating (80°C) in 2xSDS Laemmli sample buffer (BioRad), followed by 

fractionation on NuPAGE 4-12% Bis-Tris polyacrylamide gels (ThermoFisher). HTT 

protein bands were visualized with SimplyBlue Safe Stain (ThermoFisher).  Aliquots 

(about 10% of the sample) were analyzed by western blotting with antibodies to HTT 

(MAB2166) and polyQ-specific antibody MW1. PolyQ-expanded HTT protein bands 

were cut out of the gel, subjected to in-gel digestion with LysC and analyzed by tandem 

mass spectrometry (MS) on the Q-Exactive mass spectrometer as described previously 

(Ratovitski et al. 2017). 
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2.4 Plasmids 

The vector for the expression of wild-type human N-terminal HTT (pCAG 17Q 

HTT-N548) was obtained from E. Cattaneo (University of Milan, Italy). pCAG 73Q HTT-

N548 and pCAG 145Q HTT-N548 were obtained by cloning of the fragment containing 

the polyCAG tract from vectors expressing full-length human HTT (Coriell Institute 

#CH00023 and #CH00024, respectively). To generate HTT-N548-mCherry constructs, 

HTT-N548 sequence was amplified by PCR with primers containing KpnI and BamHI 

restriction sites at the 5’ and 3’, respectively (Fwd: 

CAGAGGTACCCCACCATGGCGACCCTG; Rev: CCATCTGACCCTGCCGGGATCCCAGA), and 

cloned upstream of mCherry sequence in pCDNA3.1-mCherry vector (the stop codon 

was substituted by a glycine residue). For toxicity experiments in primary neurons, 

HTT-N548-mCherry sequences were then cloned into HpaI and EcoRI restriction sites 

of the LentiLox 3.7 backbone under the control of the neuron-specific synapsin I 

promoter (Tripathy et al., 2017), using the following primers for the PCR: Fwd 

CAGAGTTAACCACCATGGCGACC; Rev TCTGGAATTCTTACTTGTACAGCTC. HTT 

methylation-defective arginine-to-lysine mutants were obtained by site-directed 

mutagenesis PCR using the following forward (F) and reverse (R) primers: R101K-F, 

5’-TCAGCTACCAAGAAAGACAAGGTGA-3’; R101K-R, 5’-

TGTCAGACAATGATTCACCTTGTCTTTC -3’; R118K-F, 5’- 

ATAGTGGCACAGTCTGTCAAGAATTC -3’; R118K-R, 5’-

CTGAAATTCTGGAGAATTCTTGACA-3’; R416K,R418K-F, 5’-

AGGAGTCTGGTGGCAAAAGCAAGAGT-3’; R416K,R418K-R, 5’-

TTCCACAATACTCCCACTCTTGCTTTTG -3’. All constructs were confirmed by 

sequencing. For the expression of EGFP-PRMT6 in primary neurons, EGFP-PRMT6 

sequence was cloned downstream of synapsin I promoter in the LentiLox 3.7 backbone 

described above using primers containing HpaI and EcorI restriction sites at the 5’ and 

3’, respectively (Fwd: CAGAGTTAACCACCATGGTGAGCAA; Rev: 

TCTGGAATTCTCAGTCCTCCAT). PRMT2 shRNA constructs (in pGFP-C-shLenti vector) 

were purchased from Origene (cat. No. TL500997), whereas lentiviral constructs 

(pLKO.1-puro) for shRNA against PRMT6 and the corresponding scrambled were 

kindly provided by Ernesto Guccione (Phalke et al. 2012). Both contain a puromycin 

resistance cassette. The most efficient knock-down was observed with PRMT2 shRNA 
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TL500997D and shPRMT6 #1 (CACCGGCATTCTGAGCATCTT). STHdh clones 

expressing these shRNAs were used for the assessment of toxicity. 

2.5 Cell lines and transfection 

HEK293T cells were maintained in DMEM supplemented with 10% fetal bovine 

serum, L-Glutamine (2mM) and PenStrep (1%) and grown at 37°C with 5% CO2. 

Immortalized striatal cells (STHdh, Trettel et al., 2000) were maintained in DMEM 

supplemented with 10% fetal bovine serum, L-Glutamine (2mM), sodium pyruvate 

(1mM), G418 (0,4 mg/ml) and grown at 33°C with 5% CO2. HEK293T cells were 

transfected with polyethylenimine (PEI), whereas STHdh cells were electroporated 

using Amaxa Nucleofector™ (Lonza) before plating.  

Generation of stable STHdh single-cell clones was carried out by transduction at 

multiplicity of infection (MOI) 10 or 20 with lentiviruses expressing either scrambled 

or shRNA against mouse PRMT2 or PRMT6, followed by selection with puromycin (1,5 

μg/ml for STHdh Q7/Q7 and 2,5 μg/ml for STHdh Q111/Q111, respectively) and 

dilution cloning in 96-well tissue culture plates to isolate individual cells. 

2.6 Co-immunoprecipitation assays 

All immunoprecipitation procedures were carried out at 4°C. HEK293T and 

STHdh cells were washed with ice-cold PBS and lysed in IP buffer (50 mM HEPES, 250 

mM NaCl, 5 mM EDTA, 0.1% NP-40) plus protease inhibitors. Lysates were 

homogenized and cleared through 22G and 25G needles and kept on ice for 45 min. 

After 30 min centrifugation at 13200 rpm, the protein concentration was assessed and 

equal amounts of proteins for each sample were incubated overnight with the 

indicated antibody (anti-HTT: Merck-Millipore #MAB2166; anti-GFP: Roche 

#11814460001; anti-mono- and dimethylarginine: Abcam #ab412) on a rotating 

wheel. The samples were then incubated with 30 µl of Protein A/G Plus Agarose beads 

(Santa Cruz, sc-2003) for 2h.  

Rat neurons transduced with HTT-mCherry lentiviral constructs were lysed in IP 

buffer (50 mM Tris-HCl pH 7.5, 137 mM NaCl, 10 mM MgCl2, 10% Glycerol, 1% Triton 

X-100) containing protease inhibitor cocktail (Sigma-Aldrich). Mouse brain and testis 

were lysed in IP buffer (50 mM Tris-HCl pH 8.0, 1% NP-40) using a Dounce 
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homogenizer, triturated with the pipette and finally homogenized by several passages 

through a 2.5G syringe needle. Rat neuron and tissues lysates were pre-cleared with 

Sepharose 4B Fast Flow beads (Sigma-Aldrich) or Protein A/G Plus Agarose beads 

(Santa Cruz, sc-2003), respectively, for 3h under rotation. The primary antibody (anti-

HTT: Merck-Millipore #MAB2166; anti-mCherry: Institute Curie Cat#A-P-R#13; anti-

mono- and dimethylarginine: Abcam #ab412; anti-PRMT6: Bethyl Laboratories 

#A300-928A) was incubated with Sepharose beads for 3h and then the pre-cleared 

lysates were added and incubated overnight under rotation.  

For all co-immunoprecipitation assays, after incubation with the primary antibodies 

and the beads, the samples were washed three times in cold IP buffer, resuspended in 

2X SDS sample buffer, boiled for 5 min at 95°C and subjected to SDS–PAGE. 

2.7 Western blotting  

For western blotting, cells were lysed 24-48 hours post-transfection using 1% 

Triton lysis buffer (25 mM Tris–HCl pH 7.4, 100 mM NaCl, 1 mM EGTA, 1% Triton X-

100) or RIPA buffer (50 mM Tris-HCl pH 8.0, 150mM NaCl, 1% NP-40, 0,5% Na-

deoxycholate, 2% SDS) plus protease inhibitors. For the analysis of PRMT6 expression 

in WT and HdhCAG140/+ mice, whole brain or dissected cortex and striatum were lysed 

immediately after dissection in HEPES/sucrose buffer (320mM sucrose, 4mM HEPES 

pH 7.4), using a Dounce homogenizer, triturated with the pipette and finally 

homogenized by several passages through a 2.5G syringe needle. Protein extracts were 

denatured at 95°C for 5 minutes and then subjected to SDS-PAGE. Proteins were 

transferred onto nitrocellulose membranes and blocked in 5% non-fat milk or BSA in 

TBS buffer, 0.1% Tween. Primary antibodies were incubated for 1h at RT or 

alternatively overnight at 4°C. InfraRed dye-conjugated (LI-COR Biosciences) or HRP-

conjugated secondary antibodies were incubated for 1h at RT (1:10000 dilution in 

blocking solution) and signals were detected with an Odyssey infrared imaging system 

(LI-COR Biosciences) or ChemidocTM (Bio-Rad), respectively. The following primary 

antibodies were used anti-HTT (Merck-Millipore #MAB2166, 1:1000), anti-GFP (Life 

Technologies #A10262, 1:1000), anti-tubulin (Sigma #T7816, 1:10000), anti-mCherry 

(Life Technologies #PA5-34974, 1:2500), anti-PRMT6 (Bethyl Laboratories #A300-

929A, 1:1000;  Proteintech #15395-1-AP, 1:1000; Abcam #ab47244, 1:1000), anti-

asymmetric dimethylarginine (Millipore #07-414, 1:250), anti-mono and 
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dimethylarginine (Abcam #ab412, 1:500), anti-p150 (BD Transduction Laboratories 

#610474, 1:1000), anti-KHC (Covance #MMS-188P, SUK4, 1:1000), anti-GM130 

(Abcam #ab52649, 1:1000;  BD Transduction Laboratories #610822, 1:1000), anti-

Lamin B1 (Abcam #16048, 1:1000; Abcam #133741, 1:1000), anti-calnexin (Enzo 

#ADI-SPA-860F, 1:1000; Sigma #C4731, 1:1000). Quantifications were performed 

using ImageJ 1.52 software. 

2.8 Immunocytochemistry 

STHdh cells and primary cortical neurons were grown on poly-D-Lysine coated 

coverslips. Cells were fixed with 4% paraformaldehyde for 15–20 min at room 

temperature (RT). Cells were permeabilized with 0.1% Triton X-100 in phosphate 

buffered saline (PBS), and blocked with PBS containing 10% FBS and 0.05% Triton X-

100 for 1h at RT. Primary antibodies were incubated overnight at 4°C in blocking 

solution with the following dilutions: HTT (Merck-Millipore #MAB2166, 1:100), 

PRMT2 (Abcam #ab66763, 1:100), PRMT6 (Abcam #ab47244, 1:100), mCherry (Life 

Technologies #PA5-34974, 1:600), MAP2 (Abcam #ab11267, 1:500 or Merck-Millipore 

#AB15452, 1:100), GFP (Merck-Millipore #MAB2510, 1:1000). The next day, after 

three washes with PBS, Alexa Fluor conjugated secondary antibodies (1:1000) were 

incubated for 1h at RT in the dark. The coverslips were then washed three times with 

PBS, incubated with Hoechst (Sigma #B2261) diluted in PBS for 10 min and mounted 

on glass slides with ProLong™ Diamond Antifade Mountant (Life technologies 

#P36961). Primary neurons and STHdh slides were imaged with a 63x oil-immersion 

objective using the Zeiss Axio Observer Z1 inverted microscope or an inverted confocal 

microscope (LSM 710, Zeiss) coupled to an Airyscan detector, respectively. 

2.9 In situ PLA 

The Duolink starter kit (Sigma-Aldrich; DUO92101) was used to study the 

interaction of endogenous HTT with endogenous PRMT2/PRMT6 in STHdh cells. The 

assay was performed following manufacturer’s instructions. Primary antibodies were 

incubated with the same dilutions used for immunocytochemistry experiments. Slides 

were imaged with a 63x oil-immersion objective using the Zeiss Axio Observer Z1 

inverted microscope. 
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2.10 In vitro methylation assay 

The peptides for in vitro methylation assays were obtained from United 

Biosystems Inc. In vitro methylation reactions were carried out at 37°C for 1.30h in 

phosphate-buffered saline with 20 μg of human HTT peptides (R101: 

ELSATKKDRVNHCLTW; R118: NIVAQSVRNSPEFQKW; R416/R418: 

KEESGGRSRSGSIVEW), 400 ng of human recombinant PRMTs (PRMT2: Active Motif 

#31392; PRMT6: Active Motif #31394) and 5 μCi of S-adenosyl-L-[methyl-3H] 

methionine (PerkinElmer). Samples were subjected to 16% SDS-PAGE and Coomassie 

Brilliant Blue (CBB) staining. After overnight destaining, the gel was incubated for 45 

min with En3Hance™ (PerkinElmer), washed in cold water for 30 min and dried for 2h 

at 55°C. The dried gel was exposed to film at -80°C for at least one week. 

