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ZUSAMMENFASSUNG 

Die vorliegende Arbeit befasst sich mit dem experimentellen Therapieansatz, 

Autophagie zu nutzen, um pathologische Veränderungen der Huntington Erkrankung 

abzuschwächen. Die Huntington Erkrankung ist eine erbliche, neurodegenerative 

Erkrankung, die schon bevor sie ausbricht zu Veränderungen in Neuronen führt. Das 

krankheitsverursachende Protein, Huntingtin, kann seine ursprünglichen Funktionen 

nicht ausreichend erfüllen und nimmt daher unerwünschte Eigenschaften an. Es 

akkumuliert in den Zellen, wodurch es zu einer Dysbalance auf zellulärer und 

neuronaler Ebene kommt. Kann das Gleichgewicht zwischen Zellstress und 

protektiven Prozessen nicht aufrechterhalten werden, so kommt es zum Zelltod. 

Die Autophagie (Makroautophagie) ist ein Proteinabbauprozess und beseitigt solche 

akkumulierenden und nicht funktionalen Proteine und speist die dabei entstehenden 

Grundbausteine wieder in anabole Prozesse der Zelle ein. Eine Erhöhung der Rate 

abgebauten zellulären Materials zeigte positive Effekte in Tiermodellen für die 

Huntington Erkrankung. Jedoch ist die pharmakologische Induktion der Autophagie 

bisher mit Nebenwirkungen und einer eingeschränkten Bioverfügbarkeit im Gehirn 

verbunden. Um diese Nachteile zu umgehen, wurden für diese Arbeit zwei neue, 

gehirngängige mechanistic target of rapamycin (mTOR)-Inhibitoren herangezogen, 

die auf ihre Fähigkeit hin untersucht wurden, Autophagie in Modellen der Huntington 

Erkrankung zu induzieren. Um diese Wirkstoffe im Zellmodell testen zu können, 

wurden aus Huntington Disease Knock-in (HDKI) – Mäusen generierte Zelllinien 

charakterisiert, welche das mutierte Huntingtin Gen tragen. Darauf aufbauend wurde 

die Wirkung in einem transgenen Mausmodell (R6/2) der Huntington Erkrankung 

untersucht, welches einen starken Phänotyp entwickelt. Während gezeigt werden 

konnte, dass die Inhibition mTORs mittels oraler Gabe die Akkumulation des 

Huntingtins in den Neuronen der Mäuse reduzieren konnte, so wie es auch im 

Zellmodell beobachtet wurde, konnte der verheerende Krankheitsverlauf dieses 

Modells nicht aufgehalten oder verlangsamt werden. Damit wurde ein weiterer 

Schritt gemacht, um die optimale Therapieform mittels mTOR Inhibitoren zu ermitteln.  
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SUMMARY 

Huntington Disease is a neurodegenerative, monogenetic disorder that affects 

neuronal health long before patients become aware of symptoms. The disease-

causing protein, Huntingtin – when mutated – is no longer able to fulfil its cellular 

functions and moreover acquires features by the mutation that further impose stress 

to the cell. The mutated protein accumulates in the cell, leading to a disbalance on 

the cellular and neuronal level. If the cell is no longer able to mitigate the stress 

levels, cell death occurs.  

Autophagy (macroautophagy) is one of the cell’s pathways to reduce protein 

accumulations of excess, long-lived and unfunctional proteins. Proteolysis of these 

cellular waste deposits feeds then into newly synthesised proteins and anabolic 

processes. Increasing the throughput of this recycling mechanism has been shown 

to have beneficial effects on animal models of Huntington Disease. By lowering the 

amount of the mutated protein, cell viability and functions are improved. However, 

the pharmacological stimulation of autophagy is accompanied by side effects and 

limited bioavailability in the brain. To circumvent these obstacles, for the here 

described studies two novel, brain-penetrant mechanistic target of rapamycin 

(mTOR) inhibitors have been chosen to evaluate their potential to ameliorate 

pathological features of Huntington disease in cell and animal models of Huntington 

disease. For evaluating these compounds, Huntington Disease knock- in (HDKI) 

mice-derived cell lines have been characterized, which carry the Huntington mutation 

and the new mTOR inhibiting compounds have been evaluated for their ability to 

induce autophagy and to reduce Huntingtin accumulations. Based on the findings in 

this cell model, mTOR inhibition has been further studied in a transgenic mouse 

model of Huntington Disease (R6/2 mice), which develop a very fast and severe 

phenotype. While it could be shown that mTOR inhibition, in line with the in vitro 

findings, reduced Huntingtin accumulations in neurons, the fast progressive 

phenotype could not be ameliorated. 

Therefore, with this study another tool has been made available to investigate the 

therapeutic potential of autophagy inducing compounds for Huntington Disease by 

providing information on the effects on Huntingtin levels in vitro and in vivo.    
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INTRODUCTION 

HUNTINGTON DISEASE 

disease aetiology  

Huntington disease (HD), is a fatal, autosomal dominantly inherited, 

neurodegenerative disorder (Vonsattel & DiFiglia, 1998). It was named after George 

Huntington, who provided one of the first descriptions of the disease in 1872, 

mentioning many of the clinical features and the hereditary nature (Huntington, 2003; 

Walker, 2007). The disease-causing gene, Huntingtin (HTT), was identified in 1993 

(The Huntington's Disease Collaborative Research Group, 1993). The gene consists 

of 67 exons, of which exon 1 is the best studied, as it contains the CAG nucleotide 

repeat region, the mutated locus. Healthy individuals most commonly carry 19 or 20 

CAG triplet repeats, which code for the amino acid glutamine (Q) stretch (PolyQ), 

within exon1 in the N-terminus of Huntingtin protein (HTT). A multiplication of the 

CAG repeats to more than 39 results in full penetrance (Rubinsztein et al., 1996), 

mostly with onset in mid-life of patients (Vonsattel & DiFiglia, 1998). Age of onset is 

inversely correlated with the number of CAGs (Duyao et al., 1993; Stine et al., 1993) 

and an expansion of the polyglutamine repeats to over 60 leads to the juvenile form, 

which is characterized by onset in childhood or adolescence and symptoms distinct 
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from the adult form with rigidity and seizures (Nance & Myers, 2001). CAG length 

accounts for 50 – 70 % of the variance in age of onset, which is further modulated by 

genetic modifiers and environmental factors  (GeM-HD, 2015; Ross & Tabrizi, 2011; 

Zuccato et al., 2010). The disorder is inherited by autosomal dominant transmission 

and affects approximately 5 -10 to 10 - 14 individuals in 100,000 in western 

populations (McColgan & Tabrizi, 2018; Saudou & Humbert, 2016). 

pathogenesis of Huntington disease 

clinical features of HD 

Huntington disease is characterized by a triad of motor, psychiatric and cognitive 

symptoms. The diagnosis is based on genetic testing for the mutation and the 

evaluation of motor symptoms. A pre-diagnosis (pre-manifest) phase precedes 

disease onset, in which already years earlier mild symptoms can be detected, 

without the awareness of the patients (Tabrizi et al., 2009) and degeneration of brain 

structures and pathological processes precede even this period (Caron et al., 2018). 

Once the disease manifests, it presents with a hyperkinetic phase with chorea and 

involuntary movements, which progresses to a hypokinetic phase, where patients 

suffer from dystonia, balance and gait disturbances (McColgan & Tabrizi, 2018). 

Psychiatric and cognitive symptoms amongst others are apathy, depression, and 

irritability in premanifest and manifest stages and impaired emotion recognition and 

processing speed. The underlying neuropathology is loss and atrophy in the caudate 

and putamen (Walker, 2007) with a specific loss of medium spiny neurons in the 

striatum (Ferrante et al., 1987; Graveland et al., 1985; Reiner et al., 1988), extending 

to the cortex and other brain regions upon disease progression. The brain is the 

most vulnerable organ to the disease, but also pathological alterations in peripheral 

tissues, metabolic function and weight loss are characteristics (Ciammola et al., 

2006; Zielonka et al., 2014). Patients decease 15 - 20 years after manifestation from 

disease complications.   

wild type huntingtin  

Huntingtin is evolutionary conserved from fly to mammals and expressed throughout 

the entire lifetime in all tissues, with highest expression in brain and testes 

(Landwehrmeyer et al., 1995; Saudou & Humbert, 2016). It is essential during 
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development, as the knockout results in embryonic lethality (Zeitlin et al., 1995). 

Conditional knockout after birth has been shown to cause milder deficits in peripheral 

tissues that resemble some features of HD (Cattaneo et al., 2001).  

Within the large protein (348 kDa) are several HEAT domains (found in HTT, 

elongation factor 3, phosphatase 2A and TOR1), which are often found in large, 

complex forming proteins, involved in cytoplasmic trafficking (Andrade & Bork, 1995). 

Wildtype HTT is found mainly in the cytoplasm, where it interacts with various 

organelles, vesicle membranes and transport structures (Rubinsztein & Carmichael, 

2003). Even though more than 350 interaction partners have been proposed to 

interact with wildtype HTT, alone, the understanding of HTT’s function in the cell is 

not yet complete (Kaltenbach et al., 2007; Ratovitski et al., 2012; Saudou & Humbert, 

2016). HTT is involved in vesicle trafficking (Caviston & Holzbaur, 2009), 

endocytosis (Cattaneo et al., 2001), cell division (Godin et al., 2010), transcription 

regulation (Kegel et al., 2002) and wildtype huntingtin overexpression was shown to 

be anti-apoptotic (Leavitt et al., 2006; Rigamonti et al., 2000; Wild & Tabrizi, 2017). 

The plethora of functional entities HTT can adopt is multiplied by several cleavage 

sites for proteolytic modifications as well as post-translational modifications, which 

prime HTT for distinct biological functions. For example, the cleavage of HTT at two 

sites in combination with myristylation, results in increased autophagy (Martin et al., 

2014). By the mutation of the CAG repeat many of the physiological functions and 

interactions of the protein are affected, contributing to the pathogenesis (Cattaneo et 

al., 2005), as well as the gain of function of other toxic functions of the mutant 

Huntingtin (mHTT) protein. 

MOLECULAR MECHANISMS OF NEURODEGENERATION 

Increasing life expectancy worldwide poses great challenges to the elderly and to 

communities (United Nations, 2018). With this increase in lifetime the risk factor 

aging contributes to increased prevalence of neurodegenerative disorders 

(Checkoway et al., 2011; Heemels, 2016; Maiese, 2016). Many of the late-onset 

disorders share common mechanisms, as for example abnormal protein aggregation 

of a disease specific protein: ȕ-amyloid plaques in Alzheimer disease (AD), α-

synuclein inclusions in Parkinson disease (PD), huntingtin in HD or ataxin-3 in 
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spinocerebellar ataxia type 3 (SCA3), which result in divergent, yet sometimes 

overlapping, clinical features, depending on the affected brain structure (Gan et al., 

2018). Huntington disease can be considered a model disease for other 

neurodegenerative disorders. First, it is the most common of the polyglutamine 

disorders and second, the monogenetic nature allows modelling in animals and cell 

culture. As CAG length is a reliable marker for disease onset, but not disease 

progression (Ross & Tabrizi, 2011), underlying mechanism need to be elucidated 

and measures need to be found to slow the pathogenic processes.  

shared mechanisms in neurodegeneration 

Common pathomechanisms in AD, PD, Amyotrophic lateral sclerosis (ALS) and HD 

are promising targets for treatment. In all of the disorders protein aggregation is 

found in different regions and neuronal decline is promoted by dysfunctional protein 

folding and degradation, inflammation, altered post translational modifications, 

mitochondrial dysfunction and excitotoxicity (Caron et al., 2018; Ehrnhoefer et al., 

2011b; Gan et al., 2018). Polyglutamine disorders are caused by the expansion of a 

repetitive CAG repeat over a certain size that is specific for each of the ten disorders: 

HD, SCA1, SCA2, SCA3, SCA6, SCA7, SCA12, SCA17, spinal and bulbar muscular 

atrophy (SBMA) and Dentatorubral–pallidoluysian atrophy (DRPLA). All these 

disorders show protein aggregation that is not compensated for by degradation 

(Walker, 2007), which is in common with Alzheimer and Parkinson disease.  

the PolyQ effect 

Even though the above mentioned polyglutamine disorders are caused by 

structurally distinct and functionally independent genes, they all show 

neurodegeneration in distinct brain regions (Gan et al., 2018). The addition of the 

PolyQ repeat to the HTT protein is a relatively late event (after the protostome-

deuterostome divergence) in evolution, as it is not or only rudimentary present in 

Drosophila and sea urchin (Tartari et al., 2007; Zheng et al., 2010). The mutation in 

the HTT gene, the expansion of the glutamine (Q) stretch to pathogenic lengths, 

leads to an alteration of protein function. This is on the one hand a loss of function of 

HTT, supported by the observation that models of HD have a more severe 

phenotype when homozygous for the mutation (Reddy et al., 1998; Wheeler et al., 
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1999) and also HD patients who, very rarely, carry both alleles with elongated CAGs 

show an accelerated disease progression (Squitieri et al., 2003). On the other hand, 

the elongation of the PolyQ tract impacts the protein structure, solubility, and 

interaction behaviour, leading to a gain of function, which includes PolyQ specific 

effects and effects that are a result of altered protein conformation. This was shown 

by the introduction of a polyglutamine stretch into the Hypoxanthine 

Phosphoribosyltransferase (HPRT) gene, which has no functional overlap with the 

PolyQ-disorders, but leads to a neurodegeneration phenotype in HPRT-PolyQ mice 

(Ordway et al., 1997) and most of the transgenic models of HD, express the mutated 

gene in addition to the endogenous, while presenting the disease phenotype. The 

PolyQ tract is further not essential in mouse models of HD and the deletion improves 

metabolic and behavioural parameters (Clabough & Zeitlin, 2006) and increases 

autophagy (Zheng et al., 2010). Accordingly, such a general role of the 

polyglutamine expansion has implications for the other polyglutamine disorders. 

mutant huntingtin’s effect on cellular mechanisms 

The cause (CAG expansion) leads to the effect (cell death), but the mechanisms by 

which loss of wildtype function and simultaneous toxic gain of function of the mutant 

protein leads to cell death are not yet completely understood and it remains difficult 

to distinguish primary and secondary effects. Beginning from the transcription, RNA 

transcripts from exon 1 (Li et al., 2008; Sathasivam et al., 2013) of the protein have 

been implicated in disease pathology, as well as the unconventional translation of 

proteins from repeat-associated non-ATG (RAN) translation (Bañez-Coronel et al., 

2015; Zu et al., 2011). The mutation further affects protein structure and function. 

The length of the PolyQ repeat determines interaction capability and strength (Harjes 

& Wanker, 2003), which can lead to the loss of binding and sequestration of e.g. pro-

apoptotic complex components (Gervais et al., 2002) or the sequestration and 

suppression of signalling components by increased binding (Ravikumar et al., 2004). 

Many different cellular functions are affected by the mutation. These involve calcium 

handling deficits and excitotoxicity, mitochondrial energy metabolism and dynamics, 

the sequestration of transcription factors, defects in vesicular trafficking and declining 

protein quality control amongst others (Martin et al., 2015; Panov et al., 2002; 

Peterśn et al., 2001; Quintanilla & Johnson, 2009; Seong et al., 2005; Sugars & 

Rubinsztein) (Figure 1).  
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protein seeding and aggregation 

One of the hallmarks of polyglutamine disorders are the aggregates that are formed 

from the disease proteins. They are found in affected brain areas in patients and in 

many of the disease models (Kosinski et al., 1999; Taufiqual Islam et al., 2014; 

Taylor et al., 2002). The length of the PolyQ repeat determines the propensity to 

aggregate and the age of onset. As well as the density of aggregates is correlated to 

the CAG length (Becher et al., 1998; Chen et al., 2002). Aggregates can be found as 

nuclear inclusions, in the cytoplasm or in neuropils (Gutekunst et al., 1999; 

Kazantsev et al., 1999). The presence of aggregates is just another example of 

cause and epiphenomena where the roles are not yet allocated (Michalik & Van 

Broeckhoven, 2003). While many studies have directly correlated aggregation with 

cell death (Bucciantini et al., 2002; Davies et al., 1997; DiFiglia et al., 1997), it has 

become accepted that the mere presence of aggregates does not equal the cell 

harming action (Arrasate et al., 2004). It is rather the intermediate products from the 

Figure 1: Hierarchical effects of mutant Huntingtin on cellular homeostasis. Pathogenic 
mechanisms in HD involve protein folding, protein modifications, protein function, 
transcription and organelle failure. All these effects can partially be compensated for by 
repair mechanisms, but with increasing burden by accumulating huntingtin, ultimately cellular 
homeostasis cannot be upheld. At this point the cells undergo cell death.  
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soluble, monomeric, non-cleaved and non-modified gene product to the highly 

aggregation prone, ȕ-sheet rich, truncated protein fragments that are sequestered 

into aggregates, which are most toxic to the cells (Davies et al., 1997; Graham et al., 

2006; Saudou et al., 1998). Nonetheless, aggregation load has been a reliable 

measure for the efficiency of the reduction of mHTT in treatment approaches, as 

their presence is an indicator of homeostasis dysregulation and as the reduction 

correlates with an improvement of symptoms.  

protein quality control and the autophagosomal lysosomal pathway 

A major contributing factor to cellular homeostasis are two protein degrading 

systems that ensure the removal of misfolded or damaged proteins. The ubiquitin 

proteasome system (UPS) and the autophagosomal lysosomal pathway (ALP) 

(Ciechanover & Kwon, 2015; Lilienbaum, 2013). The UPS is active at a constitutively 

high rate in the nucleus and cytosol and breaks down proteins that are accessible to 

the proteasomal pore into peptides (Ciechanover, 2005). Via the ALP cytosolic 

content, as big as lipid droplets, aggregates and even organelles are degraded into 

single amino acids by the fusion of double-membraned vesicles with lysosomes 

(macroautophagy) in order to supply the cell with nutrients or to ensure homeostasis 

(Mizushima, 2007). The word “autophagy” is a Graecism built from the two words 

“self” and “eating”, a literal description of the process (Klionsky, 2007). The material 

transport into the lysosome can, next to macroautophagy, be a direct engulfment at 

the lysosomal membrane (microautophagy) (Li et al., 2012) or via chaperones 

(chaperone-mediated autophagy), due to a specific targeting sequence (Kaushik & 

Cuervo, 2012). There is an imminent importance to flawless function of protein 

turnover, as the failure leads to accumulation of undegradable protein species, which 

is a feature in many neurodegenerative disorders, e.g., HD, PD, AD and ALS (Gan et 

al., 2018; Nedelsky et al., 2008). The importance of the ALP was shown by 

experiments by Hara and Komatsu in 2006. By conditionally knocking out autophagic 

genes and thereby abolishing the degradative functions (knockout of core 

autophagic genes is neonatal or embryonically lethal (Kuma et al., 2004)), they found 

abnormal protein aggregation and cell death in neurons of mice and symptoms that 

resembled neurodegeneration (Hara, 2006). Under physiological conditions 

autophagy is regulated through the energetic/ nutritional status of the cell. A lack of 
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adenosine triphosphate (ATP), or more precise, a shifted ATP/ adenosine 

diphosphate (ADP) ratio activates AMP-activated protein kinase (AMPK). Amino 

acids and growth factor signalling (e.g. Insulin-like growth factor 1; IGF-1) is 

integrated via the mechanistic target of rapamycin (mTOR), which regulates cell 

growth, survival, protein translation and autophagy (Laplante & Sabatini, 2009; 

Swiech et al., 2008). Interconnected with the two before mentioned regulators of 

autophagy, the depletion of cytosolic acetyl CoA induces autophagy, as well (Mariño 

et al., 2014). Autophagy serves as a response to stress, e.g., in the removal of 

unfunctional organelles or a form of adaptation mechanism, e.g. in situations of 

altered energy requirements, like differentiation (Levine & Klionsky, 2004). The then 

initiated  ALP consists of many multistep conjugation and signalling events, which 

can be summarized in their sequential order (reviewed in (Mizushima & Komatsu, 

2011)): 1. nucleation and pre-autophagosomal structure formation – upon 

environmental/ cellular cues isolation membranes are formed de novo at the 

endoplasmic reticulum (ER), which grow into cup-shaped vesicles engulfing cellular 

material; 2. cargo loading and traffic to the microtubule organizing centre (MITOC) – 

the engulfment of the cargo can be mediated by specific adaptors (e.g. p62, OPTN) 

which enables selective autophagy (Stolz et al., 2014). Formed autophagosomes are 

trafficked to the MITOC, where they fuse with lysosomes, and 3. lysosomal 

degradation – the cathepsins in the autolysosome degrade proteins into single amino 

acids in the acidic pH of this compartment and these amino acids can re-enter 

anabolic processes. In different neurodegenerative disorders individual steps of this 

pathway are affected, ultimately leading to protein accumulations (Menzies et al., 

2017; Wong & Cuervo, 2010). The elucidation of the specific deficits is critical for any 

treatment approach.  
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AUTOPHAGY IN HD 

pathway alterations in HD 

Autophagy is an essential part in the upkeeping of cellular homeostasis and 

therefore involved in many different disease classes, ranging from metabolic 

diseases to cancer and neurodegeneration (Choi et al., 2013). Different process 

alteration have been described in HD models and patients. A graphic summary is 

shown in Figure 2. Early descriptions mention increased autophagosomes (Sapp et 

al., 1997; Tellez-Nagel et al., 1974) and increased numbers of autophagosomes 

have been found in HD patients brain samples and in lymphoblasts (Nagata et al., 

Figure 2: autophagy pathway alterations in HD are found at distinct levels of the process. 
Initiating signaling components show altered levels/activity [1-3]. Models of HD show 
increased mTOR phosphorylation, indicative of increased mTOR activity [1], an age-
dependent decline of beclin-1 levels [2], and decreased AMPK signaling [3]. mTOR and 
beclin-1 are additionally sequestered into mHTT aggregates [1 and 2]. The autophagic flux is 
normal in HD, but mHTT is inefficiently targeted to the forming autophagosomes [4], which 
are formed at higher rates in HD, thereby avoiding clearance. Another contributing factor to 
inefficient clearance is the disturbed retrograde transport of autophagosomes along 
microtubules [5], where autophagosomes fuse with lysosomes to form autolysosomes, 
where the cargo is degraded. 
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2004). This finding was confirmed in cell and animal models of HD (Lee et al., 2011). 

Also, the flux, the rate by which autolysosomes are effectively cleared from the 

system, is normal or even higher in HD than in wildtype controls (Kegel et al., 2000; 

Martinez-Vicente et al., 2010; Petersén et al., 2005). As depicted in Figure 2 the 

autophagosomes in HD are often “empty”, a consequence of a cargo loading deficit 

(Martinez-Vicente et al., 2010). Cargo receptors that selectively shuttle designated 

cargo to the autophagosomes have also been found to be dysregulated in a HD 

mouse model (Rue et al., 2013). 

On the regulatory level autophagic deficits in HD are characterized by an age-

dependent decline of autophagy inducing signalling components, like beclin-1, which 

expression declines with age (Shibata et al., 2006). Additionally, altered protein 

interactions between HTT and autophagy inducing proteins are disrupted by the 

mutation. It has been proposed that the binding of Ras homologue enriched in 

striatum (Rhes), which activates autophagy through the binding to beclin-1, is 

hindered by mHTT (Mealer et al., 2014). Furthermore, mTOR, as well as beclin-1, is 

sequestered into mHTT aggregates, thereby losing its autophagy inhibiting function 

(Ravikumar et al., 2004; Sarkar & Rubinsztein, 2008b) and the initiation complex 

formation (Shibata et al., 2006). The decrease in mTOR activity was linked to the 

observed phenotype of increased autophagosomes in HD. In HD models mTOR 

hyperactivation has been described (Pryor et al., 2014). Regulating proteins of 

mTOR are, for example, phosphoinositide 3-kinase (PI3K), which integrates growth 

factor signalling (Heras-Sandoval et al., 2014). mTOR forms at least two multi-

protein complexes, that exert different functions in the cell. In mTORC1 (mTOR 

complex 1), under normal conditions the level of mTOR phosphorylation are high 

and autophagy is inhibited. The inhibition of mTOR and therefore the induction of 

autophagy has been shown to be neuroprotective in hypoxia-ischemia induced brain 

injury (Balduini et al., 2012), under excitotoxicity (Kulbe et al., 2014; Saliba et al., 

2017), spinal cord injury (Sekiguchi et al., 2012), prion disease (Jeong et al., 2012) 

and in HD (Ravikumar et al., 2004), PD (Malagelada et al., 2010) and AD (Spilman 

et al., 2010).    
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Huntingtin – an autophagy protein? 

Bioinformatic studies have revealed that huntingtin shares structurally related 

sequences with autophagy genes (Atgs). More precise, it represents the fusion of 

three Atg proteins, Atg11, Atg23 and Vac8 – responsible for the initiation of 

autophagy through the interaction with Unc-51 like autophagy activating kinase 1 

(ULK1) and beclin-1 (Steffan, 2010). Knocking out huntingtin postnatally, specifically 

in the brain, results in the accumulation of p62, lipofuscin and ubiquitin, markers of 

failed autophagic clearance (Ochaba et al., 2014), suggesting a functional role of 

HTT in autophagy, which has been confirmed by others (Rui et al., 2015a; Rui et al., 

2015b). The best studied region of HTT, the polyglutamine stretch, has been 

implicated in the regulation of autophagy, too. The deletion of the polyglutamine 

stretch in a HD mouse model (Hdh140Q/ΔQ) increased autophagy, decreased 

aggregation and increased survival in this model (Zheng et al., 2010). Also, the 

PolyQ stretch in the androgen receptor, the SBMA causing gene, was found to have 

an autophagy regulating role (Yang & Yamamoto, 2014). On the contrary, 

investigating the role of the polyglutamine region in ataxin-3, it has been found to 

interact with beclin-1, leading to autophagy induction when ataxin-3 was 

deubiquitinating beclin-1 and therefore autophagy was reduced upon elimination of 

the PolyQ (Ashkenazi et al., 2017). However, this interaction and role of the PolyQ 

region in ataxin-3 has been questioned in a recent report (Herzog et al., 2019).  

models to study autophagy in HD 

Different angles have been tried to elucidate the role and relationship between HD 

and autophagy. On the genetic level, a disease modifying SNP in the Atg7 protein 

has been found to affect age of onset in HD (Metzger et al., 2013). And a role of 

autophagy in neuronal function has been established by knock-out models of Atg 

proteins, which display a neurological phenotype (Hara, 2006; Komatsu et al., 2007). 

On the protein level, various markers have been identified to measure autophagic 

clearance (Klionsky et al., 2016). And different aspects of autophagy dysregulation 

have been described in cell and animal models of HD (Figure 2) (Martin et al., 2015; 

Menzies et al., 2017). With the identification of the HD causing mutation and 

advances in molecular genetics, many animal models have been created to 

investigate HD-related disease mechanisms and to evaluate therapeutics in pre-
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clinical trials. Most frequently used are rodent models, but also large animal models 

exist (Li & Li, 2015). Animal models are classified by the method used to introduce 

the mutation and the sequence of the mutated gene into three types of animal 

models: (1) transgenic fragment models, which exhibit a fast progressive phenotype 

and often a decreased lifespan. Only an N-terminal fragment is introduced, 

containing the CAG repeat expansion. The most commonly used pre-clinical animal 

model, R6/2 mice, belongs to this group (Mangiarini et al., 1996). (2) transgenic full-

length models, which express an additional copy of the HTT gene. These transgenes 

are introduced with the help of yeast or bacterial artificial chromosomes (YAC/BAC). 

BACHD mice and rats are well characterized models of this group (Abada et al., 

2013; Yu-Taeger et al., 2012). And (3), HD gene knock-in (HDKI) models, where 

only the mutation is knocked-in into the endogenous HTT gene locus. While these 

animals possess endogenous regulatory elements and expression levels, the 

observed phenotypes are mild and slowly progressing (Menalled, 2005).  

While expression differences in autophagic proteins and process alterations have 

been identified in HD models (Figure 2), measuring the dynamics of autophagy - 

more precisely autophagic flux - reliably is challenging. This is because of the 

dynamic nature of this process. The reaction on environmental/ pharmacological 

cues happens within minutes and transcriptional and protein markers are subject to 

great variation within different cells and tissues. Useful tools are proton pump 

inhibitors which stop the autophagic degradation process at a defined step, allowing 

snap-shot detections of the level of autophagy (Mizushima & Yoshimori, 2007). This 

is, however, more practical in in vitro investigations, as the use of these substances 

in animals results in toxicity and circadian and inter-animal variations make large 

animal groups necessary. Also fluorescently labelled autophagy proteins, like LC3-II, 

are valuable tools. It can be expressed in vitro and in vivo. Crossing of transgenic 

GFP-LC3 mice to other animal models is a valuable genetic tool, to study the 

autophagic process (Mizushima, 2009). But still limitations exist on the insights 

obtained from theses animal studies. Most important to mention the proof of principle 

in humans, as there are no biomarkers of autophagy induction available. Only an 

intervention study combined with the proof of principle in animal models is feasible 

(Klionsky et al., 2016). Therefore, the use of cell models is an invaluable tool in 

autophagy flux determination. 
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THERAPEUTIC APPROACHES FOR HD 

Treatment of Huntington patients is currently limited to the management of motor 

and psychiatric symptoms (Dickey & La Spada, 2018). The treatment approaches so 

far targeting cellular processes, affected by mHTT (reviewed in (Ross & Tabrizi, 

2011) and (Wild & Tabrizi, 2014)) have not proven beneficial yet in humans. 

Naturally, there is a wide gap in the translation of positive findings in preclinical 

studies to clinical trials. In Huntington disease this is further complicated by the 

complexity of the human CNS and the difficulties in the exact measurement of 

clinical improvement in a slow and individually progressing disorder. However, there 

is hope that the possibility of lowering the disease-causing protein by antisense 

oligonucleotides (ASOs) and RNA interference (RNAi) will be ameliorating disease 

burden in patients (Wild & Tabrizi, 2017). Promising results were obtained in a first 

clinical trial (Tabrizi et al., 2019b) 

therapeutic approaches to increase autophagy in HD 

Autophagy has been shown to be a druggable target in HD (Galluzzi et al., 2017). 

The first autophagy inducing compound tested in HD was rapamycin (Ravikumar et 

al., 2002). It is approved for clinical use for immunosuppression, but limited induction 

of autophagy in mammalian cells, rapamycin-resistant protein translation and side 

effects have favoured the search for alternative compounds (Soefje et al., 2011; 

Thoreen et al., 2009). Rapamycin and its derivatives further lack sufficient brain 

penetration (Wong, 2013). A plethora of small molecules and other autophagy 

inducers have been described, but all of them have not yet made their way out of 

pre-clinical studies (Menzies et al., 2017; Sarkar & Rubinsztein, 2008a). One clinical 

trial is currently running for resveratrol, which also affects autophagy, but mainly acts 

through SIRT1. Moreover, other compounds approved for clinical use with 

autophagy inducing properties have been found, whereas the mechanism of action 

varies (Menzies et al., 2017). A summary of supplements and drugs approved for 

clinical use and studied in models of HD can be found in Table 1. The compounds 

used in this study, PQR530 and PQR620, PI3K/mTOR and mTOR inhibitors, 
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respectively, are designed as anti-cancer drugs that are in pre-clinical safety 

evaluation (Singer et al., 2019). Their improved solubility allows these substances to 

pass the blood brain barrier (BBB), which makes them optimal candidates for pre-

clinical studies in neurodegenerative disorders.  
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OBJECTIVES 

 

Autophagy induction through the inhibition of mTOR is a desirable treatment 

approach in Huntington disease. mTOR inhibitors approved for clinical use are 

however unsuited, due to side effects and inefficient brain penetration. Two novel 

brain-penetrant compounds, currently in pre-clinical investigation for cancer therapy 

have been tested for their applicability in HD. For this: 

 

1. a neuronal progenitor-derived cell model of Huntington disease (STHdh) was 

characterized. The cells either carrying wildtype or mutant alleles, differ in size, 

proliferation and have genetically diverged since their first description. 

Especially size differences and the altered proliferation rates were important 

to be defined prior to screening autophagy inducing compounds in this cell 

line. 

 

2. mTOR inhibiting compounds, which have improved pharmacokinetics and 

allow penetration of the brain, were tested for their therapeutic value in 

Huntington disease. They have been tested in vitro in two cell models of HD, 

one of which is the above mentioned STHdh cell line. They have been further 

used in a treatment study in a transgenic mouse line of HD.   
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RESULTS AND DISCUSSION 

CHARACTERIZATION OF THE STHDH CELL MODEL 

Publication # 1: Reduced cell size, chromosomal aberration and altered 

proliferation rates are characteristics and confounding factors in the STHdh 

cell model of Huntington disease 

We have characterized a cell model commonly used in many pre-clinical studies for 

Huntington treatment (Jiang et al., 2012; Jin et al., 2016; Lu et al., 2014), which has 

diverged from its original description in ours and other laboratories. Whilst the mutant 

cell line is genetically and phenotypically more distinct from the wildtype counterpart 

than just the disease-causing mutation, we found the STHdh cells to present other 

HD related phenotypes that were not described previously. Most important, the HD 

cells are smaller and proliferate more rapidly, both cellular characteristics that are 

found in other cell and animal models of HD. It remains to be elucidated to what 

extent the cell size and proliferation phenotype are relevant to the pathology of HD.  

Finding appropriate models to study molecular mechanisms of disease is of great 

interest in the field of Huntington disease research. In vitro models have been used 

to investigate molecular pathways and mechanism that can only be controlled under 

the consistent environment of a petri dish. Modelling HD has been often achieved 

through the overexpression of fragments - or less often - of full-length huntingtin. 

While this is a very useful tool and the protein can be tagged by fluorophores, the 

genetic context does not represent the situation in patients. Primary neurons of HD 
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animal models are a very useful model as the cell type is the most relevant to HD, in 

contrast to other cell models that are tumour derived or isolated from peripheral 

organs. Clearly, they are genetically identical to the models they derive from and 

therefore copy their advantages and disadvantages. But they are a limited resource 

and cannot be expanded much, as cell death occurs early. Immortalization of cell 

lines derived from HD animal models therefore provides models that are of neuronal 

origin but can be passaged and expanded to a higher number. As patient fibroblasts 

are not isogenic with their controls, also wild type and mutant cells generated from 

animal models differ. STHdh cells derive from HDKI mice. HDKI models are 

genetically precise, as the mutation is introduced into the mouse locus of the Hdh 

gene by homologous recombination. Different HDKI models exist varying in the 

sequence – human, mouse or chimeric – that was introduced.  

We sought to characterize these immortalized cell lines that are derived from HDKI 

mice. SV40 large T-antigen was used for the immortalization of the STHdh cell lines. 

This has several disadvantages to the integrity of the cell. The karyotype is altered 

by this form of viral transformation and other molecular regulators, as p53 show 

altered expression patterns. Also, in our cell lines we found these alterations, which 

highlights the importance of a thorough characterization of each cell line, as 

differences in the karyotypes can affect protein levels and molecular mechanisms. 

Interestingly, the cells showed characteristics that differed between wildtype and 

mutant cell line and were found to be not solely a by-product of immortalization, but 

rather a HD phenotype. 

A common feature to different HD models is reduced cell size. It  has been 

previously described in striatal neurons of  HD animal models (Chopra et al., 2007; 

Levine et al., 1999; Rubinsztein, 2002; Slow et al., 2003) and is speculated for HD 

patients, but there exist only limited reports about the cell size of neurons from HD 

patients (Rajkowska et al., 1998; Vonsattel et al., 2008). The cell size phenotype 

observed in the STHdhQ111/Q111 cells (Singer et al., 2017), has been further confirmed 

in a human derived model of HD since the publication of this study (Hung et al., 

2018). Some reports mention the cell size reduction to be a direct pre-apoptotic 

effect of fragment expression in cell models of HD (Orozco-Díaz et al., 2019; 

Wyttenbach et al., 2001). On the contrary, the expression of N171-82Q fragments 

resulted in larger HEK293 cells (Pryor et al., 2014). To date, no mechanistic 
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explanation for the reduced size has been found. Recently, a mechanistic 

explanation for the growth deficit of a yeast HD model has been proposed. This 

model shows a growth defect upon the expression of 103Q-exon1 constructs that is 

neither linked to PolyQ induced toxicity nor explained by altered proliferation (Jiang 

et al., 2019; Meriin  et al., 2002). The authors found the SAGA/NuA4 complex to be 

involved in chromatin remodelling and upon mHTT expression, upregulating TRA1, 

which is involved in cell size regulation and ribosomal biogenesis under protein 

misfolding stress (Jiang et al., 2019).  

Epigenetic dysfunction is another pathomechanism caused by toxic functions of the 

HD mutation, leading to altered post-translational modifications on histones through 

e.g. the sequestration and inactivation of acetyltransferases (Steffan et al., 2000). As 

a result, a remodelling of chromatin on these histones occurs. Lee and colleagues 

have found the activity of ETDB1/ESET, a histone methyltransferase, to be a 

druggable target for HD therapy. In their study drosophila expressing 127Q, had 

significantly smaller eyes. This could be rescued by reducing the protein amount. 

Moreover, the pharmaceutical regulation of Setdb1/Eset protein levels, which are 

upregulated in cell and animal models of HD, led to an increase in neuronal size in 

the R6/2 mouse model (Lee et al., 2017).  

Interestingly, the size difference between HD and control is not restricted to the 

cellular level but is also observed on the organismal level. In children, carrying the 

HD mutation in the premanifest stage of the disease, a smaller head circumference 

was found, even when corrected for height (Lee et al., 2012). In a larger cohort of 

premanifest HD patients, intracranial volume was found to be reduced in male 

participants, while it was only tendentially reduced in females (Nopoulos et al., 2011). 

The fact that size differences are already seen in children, decades before disease 

manifestation, could imply that there is a preceding developmental alteration caused 

by the HD mutation. One possible explanation for the abnormal development could 

be an altered metabolic phenotype where mHTT affects the mitochondria leading to 

abnormalities in energy metabolism and in growth (Lee et al., 2012). Another 

explanation is altered caspase activation, which is crucial for development. In the 

BACHD rat model (Yu-Taeger et al., 2012), which also shows reduced body size, the 

olfactory bulb in both lines of this model, TG5 and TG9, is reduced (see co-authored 

publication #3: olfactory bulb atrophy and caspase activation observed in the 
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BACHD rat models of Huntington disease (Lessard-Beaudoin et al., 2019)). 

Aggregation of mHTT has been shown in the olfactory bulb of HD patients and 

patients also show olfactory deficits (Highet et al., 2020; Larsson et al., 2006; 

Moberg & Doty, 1997). In young rats (3 months) the size difference was already 

present and the size increment over age was reduced in both HD lines in 

comparison to wildtype animals, while cell death was observed at the oldest age 

observed (12 months). The reduced size at the earlier age was found to correlate 

with caspase 3, 8 and potentially caspase 6 activation, which could argue for a 

developmental deficit, as caspase activation is essential in neurogenesis in the 

olfactory bulb (Mouret et al., 2009). Weight is also affected in HD, the phenotypes, 

however, diverge between patients and animal models. Whereas weight loss is the 

predominant symptom in later stages of disease in humans, transgenic models often 

show increased fat mass. Weight loss is also observed in some models, e.g. R6/2 

model (Fain et al., 2001). Noteworthy, in the BACHD rat, despite similar body weight, 

the body composition is massively changed. BACHD rats have smaller heads, 

increased fat mass and reduced lean mass, compared to wildtype littermates 

(Jansson et al., 2014). Like the BACHD model, R6/2 mice display an overall growth 

retardation with an accompanied body fat increase. This transgenic fragment model 

shows cachexia and muscle atrophy towards the end of disease progression at 

approximately 12 weeks of age (Fain et al., 2001). The growth phenotype is 

therefore more pronounced among the different animal models, than the body 

composition phenotype. 

In general, organismal and cell size is genetically programmed and relies less on 

environmental factors. The exact determinants are not clearly understood, especially 

regarding the maintenance of cellular size in the different phases of development 

and different tissues. Even though adult neurons are in a post-mitotic state, cell size 

maintenance is a constantly ongoing process (Lloyd, 2013). Sensory neurons 

supplied with nerve growth factor (NGF) and a protein synthesis inhibitor maintain 

their cell size, whereas they shrink in the absence of NGF. This is explained by the 

increased degradation of long-lived proteins upon the increase of growth factors by 

degradation pathways (Franklin & Johnson Jr, 1998). One limiting factor of cell size 

is the availability of IGF-1. Increased IGF-1 signalling results in larger cell size 

(Saucedo & Edgar, 2002).  Interestingly, the levels of IGF-1 were found to be lower 
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in males, which also exhibit a stronger body composition alteration compared to wild-

type animals than females. The main signalling axis for IGF is the PI3K/AKT/mTOR 

axis. The artificial activation of mTOR, as it can be achieved through high levels of 

IGF-1, leads to an increment in size. A combination of several environmental cues 

(growth factor, energy, amino acids) is needed to promote cell size via the 

integration hub mTOR, which simultaneously regulates cell size through feedback 

loops. In the STHdh cells the situation is surprisingly inversed. We, in accordance 

with others, have found increased mTOR and mTOR target phosphorylation levels in 

the HD cells that represent increased mTOR activity, despite the smaller size in 

STHdhQ111/Q111 cells (Creus-Muncunill et al., 2019; Pryor et al., 2014; Walter et al., 

2016). As the presence of mHTT increases mTOR activity, one could propose a 

model, in which the HTT mutation results in decreased cell size, whereas it 

simultaneously activates mTOR, as a form of compensation. Autophagy induction on 

the other hand, by the inhibition of mTOR, decreases cell size (Hosokawa et al., 

2006), which is in line with the finding of increased autophagy in HD models (Heng et 

al., 2010; Kegel et al., 2000; Martinez-Vicente et al., 2010). This conundrum is yet to 

be solved, though difficult as the external conditions in vitro are most likely too 

artificial to resemble the state of a cell in a functioning organ. In HdhQ111 mice, only 

brain volume has been assessed, showing a region-specific volume reduction at 

unchanged cell numbers (Kovalenko et al., 2018). Many aspects, like mechanical 

sensing by cilia, cell contacts and tissue specificity play an essential role in the 

regulation of cell size and are difficult to model in a petri dish (Orhon et al., 2016; 

Pavel et al., 2018). In the specific case of HTT and mTOR it would be interesting to 

see if and how HTT is interconnected to cell size regulation. For this, in vivo studies 

are needed. The observation of decreased size and increased proliferation argue for 

an involvement of mTOR in the HD cell’s phenotype. Therefore, the STHdh cells 

represent a valuable model to further investigate HTT’s role in cell size regulation, as 

they have been used to model other HD phenotypes (Figure 3). So far, the treatment 

of mutant STHdh cells with mTOR inhibitors lead to a clear reduction of proliferation 

(Singer et al., 2019) and cell size was reduced upon mTOR inhibition in preliminary 

experiments (unpublished data, not included). These findings need to be further 

confirmed in different models. It remains unclear what role HTT plays in the 

manifestation of the cell / body size phenotype of HD. For cell size HTT’s role in the 
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cytoskeletal organization might play a role. It is also supported that HTT plays a 

crucial role in metabolic (Fain et al., 2001) and developmental processes and 

therefore the mutation could affect cell size, as well as crucial differentiation steps 

within development, adding up to the observed phenotype.  

Cell size regulation and cell division are interconnected processes, both regulated by 

mTOR and the dysregulation of cell division, can lead to altered cell size and cell 

numbers. Re-entry into the cell cycle is a proposed mechanism contributing to 

neurodegeneration and has been shown in various models and HD post-mortem 

tissue (Fernandez-Fernandez et al., 2011; Folch et al., 2012; Pelegrí et al., 2008). 

Increased proliferation rates in dividing cells, carrying the mutation are therefore 

considered to be a pathological mechanism caused by the HD mutation. HD patient 

fibroblasts show increased proliferation (Goetz et al., 1981). Recently, fibroblasts 

collected from 48 months old tgHD minipigs showed increased proliferation in 

contrast to wildtype controls (Šmatlíková, β019). The TruHD fibroblast cell lines, 

created by Claudia Hung and colleagues, also showed increased proliferation in cells 

carrying the expanded CAG repeat. These cell lines are derived from HD patients 

and show several molecular phenotypes of HD (Hung et al., 2018). miRNAs were 

proposed to alter - and when differently expressed in the mutant cell lines - disrupt 

the proliferation process, leading to replication stress and cell death, as well in the 

STHdh cell model (Bucha et al., 2015; Das et al., 2013; Das, 2014). Genetic 

modification through CRISPR and similar technologies and the availability of induced 

pluripotent stem cells (IPSC) from HD patients has led to the generation of isogenic 

IPSC lines. Because these cell lines solely differ by the CAG length, they provide an 

exciting new model to study neurodevelopmental and cell type specific aspects of 

the HD pathology (Dabrowska et al., 2020; Ooi et al., 2019) 
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Figure 3: targets of autophagy induction in the STHdh cells. (1) genetic or pharmacological 
activation of AMPK induces autophagy and improves mitochondrial dynamics (Jin et al., 
2016; Walter et al., 2016). (2) PIP4KȖ inhibition modulates phosphoinositol (PI) levels in the 
cell and lead to the induction of autophagy and mHTT reduction (Al-Ramahi et al., 2017) (3) 
HDAC inhibition alters PTMs and increases autophagic clearance of mHTT (Jia et al., 
2012).(4) Manganese (Mn) elicits autophagy and corrects autophagosome loading via an 
unknown mechanism (Bryan et al., 2019). (5) Beclin-1 overexpression, to counteract the 
age-dependent decline and sequestration by mHTT of the autophagy initiating protein, leads 
to the reduction of mHTT (Shibata et al., 2006). (6) Inhibition of mTOR leads to the induction 
of autophagy and the reduction of mHTT levels  (Singer et al., 2019). 

The STHdh cell lines represent phenotypes that can be attributed to the HD mutation, 

however especially the cell size and proliferation differences between mutant and 

wildtype cell lines need to be considered in experimental design. The full length HTT 

gene is a valuable feature of these cell lines. On the downside, the lines are not 

isogenic, and the mutant huntingtin contains a chimeric sequence with a CAG length 

that is not comparable to patients. The HDKI mice from which these cells derive 

display a very mild phenotype only manifesting at a very old age, a common feature 

of HDKI animals. Only long CAG repeats elicit behavioural phenotypes, which is 
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commonly observed in animal models of HD. Nonetheless many pathogenic 

mechanisms found in other models are replicated in this cell model. Relevant to this 

work, the STHdh cell lines have been used for several studies to investigate 

autophagy inducing therapy options (Figure 3), highlighting the relevance of 

autophagy induction as a therapy for HD. Our study on this cell line has helped us 

better understand how to work with these cells, avoiding direct comparisons between 

mutant and wildtype cell line and differentiating the cells to minimize effects of 

proliferation differences in experiments. These findings have been translated to the 

in vitro characterization of two novel catalytic mTOR inhibitors (Singer et al., 2019). 

Collectively, both studies confirm, the STHdh cell lines are a useful and valid model 

of Huntington disease.  
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IN VITRO AND IN VIVO CHARACTERIZATION OF PIQUR 

COMPOUNDS  

Publication # 5: Brain-penetrant PQR620 mTOR and PQR530 PI3K/mTOR 

inhibitor reduce huntingtin levels in cell models of HD (Singer et al., 2019) 

and  

unpublished manuscript # 1: PQR530 and PQR620 reduce aggregation in 

the R6/2 mouse model but fail to ameliorate behavioural phenotype (Singer 

et al., 2020) 

 

Figure 3 shows a summary of studies where STHdh cells have been used to 

investigate autophagy phenotypes and related treatment options for HD, ranging 

from overexpression of autophagy inducing proteins, like beclin-1 and AMPK to 

pharmacological approaches, boosting autophagy through different cellular targets. 

The goal of these therapies is to prolong the healthy lifetime of neurons, by boosting 

cellular coping mechanism against proteotoxic stress and thereby to postpone 

cellular demise and phenotypic signs of neurodegeneration (Figure 4). The classical 

way of inducing autophagy is through the inhibition of mTOR. mTOR overactivation 

is a common theme in neurodegeneration and cancer (Laplante & Sabatini, 2012; 

Tian et al., 2019). Through sequencing efforts many mutations in the 

PI3K/mTOR/AKT pathway have been identified in cancers and rare genetic disorders, 

so called overgrowth syndromes, which are caused by mTOR overactivation. These 

disorders, which have a neurological component, could benefit from the development 

of brain penetrant PI3K/mTOR inhibitors (Hillmann & Fabbro, 2019). Although 

contradictory at first thought, a link between cancer and neurodegeneration might 

exist. mTOR overactivation was described in HD patient fibroblasts and different cell 

(Walter et al., 2016) and animal models (Abd-Elrahman & Ferguson, 2019; 

Ravikumar et al., 2004). Following this hypothesis, there might be therapies available 

for neurodegenerative disorders, which were developed for cancer. The 

improvement of HD phenotypes in animal models has been achieved previously in 
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animal models with rapalogs (Ravikumar et al., 2002; Ravikumar & Rubinsztein, 

2006; Sarkar et al., 2009) and with ATP competitive inhibitors in a cell model of HD 

(Roscic et al., 2011). Despite the already proven efficacy of mTOR inhibition, 

ameliorating HD symptoms in rodent models, side effects and the low brain-

penetrance of classical mTOR inhibitors have made them impractical and hard to 

translate from animal models to potential clinical trials. We have therefore tested two 

compounds that pass the BBB due to increased lipophilic properties. Testing 

substances which previously demonstrated safety in other disorders has the 

advantage that they enter clinical trials for additional applications faster and often the 

mechanisms of action are known. mTOR dependent and independent inducers of 

autophagy are listed in table 1. For our study ATP-competitive PI3K/mTOR and 

mTOR inhibitors, PQR530 and PQR 620, respectively, were chosen. The in vitro 

testing of these compounds was performed in the STHdh cell lines and a transient 

transfection fragment model, where both compounds showed cytostatic effects and 

reduced the amount of soluble and aggregated huntingtin protein species (Singer et 

al., 2019). The compounds effectively inhibited mTOR in brain, spread throughout 

the brain and reduced aggregation in vitro and in vivo. In the R6/2 mice PQR530 

reduced the amounts of aggregates in striatum, but neither compound was able to 

rescue the motoric and behavioural phenotype of the animals (Singer et al., 2020). In 
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parallel, PQR compounds have been tested in a model of epilepsy, where they as 

well effectively crossed the BBB and reduced seizures (Brandt et al., 2018). 

Figure 4: autophagy-based therapy outcome. By inducing autophagy (pharmacologically or 
e.g. through fasting or exercise) at a point in life when healthy neuronal networks still exist 
and coping mechanisms against proteotoxic insults and effects of protein malformations are 
not limited by the age-dependent decline of their functionality, increased induction of 
autophagy and at later stages the maintained rate of autophagy could help push the point-of-
no-return that decides the fate of every single cell, when the balance between cellular 
survival and damage to the cell cannot be sustained anymore. Therefore, the health-span of 
cells could be extended, and the appearance of pathophysiological symptoms would be, 
consequently, delayed, as they appear after gross neuronal loss. 

Oxidative stress and DNA damage force cells, also neurons, to re-enter the cell-

cycle (Folch et al., 2012). While in cancer, this could lead to autonomous cell 

population growth, in neurons it leads to apoptosis. A role for cell-cycle alterations 

has first been proposed for Alzheimer (Nagy et al., 1998) and was confirmed in other 

neurodegenerative disorders including Huntington disease (Pelegrí et al., 2008). As 

mentioned before, in our characterization of the STHdh cell lines the cause of the 

altered proliferation in the HdhQ111/Q111 cell line was not investigated on the molecular 

level, and it is not clear whether it might be a rescue effect to repair DNA damage, as 

no apoptosis was observed, or if proliferation is favoured because of other functions 

HTT exerts on the cell cycle. Nonetheless, those cell lines present a druggable 
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phenotype that could lead to reduced cell-cycle progression when treated with 

mTOR inhibitors, which exert cytostatic effects (Wander et al., 2011). In cancer 

therapy the lack of cytotoxicity of mTOR inhibitors is considered a downside, due to 

limited treatment success (Sabatini, 2006). By using these inhibitors in a setting were 

cytotoxicity needs to be prevented, a disadvantage of mTOR inhibition in cancer 

therapy can be exploited. A naturally occurring, mTOR inhibiting compound that 

targets cell-cycle progression and has been proposed as a treatment for 

neurodegenerative disorders is Resveratrol, which has been attributed various 

beneficial effects and also blocks mHTT toxicity by increasing SIRT1 activity and 

inducing cell cycle arrest (Sharma et al., 2017; Tellone et al., 2015). It has been 

proven effective in different HD models (Maher et al., 2011) and a clinical trial has 

been conducted and completed in 2020. However, results have not been published.  

Contradictory to the findings of increased mTOR activity in HD and the treatment 

effects in models of neurodegeneration, reduced mTOR levels in HD patients have 

been found (Hodges et al., 2006). Treatment strategies overexpressing one 

component of mTOR complex 1, Ras homolog enriched in brain or striatum, Rheb 

and Rhes, respectively, have been shown to be beneficial in HD models as well 

(Child et al., 2018; Lee et al., 2015). While the therapeutic effect of Rhes or Rheb 

substitution has been demonstrated in these studies, they fail to demonstrate the 

underlying deficit being caused by inactive mTOR, as mTOR phosphorylation levels 

are not assessed. Child et al. demonstrate a reduction of ribosomal protein S6 

(S6RP) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) 

phosphorylation in cardiac tissue of HD mouse models, which can be explained by 

mTOR inhibition. Nonetheless, there are other mechanisms by which Rheb could 

improve HD pathologies, e.g. by Rheb binding beclin-1 and inducing autophagy 

mTOR independently, which has been shown for Rhes (Mealer et al., 2014). There 

seems to be a role for Rheb/Rhes in HD pathology, as mHTT binds Rhes with higher 

affinity (Subramaniam et al., 2009) and reduced Rhes levels are found in HD 

patient’s caudate nuclei (Hodges et al., 2006). Reduction of Rheb protein levels, 

negatively affected myelination and postnatal brain development (Zou et al., 2011). 

The knock-out of Rhes also negatively affected brain weight in Rhes KO mice 

(Baiamonte et al., 2013), which show deficits in some behavioural aspects and motor 

coordination (Spano et al., 2004). But the part it plays in the pathogenesis is 
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controversial. Rhes knock-out was neuroprotective in a neurotoxin model (Mealer et 

al., 2013) and delayed motor symptom onset in R6/1 mice (Baiamonte et al., 2013).  

mTOR dysregulation has been targeted as well by other means. In the zQ175 mouse 

model increased mTOR(S2448) levels have been normalized by treatment with 

CTEB, a negative allosteric mGluR5 modulator (Abd-Elrahman & Ferguson, 2019). 

This had a positive effect on aggregation and disease progression (Abd-Elrahman et 

al., 2017) by ULK1 activation and brain-derived neurotrophic factor (BDNF) 

transcription facilitation (Abd-Elrahman & Ferguson, 2019). In line with this, efforts 

have been made to find other targets within the autophagy regulating circuits that 

have less pleiotropic effects in the cell and on the entire organism. It is quite clear 

that this form of therapy will come at a cost, due to side effects and it is unclear how 

long treatment effects might persist before resistances occur. Here it needs to be 

mentioned that catalytic mTOR inhibition, results as well in inhibition of mTORC2, 

which reacts to growth factor signalling and phosphorylates AKT. While mTORC2 

also promotes autophagy inhibiting signalling, its pleiotropic and less studied 

functions in the cell could lead to undesirable effects (Ballesteros-Álvarez & 

Andersen, 2021; Querfurth & Lee, 2021). Despite other effects on cellular processes, 

one effect of mTOR inhibition is the subsequent inhibition of protein synthesis. A 

recent report has shown that inhibition of 4EBP-1 phosphorylation, a downstream 

effector of mTOR - and therefore protein biosynthesis inhibition - has a beneficial 

effect in the R6/1 model of HD. The authors found increased phospho-4E-BP1 levels 

in different HD models, which is concordant with our findings and the hypothesis that 

mTOR signalling is increased in HD. Further they have shown that the inhibition of 

protein biosynthesis by blocking 4E-BP1 is sufficient to improve the R6/1 phenotype 

and therefore the increased protein translation in HD can be considered a 

pathogenic mechanism (Creus-Muncunill et al., 2019). While 4E-BP1 inhibition was 

achieved through intracranial injections of compounds, such an effect can as well be 

expected from mTOR inhibition (Wang & Proud, 2006) and was shown for both PQR 

compounds in the STHdh cells (Singer et al., 2019). Previous work in our group has 

shown that the STHdhQ111/Q111 cell line also shows HD related autophagic deficits 

and characteristics. Increased microtubule-associated proteins 1A/1B light chain 3B 

(LC3-II) expression and mTOR activity was found, as well as increased mTOR 

phosphorylation levels in combination with increased downstream phosphorylation of 
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target proteins like S6RP and 4E-BP1. Additionally, empty autophagosomes were 

observed (Walter et al., 2016).  

The inhibition of mHTT transcription is a desirable goal and has been demonstrated 

for metformin (Arnoux et al., 2018). Metformin is prescribed today as a type II 

diabetic drug and in clinical use for already more than 60 years, without complete 

knowledge about the mechanism of action (Rena et al., 2017). Many cellular targets 

have been proposed: metformin accumulates in mitochondria and blocks Complex I 

of the respiratory chain, thereby repressing ATP production and regulating 

gluconeogenesis (Doran & Halestrap, 2000). Metformin activates the cell’s energy 

sensor AMP-activated protein kinase (AMPK), thereby also affecting 

gluconeogenesis and lifespan (Zhou et al., 2001). Metformin induces autophagy by 

activating AMPK, a known mechanism in lifespan expansion and a proposed 

treatment strategy for neurodegeneration (Rubinsztein et al., 2012) and improved 

cognitive function in HD patients (Hervás et al., 2017). Also, a mTOR dependent, 

metformin mediated effect on longevity has been described in C.elegans (Howell et 

al., 2017). It has been shown before that mHTT transcription is regulated by a 

complex formed by mTOR/MID1/PP2A in a CAG dependent manner. MID1 binds 

specifically to the elongated CAG of mHTT transcripts leading to an enhanced 

translation (Krauß et al., 2013). Recently, in the 150Q knock-in model of HD, a 

regulating role on mHTT transcription was found for metformin. Administration of the 

drug for 11 weeks showed a significant reduction of mHTT levels in cortical tissue in 

combination with a reduction of S6K phosphorylation. Also, a reversal of the 

pathological neuronal network activity and beneficial effects in open field were 

observed (Arnoux et al., 2018). These results are of special interest, as they have 

been carried out in mice that are in the VFOD (very far from disease onset) state of 

disease. Reversing mHTT damage before irreversible damage to the brain occurs is 

probably the only treatment strategy that could delay or relieve classical HD 

symptoms occurring in the symptomatic phase of disease with motor and cognitive 

symptoms. In cases with a family history of HD, genetic testing at an early age would 

allow for this kind of intervention. It remains to be clarified, whether it is possible to 

delay symptoms by treating patients in the pre-symptomatic phase, or even before 

that.   
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Next to the inhibition of mHTT accumulation through transcription inhibition, the 

expected mechanism of action of mTOR inhibition by which the amelioration of 

aggregate burden is expected to be achieved is through the induction of autophagy. 

But it needs to be critically assessed, whether the induction of autophagy by 

inhibiting a certain component of the cascade, is a desirable mode of action. This is 

relevant because a) inhibiting one step in a cascade can be compensated for by 

resistance feedback loops and b) single components, as mTOR or AMPK fulfil 

various functions in the cell. Especially, since both compounds evaluated do not only 

inhibit mTORC1, but all mTOR complexes. Therefore, beneficial outcomes could be 

either too low or too short-timed and detrimental outcomes might not be separable 

from beneficial ones. Even though the combination of PI3K and mTOR inhibition 

(with PQR530) was effective in reducing the aggregation load in the R6/2 model, the 

detrimental peripheral/ motor phenotype was not ameliorated. Similarly, everolimus, 

a first-generation mTOR inhibitor that effectively ameliorated HD phenotypes in other 

mice models, was unable to reduce protein accumulations and motor phenotypes in 

the R6/2 model (Fox et al., 2010). Target inhibition in both cases - our study and the 

study by Fox et al. - was persistent at the end of the experiment. It remains to be 

clarified, whether the treatment was unable to reduce behavioural phenotypes 

because the course was already set to fatal processes before it started. This 

wouldn’t be unexpected in the R6/β model, which shows early neuropathological 

symptoms and would explain why the same treatment was beneficial in other HD 

models. In this regard it is interesting to mention that autophagy was originally 

considered a cell death mechanism, because autophagosomes were observed in 

excessive numbers in dying cells. Only much later the sensitizing of autophagy 

mutants to cell death, led to the delineation that this was not cause and effect, but a 

survival mechanism, unable to halt the already initiated death program of the cell 

(Kroemer & Levine, 2008). On the other hand, trehalose, a disaccharide was shown 

to decrease PolyQ aggregation and extend life-span in R6/2 mice (Tanaka et al., 

2004). It is unclear, whether this effect can be solely attributed to the polyglutamine 

binding properties of trehalose or whether its induction of autophagy was adding to 

the beneficial effect. Trehalose creates a starvation-like state in the cell by blocking 

glucose transporters, thereby activating AMPK (DeBosch et al., 2016). Initially 

trehalose was found to act independent of mTOR (Sarkar et al., 2007), whereas later 
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mTOR’s inhibitory phosphorylation on ULK1 was found to be decreased upon 

trehalose treatment (DeBosch et al., 2016). Independent of autophagy as a 

treatment approach, treating R6/2 mice with mesenchymal stem cells (MSCs), 

beginning at the same age as in our PQR-treatment study, was successful in our 

group (Yu-Taeger et al., 2019). R6/2 mice were intranasally treated with MSCs, 

which are known to show regenerative properties and to migrate to damaged tissues. 

MSC treatment improved neuropathological changes and improved sleep 

disturbance of R6/2 mice. Further, MSC treated mice showed a trend towards 

improved motor performance on the rotarod and microglial marker, Iba1, was 

restored in the striatum of treated mice (see co-authored publication #4: Intranasal 

Administration of Mesenchymal Stem Cells Ameliorates the Abnormal Dopamine 

Transmission System and Inflammatory Reaction in the R6/2 Mouse Model of 

Huntington Disease (Yu-Taeger et al., 2019)).  While for this study female mice were 

used, in the PQR-treatment study male mice were used. This could be one possible 

explanation for the differential treatment outcome, as male R6/2 mice experience 

more severe body weight loss (Yu-Taeger, in submission). Also, a sex specific 

difference in mTOR target phosphorylation was found in the BACHD rat model, 

which shows the same gender difference in weight loss, as the R6/2 mouse model. 

Ribosomal protein S6 kinase (RPS6K), a target of mTOR and a marker for mTOR 

activity, was significantly increased in male BACHD rats (TG5) in comparison to 

female BACHD rats (data not shown, unpublished).  Further these findings highlight 

that mTOR inhibition will not have regenerative effects, but can only be applicable as 

a prophylactic, possibly health span extending treatment approach. In line with this, 

mTOR is also interconnected to life span extension by non-pharmacological 

interventions, however mTOR is only one piece of many interconnected metabolic 

pathways, involved in longevity promoting processes. 

The induction of autophagy, by e.g. inhibiting mTOR, activating AMPK and changing 

the acetylation state of proteins as a natural response to the lack of nutrients and 

energy, has become a desirable approach to counteract effects of aging (Madeo et 

al., 2019) and has found its way into the general public’s perception in recent years. 

This is based on the findings of prolonged longevity in various model organisms, 

from C.elegans to primates (Bodkin et al., 2003; Hansen et al., 2008; Roth et al., 

2001) that goes far beyond the treatment of diseases and a great interest in caloric 



 

 

 

32 Results and Discussion 

restriction (CR) and intermittent fasting protocols for a whole palette of conditions 

exists, ranging from simple weight loss and all the associated disorders linked to 

obesity, to the prolongation of healthy life span and longevity (Maiuri & Kroemer, 

2019; Stekovic et al., 2019). The terminology on different fasting regimens is not 

always precise and can refer to divergent fasting periods and calory consumption 

(Longo et al., 2021). For HD patients, who cannot tolerate a too low body mass index, 

caloric restriction mimetics (compounds that trigger signalling, normally induced by 

the lack of nutrients) promise beneficial effects of CR without the need to reduce the 

calorie intake by approximately half and remain a treatment option for patients who 

aren’t able to maintain such a rigorous, resource demanding lifestyle (Madeo et al., 

2019). Intermittent fasting (time-restricted, reduced calory intake) on the other hand 

comes with the promise that no external drug needs to be administered and no 

toxicity needs to be considered, because the beneficial effects of CR can be 

achieved by fasting in a timely manner alone. But also, this comes at a price. Weight 

loss, fatigue and repressed immune response are just a few to name. In healthy 

individuals alter nate day fasting has shown promising results as health parameters 

were improved while eating every other day was safe for the participants (Stekovic et 

al., 2019). In this study the overall calorie reduction was approximately 40%. This 

would need to be adapted to HD patients, who show severe weight loss at late 

stages of disease (van der Burg et al., 2009). In HD mice, intermittent fasting was 

beneficial and reduced the levels of mHTT (Ehrnhoefer et al., 2018).  
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Table 1: supplements and drugs approved for clinical use with autophagy inducing properties 

mechanism treatment target model/ group reference 

mTOR dependent fasting mTOR/SIRT1 HD mice (Ehrnhoefer et al., 2017) 

 rapamycin mTORC1 cell & fly models of HD (Ravikumar et al., 2002) 

 CCI-779 (temsirolimus) mTORC1  

mTORC1/ GSK3ū 

mTORC1 

fly & mouse models of HD 

AD mice  

SCA3 mice 

(Ravikumar et al., 2004) 

(Jiang et al., 2014) 

(Menzies, 2010) 

 resveratrol mTOR/ ATP competition 

Atg4  

SIRT1/ antioxidant 

AD mice 

SH-SY5Y cells 

HD patients 

(Kou & Chen, 2017) 

(Vidoni et al., 2018) 

NCT023366331 

mTOR 

independent 

Rilmenidine activation of ADRA2/Ū2 and I1R 

induction of autophagy 

HD mice 

HD patients 

(Rose et al., 2010) 

(Underwood et al., 2017) 

 metformin AMPK  

AMPK 

diabetes control, improved cognition 

C.elegans, HD cell models, HD mice  

HD patients 

(Vázquez-Manrique et al., 2015) 

(Ma et al., 2007) 

(Hervás et al., 2017) 

 trehalose mTOR independent/ exact mechanism 

unknown 

aggregation/autophagy induction 

PC-12 cells 

HD mice 

SCA17 mice  

(Sarkar et al., 2007) 

(Tanaka et al., 2004) 

(Chen et al., 2015) 

 
1 ClinicalTrials.gov Identifier 
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One interesting finding of the study by Ehrnhoefer et al. was that it was not 

necessary to restrict the caloric intake in mice, to reduce the protein, but rather the 

forced timing of food intake was essential. A finding that was also confirmed in 

healthy mice, which had - when on a feeding regimen - much better tolerance 

towards a high fat diet, in comparison to littermates, who ate similar amounts without 

the timely restriction (Dedual et al., 2019). 

Even though the metabolism of mice and men cannot be compared, the potential of 

lifestyle changes should be exploited in order to investigate possible additional 

treatment strategies for HD patients. One such treatment strategy, which is also 

connected to the induction of autophagy, is physical exercise, which has been shown 

to improve brain function (He et al., 2012; Mattson, 2012). Meta-studies found 

preliminary support of beneficial effects on the level of strengthening motor control 

and improving fitness in HD (Fritz et al., 2017) and similar results were found for AD 

(Heyn et al., 2004). Most studies investigating the effects of exercise in HD models 

were performed in the R6/1 model. A transgenic mouse model, expressing 115 – 

150 CAG repeats, showing severe motor symptoms and reduced life span 

(Mangiarini et al., 1996). In this model exercise delayed disease onset (Pang et al., 

2006; van Dellen et al., 2008) and modulated neuropathological processes, as BDNF 

release and mitochondrial respiratory capacity (Herbst & Holloway, 2015; Pang et al., 

2006). Findings on motor symptoms were mixed, which can be attributed to different 

exercise protocols (Caldwell et al., 2019; Harrison et al., 2013). Interestingly, 

aggregate size and number of intranuclear aggregates was increased in exercised 

R6/1 mice, whereas the number of extra-nuclear inclusions was decreased (Harrison 

et al., 2013). One could speculate that this finding is a result of autophagy’s 

predominant clearance in the cytoplasm (Luo et al., 2016). While exercise has been 

shown to be beneficial as well in R6/2 mice (Wood et al., 2011) and the quinolinic 

acid induced rat model of HD (Kim et al., 2015), no benefits were observed in the 

N171-82Q mouse model (Potter et al., 2010).  