2.11 Primary cortical neurons 

For viability assays, primary cortical neurons were cultured from E15.5 

C57BL/6J mouse embryos as previously described (Basso et al. 2012). Briefly, the 

cortices were dissected out of the embryos, digested in papain solution (20U papain, 

500μM EDTA and 100μM cystine in 1X Eagles’ Balanced Salt Solution (EBSS)) for 20 

min. This was followed by DNase I treatment for 3 min. The dissociated cells were 

centrifuged at 2800 rpm for 5 min. The supernatant was discarded and the digestion 

was blocked with a solution containing Trypsin inhibitor (Sigma T9253) and bovine 

serum albumin (Sigma A7030) in 1X EBSS. After a centrifugation at 2800 rpm for 10 

min, the cells were seeded in poly-D-lysine-coated plates in Minimum Essential Media 

(MEM) supplemented with 10% fetal bovine serum, L-Glutamine (2mM) and PenStrep 

(1%). Neurons were transduced at days in vitro (DIV) 0-2 at MOI 3. The day after, the 

medium was replaced with Neurobasal medium supplemented with B27, sodium 

pyruvate (1mM), PenStrep (1%), L-Glutamine (2 mM) and AraC (100 mM, Sigma 

C1768). Half of the media was replaced with fresh media every 7 days. For 

immunoprecipitation and subcellular fractionation experiments, primary cortical 

neurons from E17.5 rat embryos were prepared as previously described (Virlogeux et 

al, 2018). 
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2.12 Viral production and titration 

HTT-mCherry, VAMP2-mCherry or EGFP-PRMT6 lentiviral vectors together 

with pCMV-dR8.91 (Delta 8.9) plasmid containing gag, pol and rev genes and VSV-G 

envelope plasmid were expressed in HEK293T cells by calcium phosphate transfection. 

16h post-transfection the medium was discarded and replaced with fresh medium. 24h 

later the medium was collected, centrifuged at 2500 rpm for 10 min (to pellet down 

any cellular debris), filtered (0.45µm pore size filters) and stored at -80°C in aliquots, 

until use. Before infection, the viruses were quantified using the SG-PERT reverse 

transcription assay (Vermeire et al. 2012). In brief, viral particles were lysed for 10 min 

at RT by adding an equal volume of 2X lysis buffer [0.25% Triton X-100, 50 mM KCl, 

100 mM Tris–HCl pH 7.4, 40% glycerol and 0.8 U/µL RNase inhibitor (RiboLock, 

Fermentas)]. Lysates were then added to a single-step, RT-PCR assay with 3,5 nM MS2 

RNA (Roche) as template, 500 nM of each primer (5’-TCCTGCTCAACTTCCTGTCGAG-3’ 

and 5’-CACAGGTCAAACCTCCTAGGAATG-3’), and hot-start Taq (Truestart Hotstart 

Taq, Fermentas), all in 20 mM Tris–Cl pH 8.3, 5 mM (NH4)2SO4, 20 mM KCl, 5 mM MgCl2, 

0.1 mg/ml BSA, 1/20 000 SYBR Green I (Invitrogen, #S7563), and 200 µM dNTPs. The 

reaction was carried out according to the following program: 42°C for 20 min for RT 

reaction, 95°C for 2 min for enzyme activation, followed by 40 cycles of denaturation 

at 95°C for 5 s, annealing at 60°C for 5 s, extension at 72°C for 15 s and acquisition at 

80°C for 5 s. A standard curve was obtained using known concentrations of high-titer 

viral supernatants (kindly provided by Dr. Massimo Pizzato). Lentiviral particles used 

to express HTT-mCherry and EGFP-PRMT6 in cortical neurons for the analysis of 

axonal trafficking were kindly produced by Aurelie Genoux. 

2.13 Microfluidic devices 

Microfluidic devices were prepared as recently described (Virlogeux et al 2018). 

Briefly, using an epoxy resin-based V1 500 master mold (Taylor et al. 2010) we 

imprinted the microfluidic chamber on a mixture of silicon elastomer (PDMS) and its 

curing agent. Air bubbles were removed by incubation in a desiccator under vacuum 

for 1 h, and polymerization was performed by incubating the PDMS for 3 h at 60°C. 

Finalized PDMS microchambers were cut and washed with 100% ethanol followed by 

a quick passage through an ultrasonic bath and then washed with distilled water. Cut 
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PDMS and glass-bottom, 0.17 µm-thick, 35 mm-diameter Petri dishes (FluoroDish, 

WPI) were placed into plasma cleaner under vacuum for 30 s for surface activation. 

After a rapid passage in an oven at 60°C, PDMS pieces were attached on Petri dishes to 

form an irreversible tight seal. The microfluidic devices were then coated with poly-D-

lysine (0.1 mg/ml) in the upper and synaptic chambers, and with a mix of poly-D-lysine 

(0.1 mg/ml) + laminin (10 µg/ml) in the lower chamber overnight at 4°C. 

Microchambers were finally washed 3 times with growing medium (Neurobasal 

medium supplemented with 2% B27, 2 mM Glutamax, and 1% 

penicillin/streptomycin) and placed at 37°C before neuron plating.  

2.14 Primary neuronal cultures in microfluidic devices 

For trafficking analyses, primary cortical and striatal neurons were prepared by 

dissecting the cortex and the striatum from E15.5 wild-type (C57/BL6J) mouse 

embryos. The structures were digested with a papain/cysteine solution, followed by 

two incubations in trypsin inhibitor solution, and finally dissociated mechanically. 

Dissociated neurons were re-suspended in Neurobasal (NB) medium supplemented 

with B27 (2%), L-Glutamine (2mM) and PenStrep (1%) and plated in the chamber with 

a final density of ~7000 cells/mm2. Cortical neurons were plated first on the upper 

chamber after the addition of growing medium in the synaptic chamber. Striatal 

neurons were subsequently added in the lower chamber. Neurons were left in the 

incubator for at least 3 hours, then all compartments were gently filled with growing 

medium. Neurons in microchambers were transduced at DIV1 and the medium was 

changed the day after. Acquisitions were done at DIV 12-14. 

2.15 Live-cell imaging 

Live-cell recordings were performed using an inverted microscope (Axio 

Observer, Zeiss) coupled to a spinning-disk confocal system (CSU-W1-T3, Yokogawa) 

connected to wide field electron-multiplying CCD camera (ProEM+1024, Princeton 

Instrument) and maintained at 37°C and 5% CO2. For HTT-mCherry trafficking, images 

were taken every 200 ms for 30 s (63x oil-immersion objective, 1.46 NA). Kymographs 

were generated using KymoToolBox plugin for ImageJ (Zala et al. 2013) to extract the 

following kinetics parameters (previously described in Virlogeux et al. 2018): 
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anterograde/retrograde velocity, number of anterograde/retrograde vesicles per 100 

μm, linear flow rate, directional flux. In detail: 

 

Anterograde velocity:    𝑉𝑎 (𝜇𝑚/𝑠) =
𝐴𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (µ𝑚)

𝑇𝑖𝑚𝑒 (𝑠)
 

 

Retrograde velocity:     𝑉𝑟 (𝜇𝑚/𝑠) =
𝑅𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (µ𝑚)

𝑇𝑖𝑚𝑒 (𝑠)
 

 

Number of anterograde vesicles per 100µm: 𝑁𝑎 =
𝑛𝑎 (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑒𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠)

𝐴𝑥𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (100µ𝑚)
 

 

Number of retrograde vesicles per 100µm: 𝑁𝑟 =
𝑛𝑟 (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑡𝑟𝑜𝑔𝑟𝑎𝑑𝑒 𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠)

𝐴𝑥𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (100µ𝑚)
 

 

Linear flow rate:      𝑄 (𝜇𝑚/𝑠) =  |𝑉𝑎| ∗  𝑛𝑎 + |𝑉𝑟| ∗  𝑛𝑟  

 

Directional flux:      𝐷 (𝜇𝑚/𝑠) =  𝑉𝑎 ∗  𝑛𝑎 − 𝑉𝑟 ∗  𝑛𝑟 

 

For each experiment, at least 2-3 microchambers from 3 independent neuronal 

cultures were used, and a minimum number of 50-60 axons were analyzed. 

 

2.16 Immunostaining in microchambers 

Neurons in microchambers were fixed with a PFA (4%)/Sucrose (4%) solution 

in PBS for 20 min at room temperature (RT). The fixation buffer was rinsed three times 

with PBS and neurons were incubated for 1h at RT with a blocking solution (1% BSA, 

2% normal goat serum, 0.1%Triton X-100). The compartments of interest were then 

incubated with primary antibodies diluted in blocking solution overnight at 4°C and 

appropriate Alexa Fluor conjugated secondary antibodies (1:1000) were incubated for 

1h at RT. Immunostained chambers were maintained in PBS for a maximum of one 

week in the dark at 4°C. The following primary antibodies were used: HTT (Merck-

Millipore #MAB2166, 1:100), PRMT6 (Abcam #ab47244, 1:100), mCherry (Novus 

Biologicals #NBP2-25158, 1:500). Images were acquired with a ×63 oil-immersion 
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objective (1.4 NA) using an inverted confocal microscope (LSM 710, Zeiss) coupled to 

an Airyscan detector to improve signal-to-noise ratio and to increase resolution. 

2.17 Subcellular fractionation from whole mouse brain and 

primary rat neurons 

Whole mouse brains were lysed in vesicle buffer (10 mM HEPES-KOH, 175 mM 

L-aspartic acid, 65 mM taurine, 85 mM betaine, 25 mM glycine, 6.5 mM MgCl2, 5 mM 

EGTA, 0.5 mM D-glucose, 1.5 mM CaCl2, 20 mM DTT, pH 7.2) containing protease 

inhibitors using a Dounce homogenizer. Rat neurons were lysed in IP buffer (50mM 

Tris-HCl pH 7.5, 137mM NaCl, 10mM MgCl2, 10% Glycerol, 1% Triton X-100) 

containing protease inhibitors. Both lysates were homogenized using a 2.5G syringe 

needle and subjected to sequential centrifugations at 4°C (10 min at 1200rpm, 40 min 

at 12000g, 90 min at 100000g) in order to purify a fraction enriched in nuclei (P1), a 

fraction containing mitochondria and large membranes such as Golgi and endoplasmic 

reticulum (P2), a fraction enriched in small vesicles (P3) and the corresponding 

cytoplasmic phases (S1, S2 and S3), as depicted in Figure 11A. Equal amounts of 

proteins for each fraction were loaded onto a 6% and a 10% SDS-polyacrylamide gel 

and examined by western blotting.  

2.18 Immunogold labelling and Transmission Electron 

Microscopy (TEM) 

For each experiment, the vesicle fraction (P3) purified from whole mouse brain 

was resuspended in 100-200µl PBS and 10µl were adsorbed to nickel formvar\carbon 

coated grids, fixed in 1% glutaraldehyde, washed twice with PBS, incubated with 

quenching solution (50mM glycine) three times for 3 min each and blocked 10 min at 

RT in blocking solution (PBS+1%BSA). The first primary antibody (e.g. anti-HTT D7F7 

Cell Signaling #5656, 1:30 in PBS+1%BSA) was incubated for 1h at RT, washed in 

PBS+0,1%BSA and incubated with 5 nm gold anti rabbit antibody (1:50 in 

PBS+1%BSA) for 30 min at RT. The grids were then washed in PBS and the protocol 

was repeated starting from fixation in glutaraldehyde, using the second primary 

antibody (e.g. anti-PRMT6 Abcam #ab47244, 1:10) and the 15 nm gold anti rabbit 

antibody. Finally, the grids were fixed in 1% glutaraldehyde, washed in PBS and 
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distilled water, and finally stained and embedded by incubation in 2% 

methylcellulose/5% uranyl acetate for 10 min at RT in the dark. The samples were 

examined using JEOL 1200 EX transmission electron microscope equipped with a 

digital camera (Veleta). 