One could also think of other forms of treatments that would affect and increase 

autophagy, but without the direct manipulation of the signalling cascades 

components. One possibility to exploit autophagy induction is to engage the calpain 

system. Calpains are calcium dependent proteolytic enzymes involved in the 

formation of toxic N-terminal mHTT fragments. These proteases are overactivated in 
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HD patients and their genetic or pharmacological inhibition leads to a reduction of 

aggregate formation and amelioration of motor phenotypes in several models of 

neurodegeneration (Diepenbroek et al., 2014; Haacke et al., 2007; Simões et al., 

2012). An off-target effect of calpain inhibition is the induction of autophagy. 

Therefore, lowering the fragmentation of the mutant protein additionally benefits its 

degradation (see co-authored publication #2: Killing Two Angry Birds with One 

Stone: Autophagy Activation by Inhibiting Calpains in Neurodegenerative Diseases 

and Beyond (Weber et al., 2019)). This effect was described by Fiona Menzies in a 

HD model (Menzies et al., 2015). Genetic inhibition of calpains in HD mice led to 

improvement of HD phenotypes in an autophagy dependent manner. This is 

explained by the modulatory function of calpains on autophagy proteins, e.g. Atg5 or 

beclin-1 (Russo et al., 2011; Yousefi et al., 2006). A similar mode of action has been 

proposed for caspases. Caspases are cysteine proteases, which are the regulating 

proteins of apoptosis. Caspase 6, as one example, has been proposed to be 

connected to the cleavage of mHTT, while mHTT activates caspase 6 (Graham et al., 

2006; Martin et al., 2015) and the absence of caspase 6 activates autophagy 

whereby HTT is degraded (Gafni et al., 2012). Moreover caspase 6 has been 

attributed autophagy protein cleaving, similar to calpains (Norman et al., 2010). It is 

important to note, that other posttranslational modifications, as ubiquitination, 

myristylation or acetylation also regulate the degradation of HTT (Ehrnhoefer et al., 

2011a; Martin et al., 2015). In line with this, increased caspase activity has been 

found in HD patients and animal models (see also co-authored publication #3: 

olfactory bulb atrophy and caspase activation observed in the BACHD rat models of 

Huntington disease). In line with this, also wild-type HTT functions in the induction of 

autophagy need to be considered, when reducing mutant and wild-type of the protein 

at the same time by pharmacological means, RNAi or ASOs. This becomes evident, 

considering the many studies where the lack of wild-type HTT has been shown to 

negatively affect autophagy induction and function (Pircs et al., 2021; Wu et al., 

2012). Interestingly, it has also been shown that autophagy activation can enhance 

the efficacy of ASO mediated gene silencing, through the endocytosis/lysosomal 

pathway (Ochaba et al., 2019). 

One feature that all studies investigating the mTOR/autophagy axis in vivo lack, is 

the reliable measurement of autophagy. While there have been advantages with 
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artificial reporters like fluorescently labelled LC3, chemical inhibitors of 

autophagosome degradation and genetic knock-out controls of key autophagic 

genes, a reliable biomarker of autophagy, something that could be a marker of 

treatment efficacy and proof of principle in clinical trials is missing. It is not only 

missing to translate pre-clinical into clinical studies, but it is also missing to gain a full 

understanding about autophagy in humans (Yoshii & Mizushima, 2017). Open 

questions revolve about the magnitude of the inducing effect. The autophagic 

answer in the body is an answer to the lack of nutrients. Naturally, this is an 

oscillating process, having high amplitudes when there are little nutrients and energy 

supply. But it remains elusive what happens to the magnitude of a response to 

inducers and how and when this induction can be most effective and if a constant 

higher level is something that can be sustained. So far most studies have looked at 

tissue biopsies (Gassen et al., 2014) or have analysed post-mortem samples (Sittler 

et al., 2018).  This however can, at best, be indicative of a biological meaningful 

alteration but fails to be a practical and reliable measure of the basal and treated 

state, especially throughout different tissues. An optimal “autophagometer” has not 

been found yet (Rubinsztein et al., 2009). So far, the best measure of an effective 

selective autophagy induction, is the measurement of its target’s degradation. In the 

case of Huntington disease, the reduction of mHTT can be used as a biomarker, 

however HTT levels are regulated on the transcriptional levels and affected by many 

cellular processes, not only autophagy. The mutant protein can be measured in 

cerebrospinal fluid (CSF), blood and even saliva and the amount of protein, 

correlates with disease progression in terms of clinical stage, phenotype and disease 

burden (Byrne & Wild, 2016; Killoran & Biglan, 2016; Weiss et al., 2012). Measuring 

mHTT in the CSF has the advantage of the direct connection to the brain. Currently 

the reduction by huntingtin lowering strategies in clinical trials is assessed by 

measuring CSF mHTT levels and previous studies have shown that lowering mHTT 

levels directly in the brain, correlates with decreasing mHTT CSF levels (Byrne & 

Wild, 2016; Tabrizi et al., 2019a). mHTT being the disease-causing protein makes it 

a very interesting model and marker, as well for autophagy inducing therapies.  
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Figure 5: summary of obtained results. The characterization of STHdh cell lines (1) has laid 
the groundwork for their use as an in vitro HD model for evaluation of autophagy inducing 
compounds (2). Both brain-penetrant compounds (PQR530 and PQR620) have been tested 
in the R6/2 model of HD (3). Despite reduction of the aggregation load, no amelioration of 
the motor deficits or the weight loss phenotype was observed.  

Options & Perspectives 

The identification of cellular processes affected by the HD mutation has led to the 

development of many different treatment strategies. Next to established but only 

symptomatic treatment regimens for patients targeting motor symptoms, e.g. 

Tetrabenazine and Deutetrabenazine (Claassen et al., 2017), other interventions for 

patients currently evaluated in clinical trials range from physiotherapy, cognitive 

training and transcranial magnetic stimulation to stem cell transplantation and deep 

brain stimulation (Rodrigues & Wild, 2018b). All aiming at improving life quality with 

the disease. Clinical trials evaluating substances aiming at restoring mHTT induced 

cellular dysfunctions have not been successful yet, as in preceding examples with 

studies evaluating coenzyme Q10 (McGarry et al., 2017) or pridopidine (De Yebenes 

et al., 2011). The most promising strategy is the reduction of the mutant protein by 
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means of ASOs (Rodrigues & Wild, 2018a) or RNA interference (RNAi) (Grondin et 

al., 2012), as the production of the mutant protein, the upstream cause of the 

pathogenic process, is targeted. The optimal distribution in the brain, time point of 

intervention and effects from haploinsufficiency are yet to be evaluated and for this, 

great effort is made to determine optimal lowering strategies (Caron et al., 2018; 

Wild & Tabrizi, 2017). Currently non-allele specific ASOs therapy is in clinical trial 

and patients are recruited for what could be for the first time a disease-slowing 

treatment and results are awaited (Tabrizi et al., 2019b). On the way to a “one-shot” 

treatment, ideally before any symptoms occur, the intricacies of the pathogenic 

mechanisms in neurodegeneration are yet to be determined. mTOR inhibition and 

autophagy induction has a fundamental role in promoting longevity and could be a 

measure to increase life quality of HD patients. Further knowledge about the delicate 

mechanism is needed to determine whether autophagy induction could be beneficial 

in men and whether boosting autophagy can provide sufficient clearance of proteins 

that cause neurodegeneration. Despite the lack of an autophagometer and 

knowledge about the basal autophagic clearance in humans for the future, 

autophagy induction could become an addition to treatment plans for HD patients. 

Optimal form of induction - by lifestyle changes or pharmacologically – and 

especially the optimal therapeutic window remain to be established.   

More than 25 years after the discovery of Huntingtin, knowledge on the disease 

mechanism has expanded rapidly and new gene therapy tools promise to give more 

insight on how the disease can be ultimately treatable.  
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Reduced cell size, chromosomal 
aberration and altered proliferation 
rates are characteristics and 
confounding factors in the STHdh 
cell model of Huntington disease
Elisabeth Singerͷ,͸, Carolin Walterͷ,͸, Jonasz J. Weberͷ,͸, Ann-Christin Krahl͹, Ulrike A. Mau-

Holzmannͷ, Nadine Rischertͷ,͸, Olaf Riessͷ,͸, Laura E. Clemenssonͷ,͸ & Huu P. Nguyen  ͷ,͸

Huntington disease is a fatal neurodegenerative disorder caused by a CAG repeat expansion in the 

gene encoding the huntingtin protein. Expression of the mutant protein disrupts various intracellular 

pathways and impairs overall cell function. In particular striatal neurons seem to be most vulnerable 

to mutant huntingtin-related changes. A well-known and commonly used model to study molecular 

aspects of Huntington disease are the striatum-derived STHdh cell lines generated from wild type 

and huntingtin knock-in mouse embryos. However, obvious morphological diferences between wild 
type and mutant cell lines exist, which have rarely been described and might not have always been 

considered when designing experiments or interpreting results. Here, we demonstrate that STHdh 

cell lines display diferences in cell size, proliferation rate and chromosomal content. While the 
chromosomal divergence is considered to be a result of the cells’ tumour characteristics, diferences in 
size and proliferation, however, were conirmed in a second non-immortalized Huntington disease cell 
model. Importantly, our results further suggest that the reported phenotypes can confound other study 

outcomes and lead to false conclusions. Thus, careful experimental design and data analysis are advised 

when using these cell models.

Huntington disease (HD) is an inherited, fatal, neurodegenerative disorder. It results from a CAG repeat expan-
sion in the gene HTT, coding for the huntingtin protein. he mutation is translated into an elongated polyglu-
tamine repeat in huntingtin, which leads to the disruption of various cellular signalling pathways and results in 
impaired cell function and ultimately cell death, particularly of striatal neurons1,2. To study cellular and molecular 
mechanisms contributing to the HD pathogenesis, numerous cell and animal models have been generated. he 
STHdh cell lines were generated from an HD knock- in mouse model3, which carries the endogenous Hdh gene 
(mouse Huntington disease gene homolog) with a chimeric exon 14 and is characterized by a mild behavioural 
phenotype and neuropathological features5. hese cell lines derive from striatal primordia3 and express wild-type 
and mutant huntingtin at endogenous levels6. he precise genetic context and the striatal origin of the cells make 
the STHdh cell lines a widely used model in HD research. By comparing immortalized striatal precursor cells 
from wild type mice (STHdhQ7/Q7 cells) to precursor cells derived from heterozygous and homozygous HdhQ111 
knock-in mice (STHdhQ7/Q111 and STHdhQ111/Q111 cells), diferences in a variety of HD-related cellular pathways 
have been discovered or conirmed, for instance an involvement of huntingtin in calcium handling deicits and 
mitochondrial dysfunction7–11 or efects on various signalling cascades12–14. Despite the to date unquestioned use-
fulness and importance of this model, obvious but rarely reported diferences in size11, shape15 and proliferation 
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rate might demand caution when using the STHdh cell lines. he origin of these diferences, their importance for 
HD, as well as the consequences for the interpretation of study outcomes remains largely unaddressed.

In this study, we show that the STHdh cell lines exhibit divergent characteristics, which interfere with com-
monly used assays and hamper the direct comparison of both cell lines. We further show that these features are 
partially shared by mouse embryonic ibroblast (MEFHdh) cell lines generated from the same animal model and 
their wild type littermates, which implies a common, HD-related mechanism beyond immortalization artefacts. 
Overall, these indings argue for a thorough characterization of every cell line used and the inclusion of such 
confounding factors in the experimental design.

Results
Reduced cell size is a characteristic of STHdhQͷͷͷ/Qͷͷͷ and MEFHdh Qͷͷͷ/Qͷͷͷ cells. We performed a 
morphometric analysis of homozygous STHdhQ111/Q111 (STQ111) and wild type STHdhQ7/Q7 (STQ7) cells by light 
microscopy and low cytometry analysis. Measurement of the surface area of cells attached to the culture dish 
revealed a signiicantly smaller cell surface area in the mutant STHdh cells (Fig. 1a and b; P < 0.001). he smaller 
cell size of STHdhQ111/Q111 was also found in detached cells, both when measuring the surface area from micro-
scopic images (Supplementary Fig. S1) and on a larger scale by low cytometry analysis (Fig. 1c and d). Here, the 
relative mean forward-scatter area (FSC-A), which is positively related to cell size, was 32% lower in STHdhQ111/

Q111 than in STHdhQ7/Q7 cells (Fig. 1d; P = 0.013). Similar diferences were also observed ater diferentiation into 
neuron-like cells (Supplementary Fig. S2).

To assess whether this cell size phenotype is cell line-speciic or whether it might be considered a general fea-
ture of HD, we performed the same set of experiments in a ibroblast cell line established from the same mouse 
model (MEFHdh cells). Like in the STHdh cells, the mutant MEFHdhQ111/Q111 (MEFQ111) cells had a smaller cell 
surface area compared to the wild type MEFHdhQ7/Q7 (MEFQ7) cells’, when the cells were attached to the culture 
dish (Fig. 1f; P = 0.03). Although the diference did not reach statistical signiicance when manually analysing 
cell surface area in detached cells (Supplementary Fig. S1; P = 0.13), it was detected again via low cytometry 
analysis (Fig. 1g and h; P = 0.002). he relative mean FSC-A of MEFHdhQ111/Q111 cells was 31% lower compared to 
MEFHdhQ7/Q7 cells, comparable to the values retrieved for STHdh cells (Fig. 1h). Flow cytometry analysis further 
revealed a higher heterogeneity of the MEFHdh cell population compared to STHdh cells, as represented by a 
broader distribution of cell sizes and two distinct peaks in the FSC-A plot (Fig. 1g), possibly due to the biological 
origin of these cell lines16.

STHdh but not MEFHdh cells show considerable chromosome abnormalities. As changes in 
DNA content can lead to alterations in cell size17,18 and are a common feature of cell line stabilization19 and cell 
passaging20,21, we performed a karyotype analysis to clarify whether the cell size diferences observed in both cell 
lines are explained by changes in ploidy.

Karyotyping revealed a variety of chromosomal abnormalities in STHdh cells. Even more importantly, the 
chromosomal changes difered between STHdhQ111/Q111 and STHdhQ7/Q7 cells in qualitative and quantitative terms 
(Fig. 2a and b). In detail, STHdhQ7/Q7 cells showed a hyperpentaploid, female, murine karyotype with chromo-
some numbers between 104 and 115. Diferent numerical anomalies as well as a variable number of additional, 
structurally abnormal chromosomes (three to eight marker chromosomes) were detected. About 40% of the cells 
showed at least one, but up to four additional copies of chromosome 3, 8, 9, 10, 14, 16 and 17. Interestingly, nearly 
100% of the analysed cells showed two to six additional copies of chromosome 15, 18 and 19. Loss of at least one, 
but up to four copies was found for chromosome 4, 6, 7, 11, 12 and 13 in 40% of the cells. In contrast, STHdhQ111/

Q111 cells showed a hypo- to hypertetraploid, female, murine karyotype (77–82 chromosomes) with a high num-
ber (seven to nine) of marker chromosomes. Loss of one to four copies was found for chromosome 1, 4, 6, 7, 12, 
14 and 18 - similar to STHdhQ7/Q7 cells. Nearly all cells had one to three additional copies of chromosome 15 and 
19. he total number of chromosomes was signiicantly lower in STHdhQ111/Q111 cells compared to STHdhQ7/Q7 
cells (Fig. 2c; P < 0.001).

In contrast, MEFHdh cells did not show marked chromosomal abnormalities (Fig. 2d and e). In detail, 
MEFHdhQ7/Q7 cells showed a mainly diploid, murine, male karyotype with only some tetraploid cells (Fig. 2d). 
Apart from a small number of single cell anomalies, no chromosomal losses were detected. A few cells showed 
additional copies of chromosome 16 and 17. MEFHdhQ111/Q111 cells showed a mainly diploid, female, murine 
karyotype and only a few tetraploid cells (Fig. 2e). Nearly all cells showed a numerically normal karyotype. About 
50% of the cells were found to have an additional chromosome 17. he total number of chromosomes did not 
difer between MEFHdhQ111/Q111 and MEFHdhQ7/Q7 cells (Fig. 2f).

STHdhQͷͷͷ/Qͷͷͷ and MEFHdhQͷͷͷ/Qͷͷͷ cells show a higher proliferation rate. We further examined 
the proliferation rate of STHdh and MEFHdh cells, as both mutant cell lines appeared to proliferate at diferent 
rates during regular passaging.

Quantiication of the increase in cell number ater 3 days of cultivation revealed an elevated proliferation rate 
of STHdhQ111/Q111 compared to STHdhQ7/Q7 cells (Fig. 3a, P = 0.02). A trend towards increased proliferation rate 
was detected in MEFHdhQ111/Q111 compared to MEFHdhQ7/Q7 cells ater 7 days of cultivation (Fig. 3b; P = 0.073), 
although both MEFHdh cell lines did not proliferate as much as STHdh cells.

In order to clarify whether the enhanced proliferation had been the result of increased cell division or reduced 
cell death, we performed a cell cycle analysis and measured the amount of viable and apoptotic cells.

First, the proportion of cells in the diferent phases of the cell cycle was analysed by measuring the DNA con-
tent via DAPI staining intensity in detached, ixed cells. his assay conirmed the diference in ploidy between 
STHdhQ7/Q7 and STHdhQ111/Q111 cells, as there was a noticeable right shit in the curve obtained for STHdhQ7/Q7 
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cells, corresponding to an overall increased DNA content (Fig. 3c). his shit, however, made the automated anal-
ysis by the analysis sotware unreliable, and was therefore not quantiied. MEFHdh cells, on the other hand and in 
line with their similar karyograms, exhibited similar distribution patterns of cell populations with diferent DNA 

Figure 1. Cell size diference in Q111 knock-in cells. (a) Representative pictures of STHdhQ7/Q7 (STQ7) and 
STHdhQ111/Q111 (STQ111) cells, and (b) ImageJ-based surface area quantiication of STHdh cells attached to the 
culture dish surface n = 3 experiments, unpaired t-tests; ***P < 0.001. (c) Representative histograms of STHdh 
cells and (d) quantiication of the cell size of live cells in suspension, based on the relative mean forward scatter 
area (FSC-A); n = 4 experiments, unpaired t-tests; *P < 0.05. (e–h) Results of size determination for MEFHdhQ7/

Q7 (MEFQ7) and MEFHdhQ111/Q111 (MEFQ111) cells, respectively; *P < 0.05, **P < 0.01.
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content (Fig. 3d). In this case, the analysis showed a signiicant decrease in cells in the G0/G1 phase (MEFHdhQ7/

Q7 65.73 ± 2; MEFHdh Q111/Q111 39.17 ± 1; P = 0.0003), alongside a tendency to an increase in cells in the S 
(MEFHdhQ7/Q7 4.1 ± 2; MEFHdh Q111/Q111 8.2 ± 0.2; P = 0.07) and G2/M phase (MEFHdhQ7/Q7 22.9 ± 4; MEFHdh 
Q111/Q111 38.1 ± 0.2; P = 0.03). he observed diferences in cell cycle progression were in line with the observation 
that MEFHdh cells containing the huntingtin knock-in mutation proliferate more than wild type cells.

Second, we analysed the amount of viable and apoptotic cells by low cytometry analysis (Fig. 4). We found 
STHdhQ111/Q111 cells to have a higher proportion of viable cells (Fig. 4b, P = 0.047), and in turn a lower propor-
tion of apoptotic cells compared to STHdhQ7/Q7 cells, although the latter did not reach statistical signiicance. 
Similar results were obtained for MEFHdh cells, showing a signiicantly higher proportion of viable cells (Fig. 4e; 
P = 0.026) and, in this case, a signiicantly lower number of apoptotic cells (Fig. 4f; P = 0.017) in MEFHdhQ111/Q111 
cells compared to their wild type control.

Figure 2. STHdh cells display marked and divergent chromosome abnormalities. (a) Representative 
karyograms from STHdhQ7/Q7 (STQ7) and (b) STHdhQ111/Q111 (STQ111) cells with (c) quantiication of the 
chromosome numbers; n = 5 experiments, unpaired t-tests; ***P < 0.001. (d–f) Result of karyogram analysis 
for MEFHdhQ7/Q7 (MEFQ7) and MEFHdhQ111/Q111 (MEFQ111) cells, respectively; n = 8 experiments.
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The cell size and proliferation phenotypes in STHdhQͷͷͷ/Qͷͷͷ cells might impede the interpreta-
tion of standard cell viability assays. When investigating cell viability in our study, we used low cytom-
etry, a method that should theoretically be independent of cell size and cell proliferation. However, common cell 
viability tests depend considerably on these parameters. hus, we reassessed cell viability and cell death using the 
standard cell viability assays, PrestoBlue® and LDH assay, respectively (Fig. 5).

Analysis of the data revealed contradicting results when compared to the outcomes from low cytometry. he 
PrestoBlue® assay consistently showed lower signals in STHdhQ111/Q111 cells (Fig. 5a; P = 0.031) and the LDH assay 
revealed increased LDH release in STHdhQ111/Q111 compared to STHdhQ7/Q7 cells (Fig. 5b; P = 0.022), suggesting 
that mutant cells are characterized by reduced viability and increased cell death, in contrast to the irst indings. 
Diferentiation of STHdh cells led to a similar readout as low cytometry (Supplementary Fig. S3).

he results obtained for MEFHdh cells difered from the results obtained for STHdh cells. MEFHdhQ111/Q111 
cells had similar signals as MEFHdhQ7/Q7 cells in the PrestoBlue® assay (Fig. 5c; P = 0.656), but showed reduced 
LDH release (Fig. 5d; P = 0.034). hese indings were comparable to the results obtained by low cytometry.

Chromosomal abnormalities in STHdhQͷͷͷ/Qͷͷͷ cells might impede the interpretation of west-
ern blot analyses. Since we observed that STHdhQ111/Q111 cells difer markedly from the control STHdhQ7/

Q7 cell line in terms of chromosomal constitution, we investigated possible consequences of these alterations on 
the protein levels of commonly used loading controls for western blot analysis. he four proteins, β-actin (Actb, 
chromosome 5), GAPDH (Gapdh, chromosome 6), α-tubulin (Tuba1a, chromosome 15) and vinculin (Vcl, chro-
mosome 14) are located on diferent chromosomes.

Figure 3. Both mutant cell lines exhibit increased proliferation rates. (a) Manually determined cell count of 
STHdh cells ater 3 days; n = 5 experiments, unpaired t-tests; *P < 0.05 and (b) manually determined cell count 
of MEFHdh cells ater 7 days; n = 5 experiments; unpaired t-tests. (c) Representative overlays of signal intensity 
of STHdhQ7/Q7 and STHdhQ111/Q111 DAPI-stained cells and (d) representative overlay of signal intensity of 
MEFHdhQ7/Q7 and MEFHdhQ111/Q111 DAPI-stained cells with exemplary indication of cell cycle; n = 3.
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Western blot analysis of RIPA cell lysates revealed strong trends toward decreased levels of α-tubulin and 
vinculin in STHdhQ111/Q111 cells compared to STHdhQ7/Q7 cells (Fig. 6b and c; P = 0.06, P = 0.03), in accordance 
with the reduced number of chromosomes 15 and 14 in STHdhQ111/Q111 cells. In contrast, these diferences were 

Figure 4. Cell viability is not reduced in STHdh and MEFHdh mutant cell lines. Results from cell size- and 
cell number-independent low cytometry analysis: (a) Representative scatterplots of low cytometry analysis 
of STHdh cells and (b and c) quantiication from low cytometry analysis of Annexin V/7′AAD staining; 
n = 4 experiments. VC: viable cells, EAC: early apoptotic cells, LAC: late apoptotic cells, NC: necrotic cells. 
Quantiication of apoptotic cells combines results for EAC and LAC; unpaired t-tests; *P < 0.05. (d–f) Results of 
MEFHdh cells, respectively; unpaired t-tests; *P < 0.05.
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not found in MEFHdh cells (Fig. 6e and f), where no diferences in the number of chromosomes 15 and 14 were 
detected. Furthermore, the levels of β-actin were comparable in STHdhQ111/Q111 and STHdhQ7/Q7 cells (Fig. 6b and 
c) as well as in MEFHdhQ111/Q111 and MEFHdhQ7/Q7 cells (Fig. 6e and f), in accordance with the similar numbers 
of chromosome 5 in mutant and control cell lines. Interestingly, despite equal numbers of chromosome 6, levels 
of GAPDH were elevated in STHdhQ111/Q111 and tendentially in MEFHdhQ111/Q111 cell lines, compared to their wild 
type counterparts (Fig. 6b,c; P = 0.06, e and f; P = 0.02).

Discussion
STHdh cells represent a widely used cell culture model for studying cellular and molecular aspects of HD. 
Diferences in cell morphology, growth and diferentiation have previously been mentioned by other groups15,22, 
but to date, these diferences have not been assessed quantitatively. Our study demonstrates clear diferences in 
cell size, proliferation and ploidy between mutant and wild type STHdh cells, and suggests a strong inluence of 
these phenotypes on other readouts.

In the irst description of the STHdh cell lines, it was stated that STHdhQ111/Q111 cells are of similar size as 
STHdhQ7/Q7 cells, while cell proliferation was even decreased in the mutant cells and accompanied by an increase 
in DNA content3. Later studies, however, either do mention a reduced cell size of STHdhQ111/Q111 cells11,15, or the 
results are at least suggestive of such a phenotype (although not speciically discussed in these papers)23–25. his 
might indicate that the phenotypes observed in our study had developed over time, possibly due to the tumour 
character of the cell lines. On the other hand, a reduced cell size was also found in our MEFHdhQ111/Q111 cell 
line compared to the respective control, despite the absence of large scale chromosomal changes. In addition, 
cell size diferences in striatal neurons have been reported for the R6/2 model26,27 and the YAC128 model28, two 
transgenic mouse models of HD, and it has been suspected for HD patients29. It remains uncertain, if the reduced 
cell size should be considered an artefact or could be an HD-related feature, although it might be concluded that 
huntingtin is at least somehow involved in cell size regulation, as it is, as well, known to interact with cytoskeletal 
proteins30.

he multiple numerical anomalies and structurally abnormal chromosomes we found in both STHdh cell lines 
are typical for stable cell lines and long-term passaging19–21. Importantly, these abnormalities were found in cell 
populations that had been passaged for a maximum of six times between their purchase and the respective kary-
ogram analysis. As this is a normal amount of passages required to carry out experiments, the abnormalities are 
likely to appear in other laboratories in a similar magnitude. hus, users should be aware that the cell lines might 
not show the characteristics according to the original publication.

Figure 5. he cell size and proliferation phenotypes in STHdhQ111/Q111 cells impede the interpretation of 
standard cell viability assays. Results from the cell size- and cell number-dependent tests for STHdh cells: (a) 
PrestoBlue®, n = 3 experiments and (b) LDH assay, n = 3 experiments. Unpaired t-tests; *P < 0.05. (c and d) 
Results from size- and cell number-dependent tests for MEFHdh cells, respectively; unpaired t-tests; *P < 0.05.
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We further found the STHdhQ111/Q111 as well as MEFHdhQ111/Q111 cells to have an increased proliferation rate. 
It had been reported earlier that mutant huntingtin is involved in cell division in cell models and Drosophila31, as 
well as HdhQ111/111 knock-in mice, STHdhQ111/Q111 cells and MEFHdhQ111/Q111 cells, as it alters the orientation of the 
mitotic spindle32. Although cell proliferation had not been measured in that study, the authors demonstrate that 
this leads to changes in neurogenesis in the developing cortex, highlighting the importance of this phenotype.

It is perceivable that diferences in cell size, proliferation rate and chromosomal content might constitute 
confounding factors, and might complicate the interpretation of study outcomes due to adding several variables 

Figure 6. Chromosomal abnormalities impede the interpretation of western blot results in STHdh cells. (a) 
SYPRO Ruby staining, (b) western blots and (c) corresponding quantiication of marker proteins in STHdh cells. 
Unpaired t-tests; *P < 0.05. (d) SYPRO Ruby staining, (e) western blots and (f) corresponding quantiication of 
marker proteins in MEFHdh cells. Unpaired t-tests; *P < 0.05.
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which cannot properly be controlled for. We demonstrated that assays based on cell size and number, such as 
the PrestoBlue® and LDH assay, revealed lower basal cell viability and increased cell mortality in STHdhQ111/Q111 
cells. Similar results have previously been published by others using the same assays33–35 or comparable methods7. 
However, the results could not be recreated in an assay that was likely to not depend on cell size or cell number. 
hus, the earlier reported baseline diference in cell viability between STHdhQ111/Q111 and STHdhQ7/Q7 cells is 
questionable. Interestingly, our results were even indicative of increased cell viability in both, STHdhQ111/Q111 and 
MEFHdhQ111/Q111. Efects on pro-survival functions in STHdhQ111/Q111 cells would need to be further investigated, 
as they have been reported to be reduced for other cell models of HD36,37, whereas Akt signalling, implicated in 
neuronal survival38, has been shown to be increased in mutant STHdh cells14. Clearly, STHdh cells do not repre-
sent the hallmarks of the advanced disease. Intranuclear inclusions, amongst others, found in in vitro and in vivo 
models, are not found in STHdh cells3. herefore, the disease stage they model might not necessarily be charac-
terized by a reduction in cell viability under normal conditions.

Confounding efects of the chromosomal abnormalities found in the STHdh cell lines were further expected 
for western blot analyses. Our investigations revealed important aspects to be considered when choosing a load-
ing control for western blot analysis in STHdh cells. he protein levels of α-tubulin and vinculin were lower in 
STHdhQ111/Q111, but not in MEFHdhQ111/Q111, when compared to their respective controls and can be interpreted as 
a direct efect of the lower copy number of the chromosomes 14 and 15 in the STHdhQ111/Q111 cells. hese observa-
tions correspond to previous studies, which reported on analogous proteomic changes resulting from variations 
of the gene copy number in cancer cells or aneuploid cell lines39,40. On the other hand, our observation of an 
elevated GAPDH expression in both STHdhQ111/Q111 and MEFHdhQ111/Q111 cells has already been shown in other 
HD models. As GAPDH is a well-known interaction partner of huntingtin, these results further render GAPDH 
as an inadequate loading control in HD research41–43.

Although our study is important, as it demonstrates features of the extensively used STHdh model that need 
to be considered when working with this cell model, and as it highlights the MEFHdh cells as useful controls in in 
vitro studies, there are some limitations that we would like to point out. First, our MEFHdh cells were generated 
from embryos of diferent sex. he MEFHdh cells were generated 12 days ater a 48-hour breeding period, and sex 
diferentiation in the mouse embryo begins as early as E1044. herefore, although we consider the inluence of sex 
determination on cell size, proliferation rate and chromosomal content at that point negligible, we cannot rule it 
out. hus, we highly recommend the generation of sex-matched MEFHdh cell lines for further studies. Second, 
the two cell lines characterized here originate from the same HD animal model. As such, they share several draw-
backs that need to be considered. HdhQ111 knock-in mice, like most other animal models of HD, are designed 
to express mutant huntingtin with high numbers of polyglutamine repeats to provoke possibly early and strong 
phenotypes (reviewed by Ferrante et al.45), even though such high repeat numbers are only found in patients 
with the rare juvenile form of HD. In this regard, it should be noted that cell models46 and animal models47 with 
lower CAG-repeats have been generated to recapitulate the commonly found mutation lengths. Furthermore, 
both STHdh and MEFHdh cell lines are not isogenic. Q7 alleles represent the wild type mouse alleles, while 
Q111 alleles are human mouse chimera of exon1. For this reason, there are additional diferences in the gene 
sequence between Q7 and Q111 alleles than the CAG repeat expansion. On the other hand, STHdh and MEFHdh 
cells difer fundamentally regarding immortalization and biological origin. STHdh cells are comparable to other 
immortalized cell lines with regard to immortalization artefacts19–21,48, as shown here by the altered chromosome 
numbers. his is a drawback, as the supposedly complementary Q7 and Q111 cell lines have apparently acquired 
divergent features over time. Moreover, it needs to be considered that p53, a tumour suppressor protein afected 
in immortalized cell lines49,50, is a transcriptional regulator of huntingtin51 and implicated in the pathogenesis of 
HD52. In this regard, the MEFHdh cells used here represent a better cell model, as these were not immortalized 
and therefore the genetic integrity was less corrupted. However, the MEFHdh cells presented milder phenotypes 
regarding cell size and proliferation, which is likely to be due to their heterogeneous cell composition16. In this 
regard, the clonal and neuronal character of STHdh cells might lead to stronger and more robust phenotypes than 
embryonic ibroblasts. he clonal character, however, once more underscores the importance of an additional 
model, to exclude artefacts. Finally, it would always be advantageous to conirm phenotypes in cell and animal 
models of HD that are based on a diferent genetic background.

In summary, STHdh cell lines are a generally useful model to study mechanisms behind the molecular patho-
genesis of HD, because they provide the proper cellular as well as genetic context of HD due to their striatal 
origin and the knock-in model they derive from. However, the possible bias due to diferences in cell size, prolif-
eration and chromosomal content need to be considered when planning and interpreting results. In this regard, 
assays in which cell size and cell number play an important role for the outcome, and cannot be controlled for, 
should be avoided. Diferentiation of the STHdh cells into neuron-like cells might at least overcome the problem 
regarding cell proliferation. Nevertheless, for time-course experiments the increased proliferation rate, as it was, 
as well, observed in MEFHdh cells needs to be considered. A simple solution for treatment studies would be to 
not directly compare results from STHdhQ7/Q7 to STHdhQ111/Q111, but to rather compare treatment efects in the 
two cell lines independently. Finally, using a second in vitro or an in vivo model to conirm results is beneicial to 
determine the HD-dependency of the phenotype investigated. Our study emphasizes that it is of importance to 
regularly check the basic characteristics of an employed cell model and to consider putative alterations for exper-
imental design and analysis.

Methods
Ethics Statement. Experiments for the generation of MEFHdh cells were performed at the University of 
Tuebingen. he protocol was approved by the local ethics committee at Regierungspraesidium Tuebingen and 
carried out in accordance with the German Animal Welfare Act and the guidelines of the Federation of European 
Laboratory Animal Science Associations, based on European Union legislation (Directive 2010/63/EU).
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STHdh cells. STHdh cell lines, originally generated at the laboratory of Dr. Marcy MacDonald (Harvard 
Medical School, Boston)3, were purchased from Coriell Cell Repositories (Coriell Institute for Medical Research). 
Cell passages 4–12 were used for the experiments.

MEFHdh cells. A heterozygous breeding of HdhQ111 knock-in mice was set up and maintained for 48 hours. 
Ater 12 days, the pregnant female was sacriiced by inhalation of CO2. he embryos were extracted by caesarean 
sectioning, decapitated immediately and placed individually in sterile, ice-cold, Dulbecco’s phosphate-bufered 
saline (DPBS) (Invitrogen). Limbs, brain and visceral organs were removed. he remaining tissue was transferred 
into a sterile well of a 6-well plate with fresh DPBS, which was then replaced by 2 ml of culture media (Dulbecco’s 
Modiied Eagle Medium (DMEM) with 1% penicillin/streptomycin and 10% fetal calf serum (FCS), Gibco®, 
hermo Fisher Scientiic). he tissue was incubated for 1 h at 37 °C and 5% CO2. Ater this, the tissue was trans-
ferred into a 100 mm dish with 10 ml culture media (pre-warmed to 37 °C), and minced with a scalpel. Pieces 
were transferred to a T75 cell culture lask with 10 ml of fresh media and incubated at 37 °C and 5% CO2 for 3 
days. Aterwards, media was changed and the cells were incubated until they reached 90% conluency. Cells were 
then trypsinized (1 ml 0.25% trypsin-EDTA (Invitrogen) for 5 min at 37 °C and 5% CO2) and gently resuspended 
using a 1 ml pipette for subcultivation. For the experiments, a wild type and a homozygous culture were picked.

Cell handling and treatment. STHdh and MEFHdh cells were maintained in DMEM supplemented with 
10% FCS (GibcoTM) and 1% penicillin/streptomycin (GibcoTM) at 37 °C in 5% CO2. STHdh media was additionally 
complemented by adding 1% geneticin (A2912, Biochrome). Both, STHdh and MEFHdh cells were routinely tested 
negative for contamination by mycoplasma using the Venor®GeM Mycoplasma detection kit (Merck). Unless spe-
ciically stated diferently, STHdh cells were undiferentiated. For diferentiation into neuron-like cells a previously 
described diferentiation protocol3 was used. For this, cells were incubated in diferentiation cocktail for 24–48 h.

Flow cytometry. Undiferentiated STHdh and MEFHdh cells were recorded using a low cytometry LSR II 
cytoluorometer (BD Bioscience). A total of 200,000 ungated events were analysed with the low cytometry-DIVA 
sotware version 6.1.3 (BD Bioscience) and overlays were processed with FCS Express sotware version 4.0.230 
(De Novo Sotware). Diferentiated STHdh cells were recorded with a CyAn™ ADP low cytometer (Beckman 
Coulter). A total of 20,000 ungated events were analysed with Summit V4.3.01 sotware (Dako Colorado, Inc.).

Cell size determination. Cells were seeded in 6-well plates and grown to 60–70% conluency. Cell size was 
measured for cells attached to the surface of the culture dish as well as for detached cells ater trypsinization each 
with 3 replicates per cell line. A total of 270 cells per genotype were analysed in 3 independent experiments (30 
cells/well; 3 wells/experiment). Pictures of the cells were taken using an Eclipse TS100 Inverted Routine micro-
scope (Nikon) with a digital camera at 20x magniication and analysed with ImageJ v1.4753. For attached cells, the 
area of the cells was approximated by measuring the area of a polygon that was assigned to each cell. For detached 
cells, the area of a round shape was measured that was applied to each cell individually. he scale was determined 
by the length of the counting chamber grid.

Chromosome analysis. Chromosome preparations from cultured cells and GTG-banding were performed 
using standard techniques. For each cell line, 17 mitoses were numerically analysed and 5–8 mitoses were struc-
turally analysed. For cytogenetic analyses, for all cell lines, cells from early passages (P4-P6) were harvested using 
a standard protocol and was followed by G-banding. Images of well spread metaphase chromosomes were cap-
tured using a CCD camera. Karyotyping was performed using the IKAROS sotware (MetaSystems, Altlussheim, 
Germany). Chromosome classiication followed the guidelines of the International Committee on Standardized 
Genetics nomenclature for mice54.

Determination of proliferation rate. hree replicates of STHdh (40,000 cells per well) and MEFHdh 
cells (100,000 cells per well) were seeded in 6-well plates. Ater 3 days (STHdh) or 7 days (MEFHdh), cells were 
harvested by trypsinization (250 µl 0.25% trypsin-EDTA (GibcoTM) for 5 min at 37 °C and 5% CO2), washed and 
counted again. At least three independent experiments were performed.

Determination of DNA content. DNA content was measured using the NucleoView NC-3000 
(ChemoMetec). Reagents were provided by the manufacturer and cells were treated according to the manufac-
turer’s instructions. In brief, cells were detached from the culture lask, washed with DPBS (GibcoTM) and lysed. 
he cells were stained with DAPI, at a saturating concentration (10 µg/ml), stabilized and immediately analysed 
with the device. Data was analysed with the NucleoView NC-3000 sotware, Version 2.1.25.12 (ChemoMetec).

Viability assays. Cell viability and cell death were determined using commercially available kits 
(PrestoBlue® cell viability reagent, InvitrogenTM; Cytotoxicity Detection Kit (LDH), Roche), following the pro-
vider’s instructions. Briely, 10,000 cells were seeded in a 96-well plate and incubated overnight. Culture media 
was transferred into a new 96 well plate for the LDH assay. Cells let in the original plate received fresh media 
containing PrestoBlue®. he luorescence intensity (PrestoBlue® assay) was measured ater 1 h; the absorption 
(LDH assay) was measured according to manufacturer’s instructions, using the plate reader MWGt Synergy HT 
(BioTek Instruments) and the sotware Gen5 2.01 (BioTek).

In addition, cell viability and cell death were measured using low cytometry. For this, cells were grown in 75 ml 
culture lasks and harvested by gentle trypsinization (0.25% Trypsin-EDTA; Gibco®, hermo Fisher Scientiic). Cells 
were centrifuged at 400 × g for 5 min and washed twice with 1× Annexin V Binding Bufer (eBioscience). Cells were 
labelled with Alexa Fluor® 647 Annexin V (Biolegend) and 7-Amino-Actinomycin (7′AAD) (BD Pharmingen). 
Data was recorded by low cytometry to determine the number of Annexin V/7′AAD-positive cells.
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Cell lysate preparation. For preparation of lysates, STHdh and MEFHdh cells were trypsinized and col-
lected by centrifugation at 350 × g for 5 min. he pellet was washed once with cold DPBS (Gibco®, hermo 
Fisher Scientiic), centrifuged again and lysed in RIPA bufer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 
0.5% sodium deoxycholate and 1% Triton X-100, containing protease inhibitors) for 25 min on ice, while vortex-
ing briely every 5 min. Aterwards, samples were centrifuged at 13,200 × g for 15 min at 4 °C. Supernatant was 
pipetted into a pre-cooled reaction tube, adding glycerol to inal concentration of 10%, and stored at −80 °C until 
further analysis.

Western blotting, SYPRO Ruby staining and immunodetection. Protein concentrations of RIPA 
lysates were determined spectrophotometrically using Bradford reagent (Bio-Rad Laboratories). Western blot 
analysis was performed following standard procedures. Briely, 30 µg of protein were separated electrophoreti-
cally using 10% Bolt® Bis-Tris Plus Gels (hermo Fisher Scientiic). Proteins were transferred on Amersham™ 
Protran™ Premium 0.2 µm nitrocellulose membranes (GE Healthcare) using a TE22 Transfer Tank (Hoefer).

Ater transfer, total protein was stained with SYPRO Ruby Protein Blot Stain (hermo Fisher Scientiic) 
according to manufacturer’s instructions and detected at 600 nm using the LI-COR ODYSSEY® FC imaging 
system (LI-COR Biosciences).

Ater SYPRO Ruby staining, membranes were blocked with 5% Slimfast in TBS at room temperature for 1 h 
and probed overnight at 4 °C with the following primary antibodies: mouse anti-β-actin (1:10.000; clone AC-15, 
A5441, Sigma Aldrich), mouse anti-GAPDH (1:1000; clone GA1R, ab125247, Abcam), mouse anti-α-tubulin 
(1:5000; clone DM1A, CP06, EMD Millipore) and rabbit anti-vinculin (1:1000; clone E1E9V, #13901, Cell signal-
ling). Aterwards, membranes were incubated at room temperature for 1 h with the respective secondary IRDye 
antibodies goat anti-mouse 680LT and goat anti-rabbit 800CW (all 1:10,000; LI-COR Biosciences). Fluorescence 
signals were detected with the LI-COR ODYSSEY® FC and quantiied with ODYSSEY® Server sotware version 
4.1 (LI-COR Biosciences). Quantiied signals were normalized to total protein as detected before using SYPRO 
Ruby Protein Stain.

Statistical Analysis and Data availability. All data are presented as individual measurements (grey 
shapes) with mean and standard error of the mean (SEM). Statistical analysis was performed with GraphPad 
Prism 6.00 for Windows (GraphPad Sotware, Inc). Statistical signiicance of two group data sets was determined 
using two- tailed, unpaired Student’s t-test, with Welch’s correction. he signiicance threshold was set to P < 0.05. 
he datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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Correspondence should be addressed to Jonasz Jeremiasz Weber; jonasz.weber@med.uni-tuebingen.de

Received 31 October 2018; Accepted 27 January 2019; Published 14 February 2019

Academic Editor: Gessica Sala

Copyright © 2019 Jonasz JeremiaszWeber et al.his is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Proteolytic machineries execute vital cellular functions and their disturbances are implicated in diverse medical conditions,
including neurodegenerative diseases. Interestingly, calpains, a class of Ca2+-dependent regulatory proteases, can modulate the
degradational system of autophagy by cleaving proteins involved in this pathway. Moreover, both machineries are common players
in many molecular pathomechanisms and have been targeted individually or together, as a therapeutic strategy in experimental
setups. In this review, we briely introduce calpains and autophagy, with their roles in health and disease, and focus on their direct
pathologically relevant interplay in neurodegeneration and beyond.he modulation of calpain activity may comprise a promising
treatment approach to attenuate the deregulation of these two essential mechanisms.

1. Introduction

Proteolytic machineries of eukaryotic cells are key players in
the regulation of protein function or the maintenance of cell
homeostasis. Importantly, they act as modiiers of numerous
neurodegenerative proteopathies, including classical medical
conditions such as Alzheimer disease (AD), Parkinson dis-
ease (PD), and the group of polyglutamine (polyQ) disorders.
his link is evident as the nature of these diseases, i.e., the
occurrence of structurally abnormal toxic proteins, provokes
an overload of these systems, leading to their disruption,
loss of cellular integrity, and eventually neuronal demise
[1]. Beyond neurodegeneration, proteostatic processes are
implicated in further medical conditions like, for instance,
cancer, cardiovascular disorders, and diabetes [2–4]. his
multifarious involvement emphasizes the value of targeting
these machineries therapeutically.

In this review, we focus on two major proteolytic
machineries of the cell, the calpain protease system and
autophagy, which both have been scrutinized in the context

of neurodegenerative disorders and other diseases for the
last two decades. As oten the case with complex cellular
pathways, both proteolyticmachineries are strongly intercon-
nected and the deregulation of one of them inevitably leads
to repercussion on the other. By shedding new light on the
impact of calpains on autophagy and vice versa, we aim to
work out points of vantage for therapeutic applications, which
only target one but may hit both compromised proteolytic
systems. Consequently, future disease-treating approaches
may kill those rather angry birds, namely overactivated
calpains and impaired autophagy, with only one stone.

2. Calpains and Autophagy in
Neurodegeneration and Other
Medical Conditions

2.1. Calpains

2.1.1. Calpain Basics. he regulation of protein structure,
function, localization, or lifetime is mediated by a vast range
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Figure 1: Domain composition and structure of calpain-1, CSS1, and CAST. Conventional classical calpains are present as a large protease
unit, such as the here depicted calpain-1, and the calpain small subunit 1 (CSS1). Both share a C-terminal Ca2+-binding penta-EF-hand (PEF)
domain. Calpain-1 further contains an N-terminal proteolytic CysPc domain, consisting of core domains PC1 and PC2, which also bind Ca2+

ions. Amino acid positions of the catalytic triad of calpain-1 are indicated by vertical white lines. In addition, a calpain-like �-sandwich
domain (CBSW) is located between the CysPc and the PEF domain. CSS1 features, moreover, an N-terminal glycine-rich (GR) hydrophobic
domain.he endogenous inhibitor calpastatin (CAST) contains four structurally lexible inhibitory domains (ID1-4) of which each can inhibit
one calpain molecule. Illustrations of calpain-1, CSS1, and CAST are based on data retrieved from the UniProt database (respective identiiers
P07384-1, P04632-1, and P20810-1).

of posttranslational modiications (PTMs). Amongst those,
proteolytic processing constitutes a profound mechanism,
which spans from the removal of single amino acids to longer
peptides or whole domains of the targeted protein. One
class of enzymes responsible for this modiication is calpains,

irstly described as a Ca2+-activated neutral proteinase in rat
brain [5].he later-promoted term ‘calpain’ is a portmanteau,
which consists of the two syllables ‘cal’ in reference to Ca2+

or Ca2+-binding proteins and ‘pain’ as an allusion to struc-
turally related cysteine proteases like papain from plants or
clostripain fromClostridium [6]. Calpain and their homologs
can be found in unicellular andmulticellular organisms, from
animals, over plants, fungi, yeast, and down to bacteria [4].

Structurally, all calpains are characterized by their con-
served proteolytic domain (CysPc), which is subdivided in
the two protease core domains PC1 and PC2. Together
with more than 40 diferent other protein domains or
motifs, the CysPc domain forms multiple variants of calpains
in a modular principle. he human genome encodes 15
diferent calpains, divided into two main groups: classical
(calpains-1-14) and nonclassical calpains (calpain-5, calpain-
6, calpain-7, calpain-10, calpain-15, and calpain-16). Classical
calpains feature a C-terminal Ca2+-binding penta-EF-hand
(PEF) domain. Via this domain, members like calpain-1 and
calpain-2, which are referred to as conventional classical
calpains, exhibit a vital interactionwith the regulatory calpain
small subunit 1 (CSS1, formerly known as calpain-4) [7,
8]. Nonclassical calpains lack both the PEF domain and
the interaction with a regulatory subunit [4, 8, 9]. he
direct antagonist of these proteases is calpastatin (CAST),
the only known endogenous, ubiquitously expressed, and
highly speciic proteinaceous inhibitor of classical calpains.
Altogether, calpains, regulatory subunits, and CAST form the
intracellular calpain system [10, 11]. A structural represen-
tation of calpain-1, CSS1, and CAST is shown in Figure 1.
Calpain expression depends largely on the respective iso-
form: calpain-1, together with the regulatory subunit CSS1,
is expressed ubiquitously, and isoforms such as calpain-2,

calpain-5, and calpain-10 are found in most cells. However,
other calpains, like the skeletal muscle-speciic calpain-3,
show expression patterns restricted to distinct tissues [8].

he activation mechanism of calpains has been contro-
versially discussed and led to the formulation of diferent
explanatory scenarios [12]. However, X-ray crystallography

of Ca2+-bound calpain-2 together with CSS1 and CAST shed
light on the precise mechanism: in a fully activated state,

calpain-2-CSS1 heterodimer binds ten Ca2+ ions, of which
eight are bound to the two PEF domains, and one Ca2+

is bound at each PC domain. he Ca2+-binding induces
structural rearrangements, which then allows the connection
of the PC1 and PC2 core domains to a closed active state [13,
14]. In vitro studies demonstrated that Ca2+ concentrations
necessary for activation of calpains were in a micro- to
millimolar range, which is rather far beyond the nanomolar

Ca2+ levels in cells under normal physiological conditions.
Yet, this apparent contradiction is resolved, as the cellular
microenvironment may provide the suicient Ca2+ concen-
tration [12].

Calpains feature a wide range of cellular functions and act
in a regulatory way by performing limited proteolysis of sub-
strates, such as enzymes and structural proteins [15, 16].heir
functional involvement ranges from remodeling cytoskeletal
elements, regulating cell motility, cell cycle control, and
proliferation, via controlling gene expression, inlammation,
autophagy, and apoptosis, through to tuning signal transduc-
tion and synaptic plasticity in neurons [7, 17–19].

2.1.2. Calpains in Health and Disease. he important role
of calpains in a healthy biological system becomes even
clearer in the light of the wide-ranging implications of
their malfunction in a multitude of human diseases. he
deregulation of calpain function and mediation of molecular
pathomechanisms by calpains were described in medical
conditions such as myopathies, ophthalmic maladies, cardio-
vascular disorders, cancer, and neurodegeneration.
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A whole group of diseases which are based on the
direct dysfunctions of calpains was termed calpainopathies,
comprising a wide spectrum of pathological manifestations
[8]. Limb-girdle muscular dystrophy 2A (LGMD2A) was the
irst-described calpainopathy, which is caused by mutations
in the gene encoding muscular calpain-3 (CAPN3) [20, 21].
Missense mutations in the calpain-5 gene (CAPN5) were
associated with an autosomal-dominant form of neovascular
inlammatory vitreoretinopathy (ADNIV) [22]. In cardiovas-
cular injuries, mitochondrial calpain-1 was shown to mediate
apoptotic efects [23–25].Moreover, an intriguing association
of calpains was made with diabetes, when calpain-10 was
identiied as a susceptibility gene for type 2 diabetes [26].
Mutations in the skin-speciic calpain-12 were shown to
worsen the clinical manifestation of autosomal recessive
congenital ichthyosis [27].

Calpains also play a role in tumorigenesis by diversely
acting on cancer cell migration, survival, and death, render-
ing these proteases a potential therapeutic target in oncology
[28]. he proteases were shown to contribute to tumor
progression and to exhibit deregulated expression patterns on
one hand. On the other, calpains are acting as executioners
of apoptotic cancer cell death, activated by anticancer drugs
[29]. For instance, calpain-1 and calpain-2 demonstrated
protumorigenic roles in HER2+ breast cancer models, as
conditional deletion or knockout of CSS1, which is crucial
for the activity of these conventional calpains, blocked or
delayed tumorigenesis [30]. High calpain-2 expression was
associated with the adverse clinical outcome of basal-like
and triple-negative invasive breast cancer [31]. However, the
proapoptotic or antineoplastic activity of capsaicin was found

to be based on increased Ca2+ levels and, thereby, calpain-1
and calpain-2 activation, in models of human small cell lung
cancer [32, 33].

Lastly, calpains are also implicated in neuronal injury,
neurodegenerative disorders, and neuronal aging processes
[1, 34]. For instance, these proteases execute Wallerian
degeneration and mediate degenerative efects in traumatic
brain injury [35–37]. A detrimental calpain overactivation
has been detected in many neurodegenerative disorders
such as AD, amyotrophic lateral sclerosis (ALS), PD, or the
group of polyQ disorders [38–41]. Interestingly, calpains were
associated with fragmentation of the respective disease pro-
teins, leading to the generation of breakdown products with
an increased toxicity compared to the full-length protein.
his includes �-synuclein in PD or transactivation response
element DNA-binding protein 43 (TDP-43) in ALS, as well
as the polyQ disease proteins huntingtin in Huntington dis-
ease (HD) and ataxin-3 in Machado-Joseph disease (MJD).
Resulting protein fragments were shown to be more harmful
to cells or to readily form disease protein aggregates [42–
46]. Consequently, inhibition of cleavage by genetically and
pharmacologically targeting calpains or by rendering dis-
ease proteins cleavage-resistant ameliorated disease-related
molecular and behavioral characteristics in respectivemodels
of those diseases [46–51]. Overexpression of CAST in animal
models of AD and ALS showed beneicial efects by coun-
teracting the intrinsic calpain overactivation [52–54]. Most
recently, a neuronal calpainopathy was identiied which is

caused by CAPN1-null mutations, leading to cerebellar ataxia
and limb spasticity [55]. Furthermore, calpain-1 and calpain-2
seem to have opposing roles in neuronal function, mediating
synaptic plasticity, and neuroprotection versus neurode-
generative efects [17]. herefore, these circumstances have
to be considered when targeting calpains for therapeutic
purposes.

2.2. Autophagy

2.2.1. Autophagy Basics. Cellular homeostasis is the result of
constantly ongoing self-renewing processes that assure elim-
ination of malfunctioning or nonfunctional components,
fromproteins to organelles.hese highly conserved processes
feed into recycling mechanisms that provide the cell with
nutrients and metabolites. PTMs, typically ubiquitination,
canmark proteins for destruction, if they are nonfunctioning,
aggregating, or long-lived, eventually handing them over to
the cell’s major protein-degradation pathways: the ubiquitin-
proteasome system (UPS) and the autophagy lysosome path-
way (ALP) [56, 57].

Classically, UPS targets are tagged with K48-linked
ubiquitin chains, recognized by the 19S regulatory cap of
the 26S proteasome, unfolded, and then cleaved in the
20S proteolytic core, generating small peptides [58, 59].
ALP, the other degradational system, allows speciic as well
as bulk degradation under energy- and nutrient-deicient
conditions. his system can be subdivided into three dif-
ferent mechanisms: chaperone-mediated autophagy (CMA),
microautophagy, and (macro-)autophagy. All of them have
the shuttling of cargo to the lysosome in common, where
hydrolases break the content down to single amino acids.
Whereas CMA relies on a speciic KFERQ pentapeptide
recognition sequence for the chaperone-mediated transport
to the lysosomal transporters [60, 61], microautophagy is a
rather unspeciic engulfment of cytoplasmic content at the
lysosomal membrane [62].

Macroautophagy is characterized by the de novo forma-
tion of double-membrane structures that are formed in the
vicinity of the endoplasmic reticulum (ER), at nucleation
sites, even though the origin of the membranes is still not
entirely resolved [63]. Membrane structures are created that
form the phagophore (isolation membrane) by a steady
growth into the vesicular structure, enguling cellular mate-
rial from proteins up to organelles. he mature autophago-
somes inally fuse with lysosomes to autolysosomes, where
the cargo is degraded [64]. he genes responsible for this
process (autophagy-related genes, ATGs) have been found by
reverse genetics in Saccharomyces cerevisiae and a multitude
of homologueswere shown to be conserved throughoutmany
species and in humans [65]. he sensory components of
this degradation mechanism are the mechanistic target of
rapamycin complex 1 (mTORC1) and AMP-activated protein
kinase (AMPK), which integrate signals about nutritional
cues and growth factors or the energetic status of the cell,
respectively. his leads to the rapid adaptation of anabolic
processes and to the release of amino acids, through recycling
of cellular material by their diferential regulation of the
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serine/threonine-protein kinase ULK1 [66, 67]. he forma-
tion of the autophagosome is classically initiated by the ULK1
(Atg1 in yeast) complex under nutrient deprivation. Beclin-
1 is phosphorylated by ULK1 and VPS34 (Class III phos-
phatidylinositol 3-kinase (PI3K) in humans) is activated [68,
69]. In complex with VPS34, beclin-1 and ATG14 are involved
in the nucleation of the phagophore and maturation of the
autophagosome. he phagophore membranes are elongated
via two ubiquitin-like systems (ATG12 and ATG8) by the
reversible conjugation of several ATG gene products, which
prime the growing ends for further protein interactions [70].
ATG5-conjugated ATG12 binds to ATG16L (E3-like protein)
by E1-like (ATG7) and E2-like (ATG10) proteins. his com-
plex at the extending phagophore allows the recruitment
of the second ubiquitin-like system [71]. For this, ATG4-
cleaved microtubule-associated protein 1 light chain 3 (LC3,
Atg8 in yeast) is lipidated with phosphatidylethanolamine
(PE).hesemodiications generate LC3-II [72], which is then
incorporated into the double membrane. ATG7 and ATG3
function as E1-like and E2-like proteins, respectively, and
LC3-II is conjugated to the ATG5/12/16L complex by ATG3,
which drives the growth of the phagophore membrane [73,
74].

Autophagosomes can selectively engulf diverse forms of
autophagic cargo, ranging from single proteins, over pro-
tein aggregates (aggrephagy), to whole organelles like mito-
chondria (mitophagy) and even proteasomes (proteaphagy)
[75–78]. Cargo designated for degradation is detected by
p62/SQSTM1, neighbor of BRCA1 gene 1 (NBR1), optineurin,
Toll-interacting protein (TOLLIP), or other receptor pro-
teins [78–80]. hese receptors preferentially bind K63-
polyubiquitin-tagged substrates and bring them in contact
with the autophagosomes via a LC3-interacting region (LIR).
he speciic binding and the capacity of some proteins to act
additionally as scafolds for the recruitment of autophagic
complexes ensure selective degradation [81].

Lastly, the mature autophagosomes fuse with lysosomes.
his process requires several components, such as lysosome-
associated membrane proteins (LAMPs) [82]. he degrada-
tion in the lysosome proceeds to the breakdown of pro-
teinaceous cargo into single amino acids by cathepsins.
Dysfunction of both degradative systems has been associated
with neuronal aging and degeneration, bringing it into focus
for therapeutic research [83].

2.2.2. Autophagy in Health and Disease. In line with its
essential role in cellular homeostasis, autophagy is involved
in major disease classes like cardiovascular, infectious, and
metabolic disorders as well as cancer [84]. It has been
generally challenging to delineate the exact roles of autophagy
in cell survival and cell death [85].Whilst thismechanism can
have cell protective functions in regard to genomic integrity
[86] and autophagy induction is a common therapeutic
strategy in cancer, inhibition of this pathway has also shown
its applicability in tumor treatment. his is mainly because
autophagy can represent an escapemechanism for tumor cells
and may be responsible for the development of resistances
[87].

In the healthy nervous system, autophagy relieves neu-
rons of protein and organelle damage. Moreover, it plays an
important role in developmental organization processes [88],
ensuring axonal homeostasis [89] and sustaining the pool of
neuronal stem cells [90]. Autophagy is most vital during the
neonatal starvation period and thus ubiquitous deletion of
ATG core proteins results in neonatal or embryonic lethality
[91]. In brain injury by hypoxia or trauma, autophagy is a
critical and protective factor in cell survival, underlining its
important role in the survival of neurons [92, 93]. Condi-
tional knockout of core autophagy genes leads to decreased
life span and phenotypes resembling neurodegeneration [94,
95]. Successful aging is especially relevant in postmitotic
cells such as neurons [96]. he accumulation of long-lived
organelles and proteins, as well as the reduced ability of cells
to cope with stress imposed by those, is believed to be amajor
cause for late onset neurodegenerative diseases. As many
diferent pathomechanisms may lead to neurodegeneration,
various disease-speciic deregulations of the autophagic path-
way have been suggested [81, 97].

In several neurodegenerative disorders of the brain, an
accumulation of autophagosomes and autophagic markers
has been observed [84, 98, 99]. Importantly, the mere
inding of an increased number of autophagosomes gives no
information on whether the autophagic lux is increased or
the elimination of autophagosomes is just inhibited [100].
Observations in HD have shown that patient brain and
lymphoblasts feature increased numbers of autophagosomes
[101, 102]. his upregulation of autophagosome formation is
caused by the sequestration and inactivation of mTOR by
mutant huntingtin [103] and is accompanied by a defect in
cargo loading [104]. Further, critical autophagy regulating
genes, such as beclin-1 and Ras homolog enriched in striatum
(Rhes), show reduced function and protein levels in HD
brain [105–107]. Despite an already increased autophagy and
functionally disturbed autophagosomes, genetic or pharma-
cological induction of autophagy has, however, been proven
efective in diferent HD models [108, 109] and comparable
results were obtained for other polyQ disorders as well as for
AD and PD [110–113]. On the other hand, lysosomal cathep-
sins, which are responsible for the degradation of cargo pro-
teins in autophagy, were associated with cleavage of mutant
huntingtin in HD or APP in AD and, thus, formation of toxic
fragments. In this regard, inhibition of these proteases led
to beneicial efects on the molecular disease phenotype [114,
115]. Interestingly, not only have the disease-causing proteins
in polyQ disorders been found to be degraded by autophagy,
but also accumulated evidence suggests a direct role of
proteins like huntingtin orMJD’s ataxin-3 in autophagy regu-
lation. Huntingtin itself represents a very special case since its
structure is related to several ATG proteins. Consequently, it
has been implicated in the induction of autophagy [116, 117].
Huntingtin, in its physiological function, is proposed to act
as a scafold, which recruits autophagy-initiating factors and
adapter proteins [117, 118]. More recent studies have also
found ataxin-3 to be a regulator of autophagy initiation.Wild-
type ataxin-3 is a deubiquitinase that is thought to cleave
polyubiquitin chains from beclin-1, thereby saving it from
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degradation and enabling autophagy [119]. By contrast, in
MJD patient-derived ibroblasts, beclin-1 and autophagy
levels were reduced, and beclin-1 overexpression rescued
the deicit in autophagosome formation [120]. Interestingly,
reduced beclin-1 levels are commonly detected in neurode-
generative disorders and aging brains, representing a limiting
factor in autophagy induction and a driving factor in late
onset proteinopathies [106, 121, 122].

Aside from polyQ disorders, diferent levels of autophagy
deregulation have been reported for AD, PD, and ALS. An
increased PI3K/AKT/mTOR signaling was shown in AD, as
well as a defect in lysosomal clearance caused by A� [63, 121].
Autophagy induction by various means has been successfully
tested in animal models of AD, and several substances have
been evaluated in clinical trials [112, 123, 124]. All types of
autophagy have been implicated in PD pathogenesis and
macroautophagy, in particular, has been linked to mitochon-
drial dysfunction, due to inefective mitophagy [125]. he
PINK/parkin pathway, which is based on two proteins known
to be causative for PD when mutated, regulates mitophagy
and, therefore, controls mitochondrial number and quality.
Moreover, the accumulation of �-synuclein has been found
to interfere with mitochondrial turnover [126]. he genetic
activation of autophagy by beclin-1 expression as well as
pharmacological approaches were able to rescue disease
phenotypes in PD animal models [113, 127, 128]. In ALS,
the E478G mutation in the autophagy receptor optineurin
leads to defective degradation of mitochondria [129]. Also,
for the protein C9orf72, a regulatory function in autophagy
induction has been proposed [130].

he general translation of indings on autophagy’s role in
cell and animal disease models to human patients and clinical
applications poses a big challenge. Open questions remain
about the exact dynamics of deregulation in autophagic
processes in diferent neurodegenerative disorders, e.g., in
terms of aging and tissue speciicity. Furthermore, treatment
approaches targeting mTOR and AMPK signaling pathways
sufer from complications, such as pleiotropic efects or
occurring toxicities. hus, despite its compromised func-
tionality in diseases, it is still unclear to which extent the
autophagic clearance can be therapeutically exploited. In the
pursuit of new targets for autophagy modulation, the calpain
system could represent an approach to indirectly upregulate
autophagy and thereby reestablish cell homeostasis.

2.3. Interplay between the Autophagy Pathway and

the Calpain System

2.3.1. Impact of Calpains on Autophagy. Due to their lim-
ited proteolytic activity and intrinsic substrate speciicity,
calpains are considered as modulator proteases, allowing
them to regulate protein functions and, thereby, various
cellular pathways. It is, therefore, obvious that calpains exert
respective modulatory efects on autophagy. In many disease
conditions and models, calpains were shown to negatively
regulate autophagy, making enhanced calpain activation a
conceivable contributory factor in the impaired activation of
this degradation pathway.

Diverse studies have shown that the impact of calpains
on autophagy occurs on multiple levels, as summarized
in Figure 2. For instance, the �-subunit of heterotrimeric
G proteins (G

s�) appears to be a substrate for calpains.
Cleavage leads to its activation, which in turn activates
adenylyl cyclase. his results in an accumulation of cAMP,
which then culminates in the inhibition of phagophore
formation through activation of phospholipase C and, con-
sequently, increased generation of inositol triphosphate (IP3)
[131, 132]. Furthermore, ATG5 is cleaved and inactivated
by calpains, leading to a disturbance of the ATG12-ATG5
complex formation and, as a consequence, of the expansion of
the phagophore membrane [133, 134]. Interestingly, calpain-
cleaved ATG5 was shown to translocate to mitochondria
and induce apoptosis by blocking the antiapoptotic function
of Bcl-xL. hus, calpain cleavage of ATG5 constitutes a
switch between autophagy and apoptosis [134]. Moreover,
calpain overactivation as a result of anoxia-reoxygenation in
cells or ischemia-reperfusion injuries in vivo demonstrated
detrimental efects on autophagy via breakdown of beclin-1,
ATG3, or ATG7, while calpain knockdown or overexpression
of respective substrates counteracted the autophagic impair-
ments [135–137]. Nearly all ATG proteins were shown to be
cleaved by calpains in vitro, without characterizing, however,
the biological relevance of their proteolysis [138]. Aside from
proteins implicated in the proper formation of autophago-
somes, calpains also target autophagy receptors, such as
p62/SQSTM1 and optineurin, which may lead to a compro-
mised cargo binding [138–140]. Autophagosome maturation
might also be afected by calpains, as LAMP2 was shown to
be cleaved by these proteases, leading to lysosomal permeabi-
lization [141, 142]. Finally, due to their well-established role
in microilament dynamics, it was hypothesized that calpains
may interfere with the dynamic changes of the cytoskeleton
coupled to autophagosome formation [143]. Of note, the HD
disease protein huntingtin, which is involved in autophagic
processes, is a known calpain substrate, suggesting functional
repercussions when proteolytically fragmented [43, 117, 118].
Interestingly, depletion of CSS1, whose knockout leads to
early embryonic lethality in mice, induced lysosomal defects
and blocked autophagy in cell-based experiments. he latter
efect was attributed to the substantial calpain cleavage of Bif-
1, which allows the scission of Golgi components and their
targeting to nascent autophagosomes [144–146].

As neurodegenerative conditions, cancer, cardiovascular
diseases, and diabetes have in common a reported deregu-
lation of proteases and disturbances of the autophagic lux,
further studies on the involvement of calpains in autophagy
are of particular relevance. In the following sections, we will
discuss the interplay between calpains and autophagy in a
choice of those maladies.

2.3.2. Interplay of Calpains and Autophagy in Diabetes,
Ischemia and Cancer. Both calpain activation and deregu-
lated autophagy are implicated in the molecular pathomech-
anisms of many common health conditions with unsolved or

complex etiologies.Myriads of them feature an impairedCa2+

homeostasis as a primary trigger for these disturbances.
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Figure 2: Calpain targets in the autophagic machinery. Calpains can impair protein clearance on diferent levels of the ALP. By cleaving
signal transduction molecules, like G

s�, or autophagic proteins, like beclin-1 and ATG5, calpains lead to a reduction of autophagy initiation
and can, in the case of ATG5 cleavage, act as a switch from autophagy to apoptosis. Moreover, the cleavage of adapter proteins (optineurin,
p62/SQSTM1), cargo (e.g., disease proteins), or lysosome-associated proteins (LAMPs) can change the dynamics of cargo degradation, thereby
causing a defect in protein homeostasis. he inhibitory function of CAST reduces calpain activity and thereby leads to increased autophagy
levels. Additionally, it prevents the cleavage of disease proteins into toxic or strongly aggregating fragments, rendering more soluble, full-
length forms of the protein more accessible to autophagy.