2.19 Quantitative real-time PCR 

Total RNA was extracted with TRIzol (Invitrogen). 1 µg of RNA was reverse 

transcribed using iScript Reverse Transcription Supermix (Bio-Rad) following 

manufacturer’s instructions. Gene expression was measured by quantitative real-time 

PCR using the iTaq Universal SYBR Green Supermix (Bio-Rad) and C1000 Touch 

termocycler - CFX96 Real Time System (Biorad). The level of each transcript was 

measured with the threshold cycle (Ct) method using GAPDH (Glyceraldehyde-3-

Phosphate Dehydrogenase) mRNA as endogenous control. Primers used: PRMT6 

(NM_178891.5) Fwd: AGTCCATGCTGAGCTCCGT, Rev: TCCATGCAGCTCATATCCA; 

PRMT2 (NM_001077638) Fwd: TCTCTGAGCCATGCACAATC, Rev: 

CCAGCCTTCTGGATGTCAAA; GAPDH Fwd: AACCTGCCAAGTATGATGA, Rev: 

GGAGTTGCTGTTGAAGTC.  

2.20 Toxicity assays in striatal cells 

STHdh cells were seeded in triplicates into a 96-well tissue culture plate (5*104 

cells/well) and treated with 5 µM Adenosine-2′,3′-dialdehyde (ADOX, Sigma #A7154) 

or 5 µM Methylthioadenosine (MTA, Sigma #D5011) for 24h in complete medium. For 

the toxicity assays with specific type I PRMTs inhibitors, STHdh cells (2,5*104 

cells/well) were treated for 48h with 10 µM MS023 or the corresponding negative 

control MS094 in complete medium. These two compounds were kindly provided by 

Matthieu Schapira and Masoud Vedadi from the University of Toronto (Eram et al. 

2016). Cell viability was assessed by MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma 

#M5655) assay. Briefly, MTT (5 mg/ml in PBS) was diluted 1:10 into the medium and 

incubated for 1h at 37°C. After removing the medium, precipitates were dissolved in 

DMSO and absorbance at 570 nm was recorded with Infinite M200 Pro microplate 

reader (TECAN).  
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For the measurement of cell viability in STHdh single cell clones stably expressing 

shRNA against PRMT2 or PRMT6 and in STHdh cells electroporated with EGFP-PRMT6 

construct, the cells were stressed for 24h with low-glucose DMEM (Gibco #11054020) 

without serum and stained with LIVE/DEAD® Fixable Near-IR dye (Invitrogen 

#L10119). The stained cells were then analysed by using a BD FACSCanto™ flow 

cytometer (Becton Dickinson). For shPRMT2 clones and STHdh overexpressing EGFP-

PRMT6, only GFP-positive cells were considered for the calculation of the percentage 

of cell death.  

2.21 Toxicity assay in neurons 

Primary cortical neurons were seeded on 96-well tissue culture plates at a 

concentration of 2.5*104 cells/well. At DIV0 the immature neurons were transduced at 

multiplicity of infection (MOI) 3 with viral particles expressing HTT-mCherry WT or 

R118K mutants along with EGFP or EGFP-PRMT6. At DIV11 the neurons were fixed and 

processed for immunocytochemistry for mCherry and MAP2/EGFP as described above. 

The plate was then imaged with Operetta High-Content Imaging System and analyzed 

for the total number of mCherry+/EGFP+ neurons in each condition. The experiments 

were carried out in triplicates and repeated at least three times independently. 

2.22 Statistical analysis 

All the experiments presented here were repeated at least three times. All data 

are presented as mean ± SEM. For multiple comparison, statistical analysis was 

conducted by one-way ANOVA followed by parametric or non-parametric post hoc test 

according to the distribution of the data. Significance of comparison between two 

groups was assessed either by the parametric Student-t test or the non-parametric 

Mann-Whitney test. The use of the specific tests has been reported in each figure 

legend. Statistically significant results were defined as follows: *P<0.05; **P<0.01; 

***P<0.001 and ****P<0.0001.   
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3. Results 

In this section of the thesis I present the results I obtained during my doctoral 

studies, that have been carried out at the Department of Cellular, Computational and 

Integrative Biology (CIBIO, University of Trento) in the Laboratory of Transcriptional 

Neurobiology led by Dr. Manuela Basso, in collaboration with Prof. Maria Pennuto 

(Department of Biomedical Sciences, University of Padua) and Prof. Frédéric Saudou, 

who leads the laboratory of Intracellular Dynamics and Neurodegeneration at the 

Grenoble Institute of Neuroscience (Université Grenoble Alpes), where I spent a 

research period abroad sponsored by an EMBO Short-Term Fellowship.  
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3.1 Huntingtin is methylated at arginine residues 

3.1.1 Huntingtin is methylated at R101 and R118 in brain-derived 

vesicles 

Several proteins involved in neurodegeneration are targets of Akt and contain 

one or more canonical Akt consensus sites (RXRXX[S/T]) (Basso and Pennuto 2015), 

that can be methylated at arginines with a possible impact on the native and toxic 

function of the disease protein, as shown by Scaramuzzino et al. (Scaramuzzino et al. 

2015). HTT contains two Akt consensus sites, hence we wondered whether HTT is 

methylated at arginine residues.  

HTT has a key role in the regulation of axonal trafficking and is highly associated with 

vesicles. To address whether HTT is arginine methylated in vivo, in collaboration with 

Frédéric Saudou’s laboratory we immunopurified full-length HTT from vesicular 

fractions isolated from the brain of wild-type mice and analyzed HTT post-translational 

modifications by mass spectrometry (Figure 11A). Interestingly, we identified two 

arginine residues that are dimethylated in vivo, namely arginine 101 (R101) and 

Figure 11: Vesicle-associated HTT is methylated at R101 and R118 in vivo. (A) Purification of vesicle-

associated HTT from mouse brain for post-translational modifications (PTMs) analysis. Brain 

homogenates were subjected to sequential centrifugations to isolate the small vesicles-rich fraction (P3). 

HTT was immunoprecipitated from the P3 fraction and HTT PTMs were studied by LC-MS/MS. (B) Mass 

spectrometry analysis showed that vesicle-associated HTT purified from mouse brain is dimethylated at 

R101 and R118. 
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arginine 118 (R118) (Figure 11B, Appendix Table 1 and Figure S1). Surprisingly, 

with this experimental setup we did not detect methylation of HTT at the arginine 

residues contained in the Akt consensus sites. 

 

We then asked whether the two methylated arginine residues are evolutionarily 

conserved. To answer this question, we compared HTT sequence in several metazoans 

that were previously examined in a comparative analysis published in 2008 by Elena 

Cattaneo and collaborators (Tartari et al. 2008). The phylogenetic analysis showed that 

R101 and R118 are very well conserved throughout evolution (Figure 12), suggesting 

an evolutionary conserved function for these residues. Notably, R101 and R118 are 

found in all the deuterostomes analyzed, except for R101 in the sea urchin (S. 

purpuratus). Although lost in protostomes, the two arginines are substituted by 

another positively charged amino acid, i.e. lysine (K), indicating a possible relevant role 

of this residue for the maintenance of HTT structure and/or function, with the only 

exception of R118 replacement by alanine (A) in D. melanogaster and D. pseudoobscura 

(Figure 12). 

Figure 12: R101 and R118 in HTT are highly evolutionarily conserved. Cladogram showing high 

degree of conservation of R101 and R118 throughout evolution. The phylogenetic analysis was 

performed with CLC Sequence Viewer 8 software on the same dataset used by Tartari and colleagues 

(Tartari et al. 2008). Protostomes: Drosophila melanogaster, Drosophila pseudoobscura, Apis mellifera, 

Tribolium castaneum. Deuterostomes: Ciona intestinalis, Ciona savignyi, Strongylocentrotus purpuratus, 

Fugu rubripes, Tetraodon nigroviridis, Danio rerio, Gallus gallus, Monodelphis domestica, Canis familiaris, 

Bos taurus, Sus scrofa, Mus musculus, Rattus norvegicus, Homo sapiens.  
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3.1.2 Wild-type HTT interacts with PRMT2 and PRMT6 

 Based on these observations, I sought to identify the PRMTs responsible for 

HTT arginine methylation and to assess the biological relevance of this PTM for the 

native function of HTT and HD pathogenesis.  

To determine whether HTT forms a complex with PRMTs, I co-expressed the N-

terminal fragment of HTT corresponding to the first 548 amino acids bearing 17 

glutamine residues (HTT 548-17Q) together with soluble enhanced green fluorescent 

protein (EGFP) or EGFP-tagged PRMT1-8 in HEK293T cells. By immunoprecipitating 

the EGFP-fused PRMTs, I found that HTT 548-17Q forms a complex predominantly 

with PRMT2 and PRMT6 and to a lower extent with PRMT1, PRMT5, and PRMT7 

(Figure 13A).  

Figure 12:  

Figure 13: N-terminal HTT interacts with PRMT2 and PRMT6. (A) Co-Immunoprecipitation (Co-IP) 

assay in HEK293T cells overexpressing HTT N548-17Q together with soluble EGFP or EGFP-tagged 

PRMT1-8 showed that HTT primarily interacts with PRMT2 and PRMT6 and has lower affinity for 

PRMT1-5-7. Shown is one experiment out of four. (B) Reverse Co-IP assay in HEK293T cells 

overexpressing HTT N548-17Q together with soluble EGFP or EGFP-tagged PRMT2-6-7 showed that 

HTT primarily interacts with PRMT2 and PRMT6. Shown is one experiment out of two. 



50 
 

Similar results were obtained by the reverse immunoprecipitation performed with an 

antibody that recognizes HTT, confirming a stronger interaction of HTT with PRMT2 

and PRMT6 compared to PRMT7 (Figure 13B). 

To determine whether full-length HTT (FL-HTT) interacts with PRMT2 and PRMT6, I 

performed an immunoprecipitation assay in immortalized striatal cells obtained from 

knock-in mice expressing full-length HTT-7Q (STHdhQ7/Q7) (Trettel et al. 2000). By 

immunoprecipitation of HTT, I demonstrated that endogenous FL-HTT interacts with 

overexpressed PRMT2 and PRMT6 in striatal cells (Figure 14). To show that 

endogenous HTT interacts with endogenous PRMTs, and to elucidate in which 

subcellular compartment they form a complex, we performed an in situ proximity 

ligation assay (PLA), which enables to detect protein-protein interactions in fixed cells. 

PLA signals confirmed that endogenous HTT associates with endogenous PRMT2 and 

PRMT6 in the nucleus as well as in the cytosol of STHdhQ7/Q7 cells (Figure 15A). 

Significantly lower PLA signal was detected upon incubation with a single primary 

antibody, indicating that the red dots observed in Figure 15A specifically derive from 

PRMT2/PRMT6 and HTT interaction (Figure 15B).  

Taken together, these results show that vesicle-associated HTT is methylated at 

arginine residues in vivo, specifically at R101 and R118, and that HTT forms a complex 

with PRMT2 and PRMT6 in non-neuronal cells and wild-type striatal cells.  

Figure 14: Full-length HTT interacts with overexpressed PRMT2 and PRMT6. Co-

immunoprecipitation assay in STHdhQ7/Q7 cells overexpressing EGFP-PRMT2 or EGFP-PRMT6 showed 

interaction of full-length endogenous HTT with PRMT2 and PRMT6. Shown is one experiment 

representative of four. 
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Figure 15: Full-length HTT interacts with endogenous PRMT2 and PRMT6 in striatal cells. 

(A) Proximity Ligation Assay (PLA) in STHdhQ7/Q7 cells confirmed interaction between FL-HTT and 

endogenous PRMT2 (left panel) and PRMT6 (right panel). The red dots indicate close proximity of 

HTT and the two PRMTs. Nuclei were revealed with DAPI. Shown are representative images from 

three independent experiments. Bar, 10 µm. (B) Negative control assays showing background PLA-

positive signals in STHdhQ7/Q7 upon incubation with the indicated primary antibody. Bar, 10 µm. 

 



52 
 

3.1.3 PRMT6 methylates HTT at R118 

PRMT2 and PRMT6 are type I PRMTs and catalyze the addition of one or two 

methyl groups to arginine to generate monomethylarginine (MMA) or asymmetric 

dimethylarginine (ADMA). To determine whether PRMT2 and PRMT6 are responsible 

for HTT methylation at R101 and R118 I performed an in vitro methylation assay by 

incubating peptides spanning either R101 or R118 with recombinant PRMT2 or 

PRMT6 and the radioactive methylation donor [3H]-S-adenosylmethionine ([3H]-SAM). 