In type 2 diabetes (T2D), amylin (or islet amyloid
polypeptide, IAPP), a peptide hormone which is cosecreted
with insulin in a ratio 1:100, was shown to accumulate in
afected pancreatic � cells, forming amyloid deposits and,
eventually, leading to cell death [147]. Autophagy has been
suggested as a defending mechanism in � cells against the
proteotoxicity of amylin, and a knowndysfunction of theALP
in T2D may further contribute to detrimental efects [148,
149]. Interestingly, toxic amylin oligomers were shown to lead
to intracellular membrane disruption, increased cytoplasmic

Ca2+ concentrations, and, consequently, overactivation of the
calpain system, speciically calpain-2, in cell models, mice,
and pancreatic tissues from humans with T2D [150, 151].
his overactivation ultimately leads to critical autophagic
dysfunctions [150].

Calpain overactivation is a general response during
ischemia-reperfusion in many diferent tissues, when anaer-

obic metabolism decreases the active Ca2+ elux and limits
its reuptake by the ER, thereby producing Ca2+ overload in

the cell. In the eye, heart, or liver, for instance, this overload
leads to the deleterious overactivation of calpains, which
then excessively cleave structural and functional proteins
[152–154]. Following retinal ischemic injury in vivo, calpains
were shown to fragment and inactivate beclin-1, resulting
in the deregulation of autophagy [136]. A direct impact of
calpains on autophagy remains unproven in the heart muscle;
however, in fatty livers, calpain-2 inhibited autophagy by
cleaving ATG3 and ATG7, thereby contributing to ischemia-
reperfusion injuries [137]. In livers of obese mice, a baseline
impairment of autophagy, due toATG7 depletion, was associ-
ated with a dramatic increase in calpain-2 protein expression
[155].

In cancer cells, calpains are oten mediating the switch
between protective autophagy and desired apoptosis (e.g.,
via ATG5). Inhibiting their activity may be disadvantageous
in anticancer treatments, whereas activating them may be
beneicial [156, 157]. Investigations on human metastatic
melanoma cells treated with cisplatin revealed that this
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chemotherapeutic induces calpain activation and inhibits
basal autophagy, while autophagy activation by calpain
inhibition acts as a prosurvival response [158, 159]. A
nonclassical calpain demonstrated a diferent efect regard-
ing the control of the autophagy system in sarcoma cells.
Knockdown of calpain-6, which is strongly upregulated in
cells with tumor-initiating and metastatic capacities, sup-
pressed autophagy as well as hypoxia-dependent prevention
of senescence entry [160, 161].heKaposi sarcoma-associated
herpesvirus inhibits autophagy and impairs monocyte difer-
entiation into dendritic cells as an immune evasion strategy,
by reducing CAST expression and consequently leading to
decreased ATG5 levels [162].

2.3.3. Linking Calpain Activation and Autophagy in Neurode-
generation. he neurodegenerative disorders AD, ALS, HD,
MJD, and PDexhibit an overactivation of calpains and distur-
bances of the autophagic pathway [1, 8, 81]. Considering the
known implications of calpains in autophagy, a link between
both pathways is also apparent in neurodegeneration.

In HD, calpains have been early identiied as a dis-
ease modiier, being overactivated in the disease context
and leading to cleavage of polyQ-expanded huntingtin [43,
49]. Likewise, a deregulation of autophagy was shown for
HD, which is further emphasized by wild-type huntingtin’s
physiological involvement in this pathway [117, 118, 163].
A direct connection between calpain overactivation and
autophagy deregulation has yet not been made for HD;
however, the knockdown of a calpain homologue in an HD
Drosophila model and CAST overexpression in HD mice
reduced polyQ toxicity of anN-terminal huntingtin fragment
and improved behavioral signs, by activating autophagy
[164]. his upregulation of the autophagic pathway was
attributed to cleavage inhibition of the calpain substrate
G

s�, as shown earlier in cell and zebraish models of HD
[131]. Respective efects also cannot be ruled out as a
contributing factor in two of our preclinical studies, where
we treated two HD animal models with the experimental
drug olesoxime, thereby not only reducing calpain overacti-
vation, huntingtin fragmentation, and aggregate formation,
but also ameliorating the behavioral phenotype [47, 165].
In an MJD zebraish model, calpain inhibition reduced
polyQ-expanded ataxin-3 levels in an autophagy-dependent
manner [166]. In a conditional�-synuclein-expressingmouse
model of PD, the environmental neurotoxin paraquat
was shown to activate calpains, leading to inhibition
of autolysosomal clearance and, thereby, accumulation of
both calpain-cleaved and insoluble �-synuclein species
[167].

Calpains were, furthermore, suggested to act as a switch
between two modes of cell death in hippocampal neural
stem cells, as low calpain activity triggered by insulin depri-
vation resulted in a preference for autophagic cell death
over apoptosis [168]. In cortical neurons, autophagy was
shown to fail preventing glucose deprivation/reintroduction-
induced neuronal death due to lysosomal permeabilization,
which resulted from a calpain-mediated LAMP2 cleavage
[141].

2.4. Activating Autophagy via Calpain Inhibition as

a herapeutic Approach

2.4.1. Genetic Approaches for Calpain Inhibition to Stimulate
Autophagy. In the previous paragraphs we have highlighted
the relevance of calpains and autophagy in various human
medical conditions, as well as the interplay of both proteolytic
machineries. he fact that calpains have a direct regulatory
impact on the autophagic system suggests the assumption
that exclusively targeting these proteases may target both
their deregulation and the autophagic dysfunction. Not hav-
ing reached clinical applicability yet, multiple cell-based or in
vivo disease models have delivered general proofs of concept
using genetic or pharmacological approaches.

Typical genetic strategies comprise the overexpression of
the endogenous calpain inhibitor CAST, or the knockdown
and knockout of calpain isoforms as well as of CSS1. In a
human IAPP transgenicmousemodel of T2D, overexpression
of CAST was shown to be protective against the loss and dys-
function of pancreatic � cells and preventing diabetes onset
by restoring the vital ALP [150]. Moreover, the intravitreal
injection of siRNA directed against CSS1 reduced calpain
activation and beclin-1 cleavage in an in vivo model for
retinal ischemic injuries [136]. In a mouse model for bone
sarcoma, knockdown of the nonclassical calpain-6 blocked
tumor development, and overexpression of this protease in an
osteosarcoma cell line increased autophagic lux, which could
rather favor tumorigenesis [161].

In models of neurodegenerative disorders, CAST over-
expression and calpain knockdown were protective against
toxicity of the respective disease proteins. RNAi-mediated
knockdown of the calpain homologue CalpA in Drosophila
models of HD and tauopathy ameliorated the disease-related
phenotypes in an autophagy-dependent manner [164]. HD
mice transgenic for CAST showed an activation of autophagy,
leading to reduced mutant huntingtin protein and aggregate
levels, attenuating disease symptoms, such as tremor and
motor phenotype [164]. In line with these indings, our
group showed that HD mice with ablated CAST expression
presented, in addition to calpain overactivation and the
consequent increase of huntingtin cleavage and aggregation,
disturbances in autophagy [169]. Analogously, positive efects
of CAST overexpression as well as negative consequences of
an CAST knockout on disease protein toxicity were shown
in further cell and mouse models of neurodegenerative
disorders, such as ALS, PD, and SCA3, without, however,
linking it directly to autophagy [44, 45, 48, 50, 52–54, 170].

Excessively calpain inhibition can be, nevertheless, detri-
mental, as the inhibition of calpain activity by CAST
overexpression in mouse hearts resulted in a progressive
cardiomyopathy characterized by accumulation of protein
aggregates, formation of autophagosomes, and disruption
of sarcomere integrity [171]. Moreover, in CAST transgenic
mice, postinfarct scar healing was impaired, leading to an
increased mortality [172].

2.4.2. Pharmacological Approaches for Calpain Inhibition to
Stimulate Autophagy. Pharmacological inhibition of calpains
for stimulating autophagy can be achieved in twomodes: irst,
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by targeting calpains directly with speciic inhibitors and,
second, by aiming at calpain-activating mechanisms (i.e.,

primary elements of the cellular Ca2+ homeostasis). Accord-
ingly, studies in diferent ields of clinical investigations have
tested these respective approaches.

In amodel for retinal ischemic injuries, administration of
calpain inhibitors MDL 28170 and SJA6017 prevented calpain
overactivation and cleavage of beclin-1 [136]. Pharmacologi-
cal inhibition of calpain-2, not calpain-1, suppressed anoxia-
reoxygenation-induced loss of autophagy proteins beclin-1
and ATG7, avoiding the onset of mitochondrial permeability
transition and decreasing cell death ater reoxygenation in rat
hepatocytes [135]. Similar resultswere achieved by preventing

a Ca2+ overload in mouse livers ater ischemia-reperfusion,
using the anticonvulsant/antiepileptic drug carbamazepine,
which suppressed the calpain-mediated autophagic lux
impairment and likewise prevented the loss of beclin-1 and
ATG7 [173]. Furthermore, inhibition of calpain-2 in steatotic
livers restored autophagic lux both in livers from obese
rats, ater ischemia-reperfusion, and in free fatty acid-treated
hepatocytes [174]. In obese mice, administration of calpain
inhibitors MDL 28170 and PD150606 resulted in rescued
ATG7 level, eventuating in lower ER stress, enhanced hepatic
insulin action, and systemic glucose tolerance [155].

In the ield of polyQ diseases, diverse approved com-
pounds have been rising as a promising reliever, through
calpain inhibition, for those disorders. In PC12 and neu-
roblastoma cells expressing an exon 1 fragment of mutant

huntingtin, inhibition of L-type Ca2+ ion channels (e.g., with
verapamil) enhanced the autophagic clearance of the soluble
and aggregated disease protein in a calpain-inhibiting man-
ner. hese efects could also be observed by direct inhibition
of calpains using calpeptin [131]. In line with this, treatment
of anMJD zebraishmodel with calpeptin resulted in lowered
mutant ataxin-3 expression by increased autophagy, which
furthermore ameliorated the model’s motor phenotype [166].
With regard to its signiicant efects on calpain activation and
mutant huntingtin aggregation in two animal models of HD,
the voltage-dependent anion channel-targeting experimental
drug olesoxime may most likely exert positive efects on
autophagy. However, respective evidence still needs to be
provided [47, 165].

3. Conclusions

As presented in this review, many in vivo and in vitro studies
have furnished evidence for the crosstalk between calpains
and autophagy, two important proteolytic cell machineries.
he interaction is grounded on calpains’ functional role as
modulator proteases, which cleave and modify the activity
of multiple substrate proteins, in this context, involved in
the autophagy pathway. hereby, calpains regulate autophagy
by inluencing autophagosome formation, substrate recogni-
tion, and cargo degradation.

his direct mechanistic impact highlights calpains as
a point of vantage for therapeutically targeting autophagy.
Especially in neurodegenerative diseases, but also other med-
ical conditions such as diabetes or ischemia, where calpains

are known to be overactivated, genetic or pharmacological
strategies to inhibit these proteases can attenuate concomi-
tant autophagic disturbances. Still, a further and broader
dissection of the interplay is necessary, which may cover
its potential involvement in other diseases and additional
underinvestigated processes along the autophagy pathway.
Notwithstanding the known detrimental efects of an exhaus-
tive calpain inhibition or an excessive autophagy activation,
the general role of calpains in autophagy regulation may
present downstream advantages, either by increasing cell
viability such as in diabetes and neurodegeneration, or by
facilitating apoptotic cell death upon chemotherapy in cancer.

For this reason, a broad discernment on both prote-
olytic machineries and their intersections may be useful for
understanding deregulation of calpains and autophagy in
neurodegenerative diseases and beyond, thereby contributing
to the development of additional treatment strategies for a
multitude of medical conditions.
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Abstract: Intrastriatal administration of mesenchymal stem cells (MSCs) has shown beneficial effects

in rodent models of Huntington disease (HD). However, the invasive nature of surgical procedure

and its potential to trigger the host immune response may limit its clinical use. Hence, we sought to

evaluate the non-invasive intranasal administration (INA) of MSC delivery as an effective alternative

route in HD. GFP-expressing MSCs derived from bone marrow were intranasally administered to

4-week-old R6/2 HD transgenic mice. MSCs were detected in the olfactory bulb, midbrain and

striatum five days post-delivery. Compared to phosphate-buffered saline (PBS)-treated littermates,

MSC-treated R6/2 mice showed an increased survival rate and attenuated circadian activity disruption

assessed by locomotor activity. MSCs increased the protein expression of DARPP-32 and tyrosine

hydroxylase (TH) and downregulated gene expression of inflammatory modulators in the brain

7.5 weeks after INA. While vehicle treated R6/2 mice displayed decreased Iba1 expression and altered

microglial morphology in comparison to the wild type littermates, MSCs restored both, Iba1 level

and the thickness of microglial processes in the striatum of R6/2 mice. Our results demonstrate
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significantly ameliorated phenotypes of R6/2 mice after MSCs administration via INA, suggesting

this method as an effective delivering route of cells to the brain for HD therapy.

Keywords: Huntington disease; cell therapy; mesenchymal stem cells; intranasal; R6/2 mice;

dopamine transmission; microglia; neuroinflammation

1. Introduction

Huntington disease (HD) is an autosomal dominant neurodegenerative disorder that affects 4–10

individuals per 100,000 [1–4]. It is an adult-onset, chronically progressing disease manifested by

motor dysfunction, cognitive decline, and psychiatric symptoms together with weight loss and sleep

disturbance (reviewed in [5,6]). HD is caused by an expansion of the CAG (coding for glutamine)

repeat region in exon 1 of the huntingtin (HTT) gene that encodes the huntingtin protein (HTT) [7].

In mutant HTT (mHTT), the polyglutamine tract contains more than 38 glutamines and the length

of the tract correlates inversely with the age of disease onset, with longer tracts resulting in earlier

onset [3,4]. The neuropathological hallmarks of HD feature a substantial accumulation of protein

aggregates containing truncated N-terminal mHTT fragments in the cortex and striatum [8], and

striatal atrophy that progressively extends to cerebral cortex and other brain regions [9,10].

At present, there is no effective treatment for disease prevention or slowing down disease

progression [11,12]. Existing medications are limited and only alleviate the HD symptoms so

as to improve the quality of life of the patients [3,12,13], but do not extend the life span of

the patients. Recent therapeutic development for neurologic disorders explored the potentials

of multipotent mesenchymal stem cells (MSCs) that possess regenerative properties and their

preferential tropism to migrate to damaged brain regions in the degenerating central nervous system

(CNS) [14,15]. In vivo testing reported that the therapeutic effects of MSCs are mainly attributed to their

neuroprotective/immunomodulatory capacity and enhanced availability of bioactive factors including

trophic and growth factors that could induce tissue repair and angiogenesis [16,17]. The therapeutic

effects of MSCs were explored by intracerebral transplantation in animal models of HD [14,18–21],

Parkinson’s disease (PD) [22–27] and Alzheimer’s disease (AD) [28–36], all of which ameliorated

phenotypic impairments in MSC-treated animal models. It is, however, considered to have a limited

translational potential [16]. While intracranial delivery enhances the number of cells reaching the

targeted brain region when compared to systemic administration, the invasive nature of the delivery

method poses high risk to the subject and restricts repeated cell administrations within a short period of

time [37,38]. Later studies have hence utilized the innovative, non-invasive intranasal administration

route for brain targeting [39,40]. We have previously shown that after MSCs crossed the cribriform

plate, they either migrated into the olfactory bulb and subsequently to the other brain regions, or

entered the cerebrospinal fluid (CSF) with movement along the surface of the cortex and then into the

brain parenchyma [41], which has been recently confirmed [42]. Later we demonstrated the efficacy of

intranasally administered MSCs in the 6-hydroxydopamine (6-OHDA) rat model of PD [43]. Likewise,

beneficial effects of intranasally delivered MSCs were also reported in a rotenone-induced PD mouse

model [44] and a spinal cord-lesioned rat model [45]. Based on the promising in vivo data and our

technical expertise on intranasal MSC-treatment in neurological disease models, in this study we

evaluated the therapeutic effects of MSCs administered via the intranasal route in HD using the R6/2

mouse model.

The R6/2 mouse model carries an N-terminal exon 1 fragment of the disease-causing human

HTT gene that contains approximately 145 CAG repeats (length of polyglutamine expansion varies

due to germ line instability) [46,47]. As a result, they display physiological and behavioral

phenotypes that recapitulate symptoms of HD patients [48,49], including progressive weight loss,

shortened life span [46,50,51], progressive motor dysfunction [50,52], cognitive decline [53,54] and
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neuropsychiatric-like disturbances [55,56] such as disrupted circadian rhythm [57]. Brain volume

reduction and neuronal intranuclear inclusions are also consistently observed in R6/2 mice, resembling

the neuropathological features of human HD [46,51,52]. Furthermore, R6/2 mice have been reported

to have a wide range of gene dysregulation in various brain areas. This includes the expression of

multiple inflammation- and stress-related genes as well as genes related to neurodegeneration [58].

As in other neurodegenerative diseases, neuroinflammation was detected in HD patients as well

as in HD animal models like the R6/2 mice [59–65], in which pro-inflammatory cytokines such as

interleukin 6 (IL-6) and tumor necrosis factor alpha (TNFα) were significantly elevated. It is well

known that MSCs exert immunomodulatory effects by affecting immune T- and B-cell responses,

including suppression of T- and B-cell proliferation and the regulatory response of the T-cell, as well

as activation of dendritic and natural killer cells [66–70]. Moreover, MSCs secrete various cytokines,

trophic and growth factors that support neuronal survival and regeneration [71,72]. Cell migration

deficits including impaired function of microglia and the decreased expression of microglia marker

Ionized calcium-binding adapter molecule 1 (Iba1) have been observed in HD transgenic mice [73,74].

Besides, the dopaminergic neurotransmission system is also severely impaired [75,76], as shown by the

decreased mRNA expressions of both D1 and D2 dopamine receptors and their electrophysiological

responses to receptor activation [77].

In this study, MSCs isolated from the bone marrow of young eGFP mice were transplanted into the

transgenic HD mouse model R6/2 via the intranasal delivery route at the early disease stage. MSCs were

found to have a dynamic and widespread distribution in several major brain regions. Physiological and

behavioral parameters were monitored in MSC-treated R6/2 mice longitudinally post-transplantation

and were compared to the control groups (PBS-treated wild type (WT) and PBS-treated R6/2 mice).

We found that intranasal MSC treatment extended the life span and alleviated the circadian activity

disruption of the R6/2 mice. Expression analyses revealed that these functional improvements

were attributed to ameliorated neuroinflammatory activation and improved dopaminergic signaling.

Moreover, MSCs could restore the expression of Iba1 as a marker of microglia and the morphology

of striatum-resident microglia in R6/2 mice. Altogether, our study provides evidence that intranasal

administration of MSCs is an efficacious delivery route for HD treatment and has a high translational

potential to the clinics for HD as well as other neurodegeneration-targeting therapies.

2. Materials and Methods

2.1. Isolation, Cultivation and Characterization of MSC in Vitro

Transgenic mice expressing eGFP (8–12 weeks old, male, C57Bl/6-Tg(UBC-GFP)30Scha/J (eGFP

mice) were obtained from Jackson Laboratories (Bar Harbor, ME). Bone marrow was harvested

from tibia and femur as described previously [78]. MSCs were cultivated in minimum essential

medium (MEM) α, GlutaMAX™ (Gibco, 32561029) with 15% fetal calf serum (FCS) (Gibco, 10270106)

and 1% penicillin/streptomycin (Gibco, 15070-063) supplemented with 20 ng/mL FGFb (Peprotech,

450-33). MSCs were harvested at passage 2 and frozen in 10% DMSO/90% cultivation medium until

transplantation. All MSCs used for transplantations were at passage three. Cells were harvested

at passage four and fixed with 2% (v/v) buffered paraformaldehyde (Pierce, 16% Formaldehyde,

Methanol-free) for 15 min at room temperature. Mouse Mesenchymal Stem Cell Marker Antibody

Panel (R&D Systems, SC018) was used according to the manufacturer’s protocol. The panel consisted

of the following antibodies: Anti-CD11b, anti-CD45, anti-Sca-1, anti-CD 106, anti-CD105, anti-CD73,

anti-CD29, and anti-CD44, rat IgG2A (MAB006, Life Technologies) and rat IgG2B (MAB0061, Life

Technologies). MSC were blocked in 5% BSA for 30 min at room temperature and then incubated

with primary antibodies for 30 min at room temperature. MSC were washed two times with PBS and

stained with secondary antibodies (1:200 dilution: Donkey anti-rat Cy3 (712-165-153, Dianova) or

sheep anti-rat-NL557 (NL013, R&D)). After 30 min incubation at room temperature, cells were washed
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two times and fluorescence was measured using BD-Influx. Gates were set according to appropriate

isotype controls. Dot blot graphs were created using BD FACS™ Software.

2.2. HD Animals

For the animal experiments, female mice expressing exon 1 of mutant human HTT gene with

approximately 145 CAG repeats were housed with littermates of mixed genotype in groups of four with

12 h light/dark cycle and free access to food and water. All experiments were approved by the local

ethics committee at the Regierungspraesidium Tuebingen (License Number:PH8/13), and carried out

in accordance with the German Animal Welfare Act and the guidelines of the Federation of European

Laboratory Animal Science Associations based on European Union legislation (Directive 2010/63/EU).

Breeding was performed by crossing wild-type B6CBAF1/J males with ovary-transplanted

R6/2 females (B6CBA-TgN(HDexon1)62Gbp/J) supplied by The Jackson Laboratory (Charles River

Laboratory). Genotyped female R6/2 and wild-type (WT) littermates from each cohort were assigned

to different treatment groups according to their body weight and rotarod test performance to

counterbalance the potential litter effects. Animals were divided into three treatment groups

and recruited to all behavioral experiments: (1) R6/2 mice treated with MSCs resuspended in

phosphate-buffered saline (PBS) (R6/2-MSC); (2) R6/2 mice treated with PBS (R6/2-PBS) and; (3) WT

mice treated with PBS (WT-PBS) (n = 16 per group). Animals were sacrificed at 7.5 weeks after

intranasal MCS vs. PBS treatment. For the analysis of cell migration in the brain animals were sacrificed

five days post-delivery of MSCs (n = 3).

2.3. Intranasal Cell Transplantation

Mice at four weeks of age were administered with MSCs of passage three as previously

described [41]. The mice were held with a hand grip that allowed the animals to recline on their

backs while immobilizing the skull, and the nose drop containing the substance/cell suspension

was carefully placed on one nostril allowing it to be snorted naturally, and then the other nostril.

One hundred units of hyaluronidase (Sigma-Aldrich Chemie GmbH, H3506) dissolved in 24 µL sterile

PBS was administered to the mouse nostrils (6 µL/nostril, repeat once after 2 min) 30 min prior to the

administration of MSCs or PBS. One million of vital MSCs were freshly prepared from frozen stocks

and resuspended in 24 µL of sterile PBS and applied to each mouse in the R6/2-MSC group using the

same method as described for hyaluronidase, while R6/2-PBS and WT-PBS groups received the same

amount of PBS only. Since the amount of living cells after the thawing procedure was highly variable

for eGFP-MSC (50–75% survival), we thawed an excess of MSC, i.e., up to 2.5 × 106 cells. This ensured

that the total number of cells applied contained 1 × 106 living cells, which was determined by the

trypan blue staining immediately before cell administration. After three days, the administration was

repeated so that each mouse in the R6/2-MSC group received two million of cells in total, whereas mice

in the control groups received 24 µL of vehicle buffer (PBS) for the second time.

2.4. Rotarod Test

R6/2-MSC and controls R6/2-PBS and WT-PBS were tested at 6, 8 and 10 weeks of age (2, 4 and 6

weeks after transplantation) on a rotarod apparatus (AccuScan Instruments). Mice were tested over

3 consecutive days [79]. On each day, the animals received a training trial of 5 min at 4 rpm on the

rotarod. One hour later, the animals were tested for 3 consecutive accelerating trials of 5 min with the

speed changing from 4 to 40 rpm over 360 s and a minimum of 30 min inter-trial interval. The latency

to fall from the rotating rod was recorded. Mice remaining on the rod for more than 360 s were removed

and their time scored as 360 s.

2.5. Locomotor Activities and Food Intake

Locomotor activities and feeding behavior were monitored by the LabMaster system which

provided a home cage-like environment embedded in an infrared light frame (TSE system GmbH).
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Animals were monitored for 22 h at 5 and 11 weeks of age (n = 15), and the data were collected

automatically with 1 min intervals. As the animals were habituating to the new environment during

the first two hours, these data were excluded from the analysis. Ambulatory activity was defined by

the number of beam breaks along the x and y axes (horizontal activity), while beam breaks on z level

were calculated as rearing (vertical activity). Fine movement was defined by repetitive beam breaks.

Data were analyzed either by summating all activities in both phases as total activity or in the light

phase and dark phase individually. Food intake was calculated as the food consumption over 22 h.

2.6. Quantitative PCR

RNA was extracted from mice tissues using peqGOLDTrifastTM reagent according to the

manufacturer′s instructions (PeqLab, 30-2040) and treated with DNase I (Life Technologies, EN0521).

cDNA synthesis was performed using SuperscriptTM III Reverse Transcriptase (Life Technologies, 18080085)

and Oligo(dT)18-Primer (Thermo Scientific, SO132) at 50 ◦C for 1 h. cDNA (1:10 dilution) was used as

PCR template with technical triplicate for every sample. Quantitative PCR was performed using the DNA

engine CFX Connect™ Real-Time PCR Detection System (Biorad) according to published protocols [80].

2.7. Immunohistochemical Staining and Immunofluorescence Staining

Immunohistochemical analysis was performed on 11.5-week-old mice (7.5 weeks after MSCs

administration). Mice were perfused transcardially with 4% paraformaldehyde in PBS (pH 7.4)

and post fixed in the same fixatives overnight at 4 ◦C. Brains were serially cut into 25 µm-thick

coronal sections, in which every 6th brain section was taken and pre-mounted on slices. All staining

procedures were performed at room temperature. For the immunohistochemical staining, brain

sections were incubated in 0.5% NaBH4 for 30 min for blocking. After washing, the sections were

permeabilized in 0.3% Triton X-100 in TBS buffer (25 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl).

For staining mHTT aggregates, primary antibody EM48 (Millipore, MAB5374) incubation was carried

out overnight at a concentration of 1:1000, followed by incubation with biotinylated anti-mouse antibody

(1:500, Vector Laboratories, BA9200) for 2 h. Avidin-biotin complexes (1:200, Vector Laboratories,

PK6100) with a single round of biotinylated tyramine amplification were used to enhance the signal

intensity. For color development, sections were exposed to nickel-DAB-H2O2 (0.6%/nickel sulfate, 0.01%

3,3-diaminobenzidine (DAB), and 0.001% hydrogen peroxidase) until they reached an optimal staining

intensity. For the immunofluorescence staining, brain sections were blocked with 5% normal goat serum

(Vector Laboratories, S-1000), and incubated in one of the following primary antibodies: Anti-dopamine

and cyclic AMP-regulated phosphoprotein (DARPP-32) at a concentration of 1:1000 (Epitomics, 1710-1),

anti-eGFP at a concentration of 1:250 (NovusBio, NB600-308), anti-Iba1 at a concentration of 1:2000

(Wako, 019-1974), and anti-neuron-specific nuclear protein (NeuN) at a concentration of 1:200 (Merck

Millipore, MAB377B) overnight. The secondary antibody anti-Rabbit Alexa 594 was used at 1:500

(Dianova, 711-585-152).

2.8. Quantification of Striatal Area

To compare the striatal volume, brain sections of WT-PBS, R6/2-PBS and R6/2-MSC mice were

stained using anti-DARPP-32 to visualize striata (n = 4). Six sections containing the striatum starting

from approximately Bregma 0.98 (2 sections are ~150 µm apart) were chosen for quantification. Images

were analyzed by ImageJ (National Institutes of Health, USA) and the striatal area of each brain section

was defined by the DARPP-32-positive area. The striatal area of each animal was calculated as the

average of the striatal area of the 6 brain sections analyzed.

2.9. Western Blotting Analysis

Mice striatal tissues were homogenized in ice-cold 10 volumes w/v modified RIPA buffer (150 mM

sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 5 mM EDTA pH 8.0) with

Complete Proteinase Inhibitor Cocktail tablets (Sigma-Aldrich, 1873580) with a mechanical homogenizer.
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After a further 5-min sonication step with a bath sonicator for shearing genomic DNA, the lysates were

centrifuged at 16,200× g at 4 ◦C for 20 min to isolate the soluble protein. Protein samples were denatured in

Lithium dodecyl sulfate (LDS) buffer (NP0007, Thermo Fisher, Darmstadt, Germany) containing 100 mM

DTT and separated using NuPAGE Bis-Tris 12% gel (Thermo Fisher, NP0349BOX). Blots were incubated

overnight at 4 ◦C with the following primary antibodies: Anti-pro-brain-derived neurotrophic factor

(BDNF) (1:500, Sigma-Aldrich, P1374-200UL), anti-nerve growth factor (NGF) (1:1000 Abcam, ab6199),

anti-DARPP-32 (1:5000, Epitomics, 1710-1), anti-tyrosine hydroxylase (TH) at a concentration of 1:1000

(Merck Millipore, AB1542), anti-Iba1 at a concentration of 1:1000 (Wako, 019-1974), and anti-beta actin (1:

5000, Sigma-Aldrich, A5441). Florescence-conjugated secondary antibodies, anti-rabbit and anti-mouse

at a dilution of 1:10000 (Li-COR Bioscience, 926-32211 and 926-68070), were used to detect the signals

utilizing Li-COR Odyssey imaging system (Li-COR Bioscience).

2.10. Statistical Analysis

Experimental results are expressed as means± SEM, except for the data on MSC phenotype analysis.

Survival curves of the animals were analyzed using log rank test. Behavioral data were analyzed by

two-way ANOVA with Tukey’s post hoc test. Data from neuropathological analyses were analyzed

by two-tailed student’s t-tests for comparison between MSCs-treated and PBS-treated R6/2 mice, and

between PBS-treated R6/2 mice and PBS-treated WT mice. A non-parametric Mann–Whitney test was

performed for non-Gaussian distributions. A p value < 0.05 was considered statistically significant.

3. Results

3.1. Cell Characterization in Vitro

Mouse MSCs were characterized prior to transplantation and found to be positive for the following

MSC markers: Sca-1, CD29, CD44, CD73, CD105 and CD106 and negative for hematopoietic markers

including CD11b and CD45 (Figure 1A), showing a classical mesenchymal stem cell morphology at

passage 4 (Figure 1B). In addition, we confirmed eGFP expression using fluorescence microscopy

(Figure S1) and flow cytometry (Figure S2).

 

Figure 1. Characterization of mesenchymal stem cells (MSCs) in vitro and MSCs tracking post-delFigure 1. Characterization of mesenchymal stem cells (MSCs) in vitro and MSCs tracking post-delivery.

(A) MSC phenotype was analyzed before transplantation by means of flow cytometry (n = 3, mean ±

SD). Blue bars represent negative markers (CD11b and CD45) whereas red bars are the positive markers.

(B) Exemplary phase contrast image of eGFP-MSC at passage 2. (C) Quantification of GFP-positive

cells and representative images showing GFP staining (pseudo-colored in red) in the olfactory bulb

(OB), midbrain (MB) and striatum (STR) of R6/2 mice 5 days post-delivery of MSCs. Scale bar: 20 µm.
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3.2. Cell Tracking in the Brain after Intranasal Administration

To evaluate the migration of MSCs in different brain regions following intranasal delivery,

we investigated the presence of the donor-specific eGFP signal in different brain regions using

immunostaining in the mice 5 days (n = 3). Five days after the first transplantation, in the entire

brain eGFP-expressing MSCs were only found in the midbrain, striatum, and olfactory bulb, whereas

the amount of detectable MSCs was much lower in the olfactory bulb compared to the other two

brain regions (Figure 1C). The presence of eGFP signal was also investigated 7.5 weeks after MSC

administration. No GFP-positive signal was detected in any brain region (data not shown).

3.3. Intranasal Administration of MSCs Prolonged Survival of R6/2 Mice with Potentially Improved Motor
Function

To assess the effect of intranasal administration of MSCs on the survival of R6/2 mice, 16

animals/group were monitored until the end of behavioral tests at 11 weeks of age. The survival

curve showed that MSC-treated mice (R6/2-MSC) had a comparable survival rate as WT controls

(WT-PBS) (100%), while the R6/2 mice receiving PBS only (R6/2-PBS) exhibited a significantly reduced

survival rate of 75% (log rank test, p = 0.0139) (Figure 2A). Body weight of mice was monitored weekly.

Two-way-ANOVA analysis revealed no significant difference among the 3 treatment groups, although

R6/2 mice with PBS or MSCs treatment showed a trend of reduced body weight at 11 weeks of age

when compared to WT controls (Figure 2B).

compared to WT controls (Figure 2B). 

Figure 2. Longitudinal assessment after intranasal MSCs administration. (A) Kaplan–Meier survival

curve of MSC-treated R6/2 mice and control groups (n = 16 for each group). (B) Body weight recorded

from 4 to 11 weeks of age (n = 16 for R6/2-MSC and wild type (WT)-phosphate-buffered saline (PBS),

n = 12 for R6/2-PBS). (C) Rotarod test performance of MSC-treated mice after MSCs administration

(n = 16 for R6/2-MSC and WT-PBS, n = 14 for R6/2-PBS). R6/2-MSC displayed a trend towards improved

latency to fall as compared to R6/2-PBS starting from 4 weeks post MSC delivery (p = 0.1059) and

continued to 6 weeks after cell application (p = 0.0848). Data are expressed as mean ± SEM.

It has been reported that R6/2 mice displayed motor deficits as early as 4 weeks of age as compared

to WT littermates [81]. Motor function was assessed by rotarod test at 2, 4 and 6 weeks post intranasal

MSCs application. The latency to fall was compared among the 3 treatment groups to evaluate the

mice’ performance on the rotating rod. R6/2 mice showed a highly significantly reduced latency to

fall during the whole investigation period in comparison to the WT littermates (two-way ANOVA

and Tukey‘s post-hoc test, F(1.44) = 27.77, p < 0.001). When we only compared the MSC-treated and
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PBS-treated R6/2 mice using student’s t-test, R6/2-MSC displayed a trend towards improved latency

to fall as compared to R6/2-PBS starting from 4 weeks post MSC delivery (p = 0.1059) and continued

to 6 weeks after cell application (p = 0.0848). These results suggested a potentially improved motor

function in R6/2 mice after intranasal applications of MSCs (Figure 2C).

3.4. Ameliorated Circadian Rhythm in the MSC-Treated R6/2 Mice

Numerous studies have shown disrupted circadian rhythm in HD patients and animal models

including R6/2 mice [82–84]. We tracked the locomotor behavior of the animals for 22 h (12 h dark

phase and 10 h light phase) using LabMaster to evaluate their activities and circadian rhythms at 1

and 7 weeks after cell administration (i.e., 5 and 11 weeks of age, respectively). At 11 weeks of age,

R6/2 mice with either MSC or PBS treatment showed an abnormal circadian rhythm with increased

ambulatory activity during the light phase as compared to WT controls, although this phenotype was

not observed at 5 weeks of age (1 week after cell administration) (Figure 3A,B). We therefore compared

the sum of fine movement and total activity over the light phase. Two-way ANOVA and Tukey‘s

post-hoc test revealed that both were significantly reduced in the MSC-treated R6/2 mice compared to

R6/2-PBS mice at 11 weeks of age (p < 0.05 for both) (Figure 3C,D).

Figure 3. Ameliorated sleeping disturbance in the MSC-treated R6/2 mice at the later disease stage.

Locomotor activities of mice were monitored using LabMaster at 5 and 11 weeks of age for 22 h (n = 16

for R6/2-MSC and WT-PBS groups, n = 12 for R6/2-PBS group). The counts of beam breaks represent

the ambulatory activities during the whole recording period (22 h) at (A) 5 and (B) 11 weeks of age,

and (C) fine movement and (D) total activities in the light phase at both 5 and 11 weeks of age. Data

are represented as mean ± SEM. *: p < 0.05; ***: p < 0.001.



Cells 2019, 8, 595 9 of 22

3.5. Gene Expression Profiles of Inflammatory Regulators and Neurotrophic Factors

We analyzed the gene expression levels of inflammatory regulators and neurotrophic factors in

the olfactory bulb, hippocampus, striatum and cortex at 11.5 weeks of age (7.5 weeks post-application

of MSCs) (R6/2-MSC, n = 8, R6/2-PBS, n = 6 and WT-PBS, n = 6). Analyses of the gene expression

levels of the inflammatory regulators including macrophage chemoattractant protein (MCP1), TNFα,

interleukin-6 (IL-6), C-C chemokine receptor type 5 (CCR5) and prostaglandin E2 receptor (PTGER2)

revealed that these genes showed a general trend of increase in expression in the R6/2-PBS mice with

the exception of MCP1 in hippocampus and IL-6 and CCR5 in cortex as compared to WT-PBS mice, and

these aberrant increase in gene expressions were restored in the R6/2-MSC mice to comparable levels

of the WT-PBS mice (Figure 4A). In particular, when compared to the WT-PBS group, CCR5 (student’s

t-test, p < 0.05) and PTGER2 (student’s t-test, p < 0.01) were significantly upregulated in the olfactory

bulb of R6/2-PBS, while MSC treatment in R6/2 mice (R6/2-MSC) led to a significant downregulation of

MCP1 (student’s t-test, p < 0.05) and PTGER2 (student’s t-test, p < 0.05) gene expressions in the same

brain area. However, such differences were neither detected in the striatum nor the cortex.

We also analyzed the gene expression levels of the neurotrophic factors, such as brain derived

neurotrophic factor (BDNF), nerve growth factor (NGF) and vascular endothelial growth factor (VEGF).

In comparison with WT-PBS, NGF was downregulated in all investigated brain regions of R6/2-PBS

mice although the decrease did not reach statistical significance in cortex and striatum. MSC treatment

(R6/2-MSC) further suppressed the mRNA expression of NGF in olfactory bulb, hippocampus and

cortex. On the other hand, the expression of BDNF and VEGF were not significantly different among

the 3 treatment groups in all analyzed brain regions although BDNF protein has been reported to

be reduced in HD mouse brains [85] (Figure 4B). We have hence quantified the protein expression

of BDNF in the hippocampus and cortex 7.5 weeks post-transplantation. Our results demonstrate

that neither the glycosylated nor the non-glycosylated form of BDNF showed a significant difference

among the treatment groups in the hippocampus (Figure S3A). In the cortex, the non-glycosylated form

of BDNF was reduced in the R6/2-PBS mice when compared to the WT-PBS group (student’s t-test,

p < 0.01), whereas no change was found between MSC-treated and non-treated R6/2 mice (Figure S3B).

3.6. Microglial Changes in MSC-Treated R6/2 Mice

Analyses of the protein expression level of the microglial marker Iba1 in the striatum using

western blot (11.5 weeks of age, n = 4 for each group) revealed an increased Iba1 in the R6/2-MSC

mice compared to R6/2-PBS mice (student t-test, p < 0.05), while no significant difference was found

between WT-PBS and R6/2-PBS control groups (Figure 5A). Morphological changes of microglia were

examined using immunohistological staining with antibody against Iba1. In agreement with a previous

report [86], microglial structural abnormalities such as thinner processes, decreased ramification and

reduced Iba1 immunoreactivity were observed in R6/2-PBS mice compared to the WT-PBS littermates

at 11.5 weeks. In contrast to R6/2-PBS mice, microglia of R6/2-MSC mice displayed increased process

thickness and enhanced Iba1 immunoreactivity (Figure 5B).
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Figure 4. Altered gene expression of inflammation markers and neurotrophic factors in different

brain regions. mRNA expression levels of (A) inflammatory regulators (MCP1, TNFα, IL-6, CCR5,

and PTGER2) and (B) neurotrophic factors (BDNF, VEGF, and BDNF) were analyzed in 4 different

brain parts (olfactory bulb, hippocampus, cortex and striatum) (WT-PBS, n = 6; R6/2-PBS, n = 6 and

R6/2-MSC n = 8). Values were normalized to 36B4 level. Data are presented as mean ± SEM. IL-6 was

not detectable in the striatum and hence was not presented here. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Figure 5. Enhanced expression of Iba1 and morphological changes of striatum-resident microglia
Figure 5. Enhanced expression of Iba1 and morphological changes of striatum-resident microglia

in MSC-treated R6/2 mice. (A) Quantification of Iba1 protein expression level in the striatum using

western blot. Intensity of Iba1-specific band at 17 kDa was compared among R6/2-MSC, R6/2-PBS and

WT-PBS (n = 4 for each group) 7.5 weeks after MSC application. Values were normalized to the level of

ß-actin in each lane. Statistical analysis was performed using the student t-test. Data are presented as

mean ± SEM *: p < 0.05. Full western blots are shown in Figure S5A. (B) Representative images of Iba1

staining of striatum-resident microglia in the brain samples obtained in parallel to those analyzed using

the western blot. When compared to WT-PBS mice, microglia of R6/2-PBS mice had thinner processes,

less process ramification and reduced Iba1 immunoreactivity, whereas MSC treatment (i.e., R6/2-MSC

mice) restored Iba1 expression and the thickness of microglial processes. Scale bar in the upper panel:

20 µm, in the lower panel: 8 µm.

3.7. Neuropathological Changes in MSC-Treated R6/2 Mice

As the striatum is the most affected brain region in HD, it is crucial to investigate the effects

of intranasal MSC administration on neuronal survival in the striatum. DARPP-32, a widely used

marker of mature medium spiny neurons (MSNs), has been reported to be reduced in the striatum of

R6/2 mice as compared to WT littermates, indicating neuronal loss and dysfunction of MSNs in the

striatum [87–89]. Hence, we quantified the protein levels of DARPP-32 in the WT-PBS, R6/2-PBS and

R6/2-MSC groups using western blotting 7.5 weeks after MSC administration (11.5 weeks of age, n = 4

for each group) (Figure 6A). In agreement with previous studies [87–89], R6/2-PBS mice showed a

strongly reduced protein level of DARPP-32 as compared to WT-PBS controls (student’s t-test, p < 0.01),

while R6/2-MSC mice exhibited a significantly increased DARPP-32 level when compared to R6/2-PBS

mice (student’s t-test, p < 0.05) (Figure 5A). This result was verified by immunofluorescence staining as

indicated in the representative images of immunoreactivity of DARPP-32 in the striatum (Figure 6B).

We have also investigated the protein expression levels of TH, the rate-limiting enzyme for dopamine

biosynthesis, in the striatum of the same cohort. Consistent with a previous report [90], the expression
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level of TH in the striatum of R6/2-PBS mice was significantly reduced as compared to WT-PBS mice

(student’s t-test, p < 0,01), and this reduction was significantly attenuated in the MSC-treated group

(student’st t-test, p < 0.05) (Figure 6A). We further quantified the protein expression levels of the

synapse markers synaptophysin and PSD-95, and no significant difference could be detected among

the treatment groups (Figure 6). Altogether, these results demonstrated an amelioration of the changes

in the dopaminergic pathway in MSC-treated R6/2 mice via intranasal delivery.

 

Increased expression levels of DARPP-32 and tyrosine hydroxylase (TH)
Figure 6. (A) Increased expression levels of DARPP-32 and tyrosine hydroxylase (TH) in the striatum

of MSC-treated mice. The protein levels of DARPP-32 and TH were analyzed using mice striatal lysates

and compared among R6/2-MSC, R6/2-PBS and WT-PBS (n = 4 for each group) 7.5 weeks after MSC

application. (B) Both DARPP-32 and TH showed significantly reduced levels in R6/2-PBS mice as

compared to WT-PBS mice (student’s t-test), whereas these reductions were ameliorated as R6/2-MSC

mice exhibited higher expression levels of DARPP-32 and TH (student’s t-test). There is no difference in

protein expression level of synaptic markers synaptophysin and PSD-95 among all three groups. Data

are represented as mean ± SEM. *: p < 0.05; **: p < 0.01. Full western blots are shown in Figure S5B.

As previous studies on intrastriatal administration of MSCs in HD animal models have reported

the beneficial effect of MSCs might be associated with a decrease in mHTT aggregates formation [91,92],

we analyzed mHTT aggregation using immunohistological staining with EM48 at the age of 11.5 weeks

(n = 4 for each group). While R6/2-PBS mice displayed abundant nuclear inclusion bodies and neuropil

aggregates in the striatum, we could not detect any difference in the abundance of nuclear inclusion

bodies and neuropil aggregates in the striatum of the MSC-treated mice (Figure S4). Brain volume was
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also quantified using the same cohort by stereology. Mean striatal area of 6 consecutive brain sections

with a 150 µm interval (starting from Bregma 0.98) was analyzed and revealed no difference between

R6/2-MSC and R6/2-PBS mice (data not shown).

4. Discussion

The main findings of the present study are: (1) MSCs delivered intranasally to R6/2 HD mice were

able to migrate to and infiltrate into the olfactory bulb, midbrain and striatum 5 days post-delivery; (2)

intranasal delivery of MSCs significantly increased survival rate and ameliorated sleep disturbance of

R6/2 mice as well as showing a trend towards improved motor function; (3) MSCs treatment in R6/2

mice increased DARPP-32 expression in the striatum while the expression levels of synaptic markers

and NeuN remained unchanged; (4) all investigated immunomodulators were either significantly

restored or showed a trend towards restoration in most of the brain areas examined after MSCs

treatment; and (5) neuroprotective effects of MSC were concomitant with increased expression of Iba1

in the striatum and restored morphology of striatum-resident microglia of R6/2 mice.

4.1. Migration Pattern and Survival of Intranasally Delivered MSCs in the Brain

Our results of cell tracking 5 days after intranasal delivery showed that the applied MSCs were

distributed among the olfactory bulb, midbrain and striatum. This indicates that exogenous MSCs

were able to migrate to the brain shortly after being delivered from the nose along the olfactory

and trigeminal nerve pathways in R6/2 mice as reported previously for intranasal delivery of stem

cells [41,44,92–94] and drugs or biologics in different models of CNS disorders [95–97]. MSCs were

exclusively found in the striatum, olfactory bulb and midbrain 5 days post-transplantation, and

they were more abundant in the midbrain than in the olfactory bulb. This more caudally directed

distribution of MSC suggests their preferential migration to the lesioned regions as previously shown

by intravenous administration of MSC in a model of brain injury [98]. Another explanation for rapid

appearance of MSCs in deeper parts of the brain, such as striatum and midbrain, is their transportation

via CSF, once they entered the subarachnoid space after crossing the cribriform plate as described

previously [41]. It cannot be excluded that a portion of cells could reach the CNS via blood stream

by entering the blood vessels of the nasal mucosa. However, in line with our observations, none

of the previous studies could show intranasally delivered stem cells within the lumen of cerebral

vessels [41,43,44,92–94].

Investigation on the engrafted MSCs 7.5 weeks post-cell-administration showed no detectable

GFP signal in any brain area indicating a poor long-term survival rate as reported in previous

studies [40,99]. In contrast, we found a wide range of readouts that were ameliorated including

neuropathological and neurobehavioral changes at/until this time point. Although MSC possess the

capacity of transdifferentiation to various cell types, a therapeutic effect has been proposed to be

contributed by the secretion of vesicles and other molecules including cytokines and chemokines

(reviewed in [100]). This hypothesis is supported by numerous pre-clinical studies demonstrating

therapeutic effect upon administration of MSC-conditioned medium or -produced exosome [101–103].

Particularly, a study using a rat model with overactive bladder demonstrated increases of primitive

progenitor cells genes and genes involved in stem cell trafficking processes in the bladder tissue

transplanted with MSCs but no engraftment [104]. This finding suggests the activation of primitive

progenitor cells by MSC paracrine effect as a possible mechanism for long-term therapeutic efficacy

of MSCs.

4.2. Increased TH and DARPP-32 Expressions and Attenuated Circadian Rhythm Disturbances Indicate An
Amelioration of Dopamine Signaling in MSC-Treated Mice

In this study, MSC treatment resulted in increased TH and DARPP-32 protein expressions, both of

which are involved in dopamine biosynthesis and neurotransmission. As in HD patients, R6/2 mice

displayed a decreased TH expression as its transcription was disrupted by mutant huntingtin [90].
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Similarly, the immunoreactivity of DARPP-32 in the striatum had been reported to be reduced by

approximately 50% even in the presymptomatic R6/2 mice as compared to WT animals [75,105]

although the number of neurons in the striatum remained unaltered. In the dopaminergic pathway,

TH is the rate-limiting enzyme for the conversion of tyrosine into the precursor of dopamine (i.e.,

L-3,4-dihydroxyphenylalanine (L-DOPA)), whereas DARPP-32 phosphorylation is bi-directionally

modulated by dopamine receptors 1 and 2 in the neostriatum [106]. As a result, the reduction of TH and

DARPP-32 expressions led to the impairment of dopaminergic signaling cascade [75]. This was rescued,

at least partially, by MSC treatment, as demonstrated by the tendentially improved motor ability of

the MSC-treated R6/2 mice. Another important behavioral improvement observed in MSC-treated

R6/2 mice was their circadian activity pattern. Consistent with previous studies [57,83], our analyses

showed that R6/2 mice suffered from sleep disturbance as they exhibited aberrant patterns of fine

movement and ambulatory activities in light-dark phases, whereas MSC treatment markedly alleviated

the disruption of the sleep-wake cycle. In mammals, the circadian clock is centrally regulated in the

suprachiasmatic nuclei (SCN) [107–109] with an array of circadian genes widely expressed across

the whole brain. Among these genes, the expressions of Per1 [110] and Per2 [83,111] are mediated

by dopamine signaling. In particular, mPer2 expression was found to be significantly altered in the

forebrain [57] and SCN [83] in R6/2 mice. As we have shown that the dopaminergic system in R6/2

mice benefited from the MSCs treatment, although we did not pursue deeper into the precise molecular

mechanisms of MSCs treatment on circadian control in this study, the remedial effects of MSCs suggest

a causal link between MSCs and circadian rhythm correction, probably via the restoration of functional

dopamine signaling on circadian genes induction/expression. Another possible explanation could be

the regulation of circadian genes by inflammatory cytokines [112,113], for instance, IL-6 is known to

suppress the circadian clock [114].

4.3. Intranasal Administration of MSCs Reduced Neuroinflammation

As in HD patients [115], inflammatory factors are up-regulated in R6/2 mice [59]. In line with these

studies, our data also showed trends of increased transcription of inflammatory modulators (MCP1,

CCR5, IL6, PTGER2 and TNFα) in different brain regions of R6/2 mice. Intranasal administration of

MSCs in R6/2 mice suppressed most of these abnormally up-regulated gene expressions attributed

to the immunomodulatory properties of MSCs [68,116–119], and such immunomodulatory capacity

was further enhanced in the inflammatory conditions [118,120,121]. Substantiated by the restored

expressions of the investigated inflammatory modulators, our study validated the immunoregulatory

ability of MSCs in HD as in other disorders [44,80,94]. Another neuroprotective potential of MSC is the

secretion of neurotrophic factors, which has been reported in numerous studies including several MSC

therapies for HD [91,121–123]. However, we did not detect any increased expressions of neurotrophic

factors in R6/2-MSC mice as compared to the R6/2-PBS control group.

Interestingly, our results revealed an increased protein expression level of microglia marker

Iba1 in MSC-treated R6/2 mice, indicating an activation of microglia, in contrast to the results of

the ameliorated inflammatory modulators. Although it is a common feature that Iba1 expression is

increased in both HD patients and symptomatic HD animal models, its expression is decreased in the

pre-symptomatic stage of R6/2 mice [74]. Moreover, impaired migration and function of microglia

have been reported in YAC128 and BACHD mice in response to brain injury [73]. These evidences

suggest that mutant huntingtin protein affects microglial function under both basal and inflammatory

conditions. Other reports showed that supplementation of normal microglia increased survival rate

and electrophysiological properties of neurons expressing mHTT in vitro [124] and in vivo [125]. Since

MSCs modulate the functional properties of microglia via TGF-β [126], TSG-6 [127], CX3CL1 [128],

all of which are pro-inflammatory molecules, and microvesicles [129], MSCs could lead to microglia

activation as shown by the increase in Iba1 expression in the MSC-treated R6/2 mice. In addition, it has

been shown that the introduction of MSCs to primary rat microglia led to a shift of the active microglia

phenotype from classical M1 to alternative M2 in vivo [126]. M1 secretes proinflammatory cytokines
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causing toxic effects, whereas M2 promotes neuronal protection by releasing neurotrophic factors that

led to reduced proinflammatory cytokines [130]. Besides, microglia are also involved in the modulation

of synaptic plasticity and transmission (reviewed in [131]), its alteration potentially also contributes to

the ameliorated dopamine transmission. In addition, our data demonstrate a thinning of microglial

processes in the R6/2 mouse model of HD similar to that of transgenic Alzheimer’s disease mice,

which has been suggested to be associated with impaired microglial function [132]. This microglial

morphology alteration has been successfully ameliorated by intranasal MSC treatment in R6/2 mice.

It is interesting to compare the treatment outcome of MSCs administrated via intranasal

administration (INA) as an alternative non-invasive delivery route with MSCs applied via stereotactic

injection, which directly delivers cells to the most affected brain regions. Intrastriatal injection of

bone marrow-derived MSCs at low passage (3–8) in R6/2 mice had a short two-week effect on spatial

memory, while injection of MSCs at high passage (40–50) had a significant additional effect on rotarod

performance and neuronal metabolism [123]. Another study reported an improved performance on

the rotarod and increased striatal numbers of neurons in YAC128 HD mice injected with genetically

engineered bone-marrow-derived MSCs that over-express BDNF, but these therapeutic effects were not

observed in those injected with normal MSCs [133]. In comparison, the present study demonstrated

the amelioration of both the behavioral phenotype and neuropathological changes in R6/2 HD mice

after administration of bone-marrow-derived MSCs via INA. Moreover, MSCs were found in several

major brain regions such as the olfactory bulb and striatum, suggesting a beneficial treatment effect

attributed to multiple brain areas in intranasally treated mice.

5. Conclusions

Our results demonstrate significantly ameliorated behavioral and neuropathological phenotypes

of R6/2 mice after intranasal MSC administration. This indicates that this method is an effective route

for delivering MSCs for CNS-targeted HD therapy. Being non-invasive, intranasal delivery of MSCs

can be repeatedly applied, resulting in a long-lasting therapeutic effect, overcoming the challenge of

low cell survival and host immune response after surgical administration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/595/s1.
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data, Figure S3: Western blot analyses of protein expression levels of glycosylated and non-glycosylated BDNF
in the hippocampus and cortex of mice at 11.5 weeks of age, Figure S4: Representative images of the staining
of mutant huntingtin aggregates in the striatum of MSC-treated R6/2 mice and control groups, Figure S5: Full
western blots used in Figures 5 and 6.
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H I G H L I G H T S

• PI3K/mTORC and mTORC inhibitors reduce levels of soluble and aggregated huntingtin.

• Catalytic mTOR inhibition ameliorates protein aggregation in cellular models of HD.

• PQR530 and PQR620 cross the BBB and effectively inhibit mTOR signalling.

A R T I C L E I N F O

Keywords:
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A B S T R A C T

One of the pathological hallmarks of Huntington disease (HD) is accumulation of the disease-causing mutant
huntingtin (mHTT), which leads to the disruption of a variety of cellular functions, ultimately resulting in cell
death. Induction of autophagy, for example by the inhibition of mechanistic target of rapamycin (mTOR) sig-
naling, has been shown to reduce HTT levels and aggregates. While rapalogs like rapamycin allosterically inhibit
the mTOR complex 1 (TORC1), ATP-competitive mTOR inhibitors suppress activities of TORC1 and TORC2 and
have been shown to be more efficient in inducing autophagy and reducing protein levels and aggregates than
rapalogs. The ability to cross the blood-brain barrier of first generation catalytic mTOR inhibitors has so far been
limited, and therefore sufficient target coverage in the brain could not be reached. Two novel, brain penetrant
compounds – the mTORC1/2 inhibitor PQR620, and the dual pan-phosphoinositide 3-kinase (PI3K) and
mTORC1/2 kinase inhibitor PQR530 - were evaluated by assessing their potential to induce autophagy and
reducing mHTT levels. For this purpose, expression levels of autophagic markers and well-defined mTOR targets
were analyzed in STHdh cells and HEK293T cells and in mouse brains. Both compounds potently inhibited mTOR
signaling in cell models as well as in mouse brain. As proof of principle, reduction of aggregates and levels of
soluble mHTT were demonstrated upon treatment with both compounds. Originally developed for cancer
treatment, these second generation mTORC1/2 and PI3K/mTOR inhibitors show brain penetrance and efficacy
in cell models of HD, making them candidate molecules for further investigations in HD.

1. Introduction

Cellular homeostasis is crucial to cell survival. As cells and organ-
isms age or with increasing disease burden, they become less resistant
to stress and accumulations of excess and dysfunctional proteins. These

accumulations of proteins cause damage to cells and can lead to cell
death (Ross and Poirier, 2004). The maintenance of homeostasis is of
special importance to post-mitotic cells, like neurons. Protein accu-
mulations are common characteristics of various neurodegenerative
diseases, like Alzheimer disease (AD) (Bucciantini et al., 2002),
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Parkinson disease (PD) (Hashimoto et al., 2003), Spinocerebellar Ataxia
Type 3 (SCA3) (Seidel et al., 2012) and Huntington disease (HD)
(DiFiglia et al., 1997). The latter is a monogenetic, neurodegenerative
disorder caused by a CAG expansion in the Huntingtin (HTT) gene (The
Huntington's Disease Collaborative Research Group, 1993). Patients
expressing more than 39 of these CAGs will inevitably develop the
autosomal dominantly inherited disease (Nance et al., 1998) with
symptoms including dysfunctions of motor, metabolic and cognitive
systems (Vonsattel and DiFiglia, 1998). The pathology on the molecular
level is associated with the malformation (Ko et al., 2001; Poirier et al.,
2002), malfunction (Duennwald et al., 2006; Ehrnhoefer et al., 2011),
degradation prevention (Jana et al., 2001), toxic fragment formation
(Lajoie and Snapp, 2010; Mende-Mueller et al., 2001) and aggregation
(Bates, 2003; Bucciantini et al., 2002; DiFiglia et al., 1997; Li et al.,
2001; Michalik and Van Broeckhoven, 2003) of mutant Huntingtin
(mHTT). Even though promising new approaches to specifically lower
HTT levels are currently in development (Wild and Tabrizi, 2017), to
date no causative treatment is available for patients and the disease
progression cannot be halted. The reduction of mHTT levels has been
found to correlate with the amelioration of disease burden
(Kordasiewicz et al., 2012; Wang et al., 2014). This can be achieved
either by reducing the expression of the protein or by decreasing its
half-life in the cell. Degradation of protein accumulations and ag-
gregates can be achieved by the induction of autophagy (Kraft et al.,
2010; Mizushima et al., 2008; Pankiv et al., 2007; Ravikumar et al.,
2002; Sarkar and Rubinsztein, 2008; Zhang et al., 2007), one of the
cell's two major protein degradation systems, besides the ubiquitin-
proteasome system (UPS) (Kaganovich et al., 2008; Rubinsztein, 2006).
Macroautophagy, the major subtype of autophagy, contributes to the
cellular renewal process by the degradation of cytoplasmic proteins and
large structures, like aggregates and organelles (Mizushima and
Komatsu, 2011). For the brain this upkeeping of recycling processes is
of special interest, because of the post-mitotic state of the neurons
(Rubinsztein et al., 2005). Consequently, depletion of autophagic genes
and the inhibition of autophagy leads to neurodegeneration-like phe-
notypes (Alirezaei et al., 2008; Hara, 2006; Komatsu, 2006; Komatsu
et al., 2007). Macroautophagy is regulated by mTOR (Pattingre et al.,
2008), providing the cell with energy and amino acids in times of
starvation. mTOR is a conserved serine/threonine kinase functioning as
an integration hub for various environmental cues – growth factors,
amino acids, oxygen and energy levels – thereby regulating cell meta-
bolism and proliferation (Laplante and Sabatini, 2012). It forms at least
two multi-protein complexes - mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) - both of which exert distinct regulatory cell
functions. mTORC1 drives protein biosynthesis by phosphorylation of
eIF4E binding protein (4E-BP1) and S6 ribosomal protein (S6RP) (Ma
and Blenis, 2009). mTORC2 is responsible for the integration of growth
factor signaling, driving cell survival, metabolism and cytoskeletal re-
organization (Laplante and Sabatini, 2009). As mTOR is the regulatory
inhibitor of autophagy, its pharmacological inhibition has been shown
to induce autophagy (Sarkar et al., 2009) and to ameliorate disease
symptoms in various neurodegenerative disorders (Menzies, 2010;
Ravikumar et al., 2004; Santini et al., 2009; Spilman et al., 2010). There
are two types of mTOR inhibitors available. The first type comprises
rapalogs, allosteric inhibitors like rapamycin, a macrolide antibiotic
and its derivatives, used in the before mentioned studies, that have
limited effects on mTORC2 and certain mTORC1 functions (Feldman,
2009), undesirable physicochemical properties and poor tolerability.
The second type are catalytic inhibitors (Zhou and Huang, 2012). This
second generation of ATP site directed mTOR inhibitors was developed
to overcome feedback activation of the mTOR pathway and poor
bioavailability of rapalogs (Brandt et al., 2018). These inhibitors can
either target mTOR specifically or mTOR and phosphoinositide 3-ki-
nases (PI3Ks), an upstream regulator of AKT and mTOR in the signaling
cascade. The catalytic mTOR/PI3K inhibitor NVP-BEZ235 has been
tested previously in cell models of HD, where it reduced mHTT

aggregation (Roscic et al., 2011).
Both compounds tested in this study are catalytic inhibitors of

mTOR (PQR620) and mTOR/PI3K (PQR530), originally designed as
cancer drugs. PQR530 (Hillmann et al., 2017; Rageot et al., 2017) and
PQR620 (Rageot et al., 2018; Tarantelli et al., 2016, 2019) have been
evaluated for their potential of reducing levels of HTT in in vitro models
of HD. Both drugs were able to block mTOR activity and to induce
autophagy without affecting cell viability. Moreover, HTT levels were
reduced in an eGFP-HTT-Exon1 expression model and a full-length cell
model of HD. The brain penetrance of both substances was demon-
strated in vivo. This study is adding to the limited knowledge about
ATP-competitive mTOR inhibitors in neurodegeneration making
PQR530 and PQR620 ideal candidates for further development in HD.

2. Material and methods

All chemicals were purchased from Sigma, Merck KGaA, Darmstadt,
Germany and reagents were purchased from Thermo Fisher Scientific,
Waltham, MA, USA, where not stated differently.

2.1. Cell culture & treatment

STHdh cell lines (STHdhQ7/Q7 and STHdhQ111/Q111) (Trettel et al.,
2000), immortalized cells derived from murine striatal primordia, were
obtained from Coriell Cell Repositories (Coriell Institute for Medical
Research). The two progenitor cell lines either encode 7 polyglutamines
in the wild-type mouse gene locus or 111 within the chimeric exon 1 of
HTT, homozyguosly knocked into the mouse locus (Menalled, 2005).
Cell passages 4–12 were used for the experiments. Human embryonic
kidney cells from line 293 (HEK293T) were used in passages 25–40. All
cell lines were maintained in Dulbecco's modified eagle medium
(DMEM), supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at 37 °C in 5% CO2. Medium for STHdh cells was
further complemented with 1% geneticin (G418, A2912, Biochrome,
Berlin, Germany). For differentiation into neuron-like cells, STHdh cells
were treated with differentiation medium, as previously described
(Trettel et al., 2000). All cell lines were routinely tested negatively for
mycoplasma contamination by PCR (Venor®GeM Mycoplasma detec-
tion kit; Merck, Darmstadt, Germany). All substances for treatment
were dissolved in 100% DMSO. Cells were seeded out one day before
treatment in 100mm dishes. At ~80% confluency STHdh cells were
differentiated and treated with PQR530 (130 nM and 1230 nM) and
PQR620 (200, 400 and 1230 nM) obtained from PIQUR Therapeutics
(Basel, Switzerland). Rapamycin (400 nM, Merck, Darmstadt, Germany)
and INK128 (100 nM, Biomol GmbH, Hamburg, Germany) were used as
controls for mTOR inhibition. DMSO was used as negative control. All
substances were prepared in working solutions at concentrations as-
suring equal DMSO concentrations within treatments. Final DMSO
concentration did not exceed 0.4%. Bafilomycin A1 (Baf.A1) was added
at 50 nM for autophagic flux assays. For MSD assays HEK293T cells
were treated with 1 μM and 3 μM of PQR530 and PQR620, rapamycin
(100 nM) and INK128 (3 μM).

2.2. Protein overexpression & cell transfection

Constructs for the expression of an HTT Exon1 fragment were
generated to express 20Q or 49Q expansion. The fragments were in-
serted into the pEGFP-N1 vector (Clontech Laboratories, Mountain
View, CA, USA) via XhoI and HindIII. HEK293T cell transfection was
performed with Attractene reagent (Qiagen GmbH, Hilden, Germany)
according to manufacturer's protocol for filter trap analysis and fluor-
escence microscopy and Lipofectamine 2000 for measurements of HTT
protein levels and pathway inhibition. pEGFP-N1-TFEB was a gift from
Shawn Ferguson (Addgene plasmid #38119; http://n2t.net/
addgene:38119; RRID:Addgene_38119). pCI-Neo HA-HTT 15Q/128Q
were a gift from Michael Hayden (CMMT, Vancouver, CN).
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2.3. Western blot & immunodetection

For the analysis of protein markers for mTOR inhibition and in-
duction of autophagy, protein lysates were generated from treated cells
after 8 h, 24 h or 24 h + 4 h. Cells were disrupted by vortexing in RIPA
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS), containing protease inhibitor
(cOmplete, Roche, Basel, Switzerland) and phosphatase inhibitor
(phosSTOP, Roche, Basel, Switzerland). Cell and brain homogenates
were incubated for 30 min on ice and vortexed every 10 min. Lysates
were obtained after centrifugation for 20 min, 13,200×g at 4 °C.
Protein concentration was determined spectroscopically by Bradford
assay (Bradford reagent, Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and adjusted to 30 μg total protein per sample. Proteins were separated
and blotted using standard protocols. Bolt™ 4–12% Bis-Tris Plus gels
were used with MES buffer (2.5 mM MES, 2.5mM Tris, 0.005% SDS,
50 μM EDTA) for all proteins except for 4E-BP1, which was separated in
standard tris-glycine gels. Samples for HTT analysis were run on
NuPAGE Tris-Acetate gels (7%). All proteins, except for LC3B were
transferred onto 0.2 μm nitrocellulose membrane (Amersham Protran™
Premium, GE Healthcare, Little Chalfont, UK). LC3B was blotted onto
0.2 μm PVDF membrane (Amersham Hybond P, GE Healthcare, Little
Chalfont, UK). Primary antibodies used were the following: LC3 (1:200,
clone 5F10, NanoTools, Teningen, Germany), p62 (1:1000, #5114, Cell
Signalling, Cambridge, UK), mTOR (1:1000, #2972, Cell Signalling,
Cambridge, UK), P-mTOR (Ser2448) (1:1000, #2971, Cell Signaling,
Cambridge, UK), S6 ribosomal protein (1:1000, 54D2, #2317, Cell
Signalling, Cambridge, UK), P–S6 ribosomal protein (Ser235/236)
(1:1000, #2211, Cell Signalling, Cambridge, UK), AKT (1:1000, #9272,
Cell Signaling, Cambridge, UK), P-AKT (Ser473) (1:1000, #9271, Cell
Signaling, Cambridge, UK) 4E-BP1 (1:1000, #9452, Cell Signaling,
Cambridge, UK), P-4E-BP1 (Thr37/46) (1:1000, #9459, Cell Signaling,
Cambridge, UK), anti-polyglutamine-expansion disease marker anti-
body, clone 5TF1-1C2 (1:2000, MAB1574, Merck KGaA, Darmstadt,
Germany), Huntingtin (D7F7) (1:1000, #5656, Cell Signaling,
Cambridge, UK), β-actin (1:20.000, A5441, Sigma-Aldrich, Saint Louis,
Missouri, USA), vinculin (1:1000; clone E1E9 V, #13901, Cell
Signaling; Cambridge, UK). For detection, respective secondary IRDye
antibodies: goat anti-mouse 680LT, goat anti-mouse 800CW and goat
anti-rabbit 800CW (1:10,000, LI-COR Biosciences, Bad Homburg,
Germany) were incubated for 1 h and detected with the LI-COR
ODYSSEY® FC (LI-COR Biosciences, Bad Homburg, Germany).
Quantification of signal was performed with LI-COR Image Studio Lite
software, version 4.0.21 and normalised to β-actin signal, where not
stated differently.