I detected methylation of R118 by PRMT6, whereas PRMT2 did not modify these two 

arginine residues (Figure 16). These findings indicate that PRMT6 specifically 

methylates HTT at R118 in vitro. Considering that in our hands PRMT2 did not 

methylate peptides containing R101 and R118 in vitro, in this work I focused my 

attention on PRMT6-mediated HTT methylation at R118 and the role of this specific 

PTM for HTT function in both physiological and pathological conditions. Further 

investigation is needed to identify the enzyme responsible for HTT methylation at 

R101 and to determine the biological significance of HTT-PRMT2 interaction. 

Figure 16: PRMT6 methylates HTT at R118 in vitro. In vitro methylation assay 

performed by incubating human HTT peptides and recombinant human PRMT2 or 

PRMT6 in the presence of [3H]-SAM showed that PRMT6 methylates HTT at R118. 

Top: autoradiography. Bottom: Coomassie Brilliant Blue (CBB) staining. Graph: 

mean ± SEM, n=3. One-way ANOVA, Newman-Keuls post-hoc test, *p<0.05.  
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To assess whether PRMT6 methylates HTT in cells, I transfected HEK293T cells with 

HTT 548-17Q together with EGFP or EGFP-PRMT6, and I analyzed HTT arginine 

methylation by immunoprecipitation using either an antibody that specifically 

recognizes mono- and di-methylarginine (Figure 17A) or an anti-HTT antibody 

(Figure 17B) for the pull-down, as previously performed (Scaramuzzino et al. 2015). 

Overexpression of wild-type PRMT6 but not of its catalytically inactive form (PRMT6-

V86K,D88A) enhanced the levels of methylated HTT by 1.3 and 1.8 fold in the two 

assays, respectively (Figure 17A,B).  

Figure 17: PRMT6 methylates HTT in non-neuronal cells and primary neurons. (A) 

Immunoprecipitation (IP) assay with an anti-mono- and di-methylarginine antibody in HEK293T cells 

overexpressing HTT N548-17Q together with EGFP-PRMT6 showed that PRMT6 methylates HTT in 

cells. Shown is a representative image from at least three independent experiments. Quantification 

(average) of HTT IP/HTT input ratio is shown at the bottom of the IP panel. Student’s t-test, *p<0.05. 

(B) Reverse immunoprecipitation (IP) assay with anti-HTT antibody in HEK293T cells overexpressing 

HTT N548-17Q together with EGFP-PRMT6 or catalytically inactive EGFP-PRMT6 V86K,D88A 

confirmed that PRMT6 methylates HTT in cells. Shown is a representative image from at least three 

independent experiments. Quantification (average) of HTT IP/HTT input ratio is shown at the bottom 

of the IP panel. The asterisks indicate an upper non-specific band. (C) FL-HTT is methylated by PRMT6 

in cortical neurons. IP assay in primary rat cortical neurons transduced with a lentiviral vector 

expressing EGFP or EGFP-PRMT6. Shown is one experiment representative of two. Quantification 

(average) of asymmetric dimethylarginine/HTT signal ratio is shown at the bottom of the IP panel. 
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To further validate methylation of HTT by PRMT6, I immunoprecipitated FL-HTT from 

rat primary neurons transduced with a lentiviral vector expressing EGFP-PRMT6. 

Revelation with an antibody that specifically recognizes ADMA showed that PRMT6 

asymmetrically dimethylates HTT in neurons (Figure 17C). Moreover, this experiment 

confirmed interaction between FL-HTT and PRMT6 in neurons (Figure 17C). Finally, I 

performed in vivo immunoprecipitation assays with antibodies against methylarginine 

and PRMT6 in the brain and testis of wild-type mice. Although PRMT6 is expressed at 

very high levels in the testis, interestingly I detected HTT-PRMT6 interaction and 

arginine methylation of HTT in the brain but not in the testis of wild-type mice (Figure 

18). 

 

Figure 18: HTT interacts with PRMT6 and is methylated in the wild-type mouse brain.  

IP assays with the indicated antibodies in wild-type mouse testis (left panel) and brain (right panel) 

showed HTT-PRMT6 interaction and HTT methylation in the mouse brain but not in the testis. Shown 

is one experiment representative of three. Dashed line: lanes were run on the same gel but were non-

contiguous. 
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I then substituted R118 with lysine to generate a methylation-defective HTT 

mutant, HTT-R118K. HTT 548 17Q-R118K retained the ability to form a complex with 

PRMT6 (Figure 19A), and its global ADMA levels were similar in the presence of the 

mutation, suggesting that HTT is dimethylated at several other arginine residues by 

PRMT6 and/or possibly other type I PRMTs (Figure 19B). Altogether, these results 

indicate that PRMT6 methylates HTT at R118 in non-neuronal cells, primary neurons 

and brain of wild-type mice.  

 

 

  

Figure 19: R118K mutation does not alter HTT-PRMT6 interaction and global asymmetric 

dimethylation of HTT. (A) Co-IP assay in HEK293T cells overexpressing either HTT N548-17Q or HTT 

N548-17Q R118K together with soluble EGFP or EGFP-tagged PRMT6 showed that methylation-

defective HTT retains the ability to form a complex with PRMT6. Shown is one experiment out of four. 

Quantification (average) of HTT IP/HTT input ratio is shown at the bottom of the IP panel. (B) IP assay 

with an anti-ADMA antibody in HEK293T cells transfected with HTT N548-17Q or HTT N548-17Q 

R118K showed no difference in the levels of global ADMA in HTT R118K compared to wild type HTT. 

Shown is one experiment representative of four. Quantification (average) of HTT IP/HTT input ratio is 

shown at the bottom of the IP panel. 
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3.2 PRMT6 colocalizes with HTT in neurons and is recruited 

to vesicles in the brain 

3.2.1 HTT and PRMT6 colocalize in neuronal cell bodies and axons 

PRMT6 binds and methylates HTT at R118. Considering that we detected 

arginine methylation of HTT in the vesicular fraction purified from mouse brain and 

that HTT has a key role in axonal transport, I decided to check whether PRMT6 

colocalizes with HTT in neuronal cells, specifically in the axon, and to test whether 

PRMT6 is recruited to vesicles. 

To address the first question, I took advantage of a microfluidic device recently 

developed in Frédéric Saudou’s lab (Virlogeux et al. 2018), in which cortical and striatal 

neurons are plated in two separate chambers and connect to each other through 

microchannels and an intermediate synaptic chamber, thus reconstructing a 

physiological corticostriatal network in vitro (Figure 20A). The microfluidic chamber 

has a peculiar architecture with long microchannels for cortical neurons (500 µM) and 

shorter microchannels for striatal neurons (75 µM) and a gradient of laminin from the 

cortical to the striatal compartment; this enables to build a functional and oriented 

corticostriatal circuit, where only cortical neurons can extend their axons to reach the 

synaptic chamber and form corticostriatal synapses (Virlogeux et al. 2018). Thanks to 

this device, I was able to contemporarily check HTT colocalization with PRMT6 in 

cortical neurons, striatal neurons and isolated axons. Primary cortical and striatal 

neurons derived from wild-type mouse embryos were plated in the corresponding 

fluidically isolated compartments and immunofluorescence analysis with primary 

antibodies targeting HTT and PRMT6 was performed in mature DIV14 neurons. I 

detected colocalization of endogenous HTT and PRMT6 in both cortical and striatal 

neurons, in the cell body as well as in neuronal processes (Figure 20B,C). Importantly, 

a high degree of colocalization of the two proteins of interest was observed in isolated 

cortical axons (Figure 20C), implying that vesicle-associated HTT could be methylated 

by PRMT6 in the axon.  
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Figure 20: PRMT6 colocalizes with HTT in the soma and axons of neurons. A) Scheme depicting the 

microfluidic chamber reconstituting the corticostriatal network: cortical and striatal neurons are plated 

in two separate compartments and connect to each other in a synaptic chamber. (B) PRMT6 and HTT 

colocalize in mouse primary cortical (top panel) and striatal (bottom panel) neurons. Wild-type cortical 

and striatal neurons were plated in microfluidic chambers and immunocytochemical analysis was 

performed at DIV14. Cortical neurons were transduced with a lentiviral vector expressing VAMP2-

mCherry, whose staining in the synaptic chamber (middle panel) was used as a marker of dendritic and 

axonal processes. Shown are representative images from three independent experiments. Bar, 5 µm. (C) 

PRMT6 colocalizes with HTT in axons. Mouse primary neurons were plated in microfluidic chambers as 

in (A). Immunostaining of PRMT6 and HTT was performed at DIV14 in isolated cortical axons (pink area 

highlighted in (A)). The 4X zoom shows axonal colocalization of PRMT6 and HTT. Shown are 

representative images from three independent experiments. Bar, 2 µm. 
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3.2.2 PRMT6 is recruited on vesicles in the brain 

Next, in order to answer to the question of whether PRMT6 is recruited to small 

vesicles, I performed a subcellular fractionation of mouse brain extracts by successive 

centrifugation steps to eventually obtain a pellet fraction (P3) enriched in small 

vesicles and vesicle-associated proteins, as previously reported (Colin et al. 2008) and 

described in Figure 11A. I separated all the different fractions by SDS-PAGE and 

immunoblotted for HTT, PRMT6, and markers of the different subcellular fractions, 

such as the dynactin subunit p150glued for the vesicular fraction (P3), GM130 as a 

marker of the Golgi apparatus (P2) and Lamin B1 as a marker of the nuclear 

compartment (P1). As shown in Figure 21A, HTT and PRMT6 are both present in the 

P3 fraction, suggesting that they are both recruited to small vesicles in the brain. To 

further prove the association of PRMT6 with vesicles, I performed transmission 

electron microscopy coupled to immunogold staining of brain-purified vesicles (P3 

fraction) using anti-PRMT6 and anti-HTT primary antibodies. This experiment 

revealed PRMT6 and HTT co-presence on the surface of vesicles (Figure 21B). Taken 

together, these findings demonstrate that PRMT6 is recruited on vesicles together with 

Figure 21: PRMT6 is present in brain-derived vesicles together with HTT. (A) Subcellular 

fractionation of mouse brain extracts showed that both HTT and PRMT6 are present in the small 

vesicles-rich fraction (P3). The fractions were analysed by immunoblotting for the presence of HTT, 

PRMT6, tubulin, laminB1 (nuclear marker, P1), GM130 (Golgi marker, P2) and p150Glued (enriched in 

the P3 fraction). S1, S2 and S3 represent the corresponding cytosolic fractions. Shown is one experiment 

representative of three. (B) Immunogold transmission electron microscopy (TEM) analysis of the P3 

fraction from (A) confirmed the presence of PRMT6 (15 nm Gold Nanoparticles, arrowhead) and HTT 

(5nm Gold Nanoparticles, arrow) in small vesicles isolated from mouse brains. Shown is one 

representative image from three independent experiments. Bar, 50 nm. 
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HTT, suggesting that PRMT6-mediated HTT methylation might influence vesicular 

transport along axons.  

3.3 Arginine methylation of HTT regulates axonal trafficking 

3.3.1 Loss of PRMT6-mediated R118 methylation impairs axonal 

trafficking of HTT-positive vesicles 

HTT facilitates vesicular trafficking along axons by acting as a scaffold for key 

components of the molecular motor machinery, as described in the introduction 

(paragraph 1.1.2.2.1). Moreover, HTT phosphorylation at S421 modulates the 

directionality of axonal trafficking, favoring the anterograde movement of vesicles 

(Colin et al. 2008). Therefore, we wondered whether arginine methylation at R118 

could also affect HTT-mediated vesicular transport. To test this hypothesis, we decided 

to monitor by live-cell imaging the axonal trafficking of HTT-positive vesicles in 

neurons expressing either wild-type HTT or the methylation-defective R118K HTT 

mutant.  

For this purpose, I cloned HTT 548-17Q and the methylation-defective mutant in frame 

with mCherry in a lentiviral vector. HTT 548-17Q-mCherry and HTT 548-17Q R118K-

mCherry are expressed at similar levels, as detected by immunoblotting, and displayed 

a similar subcellular localization in transduced cortical neurons (Figure 22A,B).  

Figure 22: Expression of HTT 548-mCherry in primary cortical neurons. (A) Immunoblotting 

analysis showing similar levels of expression of mCherry-tagged HTT 548-17Q and HTT 548-17Q R118K 

in primary cortical neurons. (B) Immunocytochemical analysis of mCherry-tagged HTT 548-17Q and 

HTT 548-17Q R118K in DIV14 primary cortical neurons showed that the methylation-defective mutation 

does not change HTT subcellular localization. Bar, 10 µm. 
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Trafficking dynamics along the corticostriatal axis were analyzed using the 

microfluidic chamber described in Figure 19A, which is compatible with high-

resolution videomicroscopy. I transduced cortical neurons plated in the microfluidic 

chambers with HTT 548-17Q-mCherry constructs and registered the trafficking of 

HTT-mCherry-positive vesicles in the distal part of axonal microchannels (pink area 

highlighted in Figure 20A) in order to avoid the contamination of both cortical and 

striatal dendrites, as depicted in Figure 20A and reported in Virlogeux et al 2018. Fast 

video acquisitions were performed at DIV14, when neurons in the microchambers are 

already organized in a mature network, with fully functional unilateral corticostriatal 

synapses (Virlogeux et al. 2018). These recordings showed reduced number of 

anterograde vesicles, decreased global linear flow rate and consequent abnormalities 

of the net directional flux (i.e. shift toward vesicular transport in the retrograde 

direction represented by negative values of directional flux) in neurons overexpressing 

the methylation-defective HTT-R118K mutant (Figure 23A-C).  

 

Figure 23: Loss of HTT methylation at R118 impairs axonal trafficking of HTT-positive vesicles. 

Analysis of the trafficking kinetics in DIV14 neurons transduced with lentiviral vectors expressing either 

wild-type HTT 548-17Q or HTT 548-17Q R118K fused to mCherry showed that loss of arginine 

methylation of HTT alters transport of vesicles along axons: (A) lowered number of anterograde 

vesicles, (B) decreased linear flow rate and (C) altered net directional flux. See paragraph 2.15 for the 

detailed description of trafficking parameters calculation. Graphs: mean ± SEM. Two-tailed non-

parametric Mann-Whitney test, *p<0.05, ** p<0.01, *** p<0.001. 
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Representative kymographs showing the decrease in the number of anterograde 

vesicles in neurons expressing HTT 548-17Q R118K compared to control neurons 

transduced with HTT 548-17Q are reported in Figure 24. On the other hand, no 

significant variation was observed in the anterograde velocity, retrograde transport 

and in the cumulative distance travelled by vesicles (Figure 25 and Figure 26). These 

results suggest that HTT requires to be methylated at R118 to efficiently promote 

axonal transport in the anterograde direction. 

 

Figure 24: Kymographs depicting vesicle trafficking in neurons expressing wild-type HTT or HTT 

R118K. Representative kymographs showing decreased number of anterograde vesicles in neurons 

expressing HTT 548-17Q R118K compared to control neurons expressing HTT 548-17Q. 
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Figure 25: Loss of methylation at R118 does not affect anterograde velocity and retrograde 

trafficking. Analysis of the trafficking kinetics in DIV14 neurons transduced with lentiviral vectors 

expressing either wild-type HTT 548-17Q or HTT 548-17Q R118K fused to mCherry showed no 

significant alteration in anterograde velocity (A) and retrograde trafficking (B). See paragraph 2.15 for 

the detailed description of trafficking parameters calculation. Graphs: mean ± SEM.  Two-tailed non-

parametric Mann-Whitney test, NS = not significant. 

Figure 26: Loss of methylation at R118 does not modify the distance travelled by HTT-positive 

vesicles. Analysis of the trafficking kinetics in DIV14 neurons transduced with lentiviral vectors 

expressing either wild-type HTT 548-17Q or HTT 548-17Q R118K fused to mCherry showed no 

significant alteration in the cumulative distance travelled by HTT-positive vesicles. See paragraph 2.15 

for the detailed description of trafficking parameters calculation. Graphs: mean ± SEM.  Two-tailed non-

parametric Mann-Whitney test, NS = not significant. 
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3.3.2 Loss of arginine methylation reduces the association of HTT 

with vesicles and causes toxicity in cortical neurons 

Having shown that loss of HTT methylation at R118 impairs anterograde axonal 

transport, we hypothesized that the reduced efficiency of anterograde vesicular 

trafficking could be due to decreased interaction of HTT R118K with the motor 

proteins and consequent loss of HTT ability to coordinate the activity of the molecular 

motor machinery. To test this hypothesis, I transduced primary cortical neurons with 

lentiviral vectors expressing HTT 548-17Q-mCherry and HTT 548-17Q R118K-

mCherry and analyzed the interaction of HTT with molecular motors by 

immunoprecipitation assay with an anti-mCherry antibody. As discussed in the 

introduction (paragraph 1.1.2.2.1), HTT interacts via HAP1 with kinesin-1 and the 

dynactin subunit p150Glued, which are involved in anterograde and retrograde axonal 

transport, respectively. As expected, methylation-defective HTT interacts similarly to 

wild-type HTT with p150Glued (Figure 27A), consistently with the observation that the 

retrograde transport is not altered in neurons overexpressing HTT 548-17Q R118K 

(Figure 25). Surprisingly, despite the abnormalities observed in anterograde 

trafficking, I did not detect a defective interaction of HTT R118K with kinesin heavy 

chain (KHC) in the whole lysate nor in the vesicular fraction (Figure 27A,B). I then 

performed a subcellular fractionation of cortical neurons transduced with either HTT 

548-17Q-mCherry or HTT 548-17Q R118K-mCherry followed by immunoblotting 

analysis and I observed that loss of arginine methylation at R118 reduced HTT 

recruitment to vesicles by 40% (Figure 27C-D). Taken together, these findings 

indicate that loss of arginine methylation does not alter the interaction of HTT with 

components of the molecular motor machinery, yet it reduces the presence of HTT in 

the vesicular fraction and causes a partial loss of normal HTT function in the regulation 

of axonal transport.  
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Figure 27: Loss of HTT methylation at R118 reduces the levels of vesicle-associated HTT. 

(A) Immunoprecipitation (IP) assay in primary rat cortical neurons transduced with mCherry-tagged 

HTT N458-17Q or HTT 548-17Q R118K showed that methylation-defective R118K HTT preserves 

interaction with two components of the motor machinery, kinesin (KHC: Kinesin Heavy Chain) and 

p150Glued. (B) IP assay in the small vesicle-rich fraction (P3) purified from cortical rat neurons 

transduced as in (A) showed that HTT R118K maintains the interaction with kinesin. (C) 

Immunoblotting analysis of subcellular fractionation of primary rat cortical neurons transduced as in 

(A) showed reduced presence of HTT-17Q R118K in the vesicular fraction (P3) compared to HTT-17Q. 

Shown is one experiment representative of three. (D) Quantification of HTT-548-mCherry signal in 

the P3 fraction over total fraction from (C). Graph: mean ± SEM, n=3. Student’s t-test, *p<0.05. 



65 
 

Considering the central role played by axonal trafficking for the function and survival 

of neurons, we asked whether defects in vesicular trafficking correlated with neuronal 

toxicity. To address this question, I transduced primary cortical neurons with 

lentiviruses expressing either HTT 548-17Q-mCherry or HTT 548-17Q R118K-

mCherry and measured cell viability. I quantified the number of mCherry-positive 

viable neurons at DIV11 with the Operetta High Content Imaging System (Tripathy et 

al. 2017). Interestingly, overexpression of HTT 548-17Q R118K reduced neuronal 

viability by almost 50% compared to control neurons, indicating that dysregulated 

trafficking of HTT-positive vesicles dramatically impacts neuronal survival (Figure 

28). Of note, overexpression of PRMT6 together with the methylation-defective HTT 

mutant did not rescue cell death, proving that increased neuronal toxicity is specifically 

mediated by the loss of methylation at R118 (Figure 28). 

 

  

Figure 28: Loss of R118 methylation in HTT results in increased neuronal death. Analysis of 

cell viability in DIV11 mouse primary cortical neurons expressing HTT 548-17Q-mCherry or HTT 

548-17Q R118K-mCherry showed that overexpression of the methylation defective HTT mutant 

results in increased cell death and that PRMT6 overexpression does not rescue the toxicity induced 

by HTT-17Q R118K. The total number of viable mCherry+ neurons in each condition was calculated 

using the Operetta High-Content Imaging system. Graph: mean ± SEM, n=3. One-way ANOVA, Tukey’s 

post hoc test, *p<0.05, NS = not significant. 
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3.4 HTT-PRMT6 interaction and R118 methylation are 

preserved upon polyglutamine expansion 

3.4.1 PolyQ-expanded HTT interacts with PRMT6 and is methylated 

at R118 

Expansion of polyglutamine tracts in proteins often causes aberrant protein-

protein interactions as well as loss of interaction with native partners. We asked 

whether expansion of the polyQ stretch in HTT affects its interaction with PRMTs and 

HTT methylation at R118. To address this, first I co-expressed HTT 548 with 145 

glutamine residues (HTT 548-145Q) together with EGFP or EGFP-tagged PRMT1-8 in 

HEK293T cells and analyzed HTT-PRMTs interaction by co-immunoprecipitation (co-

IP) assay, as previously tested for wild-type HTT 548-17Q in Figure 13A. This 

experiment showed that also mutant N-terminal HTT interacts with PRMT2 and 

PRMT6 (Figure 29).  

Figure 29: PolyQ-expanded N-terminal HTT interacts with PRMT2 and PRMT6. Co-IP assay in 

HEK293T cells overexpressing HTT 548-145Q together with soluble EGFP or EGFP-tagged PRMT1-8 

showed that polyQ-expanded HTT interacts with PRMT2 and PRMT6. Shown is one experiment 

representative of three. 
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Similarly, full-length (FL) polyQ-expanded HTT retains the ability to bind PRMT2 and 

PRMT6, as shown by co-IP assay in striatal cells expressing HTT-111Q (STHdhQ111/Q111) 

transfected with EGFP-tagged PRMTs (Figure 30A). These data were further validated 

by performing a PLA in STHdhQ111/Q111 cells, which showed that the interaction of FL-

HTT with PRMT2 and PRMT6 is maintained upon polyQ expansion (Figure 30B). 

Figure 30: Full-length mutant HTT interacts with PRMT2 and PRMT6. (A) Co-IP assay in 

STHdhQ111/Q111 cells overexpressing EGFP-PRMT2 or EGFP-PRMT6 showed interaction of FL polyQ-

expanded HTT with PRMT2 and PRMT6. Shown is one experiment out of four. (B) PLA in 

STHdhQ111/Q111 cells confirmed interaction between mutant FL-HTT and endogenous PRMT2 (left 

panel) and PRMT6 (right panel). The red dots indicate close proximity of HTT and the two PRMTs. 

Nuclei were revealed with DAPI. Shown are representative images from three independent 

experiments. Bar, 10 µm. 
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Next, to understand whether an expanded polyQ tract in HTT reduces its interaction 

with PRMTs with respect to a non-pathogenic polyQ tract, I compared the interaction 

between HTT 548-17Q, HTT 548-73Q and HTT 548-145Q with PRMT2 and PRMT6 by 

co-IP assay in HEK293T cells. Upon expansion of the polyQ tract to 73 glutamine 

residues, the ability of HTT to form a complex with PRMT2 and PRMT6 was decreased 

by 10 and 20%, respectively; further expansion to 145 glutamine residues decreased 

the interaction of HTT with PRMT2 and PRMT6 by 40 and 50%, respectively (Figure 

31). This experiment indicates that, though not significant, a tendency to reduced HTT-

PRMTs interaction is observed when HTT contains an expanded polyQ stretch, 

implying that a partial loss of PRMT6-mediated arginine methylation of HTT might be 

observed in the brain of HD mouse models and HD patients. 

  

 

 

Figure 31: The polyQ expansion partially interferes with HTT-PRMTs interaction. 

Co-IP assay in HEK293T cells overexpressing wild-type (HTT 548-17Q) or polyQ-expanded N-terminal 

HTT (HTT 548-73Q or HTT 548-145Q) together with soluble EGFP and EGFP-tagged PRMT2 or PRMT6 

showed a tendency to decreased HTT-PRMTs interaction upon expansion of the polyQ tract. Shown is 

one experiment out of four. Quantification (average) of HTT IP/HTT input ratio is shown at the bottom 

of the IP panel. 
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After assessing that polyQ-expanded HTT retains the capacity of binding PRMT6, we 

wondered whether we could still detect dimethylation of R118 in mutant HTT. To test 

this, in collaboration with the laboratory of Christopher Ross we overexpressed full-

length HTT-82Q in HEK293 cells and after HTT immunoprecipitation we performed 

mass spectrometry analysis. As shown in Figure 32, we found that polyQ-expanded 

HTT is dimethylated at R118, indicating that PRMT6 catalyzes methylation of both 

wild-type and mutant HTT. 