2.4. MSD & TR-FRET assays

HEK293T cells were harvested 44/48 h post transfection and lysed
in Evotec MSD Lysis Buffer (150mM NaCl, 20mM Tris, pH 7.5, 1 mM
EDTA, 1mM EGTA, 1%Triton-X-100) supplemented with 10mM NaF,
1mM PMSF, phosphatase inhibitor I and II, complete mini EDTA free
protease inhibitor cocktail tablet (Roche, Basel, Switzerland) by vor-
texing and rotation of samples. The transfected HEK293T cell samples
were analyzed for expanded soluble mutant HTT by TR-FRET.
HEK293T cells were analyzed in technical duplicates. Expanded soluble
HTT was measured in final concentrations of 0.1 μg/μl total protein.
10 μl of HEK293T cell lysate were applied to the assay. Protein con-
centrations were determined by BCA assay (Pierce BCA Protein Assay).
To assess autophagosomal markers LC3-II and p62 (TR-FRET) samples
were frozen at - 80 °C for 1 h and re-thawed as part of the homo-
genization. 5 μl sample was added to 1 μl antibody mix (Terbium and
Alexa647-labeled antibodies for p62 and LC3II, respectively) in a white
384-well microplate with low volume (Greiner, Greiner Bio-One GmbH,
Frickenhausen, Germany). The plate was sealed and incubated at room
temperature on a shaker at 500 rpm. The readout was done after

20–24 h for p62 TR-FRET analysis, for LC3II TR-FRET analysis the plate
was incubated at 4 °C for additional 20–24 h, reading was performed
using a fluorescence reader (EnVision Multimode Plate Reader,
PerkinElmer, Waltham MA, USA). For autophagy assays, internal po-
sitive and negative controls were applied for each assay run. For ana-
lysis of (P-)p70S6K (Thr389), (P-)S6RP (Ser240/244), (P-)GSK-3β
(Ser9) and (P-)AKT (Ser473) by MSD the AKT Signaling Panel II Whole
Cell Lysate Kit (Mesoscale, Cat. No. K15177D, Meso Scale Diagnostics,
LLC, Rockville, MD, USA) was used to measure activation of the AKT
signaling pathway according to manufacturer's protocol.

2.5. Protein biosynthesis

Cells were seeded in four technical replicates per genotype and
treatment on a 96-well plate. 50,000 cells were seeded per well. Click-
iT® AHA was added to the cultured cells together with two different
concentrations of PQR530 and PQR620, rapamycin (400 nM), INK128
(100 nM) or vehicle for 24 h. The fluorescent signal was detected using
a fluorescence plate reader (EnVision Multimode Plate Reader,
PerkinElmer, Waltham, MA, USA). The intensity was quantified relative
to Hoechst staining. This measurement was repeated at least three times
in independent experiments for each cell line.

2.6. Viability assays

Effects on cell viability and cytotoxicity by the compounds were
determined with PrestoBlue® and Cytotoxicity Detection Kit (LDH)
(Roche, Basel, Switzerland), respectively. The procedure was performed
according to manufacturer's protocol. In brief, cells were seeded
10,000/well in 96-well plates and incubated for approximately 12 h
before cells were differentiated and further incubated for up to 72 h.
PrestoBlue® and LDH assay were performed in the same plates.
Fluorescence intensity (PrestoBlue®) and absorption (LDH) were mea-
sured with MWGt Synergy HT plate reader (BioTek Instruments,
Winooski, VT, USA) and analyzed with Gen5 2.01 software (BioTek
Instruments, Winooski, VT, USA).

2.7. Fluorescence microscopy

HEK293T cells were seeded onto Poly-L-Lysine coated cover slips
and transfected on the following day. Treatment started 48 h after
transfection and lasted for 24 h for quantification of aggregation and 1 h
for TFEB localization investigation. Cells were fixed with 4% PFA in
DPBS for 20min at room temperature. Cell nuclei were stained with
DAPI (Vectashield®Mounting medium, Vecta Laboratories, Burlingame,
CA, USA). Images were acquired using a Zeiss Axioplan microscope
(40x/0.75 objective, AxioCam MRc) (Zeiss, Jena). Transfected cells and
aggregates per cell were counted on 30 pseudo-randomized pictures per
experiment; the average from 3 independent experiments was calcu-
lated. Per treatment approximately 500 cells were evaluated. For TFEB
localization images were acquired at 63x with an Apotome (Zeiss,
Jena). 100–150 cells per treatment were analyzed in 3 independent
experiments.

2.8. Filter trap

HEK293T cells were transiently transfected with the eGFP-HTT-
Exon1 -20Q/49Q constructs. or with HTT-128Q or 15Q constructs.
Total expression time was 72 h; treatment with compounds started 24 h
before harvest. Cells were detached with ice-cold DPBS and lysed in
RIPA buffer (see Western blot), homogenates were prepared by soni-
cation (Bandelin Sonopuls HD2070, BANDELIN electronic GmbH & Co.
KG, Berlin, Germany). To detect SDS insoluble HTT aggregates, samples
containing 15 μg of protein in DPBS with 2% SDS were applied to a
nitrocellulose membrane (0.45 μM, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) for the detection of total PolyQ protein levels in a
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Minifold® II Slot Blot System (Schleicher & Schuell, GmbH,
Erdmannhausen, Germany). Membranes were washed in TBS, blocked
in 5% skim milk powder and immunoprobed with 1C2 antibody, clone
5TF1-1C2 (1:2000, MAB1574, Merck KGaA, Darmstadt, Germany). For
the detection of aggregates, nitrocellulose acetate membrane 0.2 μm
(OE66, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was pre-
incubated in 2% SDS in DPBS for 5min and 30 μg of protein were ap-
plied.

2.9. Pharmacodynamic

Male C57BL/6 J mice received a single oral dose of 50mg/kg
PQR530, 50mg/kg PQR620 or vehicle (DMSO/
Tween80hydroxypropyl-beta-cyclodextrin 20% in water (10:10:80)). At
each of 8 time points (0 min, 5min, 10min, 30min, 60min, 120min,
240min, 480min post dose) 3 animals of each group were anesthetized
with isoflurane for blood sampling for PK analysis (Brandt et al., 2018).
Then mice were sacrificed by inhalation of an overdose of isoflurane
and brains were collected immediately and snap-frozen in halves. Brain
homogenates were generated from snap frozen half brains, thawed in
RIPA buffer and homogenized with a Dounce Homogenizer (Thermo
Fisher Scientific, Waltham, MA, USA). Lysates were prepared as de-
scribed for cells.

2.10. Statistical analysis

All data are presented as individual measurements (grey shapes)
with mean and standard deviation (SD). Statistical analysis was per-
formed with GraphPad Prism 6.00 for Windows (GraphPad Software,
Inc). Comparison of two groups was performed with unpaired, two-
tailed t-test. Comparison of multiple treatments was performed by One-
way/Two-way ANOVA, with multiple comparison correction
(Dunnett's). Where normalization between independent experiments
was necessary, values were normalised to rapamycin, which was ex-
cluded from the ANOVA in these cases. Significance level, α, was set to
0.05.

3. Results

3.1. PQR530 and PQR620 potently block PI3K/mTOR and mTOR target

phosphorylation in neuronal cells

In situations of ample nutrients and amino acids, mTOR con-
stitutively phosphorylates several targets in the PI3K/mTOR cascade to
drive protein biosynthesis and cell proliferation. S6RP and 4E-BP1 are
well studied effector proteins in this cascade and mTOR inhibition at
the catalytic site results in the dephosphorylation of these kinase tar-
gets. They were used in this study to monitor the target coverage of the
compounds. STHdh cell lines were chosen based on their striatal origin
and the full-length huntingtin they express. In both striatal cell lines,
PQR530 and PQR620 were tested at different concentrations, each,
determined in previous experiments (Supplementary material: Fig. S1
(a)). Concentrations were chosen, which inhibited S6RP phosphoryla-
tion and elevated LC3B-II levels. Control substances, namely, rapa-
mycin, INK128 and vehicle (DMSO) were used to compare effects on
mTOR inhibition. Fig. 1 (a) shows the results in STHdhQ111/Q111 cells.
We have not directly compared any dose effects between the STHdhQ7/
Q7 and STHdhQ111/Q111 cell lines, as they diverge in terms of size as well
as proliferation behavior, which has been previously addressed (Singer
et al., 2017). Nonetheless, in both cell lines mTOR inhibition was ob-
served for both substances (Supplementary material: Fig. S2). Levels of
P–S6RP were reduced in a dose dependent manner (quantification of
Fig. 1 (a) is shown in Supplementary material: Fig. S1 (b)). Potent
mTOR inhibition is confirmed by the decrease in phosphorylation levels
of 4E-BP1, which was not quantified as the ratio of phosphorylated to
unphosphorylated form of the protein, since total 4E-BP1 levels were

also decreased. Instead, the level of the Thr37/46 hyperphosphorylated
form 4E-BP1-γwas used as an indicator. If phosphorylation is increased,
the mobility of 4E-PB1 is decreased in electrophoresis (Choo et al.,
2008), therefore the hyperphosphorylated form (the upper of the three
bands) of the protein was used as a measure of mTOR inhibition. Both
drugs decreased total and phosphorylated 4E-BP1 levels in a dose de-
pendent manner, with reduction of phosphorylation by more than 50%
in STHdhQ111/Q111 cells (Supplementary material: Fig. S1 (b)). mTOR
inhibition was further assessed after 8 h of treatment. Results are shown
for both cell lines (Supplementary material: Fig. S2). Since 4E-BP1 was
not detectable in brain tissue, we have used S6RP phosphorylation as a
measure of mTOR phosphorylation in our in vivo experiment (Fig. 5).
For quantification of mTOR inhibition (Fig. 1 (b)) cells were pre-treated
with each drug for 24 h and then treated with fresh compound sup-
plemented medium for another 4 h at a concentration of 1230 nM,
which allows analysis of induction of autophagy, as well. Quantification
of mTOR (Ser2448) levels in STHdhQ111/Q111 cells revealed a reduction
of mTOR phosphorylation after treatment with both substances in
comparison to DMSO, which can be a result of PI3K inhibition in the
case of PQR530. In line with this, the same trends for decreased mTOR
phosphorylation upon treatment with rapamycin and INK128 where
observed (Fig. 1 (a)). Reduction of mTOR phosphorylation has been
further described for rapamycin treatment by affecting p70S6K (Chiang
and Abraham, 2005). P-p70S6K was reduced in the MSD assay after
treatment with PQR compounds or comparator compounds (Supple-
mentary material: Fig. S3). Both compounds also decreased S6RP
phosphorylation at Ser235/236 by more than 50% at 1230 nM, sug-
gesting a potent mTOR inhibition (Fig. 1 (a)). Bafilomycin A1 treatment
had no effect on protein or phosphorylation levels of mTOR and S6RP
(Fig. 1b). Inhibition of PI3K/mTOR signaling was further confirmed by
an MSD assay in the transiently transfected HEK293T cell model,
overexpressing HTT-Exon1 fragments (Fig. 1 (c)). The MSD AKT sig-
naling panel showed strong reduction of P-AKT (Fig. 1 (c)), P-p70S6K
and P–S6RP (Supplementary material: Fig. S3) for both drugs. AKT
levels were affected by Bafilomycin A1 treatment. PQR530 additionally
showed a reduction of P-GSK-3β levels that was comparable to the
control substance INK128 (Fig. 1 (c)). The results in Q49 and Q20
transfected cells were comparable.

3.2. PQR530 and PQR620 induce autophagy in STHdhQ111/Q111 cells

Inhibition of mTOR leads to the induction of autophagy. ATG pro-
teins are recruited to form the autophagosomal membrane, which is
decorated with the lipidated form, LC3B-II, of LC3B–I. p62 binds to HTT
and other targets of autophagosomal degradation and directs the cargo
to the forming autophagosome. Both, LC3B-II and p62, were used to
determine the potential of PQR620 and PQR530 in inducing autophagy.
LC3B-II was assessed in an autophagic flux assay, in which Bafilomycin
A1 is used to block the fusion of autophagosomes and lysosomes and
the acidification of the lysosomes. Therefore, late autophagosomes ac-
cumulate. Samples treated with Bafilomycin A1 show stronger increases
in LC3B-II levels, when there are more autophagosomes forming upon
induction of autophagy. Fig. 2 (a) shows the comparison of different
concentrations with positive (rapamycin, INK128) and vehicle control
in both STHdh cell lines. From these qualitative blots (Fig. 2 (a)) no
concentration dependence became apparent. For quantification of
LC3B-II and p62, samples were pre-incubated with mTOR inhibitors at
1230 nM for 24 h and were treated with Bafilomycin A1 for the au-
tophagic flux assay for additional 4 h with fresh compound solution
(Fig. 2 (b)). After 4 h the induction of autophagy should peak and side
effects of Bafilomycin A1 should be less drastic. LC3B-II levels were
increased with PQR530 but not statistically significant, whereas p62
levels in samples without Bafilomycin A1 where decreased, arguing for
degradation in the autophagolysosomes. PQR620 showed elevated
LC3B-II levels and a non-significant tendency to decreased p62 levels.

In HEK293T cells, LC3B-II levels and p62 levels were further
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analyzed by TR-FRET (Supplementary material: Fig. S4 (a)). Here,
protein level reduction was compared to positive control, DMSO or
Bafilomycin A1 treated samples, after 24 h of treatment. Bafilomycin A1
was added to one sample to demonstrate the increase of autophago-
somes over time, excluding a deficit in autophagosome formation in the
transiently transfected cells. A decrease of LC3B-II and p62 protein le-
vels can be a further hint for increased autophagy, as it can be inter-
preted as an increase in lysosomal degradation of both proteins. Both
assays showed a reduction of markers, comparable to INK128 in Q20
and Q49 transfected cells upon treatment with PQR530. PQR620
showed, comparable to rapamycin, a less prominent reduction of either
protein marker. To further analyze the mTOR dependent effect, tran-
scription factor EB (TFEB) localization was analyzed in HEK cells,
transfected with GFP tagged TFEB (Fig. 2 (c)). Ferguson et al. have
shown that ATP competitive inhibition of mTOR leads to the translo-
cation of TFEB to the nucleus (Roczniak-Ferguson et al., 2012) and
TFEB is considered a master regulator of lysosomal and autophago-
somal genes (Settembre et al., 2011). DMSO treated cells showed
mostly only cytoplasmatic or nuclear TFEB signal that was equal to the
cytoplasmic levels. With both PQR compounds the most striking ob-
servation was that almost all nuclei showed a TFEB signal demon-
strating a translocation of TFEB to the nucleus. Moreover, there was an
increase in strong GFP signal in the nuclei, which was significant for
PQR530.

3.3. PQR530 and PQR620 decrease protein biosynthesis and show no

cytotoxicity

As lowering of protein levels can be a result of enhanced protein
turnover, it can just as likely be a product of reduced protein bio-
synthesis. Both, PQR530 and PQR620, did in fact lower the protein
biosynthesis, as determined by an AHA Alexa 488 Click-iT assay (Fig. 3
(a)). Inhibition of protein biosynthesis was significant for PQR530 and
PQR620 at the highest concentration after 24 h of treatment in both cell
lines. Since both drugs were developed for cancer treatment, cytotoxi-
city and cell viability screening in the STHdh cells was performed, to
eliminate the possibility of cytotoxicity. The cells were differentiated
into neuron-like cells, as described before (Trettel et al., 2000) and
immediately treated with the compounds and controls. The PrestoBlue®
assay showed increased cell viability in both cell lines with the lower
concentration of each substance after 72 h of treatment (Fig. 3 (b)). In
contrast, a tendency to reduced cell viability was observed at the
highest concentrations of PQR530 and PQR620 (1230 nM) in STHdhQ7/
Q7 and STHdhQ111/Q111 cells. This minor decrease in viability was ac-
companied, however, by a decrease in cytotoxicity in the same con-
centrations in STHdhQ7/Q7 cells (Fig. 3 (c)) while no other changes were
observed. The reasons for the decrease in PrestoBlue® may be explained
by the reduced protein biosynthesis, since the assay relies on the en-
zymatic conversion in the mitochondria, which might be influenced by
the reduction in protein biosynthesis. It could also be an effect of

Fig. 1. PQR530 and PQR620 potently

block PI3K/mTOR and mTOR target

phosphorylation. (a) representative wes-
tern blots of mTOR and its targets after 24 h
of treatment with PQR compounds, INK128
(100 nM), rapamycin (400 nM) and vehicle
in STHdhQ111/Q111 cells. Protein levels re-
lative to β-actin from three independent
blots are shown in Supplementary material:
Fig. S1(a). (b) Western blot analysis of
mTOR and S6RP phosphorylation in
STHdhQ111/Q111 cells after 24 h + 4 h of
treatment. 3 replicates of either 1230 nM
PQR530 or PQR620 were compared to ve-
hicle. Protein levels are expressed relative to
β-actin and as the ratio of phospho (P-) to
total protein. BafilomycinA1 (Baf.A1)
treated samples were not quantified. Un-
paired, two-tailed t-test; PQR530-P-mTOR:
**p = 0.0083; PQR530-PS6RP:
**p = 0.0039, PQR620-P-mTOR:
**p = 0.0031; PQR620-P-S6RP:
****p < 0.0001.(c) results of MSD Akt
Signaling Panel II Whole Cell Lysate Kit for
P-AKT and P-GSK-3β levels from 2 technical
replicates for transiently transfected
HEK293T cells expressing either 49Q or
20Q. Cells were treated with 3 μM of
PQR530 and PQR620, 100 nM rapamycin
and 3 μM INK128. Grey circles represent
technical duplicates.
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reduced proliferation, commonly observed for mTOR inhibition (Zheng
and Jiang, 2015). In summary, these findings suggest unaltered cell
viability and no apparent cytotoxic effects of these compounds on
STHdh cells.

3.4. PQR530 and PQR620 reduce the levels of HTT in cell models of HD

A pathological hallmark of HD is the accumulation and aggregation
of mHTT. The accumulation is a sequential process of protein mal-
formation, proteofibril formation and oligomerization, which can form

Fig. 2. PQR530 and PQR620 induce autophagy in STHdh
Q111/Q111 cells (a) Western blot analysis of LC3B-II in an autophagic flux assay at different concentrations

after 4 h of treatment with control substances. (b) Results of Western blot analysis of STHdhQ111/Q111 cells after 24 h + 4 h treatment with 1230 nM of PQR530 or
PQR620. Protein levels of LC3B-II, from Baf.A1 treated samples, and p62, quantified from Baf.A1 untreated samples, are given relative to β-actin. H.E. = high
exposure to detect LC3-I levels. Unpaired, two-tailed t-test; PQR530-p62: *p = 0.0347; PQR620-LC3-II: **p = 0.0085. (c) Overexpression of pEGFP-N1-TFEB in
HEK293T cells. Exemplary images and quantification of nuclear TFEB signal is shown. Asterix = no signal in nucleus; arrow = signal, equal to cytoplasmic signal;
arrowhead = strong nuclear signal. Cells were treated with PQR compounds 48 h post transfection for 1 h. Two-way ANOVA with multiple comparisons against
DMSO and Dunnett's multiple comparison correction; n = 3; PQR530 – no signal * p = 0.0226, - strong signal **p = 0.0061; PQR620 – no signal **p=0.0067.
Scale: 10 μm.
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dense protein aggregates that accumulate in the cell body and nuclei
(Ross and Tabrizi, 2011). Autophagy is believed to reduce the amount
of aggregates, either by aggrephagy directly or by the reduction of the
amount of soluble HTT available in the cell to form and to contribute to
aggregates. Reduction of HTT levels was analyzed in STHdhQ111/
Q111 cells by Western blot. As STHdh cells do not present aggregate
formation, levels of soluble mHTT were examined. Western blot de-
tection with D7F7 antibody showed a strong reduction of mHTT levels
for PQR530, but not for PQR620 in STHdhQ111/Q111 cells (Fig. 4 (a)).
PQR620 showed slight decreases in huntingtin fragments, but this was
not statistically significant. The reduction in PQR530 treated samples
was consistent for the full-length protein, as well as the upper fragment
of huntingtin (Fig. 4 (b)).

To analyze effects on aggregation, the Exon-1 overexpression model
was used to confirm that reduction of protein synthesis and increase in
autophagy leads to less aggregation. HEK293T cells were transiently
transfected with a GFP-tagged fragment of HTT Exon1 and treated for
24 h (Fig. 4 c – e, g) to evaluate the reduction of HTT and aggregate
formation. First, levels of soluble mHTT in the HEK293T cell model
were analyzed by TR-FRET, which further confirmed the overall re-
duction of HTT levels and was in line with the results in STHdh cells,
where PQR530 had a strong effect on soluble HTT levels (Fig. 4 (c)).
PQR530 reduced the levels of soluble HTT to a comparable extend as
INK128. The lower concentration of PQR530 and both tested con-
centrations of PQR620 had similar effects as rapamycin. Detection of
HTT-Exon1-Q20 was much lower, but also showed a decrease of HTT
levels by treatment with PQR530 and INK128. Cells transfected with
HTT-Exon1-49Q constructs exhibited aggregate formation by the end of
the experiment, after 72 h. Treating the cells with either substance for
24 h before harvest/fixation led to a reduction in the amount of ag-
gregates and total amounts of PolyQ containing proteins. Nitrocellulose
membrane was chosen for detection of total levels of PolyQ containing

proteins (Fig. 4 (d)) and aggregate detection was performed with ni-
trocellulose acetate membrane, because of the reduced overall protein
binding capacity of this membrane (Fig. 4 (d)) and were further ana-
lyzed by fluorescence microscopy (Fig. 4 (e)–(f)). The quantification of
the amount of SDS insoluble proteins in filter trap assay showed that
lower protein levels were retained on the nitrocellulose membrane for
PQR compounds and positive controls, than in DMSO treated samples
(Fig. 4 (d)). The same was found for the measurement of aggregation by
this method (Fig. 4 (e)). Here, we observed reduced aggregation levels
in PQR and rapamycin treated samples that were as low as the 20Q
background signal. Additionally, we used 128Q and 15Q HTT con-
structs to model more extreme forms of aggregation (Fig. 4 (f)). The
15Q background signal was almost undetectable because of the strong
signal in the 128Q transfected samples and PQR compounds reduced
the PolyQ specific signal. Quantification of aggregate number in
transfected cells also confirmed significant reduction of aggregate
counts for PQR530 and PQR620. Efficacy of comparator compounds
INK128 and rapamycin was in the same range (Fig. 4 (g)). Altogether,
both substances were found to potently decrease levels of HTT ag-
gregates, while PQR530 has been more effective in the reduction of
soluble levels of the protein.

3.5. PQR530 and PQR620 hit their target in the brain

Both compounds, second generation catalytic mTOR inhibitors,
have improved properties enabling them to pass the blood brain barrier
more efficiently as compared to rapalogs or competitor compounds.
This was demonstrated by the evaluation of mTOR target engagement
in mouse brain using Western blot analyses and recently in a model of
chronic epilepsy (Brandt et al., 2018; Rageot et al., 2018). C57BL6 mice
were treated orally with a single dose of 50mg/kg with one of the
substances. Markers of mTOR and PI3K inhibition, S6RP- and AKT

Fig. 3. PQR530 and PQR620 decrease protein

biosynthesis and show no cytotoxicity (a)
results of AHA Alexa488 Click it assay in
STHdhQ7/Q7 (left) and STHdhQ111/Q111 cells
(right) after 72 h of treatment, cells were dif-
ferentiated. Values are shown relative to rapa-
mycin treated cells. Rapamycin was excluded
from One-way ANOVA with multiple compar-
isons against DMSO and Dunnett's multiple
comparison correction; n=5. STHdhQ7/Q7:
PQR530-1230 * p = 0.015; PQR620-1230 *
p=0.0201; STHdhQ111/Q111: PQR530-130
**p = 0.0071, ***p < 0.001 (b) cell viability
analysis of both cell lines with PrestoBlue®
assay. Values are shown relative to rapamycin
treated cells. Rapamycin was excluded from
One-way ANOVA with multiple comparisons
against DMSO and Dunnett's multiple compar-
ison correction; n=4, results from PQR530 and
PQR620 testing are plotted combined; STHdhQ7/
Q7: PQR530-130 * p = 0.0258, PQR620 – 200
**p = 0.0017, - 400 **p=0.0057. STHdhQ111/
Q111: PQR530-130 **p = 0.0026, PQR620 – 200
**p = 0.0092, - 400 * p = 0.0285. (c)
Measurement of cytotoxicity in form of LDH
release in both cell lines with LDH assay. Values
are shown relative to rapamycin treated cells.
Rapamycin was excluded from One-way ANOVA
with multiple comparisons against DMSO and
Dunnett's multiple comparison correction;
n = 4, results from PQR530 and PQR620 testing
are plotted combined. PQR530-1230 *
p=0.0402.
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phosphorylation, as well as autophagic markers, LC3B-II and p62 were
analyzed (Fig. 5). PQR530 (Fig. 5 (a) and (b)) showed excellent in-
hibition of S6RP (Ser235/236) phosphorylation, as soon as half an hour
after drug administration. The same trend was observed for AKT

(Ser473) phosphorylation, although not reaching statistical sig-
nificance. p62 levels peaked first at 0.5 h before the levels decreased to
a significant extent at 8 h post treatment LC3B-II levels showed more
variance with a tendency to an increase between 0.5 and 8 h after

Fig. 4. PQR530 and PQR620 reduce the levels of HTT in cell models of HD (a) Western blot of HTT in STHdhQ111/Q111 cells after 48 h of treatment with PQR530
and PQR620 (1230 nM) and (b) quantification of relative HTT protein levels (D7F7) to vinculin. n = 3, One-way ANOVA with Dunnett's multiple comparison
correction; full length **p = 0.0028, upper fragment * p= 0.0342 (c) results of TR-FRET measurements of soluble expanded HTT in HEK293T cells transfected with
either 49Q or 20Q after 24 h treatment, two technical replicates. (d) total huntingtin levels - results of filter retardation assay after 24 h treatment, 1C2 signal was
normalised to rapamycin treated samples, which were excluded from One-way ANOVA analysis, with Dunnett's multiple comparison against DMSO; n = 4, PQR530 –

1230 **p = 0.0098; PQR620-400 ***p = 0.0009, −1230 * p = 0.0121, INK128 **p = 0.008, DMSO-20Q ***p = 0.001, **P < 0.01 (e) aggregated huntingtin
levels - results of filter retardation assay after 24 h treatment, One-way ANOVA analysis, with Dunnett's multiple comparison against DMSO 49Q; n = 3, PQR530
***p = 0.0001, PQR620 ****p < 0.0001, DMSO-20Q **p = 0.0017 (f) aggregated huntingtin levels after 24 h treatment. 128Q HTT and 15Q control constructs
were used for transfection. High exposure (H.E.) for detection of 15Q-HTT signal, red colour equals strong signal (g) fluorescence imaging of HTT-Exon1-49Q/20Q
transfected HEK293T cells. Scale: 10 μm; and quantification of aggregates. Cells were treated for 24 h after 48 h of transfection; ratio of aggregates per transfected
cells in 30 fields of view were analyzed manually; One-way ANOVA analysis, with Dunnett's multiple comparison against DMSO; n = 3; PQR530-130 **p= 0.0012, -
1230 **p= 0.0043; PQR620-400 **p = 0.0015,−1230 **p= 0.0052; INK **p= 0.0052, Rapamycin ***p=0.0008. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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treatment. Levels of AKT (Ser473) and S6RP (Ser235/236) were re-
duced as well upon treatment with PQR620 (Fig. 5 (c) and (d)), starting
from 0.5 h post treatment. p62 levels dropped at 4 h and recovered by
8 h post treatment. This drop in p62 levels was accompanied by an
increase in LC3B-II levels at the same time point – indicating induction
of autophagy in the brain.

4. Discussion

The inhibition of mTOR has been shown to alleviate HD pathology
in in vivo models (Ravikumar et al., 2004). The same was found for
other neurodegenerative disorders that are characterized by protein
misfolding and accumulation (Menzies, 2010; Santini et al., 2009;
Spilman et al., 2010). However, the compounds used for these experi-
ments did only show limited bioavailability and were not administered
orally. We found both ATP site directed inhibitors, PQR530 and
PQR620, to lower huntingtin levels in cell models of Huntington dis-
ease. The substances showed target specificity and reduced protein
biosynthesis, while autophagy was induced. Most importantly, oral
administration of the compounds led to target inhibition in mouse
brain, comparable to the effects observed in cell culture experiments.
Reducing the levels of HTT or other PolyQ species has been reported to
be achieved by mTOR inhibitors via the induction of autophagy

(Pandey et al., 2007; Ravikumar et al., 2002, 2004) or by the reduction
of protein synthesis (King et al., 2008). Consistent with this we have
found both pathways to be affected; protein biosynthesis was reduced,
whereas autophagy was activated. We have not further investigated the
contribution of each mechanism, as both will contribute to the reduc-
tion of Huntingtin protein levels and are well described for mTOR in-
hibitors (reviewed in Laplante and Sabatini, 2012 (Laplante and
Sabatini, 2012)). The possibility to eliminate HTT from the adult CNS
has recently been demonstrated (Grondin et al., 2012; Wang et al.,
2016) and targeted therapies against HTT based on lowering the level
of the protein mediated by anti-sense oligonucleotides (Kordasiewicz
et al., 2012) have shown great potential, although many questions such
as optimal delivery and distribution in the brain still need to be in-
vestigated (Wild and Tabrizi, 2017). Treatment with mTOR inhibitors
will not lead to a specific reduction of HTT but nevertheless mTOR
inhibition remains a promising treatment strategy. PQR530 and
PQR620 outdo previous catalytic mTOR inhibitors in specificity and
most importantly penetration over the blood brain barrier. Therefore,
they are valuable tools to further investigate the contribution of mTOR
signaling in the pathogenesis and potentially in treatment of HD. For
this, several questions need to be addressed:

Fig. 5. PQR530 and PQR620 cover their target in brain (a) Western blot of mTOR and PI3K targets in brain lysates from C57/BL6 mice treated with PQR530 for
up to 8 h and (b) quantification of relative protein levels to β-actin. n = 3, One-way ANOVA with Dunnett's multiple comparison correction; P–S6RP: 0.5 h, 4 h, 8 h
***p < 0.001; p62: 0.5 h **p = 0.0024, 8 h ***p = 0.0004. (c) Western blot of mTOR and PI3K targets in brain lysates from C57/B6 mice treated with PQR620 for
up to 8 h and (d) quantification of relative protein levels to β-actin. n = 3, One-way ANOVA with Dunnett's multiple comparison correction; P-Akt: 8 h * p = 0.047;
P–S6RP: 0.5 h, 4 h, 8 h ***p < 0.001; p62: 4 h **p=0.0092.
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4.1. Is mTOR the right target?

mTOR hyperactivation has been described for HD models (Pryor
et al., 2014), suggesting a contribution in the pathogenesis. This how-
ever is controversial, as decreased mTOR activity has been observed in
patients and reinstating mTOR activity through Rheb was beneficial for
HD models (Child et al., 2018; Lee et al., 2015). Increased autophagy
has been observed in HD patients and models (Heng et al., 2010; Kegel
et al., 2000; Martinez-Vicente et al., 2010), as well as other models of
neurodegeneration (Nixon et al., 2005; Stefanis et al., 2001; Wang
et al., 2006). An increase in autophagy in this disease context can be
interpreted as a form of early stress response against proteotoxicity and
ROS induced damage (Giordano et al., 2014). One possible explanation
of these contradictory findings was provided by the observation that
mTOR is sequestered in HTT aggregates, resulting in lower soluble
mTOR protein levels and increased autophagy (Ravikumar et al., 2004;
Sarkar and Rubinsztein, 2008). In line with this, HD cell models without
aggregation of mHTT show higher levels of mTOR protein levels and
activity (Walter et al., 2016). Moreover HTT itself is involved in the
induction of selective autophagy (Rui et al., 2015a) and shares struc-
tural similarities with several ATG proteins (Ochaba et al., 2014;
Steffan, 2010), highlighting the complex spatial and temporal re-
lationship between the mTOR signaling cascade and the mHTT related
aggregation and protein malfunction (Martin et al., 2015). Induction of
macro-autophagy and therefore in-bulk cytoplasmic degradation can be
achieved via modulation of the mTOR signaling cascade, either through
starvation (Ehrnhoefer et al., 2017) or through pharmacological in-
hibition of mTOR, which has been proven effective before (Ravikumar
et al., 2004; Santini et al., 2009; Spilman et al., 2010). But mTOR in-
hibition by catalytic inhibitors will not only affect HTT levels modu-
lated by autophagy. This becomes obvious by the observed inhibition of
protein biosynthesis. The question remains whether this approach is too
close to be cracking a nut with a sledgehammer in regard of mTOR's
crucial signaling functions in the cell (reviewed in (Laplante and
Sabatini, 2009)). Early experiments have shown that the inhibition of
protein biosynthesis leads to deficits in learning and memory formation
(Alberini, 2008). In our experiments the block in protein biosynthesis
was significant at 1.2 μM after 24 h. In future experiments it will be
necessary to further address the question how persistent the inhibitory
effect will be upon long-term treatment. So far, our findings and pre-
vious pre-clinical studies on both compounds suggest that positive ef-
fects might prevail. The substances have not shown severe signs of
toxicity in GLP toxicology testing (Hillmann et al., 2017; Tarantelli
et al., 2016). Similarly, compounds are not cytotoxic but rather cyto-
static in a genotype independent manner, as expected for inhibitors of
the PI3K/mTOR pathway. Moreover, the inhibition of protein bio-
synthesis could contribute to the reduction of HTT protein levels and
additionally reduce mHTT mRNA levels, which have been attributed
toxicity as well (Nalavade et al., 2013). mTOR modulation will be only
beneficial, if the potential of transcriptional upregulation of autophagy
related proteins is not exhausted. For example, declining beclin1 levels
with age have been described, which were found to contribute to de-
clining quality control in brain (Shibata et al., 2006) and will have to be
considered for the right window of intervention. The more favorable
tolerability of PQR620 in preclinical testing, particularly in terms of
hyperglycemia – a class effect of PI3K inhibitors - might allow for
maintaining life quality during the healthy life span or a prolonged
treatment phase. In different mouse models treatment with rapamycin
late in life was still sufficient to elongate lifespan (Harrison, 2009).
mTOR inhibition most likely cannot be a continuous treatment form,
because of the systemic effects. The immune suppression induced by
rapalogs has made long term treatments difficult. On other, non-brain
penetrant, catalytic inhibitors (e.g. AZD2014, PP242), less intense im-
munosuppression has been reported in first clinical trials (Fantus et al.,
2017; Janes et al., 2010). From studies performed so far, it remains
elusive whether a HTT holiday, a term coined by Carl Johnson in the

context of prolonged beneficial effects in ASOs therapy (Lu and Yang,
2012), could also be achieved by mTOR inhibition. In cell culture HTT
lowering with PQR530 was very efficient, but long-term treatment ef-
fects, like inflammation need to be considered for the translation to in

vivo models (Fruman et al., 2017). It will be interesting to see, whether
a reduction of HTT protein levels by mTOR inhibitors for a short
timeframe, will be sufficiently effective to prolong the healthy life span
of HD models or to ameliorate disease symptoms, later in disease pro-
gression. Ultimately, this leaves both substances valuable for further
elucidation of the complex interaction of mTOR and HTT (Martin et al.,
2015; Rui et al., 2015a, 2015b), as well as the interaction of protein
biosynthesis and degradation pathways.