Considering that I observed a tendency to decreased HTT-PRMTs interaction upon 

polyQ expansion, I decided to investigate whether there is a difference in the levels of 

R118 methylation in wild-type and polyQ-expanded HTT. To this aim, I obtained a 

specific antibody recognizing asymmetric dimethylation of R118 (R118me2a) from 

Biomatik and I performed immunoprecipitation experiments in HEK293T cells 

overexpressing N-terminal wild-type (HTT-548 17Q) or polyQ-expanded (HTT 548-

73Q) HTT, using both anti-HTT and anti-R118me2a antibodies. Unfortunately, despite 

several attempts and troubleshooting steps, I did not manage to get a proper signal for 

specific R118 ADMA of HTT through immunoprecipitation and western blotting (data 

not shown in this thesis). Probably, the most suitable option to address whether 

arginine methylation of HTT is reduced upon polyglutamine expansion would be a 

quantitative mass spectrometry analysis of R118 methylation of wild-type and polyQ-

expanded HTT, possibly immunopurified from the brain of healthy individuals and HD 

patients.  
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Figure 32: PolyQ-expanded HTT is dimethylated at R118 in cells. ESI-MS/MS tandem mass 

spectra of indicated dimethylated peptide produced by LysC in-gel digestion of full-length HTT-

82Q purified from transfected HEK293 cells, followed by MS/MS. The tables of predicted 

fragmentation ions show blue and red highlighted masses present in the spectra within 0.03 Da, 

as shown in the lower panels below the table. 
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3.4.2 PRMT6 is equally expressed in the brain of wild-type and HD 

mice 

We found that loss of HTT arginine methylation leads to axonal transport 

defects and increased susceptibility to neuronal death. We then wondered whether the 

expression of PRMT6 is altered in HD. Indeed, reduced PRMT6 expression would lead 

to decreased methylation of HTT at R118 and vesicular trafficking defects that might 

contribute to HD pathogenesis and neurodegeneration. To address this, first I 

measured PRMT6 mRNA transcript and protein levels in STHdhQ111/Q111 cells compared 

to STHdhQ7/Q7 and found that both PRMT6 transcript and protein levels were similar in 

STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells (Figure 33A, B). Second, I validated this 

data by analyzing PRMT6 protein expression in the whole brain and cortex of 

HdhCAG140/+ mice compared to wild-type age-matched mice by western blotting. 

HdhCAG140/+ knockin mice heterozigously express full-length HTT with a humanized 

exon 1 bearing 140 CAG repeats (Menalled et al. 2002). Consistently with the results 

obtained in striatal cells, PRMT6 was equally expressed in 2 months- and 6 months-old 

mutant and control mice (Figure 34A-F). These results indicate that PRMT6 

expression is not dysregulated in cells and murine tissues expressing polyQ-expanded 

HTT. Ongoing experiments in post-mortem human brain samples will assess whether 

PRMT6 is differentially expressed in HD patients compared to healthy individuals.  

 

Figure 33: Analysis of PRMT6 expression in striatal cells. PRMT6 is equally 

expressed in STHdhQ7/Q7 and STHdhQ111/Q111 cells as shown by RT-PCR analysis (A) and 

western blotting (B). Student’s t-test, NS = not significant. 
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Figure 34: PRMT6 is equally expressed in the brain of WT and HD mice. Immunoblot analysis of 

PRMT6 expression in the whole brain (A) of 2 months old mice and in the cortex of 2 months (C) and 6 

months (E) old mice showed no difference in PRMT6 expression levels between WT and CAG140/+ mice. 

(B) (D) and (F) Quantification of A) (C) and (E), respectively. Graphs: mean ± SEM. Student’s t-test, NS = 

not significant. 
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3.5.  PRMT6 is a novel modifier of mutant-HTT induced 

toxicity 

3.5.1 Inhibition of arginine methylation enhances polyQ-expanded 

HTT toxicity 

 We found that HTT is methylated at R118 by PRMT6 in the brain and that loss 

of arginine methylation of wild-type HTT results in impaired anterograde axonal 

trafficking and neuronal toxicity. Next, I sought to assess the biological relevance of 

arginine methylation in HD pathogenesis. First, I tested whether loss of PRMT function 

modifies polyQ-expanded HTT-induced toxicity. As expected, in normal conditions 

STHdhQ111/Q111 cells showed a 27% decrease in cell viability compared to STHdhQ7/Q7 

cells (Figure 35A). Treatment with the two pan PRMT inhibitors adenosine-2′,3′-

dialdehyde (Adox) and methylthioadenosine (MTA), further decreased the viability of 

STHdhQ111/Q111 cells by 17% and 13%, respectively (Figure 35B). Both PRMT2 and 

PRMT6 are class I PRMTs that catalyze the formation of monomethylarginine and 

asymmetric dimethylarginine. Notably, treatment of the cells with a class I PRMT 

selective inhibitor, namely MS023 (Eram et al. 2016), reduced STHdhQ111/Q111 viability 

by 39% compared to cells treated with the negative control compound MS094 (vehicle) 

(Figure 35B).  

Figure 35: Inhibition of arginine methylation decreases survival in mutant HTT-expressing cells. 

(A) Cell survival analysis of untreated STHdhQ7/Q7 and STHdhQ111/Q111 cells. (B) Cell survival analysis in 

STHdhQ111/Q111 cells treated with general inhibitors of methyltransferase activity (MTA and Adox) or a 

specific type I PRMTs inhibitor (MS023) showed exacerbation of mutant HTT-induced toxicity upon 

downregulation of arginine methylation. (C) Cell survival analysis in STHdhQ7/Q7 cells showed no 

significant change in cell survival upon treatment with arginine methylation inhibitors. Graphs: mean ± 

SEM, n=3. One-way ANOVA, Newman-Keuls post-hoc test, *p<0.05, ***p<0.001, NS = not significant. 
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Neither Adox, MTA, nor MS023 treatment modified the viability of STHdhQ7/Q7 cells 

(Figure 35C). These results indicate that loss of arginine methyltransferase function 

does not per se modify the viability of striatal cells expressing wild-type HTT, yet it 

exacerbates toxicity in striatal cells expressing polyQ-expanded HTT. 

3.5.2 PRMT6 downregulation reduces the survival of striatal cells 

expressing polyQ-expanded HTT 

To determine whether specific modulation of PRMT6 function impacts the 

toxicity of polyQ-expanded HTT, I undertook both a loss-of-function and a gain-of-

function approach in striatal cells expressing wild-type and polyQ-expanded HTT. To 

silence PRMT6 expression in striatal cells, I transduced the cells with lentiviral vectors 

expressing either a scramble shRNA or an shRNA against PRMT6 and established 

single-cell clones by serial dilutions and antibiotic selection. By RT-PCR and western 

blotting I verified that the shRNA against PRMT6 decreased mRNA transcript levels by 

about 45-to-80% and the protein level of about 50% in both cell lines (Figure 36A,B).  

Knock-down of PRMT6 reduced cell survival by 47% in STHdhQ111/Q111 cells, and to a 

lower extent (27%) in STHdhQ7/Q7 cells (Figure 36C). The reduced cell viability 

observed in STHdhQ7/Q7 cells upon targeted silencing of PRMT6 is consistent with the 

increased neuronal toxicity caused by the methylation-defective R118K mutation in 

wild-type HTT (Figure 28). HTT also interacts with PRMT2, though I didn’t detect 

methylation of HTT by PRMT2 at R101 nor at R118. Interestingly, specific PRMT2 

silencing did not modify cell survival in striatal cells (Figure 37), suggesting that the 

PRMT6-mediated modulation of mutant HTT-induced toxicity involves direct 

methylation of HTT at R118. 
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Figure 36: PRMT6 silencing enhances cell death in striatal cells. (A) RT-PCR analysis of PRMT6 

transcript levels in single cell clones expressing an shRNA against PRMT6. Graph: mean ± SEM, n=3. (B) 

Immunoblotting analysis of PRMT6 protein levels in single cell clones stably expressing a scramble 

shRNA or an shRNA against PRMT6. (C) Live/dead assay in STHdhQ7/Q7 and STHdhQ111/Q111 single cell 

clones stably expressing a scramble shRNA or an shRNA against PRMT6 showed reduced percentage of 

alive cells upon specific PRMT6 silencing. Graph: mean ± SEM, n=3. Student’s t-test, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 37: PRMT2 downregulation does not affect cell survival of striatal cells. (A) RT-PCR 

analysis of PRMT2 transcript levels in single cell clones expressing a scramble shRNA or an shRNA 

against PRMT2. Graph: mean ± SEM, n=3. (B) Live/dead assay in STHdhQ7/Q7 and STHdhQ111/Q111 

single cell clones stably expressing a scramble shRNA or an shRNA against PRMT2 showed no 

significant change in cell survival upon specific PRMT2 silencing. Graph: mean ± SEM, n=3. 

Student’s t-test, *p<0.05, **p<0.01, NS = not significant. 
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On the other hand, overexpression of PRMT6 in striatal cells had the opposite effect, 

leading to a modest increase in cell survival in both STHdhQ7/Q7 and STHdhQ111/Q111 cells 

(Figure 38A,B). Taken together, these results indicate that PRMT6 modifies the 

toxicity of polyQ-expanded HTT in striatal cells.  

3.5.3 PRMT6 overexpression rescues expanded HTT-induced toxicity 

in neurons 

To test whether PRMT6 overexpression reduces toxicity in HD, I cultured 

primary cortical neurons and co-transduced them with lentiviruses expressing 

mCherry-tagged polyQ-expanded HTT with 73 glutamine residues (HTT 548-73Q-

mCherry) (Figure 39A) and lentiviral vectors expressing EGFP or EGFP-PRMT6 (not 

shown). I fixed the cells at DIV11 and I quantified the number of mCherry-positive alive 

neurons, as previously described (Figure 26). As expected, the expression of HTT 548-

73Q reduced neuronal viability of almost 40% compared to HTT 548-17Q (represented 

by the dotted line in the graph) and most importantly, the overexpression of PRMT6 

rescued neuronal death (Figure 39B). I also tested the effect of the expression of 

methylation-defective polyQ-expanded HTT (HTT 548-73Q R118K-mCherry) on 

neuronal viability (Figure 39A). As shown in Figure 39B, the expression of HTT 548-

73Q R118K induced toxicity similarly to HTT 548-73Q, but importantly the 

overexpression of PRMT6 failed to rescue neuronal death, suggesting that methylation 

of HTT at R118 is necessary to mediate neuronal survival. Altogether, these findings 

Figure 38: PRMT6 overexpression promotes cell survival in striatal cells.   

Live/dead assay in STHdhQ7/Q7 (A) or STHdhQ111/Q111 (B) cells transfected with EGFP 

or EGFP-PRMT6 showed that PRMT6 overexpression increases viability in wild-type 

and mutant HTT-expressing cells. Graph: mean ± SEM, n=6. Student’s t-test, **p<0.01. 
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pose arginine methylation as a novel PTM that modulates mutant-HTT induced 

neurotoxicity and suggest that promoting PRMT6-mediated arginine methylation of 

HTT could be of therapeutic interest for the treatment of HD. 

Figure 39: PRMT6 overexpression rescues cell death in mutant HTT-expressing neurons. (A) 

Immunocytochemical analysis showing expression and subcellular localization of mCherry-tagged HTT 

548-73Q and HTT 548-73Q R118K in DIV14 primary cortical neurons. Bar, 10 µm. (B) Analysis of cell 

viability in mouse primary cortical neurons expressing mCherry-tagged HTT 548-73Q or HTT 548-73Q 

R118K together with EGFP or EGFP-PRMT6 showed that PRMT6 overexpression rescues toxicity caused 

by HTT-73Q but not methylation-defective HTT-73Q R118K. The total number of viable 

mCherry+/EGFP+ neurons in each condition was calculated using the Operetta High-Content Imaging 

system. The dotted line indicates the number of viable control neurons overexpressing HTT 548-17Q 

reported in the graph in Figure 28. Graph: mean ± SEM, n=4. Two-way ANOVA, Tukey’s post hoc test 

*p<0.05, NS = not significant. 
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3.5.4 PRMT6 upregulation increases axonal trafficking efficiency in 

neurons expressing polyQ-expanded HTT 

The results described above show that PRMT6 silencing exacerbates mutant 

HTT-induced toxicity, whereas PRMT6 overexpression rescues toxicity in neurons 

expressing polyQ-expanded HTT. Moreover, the beneficial effect of PRMT6 

overexpression seems to be specifically mediated by HTT methylation at R118, since 

PRMT6 fails to rescue cell death in neurons expressing the methylation-defective HTT 

R118K mutant. This led us to hypothesize that an improvement of vesicular trafficking 

along axons could underlie the decreased susceptibility to neuronal death.  

To test this hypothesis, I plated primary cortical and striatal neurons in microfluidic 

chambers and transduced them as described for the viability assay in Figure 37. At 

DIV14 axonal trafficking dynamics of mCherry-positive vesicles were analyzed through 

live-cell recordings as previously described in paragraph 3.3.1. PRMT6 overexpression 

in neurons transduced with HTT 548-73Q-mCherry significantly improved the 

efficiency of axonal trafficking in the anterograde direction, represented by the shift 

toward positive values of the net directional flux (Figure 40A). On the contrary, no 

significant change in the net flux of mCherry-positive vesicles was observed in neurons 

expressing HTT 548-73Q R118K-mCherry upon PRMT6 overexpression. This result 

correlates with the observation that PRMT6 does not rescue polyQ-expanded HTT-

induced neuronal death when R118 is substituted by a lysine (Figure 39B). Of note, 

subcellular fractionation of cortical neurons overexpressing HTT 548-73Q-mCherry 

together with EGFP-tagged PRMT6 showed that in our experimental conditions EGFP-

PRMT6 accumulated in the small vesicle-rich fraction (P3) (Figure 40B), suggesting 

that the rescue in neuronal viability and the improved efficiency of anterograde axonal 

transport is mediated by an enrichment of PRMT6 in the vesicular fraction and direct 

methylation of HTT at R118, which may happen in situ in the axoplasm or on the 

surface of vesicles.  
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Figure 40: PRMT6 overexpression promotes anterograde axonal trafficking in neurons expressing 

polyQ-expanded HTT. (A) Analysis of the trafficking kinetics in DIV14 neurons transduced with 

lentiviral vectors expressing mCherry-tagged HTT 548-73Q or HTT 548-73Q R118K together with EGFP 

or EGFP-PRMT6 showed that upregulation of PRMT6 promotes anterograde vesicular trafficking. See 

paragraph 2.15 for the detailed description of directional flux calculation. Graph: mean ± SEM, n=3. 

Kruskal-Wallis test, Dunn’s post hoc, *p<0,05, NS = not significant. (B) Immunoblotting analysis of 

subcellular fractionation of primary rat cortical neurons transduced with polyQ-expanded HTT (HTT 

548-73Q-mCherry) together with EGFP or EGFP-PRMT6 showed that, in our experimental conditions, 

overexpressed EGFP-tagged PRMT6 is found in the vesicular fraction (P3). Shown is one representative 

experiment out of three. 
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4. Discussion 

Arginine methylation of proteins involved in neurodegeneration has been 

recently identified as a critical modifier of disease pathogenesis, yet its role in HD is 

still unexplored. This work provides the first evidence that HTT is methylated at 

arginine residues and that this PTM modulates the native function of wild-type HTT 

and the toxicity elicited by mutant HTT. I showed that vesicle-associated HTT is 

methylated in vivo at two evolutionarily conserved residues, R101 and R118, and that 

methylation of R118 is catalyzed by PRMT6. PRMT6 colocalizes with HTT in the axon 

of cortical neurons and is recruited on vesicles. Interestingly, loss of R118 methylation 

impairs HTT-mediated anterograde axonal trafficking and exacerbates polyQ-

expanded HTT toxicity. Conversely, PRMT6 overexpression improves the global 

efficiency of anterograde axonal transport and rescues cell death in neurons expressing 

polyQ-expanded HTT. These findings establish a role for arginine methylation as a 

novel modifier of HD pathogenesis and suggest that stimulation of HTT methylation 

might represent a new therapeutic strategy for HD.  

4.1 Huntingtin is methylated at arginines 

HTT is highly post-translationally modified and several PTMs are crucial for 

their impact on the activity of both normal and mutant HTT. Arginine methylation is 

one of the most abundant PTMs in mammalian cells; however, arginine methylation of 

HTT has not been described yet. Interaction of HTT with PRMT5 has been reported by 

Ratovitski and colleagues (Ratovitski et al. 2015), but it remains unclear whether HTT 

is itself a substrate for PRMTs. Recently, arginine methylation at the Akt consensus site 

(RXRXX[S/T]) of another polyglutamine protein, androgen receptor (AR), has been 

described as a key PTM that modulates SBMA pathogenesis (Scaramuzzino et al. 2015). 

The presence of two Akt consensus sites in HTT (416RSRSGS421; 2063RFRLST2068) 

prompted us to investigate whether HTT is methylated at these and/or other arginine 

residues. 

  

We show for the first time that HTT is dimethylated in vivo at two arginines, R101 and 

R118, located in the N-terminal region. This is consistent with the observation that 

most of the known HTT interactors bind the N-terminus region of the protein, owing 
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to the peculiar three-dimensional structure of HTT (Guo et al. 2018). Surprisingly, we 

did not detect methylation at the Akt consensus sites of HTT. This could be due to 

technical issues (e.g. resolution) of the mass spectrometry analysis and also to our 

specific experimental setup. We chose to analyze arginine methylation of vesicle-

associated HTT because of its critical role in the regulation of axonal trafficking and its 

high abundance in the brain vesicular fraction. HTT could be methylated at the 

arginines contained in the Akt consensus sites by PRMTs that do not localize in the 

axon or on vesicles, and methylation of those arginines might not be detectable by mass 

spectrometry analysis of HTT immunopurified from the vesicular fraction. Therefore, 

we cannot exclude arginine methylation of HTT at the Akt consensus sites or other 

arginine residues, and further analyses of HTT PTMs in whole cell lysates are required 

to address this. 

 

I found that wild-type HTT interacts with several PRMTs. The strongest affinity has 

been observed for two class I PRMTs, namely PRMT2 and PRMT6, but it is noteworthy 

that HTT also forms a complex with PRMT1, PRMT5 (as already reported) and PRMT7, 

reinforcing the idea that HTT might be methylated at other sites and supporting the 

concept that the interaction of HTT with PRMTs is relevant for HTT biology and 

possibly HD pathogenesis. In an in vitro methylation assay, PRMT6 selectively 

methylated a human HTT peptide spanning R118, and PRMT6-mediated arginine 

methylation of N-terminal and full-length HTT was confirmed in HEK293T cells and 

primary cortical neurons, respectively. On the other hand, recombinant PRMT2 did not 

methylate HTT peptides spanning R101 and R118 in vitro. However, we cannot rule 

out that PRMT2 requires the presence of additional cofactors that are normally 

recruited in the cell in order to catalyze the transfer of methyl groups and PRMT2 may 

also methylate other arginines in HTT. Moreover, the other PRMTs interacting with 

HTT may target R101 and R118 as well. Given that by mass spectrometry we only 

identified the presence of two methyl groups on both these two arginines, it is unlikely 

that modification of these residues is mediated by PRMT7, the only type III enzyme 

catalyzing exclusively monomethylarginine (Blanc and Richard, 2017). 

 

Considering that PRMT2 in our hands did not methylate the two selected arginines, I 

decided to focus on PRMT6 and the role of R118 methylation in the regulation of HTT 
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native function and HD pathogenesis, which are discussed in the following paragraphs. 

Nevertheless, the physiological significance of HTT-PRMT2 interaction remains to be 

established. Of note, PRMT2 was previously reported to interact with HTT in a large-

scale screening performed using the yeast-two hybrid system (Tourette et al. 2014). 

PRMT2 interacts with the polyproline tract at the N-terminus of HTT through its Src 

Homology 3 (SH3) domain (Tourette et al. 2014), a small protein domain of about 60 

amino acids that binds proline-rich sequences and is involved in the formation of 

numerous protein complexes in the cell. PRMTs target a multitude of cytoplasmic and 

nuclear proteins, including histones. PRMT2 is responsible for the asymmetric 

dimethylation of Histone 3 Arginine 8 (H3R8me2a), a histone mark whose enrichment 

at promoters and enhancers correlates with the presence of active histone marks 

(Blythe et al. 2010; Dong et al. 2018). As described in the introduction (paragraph 

1.1.2.2), HTT regulates transcription in multiple ways, for example by interacting with 

transcription factors and scaffolding transcriptional complexes. Therefore, I speculate 

that HTT might facilitate PRMT2-mediated H3R8 dimethylation by connecting PRMT2 

to other transcriptional regulators and chromatin remodeling enzymes in a 

macromolecular complex. Similarly, PRMT6 acts as a histone methyltransferase 

catalyzing several post-translational modifications on histone tails, including 

H3R2me2a, H3R42me2a, H2AR29me2a (Guccione et al. 2007; Casadio et al. 2013; 

Waldmann et al. 2011), leading either to transcriptional repression or activation. 

Interestingly, by co-immunoprecipitation assay I observed that PRMT2 and PRMT6 are 

part of the same complex (data not shown in this thesis), therefore it is not surprising 

that both these two enzymes interact not only with AR (Scaramuzzino et al. 2015), but 

also with HTT. HTT may thus serve as a scaffold coordinating the assembly of a large 

protein complex containing multiple transcriptional co-factors, including several 

‘writers’ such as PRMT2 and PRMT6 that catalyze the deposition of specific histone 

marks on chromatin.  

Most importantly, PRMT6 and HTT both interact with subunits of the epigenetic 

silencing complex PRC2 (Stein et al. 2016; Seong et al. 2010): HTT increases PRC2-

mediated deposition of H3K27me3 histone mark and the genomic occurrence of 

H3R2me2a coincides with that of H3K27me3. Moreover, PRMT6 downregulation and 

HTT knockout both result in reduced H3K27me3 occupancy. These observations 

strongly support an in vivo interaction between HTT and PRMT6 and suggest that these 



84 
 

two proteins cooperate together with PRC2 to achieve an efficient epigenetic 

regulation of gene expression.  

In conclusion, we can envision that HTT-PRMTs interaction results in regulation of HTT 

function and toxicity by direct arginine methylation of HTT, which is further discussed 

in the next sections, but it also leads to the modulation of PRMT function in other 

cellular processes, as it was already described by Ratovitski et al. for HTT-PRMT5 

interaction (Ratovitski et al. 2015). 

4.2 Methylation of Huntingtin at R118 regulates axonal 

trafficking 

HTT has a well-established role in the regulation of axonal transport, which is 

conserved across evolution (Gunawardena et al. 2003; Zala et al. 2013a). We found that 

HTT immunopurified from the brain vesicular fraction is methylated at R118 and that 

PRMT6 is the enzyme responsible for this modification. Hence, we hypothesized that 

arginine methylation of HTT could influence HTT-mediated vesicular trafficking along 

neuronal axons. Interestingly, as opposed to previous reports describing an exclusive 

nuclear localization of PRMT6 (Herrmann et al. 2009), I observed HTT-PRMT6 

colocalization in the cytoplasm as well as in the axon of cortical neurons. In addition, 

for the first time to my knowledge I detected the presence of PRMT6 on small vesicles 

purified from mouse brain. These observations suggest that HTT methylation at R118 

by PRMT6 might occur both in the cell body and in the axoplasm, as well as on vesicles 

themselves. Although the existence of arginine demethylases able to remove methyl 

groups from methylated arginines is still controversial, it is possible that arginine 

methylation is reversible. The ability of PRMT6 to locally methylate vesicle-associated 

HTT would be fundamental in a scenario in which arginine methylation is a reversible 

PTM, as it would allow a constant and tight regulation of R118 methylation levels. 

 

In order to explore the role of HTT methylation in fast axonal transport, I decided to 

mimic the loss of arginine methylation by transducing cortical neurons with 

lentiviruses expressing the methylation-defective HTT R118K tagged with mCherry, 

and to follow the movement of mCherry-positive vesicles along cortical axons. In 

previous studies, the role of HTT in axonal transport has been mainly investigated by 

examining the trafficking of specific organelles or cargoes, such as BDNF-containing 
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vesicles. Here, I decided to monitor the movement of vesicles associated to exogenously 

expressed HTT, in order to decipher the direct effect of changes in HTT PTMs on the 

ability of the protein to exert its function. I took advantage of a physiologically relevant 

customized microfluidic chip that reproduces an oriented corticostriatal circuit in vitro 

and allows the study of trafficking dynamics through high-resolution live-cell imaging, 

recently developed in the laboratory of Frédéric Saudou (Virlogeux et al. 2018). 

Notably, the expression of HTT R118K mutant in cortical neurons resulted in impaired 

axonal trafficking, with decreased number of vesicles moving anterogradely and 

consequent abnormalities in the global vesicular flux with respect to neurons 

expressing wild-type HTT. On the contrary, the retrograde transport did not show any 

overt phenotype. Importantly, the defect in axonal transport caused by loss of HTT 

methylation correlated with a 50% reduction in neuronal survival, suggesting that an 

impairment of HTT-dependent vesicle trafficking triggers neuronal death. However, 

considering the wide variety of cellular functions regulated by HTT, we cannot exclude 

that the increase in neuronal death is to be attributed also to dysfunctions in other 

cellular processes.  

A failure in R118 methylation seems to lead to a loss-of-function of HTT, which is no 

longer able to facilitate anterograde vesicular trafficking. Methylation-defective HTT 

preserves its interaction with key components of the molecular motor machinery 

involved in both retrograde and anterograde transport, such as p150Glued and kinesin-

1, respectively. As previously described, the interaction of HTT with kinesin-1 and 

p150Glued is mediated by HAP1, indicating that loss of R118 methylation does not affect 

the binding of HAP1 either. Nevertheless, HTT R118K is substantially less recruited to 

small vesicles compared to wild-type HTT, as demonstrated by the measurement of 

HTT levels in the vesicular fraction of cortical neurons, although further analyses are 

needed to confirm this result. This observation is consistent with the reduced number 

of HTT-positive vesicles travelling anterogradely, yet it does not explain the fact that 

retrograde transport is not affected by the overexpression of HTT R118K. It will be 

important to investigate how HTT methylation at R118 promotes the association of 

HTT with vesicles, thereby promoting anterograde axonal trafficking. The interaction 

of HTT with molecular motors, particularly kinesin-1, might be favoured by additional 

unknown factors that associate with HTT; the loss of methylation might cause a critical 

conformational change or the alteration of HTT binding properties, ultimately resulting 



86 
 

in the abrogation of key protein-protein interactions that normally determine the 

indirect association of HTT with vesicles. Moreover, although axonal translation of HTT 

has been reported (Shigeoka et al. 2016), HTT is mainly synthetized in the cell body 

and transported anterogradely along the axon. Therefore, a defect in axonal transport 

of HTT may also underlie the reduced availability of HTT in the axoplasm and the 

consequent loss of normal HTT function in the modulation of vesicular trafficking. We 

can hypothesize that unidentified Tudor domain-containing proteins recognizing 

methylated R118 on HTT in some way regulate a key step in one of these two processes. 

However, once again a dysfunctional axonal transport of HTT would not explicate the 

impairment of vesicle movement in a single direction. An interesting possibility is that 

arginine methylation of HTT could selectively facilitate the transport of vesicles in the 

anterograde direction, similarly to phosphorylation of S421 (Colin et al.2008). 

HTT controls the transport of many different cargoes, such as BDNF-containing 

vesicles, synaptic precursor vesicles, endosomes and lysosomes, autophagosomes, etc., 

as previously mentioned in the introduction. Therefore, it is plausible to assume that a 

complete or partial loss of R118 methylation would lead to abnormalities in the 

trafficking of several organelles, with a huge negative impact on global neuronal 

homeostasis. Moreover, it is worth to notice that in the brain PRMT6 is expressed at 

higher levels in the hippocampus, olfactory bulb and cerebellum, but it is also 

expressed in the cortex and striatum, as reported in Allen Mouse Brain Atlas. This 

implies that dysregulation of PRMT6-mediated HTT methylation could cause a defect 

in fast axonal transport in both cortical and striatal neurons and contribute to the 

dysfunction of the corticostriatal axis observed in HD. 

4.3 Arginine methylation is a novel modifier of Huntington’s 

Disease 

PTMs that either suppress or enhance neurotoxicity are druggable and valuable 

therapeutic targets in neurodegenerative diseases (Sambataro and Pennuto 2017). In 

order to understand whether arginine methylation is a modifier of mutant HTT-

induced toxicity, I used both a loss-of-function and a gain-of-function approach. I found 

that pharmacologic inhibition of arginine methyltransferase activity and, most 

importantly, specific PRMT6 silencing enhance toxicity in striatal cells expressing 

polyQ-expanded HTT, whereas PRMT6 overexpression rescued neuronal death in 
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cortical neurons through an improvement of anterograde trafficking efficiency. 

Interestingly, I observed that PRMT6 did not rescue cell death in neurons expressing 

the methylation-defective polyQ-expanded HTT, demonstrating that methylation of 

HTT at R118 is required for the enhancement of neuronal survival. These findings 

support the idea that a loss of PRMT6 function might contribute to HD pathogenesis 

and that promoting arginine methylation of HTT could be a potential therapeutic 

strategy.  

PRMT6 protein levels are unaltered in the whole brain and cortex of an HD mouse 

model (HdhCAG140/+ knockin mice) and HTT-PRMT6 interaction as well as R118 

methylation are preserved upon expansion of the polyQ tract. However, a tendency 

towards a reduced interaction between HTT and PRMT6 has been observed in cell lines 

by immunoprecipitation experiments (Figure 31). This result is not unexpected, given 

that polyglutamine expansions in proteins often hamper the interaction with their 

native partners. A decreased HTT-PRMT6 interaction in HD would lead to lowered 

levels of HTT methylation, anterograde axonal transport impairment and increased 

susceptibility to neuronal death. Moreover, an interesting observation is that the gene 

coding for S-adenosylhomocysteine hydrolase (SAHH), ACHY, is downregulated in 

peripheral leukocytes of HD patients (Chang et al. 2012). SAHH is the enzyme that 

catalyzes the hydrolysis of S-adenosylhomocysteine (SAH) to adenosine and 

homocysteine (Figure 41). SAH strongly inhibits S-adenosylmethionine (SAM)-

Figure 41: Biochemical pathway of protein and DNA methylation. The transfer of methyl groups 

from SAM to proteins or DNA leads to the conversion of SAM to SAH, which is then hydrolysed into 

adenosine and homocysteine by SAH-Hydrolase (SAHase or SAHH). At aberrantly high concentrations, 

SAH acts as an inhibitor of methyltransferases through a negative feedback loop (Lawson et al. 2012). 
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dependent methyltransferases, including PRMTs (Baric et al. 2004). Aberrantly high 

levels of SAH and a SAM/SAH imbalance in neurons could therefore cause PRMT6 

inhibition and reduced HTT methylation. In this direction, a quantitative mass 

spectrometry analysis of R118 methylation in the brain of HD patients compared to 

healthy individuals would be crucial to address whether arginine methylation of HTT 

is reduced in HD. 
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5. Conclusions and future perspectives 

In this study, I explored the role of arginine methylation of HTT under 

physiological and pathological conditions. I found that HTT is methylated at highly 

evolutionarily conserved arginine residues in vivo. HTT methylation at R118 is 

catalysed by PRMT6 and is crucial to recruit HTT to vesicles and facilitate its function 

as a scaffold for components of the molecular motor machinery. Loss of R118 

methylation caused impaired anterograde axonal trafficking and enhanced neuronal 

toxicity. Importantly, PRMT6 upregulation improves axonal transport in the 

anterograde direction and rescues polyQ-expanded HTT-induced neuronal death.  

These findings establish a crucial role of arginine methylation as a modulator of polyQ-

expanded HTT toxicity and identify PRMT6 as a novel modifier of HD pathogenesis, 

strengthening the idea that arginine methylation is a key PTM in polyQ diseases and 

other neurodegenerative disorders. Furthermore, they reinforce the concept that the 

consequences of arginine methylation of mutant polyQ proteins are disease-specific 

and depend strikingly on the protein context, due to the capacity of arginine 

methylation to regulate the native function of the wild-type proteins. Indeed, PRMT6 

interacts with both AR and HTT and modulates toxicity in opposite directions: arginine 

methylation of AR aggravates phenotype in SBMA (Scaramuzzino et al. 2015), whereas 

it protects from neurodegeneration in HD. 

The results described in this thesis open new mechanistic and therapeutic avenues in 

HD. Mechanistically, it might be important to explore the functional consequences of a 

crosstalk between serine phosphorylation and arginine methylation in HTT. These two 

PTMs are often mutually exclusive when occurring in close proximity on a protein. 

R118 in HTT is surrounded by S116 and S120, which have previously been reported to 

be phosphorylated in cultured cells (Watkin et al. 2014). S116 is highly conserved 

throughout evolution (Figure 12), and serine 116-to-alanine substitution (S116A) 

leading to loss of phosphorylation has been shown to have protective effects against 

polyQ-expanded HTT toxicity. This raises the question as to whether a crosstalk exists 

between R118 methylation and S116 phosphorylation. In this scenario, PRMT6-

mediated R118 methylation would abrogate S116 phosphorylation and lead to 

neuroprotection in the presence of polyQ-expanded HTT. It would be interesting to find 
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out which kinases are responsible for S116 and S120 phosphorylation and test 

whether their inhibition would increase R118 methylation and enhance protection in 

HD. 

Therapeutically, the fact that the polyQ expansion only partially interferes with HTT-

PRMT6 interaction and that polyQ-expanded HTT is still methylated by PRMT6 implies 

that by globally promoting arginine methylation it is possible to enhance R118 

methylation of HTT. This is further supported by the normal PRMT6 expression levels 

in the brain of HD mice. As a proof of principle, we are planning to overexpress PRMT6 

via adeno-associated viral vectors (AAV9) in cortex and striatum of HD mice and 

investigate whether PRMT6 upregulation results in an amelioration of HD-related 

neuropathological and behavioural phenotype. Finally, another interesting way of 

boosting arginine methylation of HTT could be to increase the levels of the methyl-

donor S-adenosylmethionine (SAM) in neurons. As shown in Figure 42, the folate and 

the methionine cycles are interconnected and comprise the so-called one-carbon cycle, 

and the production of SAM can be increased by dietary intake of folate and vitamins B. 

The stimulation of arginine methylation through increased folate intake could thus 

offer a possibility of therapeutic intervention in HD and might alleviate disease 

manifestations in HD patients. 
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Figure 42:  One-carbon cycle. The folate cycle and the methionine cycle comprise the one-carbon cycle.  

With the demethylation of 5-methyltetrahydrofolate (mTHF), the carbon is donated into the methionine 

cycle through the methylation of homocysteine (hCYS) by methionine synthase and its cofactor vitamin 

B12. Methionine (MET) is then converted into SAM, the substrate for methyltransferase reactions 

(Locasale 2013).  
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6. Appendix 

 

Table 1: Mass spectrometry analysis of immunopurified vesicle-associated HTT.  

The small vesicle-rich fraction was isolated from a wild-type mouse brain and HTT was immunopurified 

and subjected to mass spectrometry analysis. The presence of two methyl groups was observed both on 

R101 and R118 (highlighted in red). 

Description ΣCoverage 
Σ# 

Proteins 

Σ# 
Unique 

Peptides 
Σ# PSMs   

Huntingtin OS=Mus musculus GN=Htt PE=1 
SV=2 - [HD_MOUSE] 

6,12 1 8 18   

Sequence # PSMs 
# 

Proteins 
# Protein 

Groups 
Modifications MH+ [Da] 

QVLDLLAQLVQLR 3 1 1   1508,91680 

VPLNTTESTEEQYVSDILNYIDHGDPQVR 4 1 1   3332,58542 

SLLVVSDLFTER 1 1 1   1378,75676 

AVTHAIPALQPIVHDLFVLR 1 1 1   2210,27993 

TAAGSAVSICQHSR 1 1 1 C10(Carbamidomethyl) 1444,69681 

DRVNHCLTICENIVAQSLRNSPEFQK 1 1 1 R2(Dimethyl); 
T8(Phospho); 
R19(Dimethyl); 
K26(Acetyl) 

3192,51084 

 

 

 

 

  

Figure S1: Mass spectrometry spectrum showing dimethylation of HTT at R101 and R118 in the small 

vesicle-rich fraction (P3) purified from mouse brain. 
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