4.2. Which of both substances is better suited for HD?

Both substances inhibit mTOR at the ATP directed site with high
selectivity over other kinases. PQR530 additionally targets all isoforms
of PI3K. The finding that it was still effective in the induction of au-
tophagy is in part unexpected, because from literature the induction of
autophagy by PI3K inhibitors is controversial. Wortmannin, a com-
monly used PI3K inhibitor, was used as a control for autophagy in-
hibition at the level of induction of autophagy (Blommaart et al., 1997).
However, it has been shown, that this does not represent the full picture
of the mechanism of action for PI3K inhibition (Benito-Cuesta et al.,
2017). In our study we found further evidence that PI3K/mTOR in-
hibition can lead to the induction of autophagy, which is most likely
time and concentration dependent. In our case, the induction of au-
tophagy was observed after 4 h of treatment, with the same tendencies
in brain tissue. Another important point is PI3K inhibition affecting
AKT phosphorylation and subsequent activation. AKT plays a pivotal
role in cell survival (Carloni et al., 2010; Downward, 1998; Dudek
et al., 1997; Edinger and Thompson, 2002; Liu et al., 2006) and is
therefore of special interest in cancer therapy. Inhibiting PI3K will
decrease phosphorylation levels of AKT. AKT has been shown to be
higher expressed and more active in HD models (Gines et al., 2003).
However, genetic studies have shown that ablation of AKT results in
increased apoptosis, whereas a drastic reduction of AKT activity is
needed for this effect (Liu et al., 2006). Whilst this effect is desirable in
cancer treatment, it remains unclear to what extend this might affect
HD related complications. In neurodegenerative storage disease AKT
inhibition by trehalose led to mTOR independent cellular clearance via
transcription factor EB (TFEB) (Palmieri et al., 2017), which highlights
the complexity of the interconnecting signaling pathways. Also, the
inhibition of GSK-3β, which is also affected by PI3K inhibition, has been
shown to have beneficial effects on neurodegeneration (Carmichael
et al., 2002; Giese, 2009), especially in Alzheimer's Disease (Sereno
et al., 2009). We found a reduction of GSK-3β phosphorylation upon
treatment with PQR530, but the biological implications of this event
would need further examination. PQR620, which is target specific only
for mTOR, blocks the signaling events of both complexes, therefore also
in this case AKT phosphorylation is decreased. Prolonged rapamycin
treatment had surprisingly similar effects on AKT phosphorylation in
cell culture (Sarbassov, 2006), through the signaling of mTORC2 (Bove
et al., 2011). The effects of AKT inhibition and neuronal survival will
need to be further assessed in vivo. The in vitro experiments showed no
obvious differences in terms of cell viability, protein biosynthesis,
mTOR inhibition and aggregation formation between both compounds,
except PQR530 has shown stronger effects on soluble HTT levels. Fur-
ther studies are needed to elucidate the mechanisms on HTT protein
level reduction by PI3K inhibition.

4.3. What conclusions can be drawn from these experiments for in vivo

models?

Clearly, both cell models do not represent the complexity of a whole
organism and have certain limitations, which have been described. On
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the cell line level, STHdhQ111/Q111 cells do not present aggregation or
other features that are representative of the disease stage in which most
neuronal vulnerability would be expected. Regarding autophagy, on the
one hand these cells are aneuploid, which by itself has been shown to
affect autophagy (Stingele et al., 2013). On the other hand, STHdhQ111/
Q111 cells show increased autophagy and “empty” autophagosomes, as it
was described for several other HD models (Martinez-Vicente et al.,
2010; Walter et al., 2016). HEK293T cells also have chromosomal
anomalies and are not derived from neurons. However, the high
transfection efficiency makes them valuable for the kind of screening
performed in this study. On the level of the disease-causing protein we
could show in both cell models, one expressing the full-length protein
and one an over-expressed Exon 1 fragment with a disease relevant CAG
repeat length, that mTOR inhibition with PQR530 and PQR620 was
beneficial regarding HTT levels and aggregation load. In our experi-
ments the levels of HTT were lowered to an extent becoming apparent
in Western blot. This argues for in bulk degradation and protein bio-
synthesis blockage being efficient enough to compensate for cargo
loading defects. It further needs to be clarified, that aggrephagy is not
the primary goal of this approach, but rather the reduction of excess
protein and toxic protein species feeding into the system in the first
place (Ravikumar and Rubinsztein, 2006; Ross and Tabrizi, 2011),
which otherwise probably would be ending up in aggregates as a sto-
rage or protective form of unwanted protein (Arrasate et al., 2004;
Saudou et al., 1998). Both compounds can be used for preliminary in

vivo experiments. However, certain pitfalls with HD models need to be
considered, too. Minor dose dependent toxicity has been observed:
PQR530 was influencing the insulin and blood glucose levels in rats.
Whilst this would be a manageable side effect in humans, in animal
models, like the R6/2 mouse, which is known to develop hyperglycemia
(Hurlbert et al., 1999), this might occlude readouts. Fox et al. have
shown in the R6/2 model of HD that mTOR inhibition was insufficient
to rescue the pathology of this model (Fox et al., 2010). This contrasts
with other studies in HD and other neurodegenerative disorders and
might be explained by the detrimental phenotype these animals pre-
sent. Similar precautions need to be taken for animal models, which
present severe weight loss, since PQR620 and PQR530 affected weight
in rats. Another important question revolves about optimal dosage,
since the threshold in battling cancer and neurodegeneration might
diverge.

4.4. Conclusion

In conclusion, rare diseases can benefit greatly from the potential of
drugs that have originally been developed for more common disorders.
In our case the overlap of neurodegeneration mechanisms and cancer
was of special interest. Inhibiting mTOR leads to the induction of au-
tophagy and further decreases cell proliferation and protein biosynth-
esis. This has opened the field of neurodegenerative disorders that are
characterized by the accumulation of protein aggregates, which can be
degraded by autophagy. An obstacle in the treatment of animal models
with mTOR inhibitors has been the weak blood-brain penetrance pre-
sented by rapalogs and second generation catalytic mTOR inhibitors.
The oral application of PQR620 and PQR530 allows for testing that is
more comparable to the desired form of application in humans.
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ABSTRACT 

 
One of the pathological hallmarks of Huntington disease (HD) is the accumulation of the disease-causing 

mutant huntingtin protein (mHTT), which leads to the disruption of a variety of cellular functions, 

ultimately resulting in cell death. Induction of autophagy, for example by inhibition of mTOR signaling, 

has been shown to reduce HTT levels and aggregates. While rapalogs like rapamycin allosterically 

inhibit only part of the mTOR signaling pathway, ATP-competitive mTOR inhibitors suppress all 

functions of the mTOR complexes C1 and C2 and have been shown to be more efficient in inducing 

autophagy and reducing protein levels and aggregates than rapalogs. The ability of first generation 

catalytic mTOR inhibitors to cross the blood-brain barrier, so far has been limited and therefore 

sufficient target coverage in the brain could not be reached. Two novel, brain penetrant compounds – 

one mTORC1/2 inhibitor (PQR620) and one dual PI3K and mTORC1/2 inhibitor (PQR530) - were 

evaluated by assessing their potential in inducing autophagy and reducing mHTT levels in the 

Huntington Disease R6/2 mouse model.  
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Introduction 
Huntington Disease (HD) is a 

neurodegenerative, fatal, autosomal dominantly 

inherited disorder that affects patients in mid-

life and there is currently no cure available [1]. 

The disorder is caused by a triplet repeat 

expansion in the Huntingtin gene [2]. This 

mutation alters the protein’s (mutant huntingtin; 

mHTT) conformation [3, 4], the interaction with 

other proteins [5] and ultimately the biological 

function. The huntingtin protein has many 

identified biological functions and the alteration 

of this “component” of the various intricate and 

interconnected processes, leads to a plethora of 

dysfunctions: (I) mHTT is cleaved distinctly 

from the wildtype (wt) form and certain 

cleavage products present toxic properties [6-

8], e.g. affecting calcium homeostasis [9-11]; 

(II) mitochondrial dysfunction is caused 

directly and indirectly by mHTT and leads to 

energy disbalance and oxidative stress [12-14]; 

(III) protein degradation, via the UPS and 

autophagy, is altered in HD and the clearance of 

aggregates and other protein species is 

inefficient [15]. One strategy to reduce the 

disease burden on a cellular level is to reduce 

the amount of mutant protein. This can be 

achieved either by reducing the expression of 

the protein itself, which can be highly specific - 

by ASOs or RNAi [16, 17] - or a global 

reduction of protein expression [18]. The other 

option is to increase the rate at which proteins 

are degraded in the cell. This has been achieved 

by the induction of autophagy [19-21]. There 

are various means to increase autophagy: 

calorie restriction [22, 23], overexpression of 

components of the autophagic machinery [24, 

25] and mTOR dependent and independently 

acting compounds [20, 26-28], which activate 

autophagic clearance. The best studied 

autophagy activator is rapamycin, a macrolide 

antibiotic, which induces autophagy by 

inhibiting mTOR, a molecular switch in the cell 

between anabolic and catabolic processes. The 

amelioration of HD phenotypes by rapalogs, 

derivates of rapamycin, has been shown to be 

beneficial in various animal models of this and 

other neurodegenerative disorders [21, 29-34]. 

These compounds are however hydrophobic 

and do not pass the blood barrier efficiently. 

Rapalogs inhibit mTOR by binding to FKBP12, 

not by binding to the catalytic site, this can lead 

to side effects and resistances [35]. ATP-site 

directed, catalytic, mTOR inhibitors have been 

designed with improved bioavailability, which 

should be more potent inhibitors with more 

favorable tolerability [36]. In this study two 

novel compounds, which have been 

demonstrated to ameliorate aggregation and 

lower HTT levels in in vitro models of HD, 

were tested [28]. PQR530 is a dual PI3K/mTOR 

inhibitor of all PI3K isoforms [37, 38], while 

PQR620 targets mTOR solely [39-42]. Both 

substances demonstrate high selectivity over 

other kinases and cross the blood brain barrier 

effectively [28, 43]. In this study both 

compounds have been tested in the R6/2 mouse 

model of HD. R6/2 mice are the most 

commonly used model in pre-clinical testing 

[44, 45]. They present a severe motor 

phenotype, a peripheral HD phenotype and 

neuropathological changes, e.g. in form of 

aggregates, as soon as post-natal day 1 and a 
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dramatic reduction in life span [46-50]. By 

treating these mice from 4 weeks of age until 12 

weeks of age daily, we observed weight loss in 

the mice and no amelioration of the behavioral 

phenotype. However, we observed a reduction 

of mHTT aggregates, which was more 

prominent in PQR530 treated animals. This 

study is a first step to optimize treatment 

regimens of catalytic mTOR inhibitors in 

animal models of HD.  

Results 

PQR compounds induce weight loss and fail to 

rescue behavioural phenotype of R6/2 mice 

R6/2 mice were treated with both compounds, 

to evaluate the effects on neuropathological 

markers and behavioral aspects. At weaning 

animals were separated into different treatment 

groups, based on genotype, litter and rotarod 

performance (Supplementary Figure 1). The 

rotarod test at this early time point was further 

used to familiarise the animals with the 

experimental set up. Body weight was measured 

once daily before treatment, which was 

performed at the same time of the day (Figure 1 

A). The treatment led to an overall reduced 

weight gain in the treatment groups, especially 

in the PQR530 group, which was not 

significantly different between the R6/2 

treatment groups in the end of the experiment 

(R6/2 – placebo: 23.68 g ± 1,9; R6/2 – PQR530: 

22.95 g ± 1.5; R6/2 – PQR620: 23.6 g ± 1.6). 

There were also animals that experienced 

excessive weight loss (>15% of their maximum 

weight). These mice were excluded from the 

experiment. A relatively high fraction of the 

animals was susceptive to the weight loss, 

whereas the ones, which remained in the 

experiment (~ 60 %), had similar weight curves 

as the placebo treated, transgenic control group 

(Figure 1 A). Interestingly, the animals that 

were excluded because of weight loss, were the 

ones, which started the experiment with a higher 

body weight. Weight loss can also be an effect 

of muscle wasting. To assess this, muscle (m. 

gastrocnemius) was weighed. R6/2 mice show 

a drastic reduction of weight in comparison to 

wildtype animals (Figure 1 B). This difference 

was no longer statistically significant in the 

treatment groups. The mild improvement in 

Figure 1: Effects of PQR530 and PQR620 on weight. (A) Body weight determination during the treatment phase. RM- 2way 

ANOVA, with Dunnett’s multiple comparison correction for multiple testing. wt-placebo vs R6/2- placebo p = 0.0249; wt-

placebo vs R6/2- PQR530 p = 0.0019; vs R6/2- PQR620 p = 0.0202 (B) muscle weight of m. gastrocnemius at the end of the 

experiment. One-way ANOVA, with Dunnett’s multiple comparison correction for multiple testing: R6/2 vs. wild-type placebo* 

p = 0.0123. comparison to wt (*), comparison to placebo (#).  
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muscle weight had however no effect on the 

motor performance of the animals. Both 

compounds were additionally tested in the 

zQ175 mouse model of HD. Despite moderate 

weight loss, no complications comparable to the 

R6/2 mice were observed (personal 

communication with PIQUR therapeutics). 

CAG lengths were checked in both 

experimental cohorts, which were generated 

from two different breeding groups of ovary 

transplanted females. Even though paternal 

transmission is known to be the cause of 

Figure 2: Effects of PQR530 and PQR620 on behavior. (A) Rotarod performance at 7 and 10 weeks of age. + indicates mean, 

line indicates median., RM Anova, 2 –way, multiple comparisons against R6/2 (#) and wt (*). *** P < 0.001; **** P< 0.0001. 

(B) Clasping at 7.5 and 11 weeks of age. Score ranges from 0 – 2 points. + indicates mean, line indicates median.; * P < 0.05; 

**** P < 0.0001. Kruskal – Wallis test for One- way ANOVA, with nonparametric test multiple comparisons against wild type 

(*) and R6/2 (#); Dunn’s correction for multiple comparisons. Bar graphs represent score distribution at 7.5 weeks. (C) 

Rearing movements at 5 (left) and 11 weeks (right) of age. Average number of rearing movements over the 22-hour observation 

time. Mean values are plotted as 20-minute intervals. (D) Quantification of nesting scores. The quality of the nests built from 

the paper in the cage was scored at two different time points (7.5/ 11.5 weeks). + indicates mean, line indicates median * P < 

0.05; **** P < 0.0001. Kruskal – Wallis test for One- way ANOVA, with nonparametric test multiple comparisons against wild 

type (*) and R6/2 placebo (#); Dunn’s correction for multiple comparisons. (E) Scoring scale examples. Only total values were 

given and scoring was performed blinded.  
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uncontrolled CAG expansions and therefore 

ovary transplanted females were bred with wild 

type males, we could detect a significant 

difference in the CAG length (Supplementary 

Figure 1 C). The motor phenotype of the R6/2 

mouse, characterized by a motor coordination 

defect is detectable from a very early time point 

by rotarod. From 7 weeks of age onwards the 

R6/2 mice showed a deterioration of motor 

performance that was not affected by either 

compound (Figure 2A). Clasping is another 

motor associated parameter that is routinely 

assessed in pre-clinical testing. From 9 weeks 

on, most R6/2 mice show immediate and total 

clasping of the hindlimbs, when suspended by 

the tail a few centimeters above the surface. 

Treatment with PQR530 and PQR620 led to a 

shift in proportion of mice clasping at an earlier 

timepoint, when clasping is not fully developed 

in all R6/2 mice (Figure 2 B). While the 

difference between wild type and R6/2 mice 

was significant at 7.5 weeks for the placebo 

Figure 3: PQR compounds potently block mTOR inhibition in peripheral tissue. WB analysis of muscle (m. gastrocnemius) 

and liver 4 h after last treatment. Induction of autophagy was assessed by p62 and LC3-II. mTOR inhibition was monitored by 

phosphorylation of its downstream targets AKT and S6rP. Representative WB images are shown in A and C, with 

corresponding quantification of autophagy markers in B and D. + indicates mean, line indicates median; One way – ANOVA 

with multiple comparisons against R6/2 placebo (#) and wt-placebo (*); Dunnet‘s correction method for multiple comparisons. 

* P < 0.05; ** P < 0.01. 
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treated animals, PQR compound treated 

animals showed less clasping. In the second test 

at 11 weeks, all R6/2 mice showed moderate or 

complete clasping. Rearing, another parameter 

of motor performance was quantified over a 

time period of 22 hours in an automated home 

cage system (Figure 2 C). Overall activity of the 

mice in the cage and the distance moved in the 

cage were not different between the genotypes 

and treatments (data not shown). At 5 weeks of 

age PQR530 mice showed less rearing than the 

R6/2 placebo group. This could be a combined 

effect of the hyperactivity described in young 

R6/2 mice and a reduced activity in the treated 

animals. Rearing during the first hour was 

additionally quantified, as the mice are 

exploring the unfamiliar cage with a lot of 

movements, also in the z-axis. At the older age, 

the difference between wildtype and R6/2 mice 

became apparent, whereas no difference 

between the treatment groups was observed. In 

the dark phase treated animals were rearing 

Figure 4: PQR compounds block mTOR signaling in the brain but fail to block AKT phosphorylation. WB analysis of 

striatum and cortex 4 h after last treatment. Induction of autophagy was assessed by p62 and LC3-II. mTOR inhibition was 

monitored by phosphorylation of its downstream targets AKT and S6rP. Representative WB images are shown in A and C, with 

corresponding quantification of autophagy markers in B and D. + indicates mean, line indicates median; One way – ANOVA 

with multiple comparisons against R6/2 placebo (#) and wt-placebo (*); Dunnet‘s correction method for multiple comparisons. 
* P < 0.05. 
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tendentially less than the R6/2 placebo animals.  

Male mice are kept solitary in the cages for 

treatment studies to prevent any effects of fights 

or hierarchy. This allows to monitor the nest 

building abilities of the mice. The phenotype of 

the R6/2 model is complex and not limited to 

motoric abilities but further affects social 

interaction and behaviour. Building a nest is 

part of this social behaviour that is partly 

dependent on motoric skills, but also dependent 

on motivation and other factors that were not 

further assessed in this study [51] (Figure 2 D 

and E). The mixed background line of the R6/2 

mice builds very elaborate, dome shaped nests 

from the material that is provided in the cages 

as an intact piece. A difference in this nest 

building behaviour can be observed from the 

beginning of the experiment, at 4 weeks of age 

and becomes more apparent with time. R6/2 

mice differed from their wild-type litter mates 

regarding nesting behavior. This was clearly 

detectable at the age of 7.5 weeks and became 

more apparent with the progression of the 

phenotype (Figure 2 D). Interestingly, PQR530 

treated animals did keep their ability to build a 

nest, which was significantly better than the 

placebo group. It is unclear to what extend these 

findings can be attributed to the treatment they 

were exposed to. It is unlikely that the results 

are a product of experimenter bias, since the 

pictures were taken and randomized several 

weeks before scoring took place; nevertheless, 

this experiment was based on subjective criteria 

(Figure 2 E).  

PQR compounds inhibit mTOR and PQR530 

leads to a reduction of mHTT load in the brain 

The inhibition of mTOR with both substances, 

PQR620 and PQR530, has been shown to 

induce autophagy in the in vitro experiments 

and markers of autophagy were indicative of 

induction of autophagy in wild type mice after 

4 hours of treatment in preliminary experiments 

after a single dose of 50 mg/kg [28]. The 

inhibition of mTOR and the induction of 

autophagy was analysed in in peripheral tissues 

(liver and muscle; Figure 3) and brain (striatum 

and cortex; Figure 4). The R6/2 mice show 

dysregulations in the mTOR pathway that have 

been described for HD models before. These are 

reduced levels of p62 in brain [52] and an 

increase in LC3-II levels in various tissues [52, 

53]. However, the high flux in the autophagic 

process creates big variance in the samples, 

therefore most of the trends observed are not 

statistically significant. Furthermore, a 

dysregulation of AKT was observed in muscle 

[53]. In brain, AKT phosphorylation was 

unchanged after treatment with either 

compound (Figure 4) in contrast to muscle and 

liver (Figure 3). This was not observed in the 

preliminary experiments where mice were 

subjected to a single dose [28] and is interesting, 

because the inhibition of mTOR was shown by 

the dephosphorylation of ribosomal protein S6 

(S6rP), in brain as wells as in the peripheral 

tissue. The induction of autophagy however 

could not be shown in any of the tissues. 

Induction of autophagy would have 

theoretically led to a reduction of p62 and an 

increase in LC3. PQR620 did seem to bring the 

LC3 levels closer to the wild type level, 

especially in the cortex and muscle, but these 

changes are neither significant, nor is their 

biological relevance clear.  
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R6/2 mice display intracellular and nuclear 

aggregates, as soon as post-natal day one. The 

aggregation is found throughout the entire 

brain. Differences in brain regions and size of 

the aggregates can be determined by 

immunohistochemistry. Analysis of striatum 

showed very strong staining for huntingtin 

positive aggregates (Figure 5 A). The number of 

aggregates between the different groups was 

comparable (Figure 5 B), whereas a size 

reduction was observed in R6/2 mice treated 

with PQR compounds (Figure 5 C). This 

showed that aggregate size was reduced by both 

substances, by approximately 40%. These 

results were confirmed for PQR530 by TR-

FRET. Aggregated (TR-FRET) and total 

amounts of soluble expanded huntingtin (MSD 

assay) were quantified (Figure 5 D) and both 

showed an increase in aggregated HTT levels in 

older animals. The levels of soluble expanded 

HTT where strongly decreased in the older 

animals and less affected by the treatment, 

which could be due to the low amount of soluble 

protein.   

Figure 5: PQR compounds reduce the amount of aggregates in the brain. (A) EM48 staining of mHTT aggregates in striatal 

cryosections and (B) quantification of aggregate number and (C) size. (D) TR-FRET analysis of aggregated huntingtin (left) 

and MSD assay of soluble expanded HTT (right). Treatment groups are compared to samples from untreated R6/2 mice at 4 

weeks of age. One way – ANOVA with multiple comparisons against R6/2 placebo (#) and 4 week old untreated animals (*); 

Dunnet‘s correction method for multiple comparisons. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.  
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We could confirm with these findings that 

catalytic mTOR inhibition can be used to reduce 

the size of aggregates, and therefore the amount 

off aggregated protein in brain by oral 

administration.  

Discussion 
The results of the evaluation of PQR530 and 

PQR620 demonstrate their potential in reducing 

the amount of mHTT in vivo, confirming 

previous results from the in vitro 

characterization in HD cell models [28]. The 

reduction of size in the mostly nuclear 

aggregates was demonstrated with IHC and the 

reduction in aggregate load was shown with 

TR-FRET. In this regard, the reduction of 

aggregate size was as well demonstrated in the 

zQ175 mice, tested at a different institute 

(personal communication, unpublished data). 

The behavioral phenotype of the R6/2 model 

could not be ameliorated by the treatment. 

Behavioral testing was influenced by the effect 

of the drugs on the general condition of the 

animals. Weight loss and increased drinking 

combined with polyuria where observed. As the 

severity of side effects was not observed in 

previously tested wild type mice or zQ175 mice, 

HD related complications special to the R6/2 

model could be the cause of the severity of the 

weight loss. R6/2 mice treated with pQR 

compounds developed symptoms of 

hyperglycemia before the onset in the placebo 

group, which was observed at around 9 weeks 

of age [54]. The weight loss in the R6/2 placebo 

group was less severe even at higher age. 

Animals with severe weight loss (>10% of their 

maximum weight) did perform worse in the 

rotarod test, possibly due to the lack of energy. 

A contributing and interconnected factor to 

weight loss in the R6/2 model is muscle 

wasting. The presence of mHTT in the 

gastrocnemius has been shown to lead to an 

overactivation of mTOR and AKT and to an 

overall catabolic phenotype [55]. The muscle 

weight of the m. gastrocnemius was determined 

at the end of the experiment and the treatment 

groups did show slightly less reduction in 

muscle weight than the R6/2 – placebo group in 

comparison to wild type. The 

hyperphosphorylation of AKT in R6/2 mice 

was reduced in muscle after administration of 

PQR620 or PQR530.  However, the 

improvement of the muscular phenotype did not 

affect the overall weight loss. R6/2 mice are a 

commonly used model in pre-clinical testing, as 

they present a very robust and fast-developing 

HD phenotype regarding behavior and the 

molecular markers [47]. A similar phenotype is 

also found in HdhQ150 mice, confirming that 

exon1 is sufficient to trigger some aspects of the 

HD phenotype [56]. For this study, it is unclear, 

whether a less detrimental phenotype would 

have allowed for a better dissection of the 

contributing effects on the behavioral testing. 

R6/2 mice can be considered as a model for the 

severest form of HD, juvenile HD. This is 

because of the extreme early onset of disease 

(from post-natal day 1) and because of the 

severity of symptoms (seizures, extreme forms 

of dyskinesia) [57]. The R6/2 model develops 

aggregates and early disease symptoms and 

metabolic alterations already at a very early age, 

when the animals are still growing. In an animal 

model with a later onset of disease, at an adult 

age, the weight loss might be less severe. 
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Another option in such models would be to test, 

whether a treatment before disease onset would 

be sufficient to delay first symptoms. This can 

be supported by the trends in the data of this 

study. Signs of motor phenotypes (clasping, 

rotarod) were slightly better in the treatment 

groups at the earlier timepoints measured. 

Therefore, it could be beneficial treating a 

different animal model with a clear pre-

symptomatic phase before disease onset, to 

reduce the aggregate levels, potentially 

delaying the point of overflow of toxic protein 

and relieving disease burden later. Also, 

defining the correct treatment regime could 

influence the outcome. Intermittent 

administration of everolimus has been shown to 

decrease the resistance to autophagy induction 

[58]. We could not assess autophagy induction 

indicated by levels of p62 and LC3-II. To 

reduce fluctuation of autophagic proteins, 

animals were treated exactly 4 hours before 

sacrificing them within 1.5 h at the same time of 

the day. For future experiments the use of 

autophagic flux blockers should be considered. 

The induction of autophagy at an old age is 

further limited by the declining levels of beclin1 

and in HD by an increase of aggregate size and 

sequestration of autophagy regulating proteins 

in those aggregates [52, 59]. This could be 

another argument for a limited treatment phase 

at an earlier age and before the overt 

aggregation of huntingtin. Another interesting 

finding were the unaltered phosphorylation 

levels of AKT in brain at the end of the 

treatment period. Whereas the preliminary 

experiments in wild type animals showed that 

both compounds were able to reduce AKT 

phosphorylation after a single oral 

administration [28], the animals treated for 

several weeks did not show the same effect in 

brain when they were dosed 4 hours before 

tissue collection. AKT phosphorylation has 

been described to increase upon mTOR 

inhibition in cancer cell lines [60] and an 

increase in p-AKT levels can generally be 

considered a positive pro-survival signal. In 

R6/1 mice increased p-AKT levels through 

PHLLP have been described as pro-survival 

mechanism [61, 62] together with the 

substantial role of AKT in brain. Phospho-S6rP 

levels were still decreased, which argues for 

enough target coverage. It is not clear, if AKT 

phosphorylation could be differentially 

regulated in brain after prolonged treatment, 

which could increase the survival of neurons 

through this signaling mechanism. AKT has 

further been shown to inhibit autophagy in a 

mTOR independent manner [63] by 

phosphorylating beclin1 and reducing 

autophagy initiation. This could be another 

contributing factor to the unchanged autophagy 

levels in brain. 

In conclusion both compounds remain valid 

candidates for the reduction of mHTT in HD 

models. Further studies would be necessary to 

determine optimal dosing regimens and 

avoidance of overt weight loss.  

Methods 

R6/2 mice 
B6CBA-Tg(HDexon1)62Gpb/3J mice (R6/2 

mice) were obtained from 40 breeding pairs of 

wildtype males with ovarian transplant females 

purchased from Charles River (Charles River 

Laboratories, Sulzfeld, Germany). The pups are 

transgenic for the human N-terminal fragment 
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of the HTT gene. They carry a CAG repeat of 

approximately 150 CAGs [57]. 

Genotyping & fragment length analysis 
All animals were genotyped at the beginning 

and the end of the experiments. Genotyping was 

performed by genomic DNA isolation (High 

Pure PCR Template Preparation Kit, Roche, 

Basel, Switzerland) and a standard PCR 

reaction. PCR reagents were purchased from 

Qiagen, Hilden, Germany.  

Primer forward:  5’ - atggcgaccctggaaaagctg 

Primer reverse:  5’ - aggtcggtgcagaggctcctc 

Fragment length analysis was used to determine 

CAG size. In brief, PCR with fluorescently 

labelled primers for the sequence flanking the 

CAG repeats was performed. PCR product is 

run in capillary gel electrophoresis (Beckman 

Coulter, Brea, CA, USA) against a 600 bp size 

standard and CAG size is determined relative to 

unexpanded PCR product size.  

Primer forward:  

5’ Cy5 – ccttcgagtccctcaagtccttc  

Primer reverse:  5’ - cggctgaggcagcagcggctgt 

Housing conditions 
The animal experiments were approved by the 

local ethics committee (Regierungspraesidium 

Tuebingen, Germany), in full compliance with 

the European Union legislation on the use of 

animals for scientific purposes (Directive 

2010/63/EU). Male mice were used for this 

study. They were weaned and genotyped at 3 

weeks of age and separated into single cages 

(euro norm: Type II L) at 3.5 weeks of age, to 

give them a short adaptation time before 

treatment began and housed under standard 

conditions, with standardized chew and water 

ad libitum in a 12/12 hours light/ dark cycle, 

switching at 2 am/ 2 pm. At 11 weeks of age or 

when earlier weight-loss occurred, mice were 

additionally provided mashed chew. 

Vehicle and preparation of dosing 

solution 
40% SBECD (sulfobutylether-ether-β-

cyclodextrin, Captisol®, Dexolve®) solution 

was prepared (w/v) in water for injection 

(Ampuwa®, Fresenius, Germany). The solution 

was mixed and sonicated. Vehicle and drug 

solution had a final concentration of 20% 

SBECD. PQR530 was added at 0.545% (w/v) to 

a 20% SBECD solution. PQR620 was added at 

1.082% to the vehicle solution. Both dosing 

solutions were mixed and sonicated until no 

crystals were visible by light microscopy. pH 

was adjusted with 0.02 M HCl to 3.0±0.1. The 

dosing solutions were prepared always for 4 

days in advance and were stored light protected 

at room temperature. 

Treatment with PQR530 and PQR620 
Treatment groups were established from 

genotype and measurement of weight, rotarod 

performance and litter. Genotype was 

confirmed at the end of the treatment. They 

were distributed equally over the four groups. 

Treatment began at four weeks of age and ended 

at 11 weeks, when mice were sacrificed. Mice 

were dosed 6 days per week once daily via oral 

gavage at the same time each day (10.30 am). 

Treatment groups were the following: wt 

placebo (20% SBECD solution), R6/2 placebo 

(SBECD solution), PQR530 (0.5% PQR530 in 

SBECD solution); PQR620 (1.0% PQR620 in 

SBECD solution). The experimenter was not 

blinded during drug administration. 

Behavioral testing 
All experiments were performed by the same 

person performing the treatment. For behavioral 
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testing, the animals were ordered according to a 

pre-set pseudo – randomized order and animal 

ID – cards were covered for blindness of the 

experimenter. n = 12-15. 

Rotarod 
Motor deficiencies were assessed at 7 weeks 

and at 10 weeks of age. Mice were tested on 

three consecutive days in the dark phase, 

starting at least 8 hours after the dosage. Mice 

were placed in the room, where the behavioral 

testing took place an hour before the start of the 

experiments. Experimenter was blinded to the 

treatment groups, genotypes become apparent 

from 6 weeks as motoric deficits develop. On 

each day of the testing, mice were placed on the 

rod (TSE systems, Bad Homburg, Germany) for 

a test run at a constant speed of 4 rpm for 300 

seconds. The test run ended after 300 seconds 

or when the mice got of the rod a sixth time. 

This test run was followed by three runs with 

acceleration from 4 rpm to 40 rpm, as well for 

300 seconds. Mice were only placed back, when 

the first period on the rod was shorter than 10 

seconds, to exclude effects from positioning the 

mice on the rod. Time between each run was 

one hour. Time spent on the rod was recorded 

automatically, the average of the 3 runs was 

analyzed. 

Labmaster – automated home cage 
During the testing period, each day seven mice 

were recorded in the home-cage system (TSE 

system, Bad Homburg, Germany). Mice were 

assigned in a way that genotypes and treatments 

were mixed, and individual mice were not in the 

same groups at each time point and in a different 

cage. Recording was performed in the 

automated home-cage system LabMaster. Mice 

were recorded for a period of 22 hours from 2 

pm to 11 am on the following day. Mice were 

given an acclimatization phase in the room of 

the behavioral testing of 1 hour. Mice were 

placed in the cages and monitoring started 

immediately. The measurements started 

approximately 10 minutes before the dark 

phase. Measurements were acquired in 1-

minute intervals. Locomotion was analyzed by 

measurements of the beam breaks in the 

horizontal axes (ambulatory activity) and the 

distance travelled (Distance) and the vertical z-

axis (rearing). Data analysis was performed 

with R (R: A Language and Environment for 

Statistical Computing, R Development Core 

Team, R Foundation for Statistical Computing, 

Vienna, Austria, 2011, ISBN 3-900051-07-0, 

http://www.R-project.org). The first 30 minutes 

of the 22-hour period were analyzed as the 

habituation time, the long – term measurements 

were summarized in 20 minutes intervals. 

Clasping 
Clasping behavior was assessed at two different 

time points. At 7.5 weeks were this behavior 

starts to develop and at 11 weeks when almost 

all mice display this type of posture. Mice were 

suspended by the tail above a surface for a 

maximum of 30 seconds. The posture of the 

hind limbs is graded from 0 – 2 points for the 

severity of the clasping. The experimenter was 

blinded for the treatment groups and the 

genotype, even though the differences between 

R6/2 mice and wild – type mice become evident 

at 11 weeks. 

Nesting 
Pictures of the nests were taken at different time 

points of the day before the weekly exchange of 

the cages. Quality of the nest was scored by a 

grading system from 0 -3. The pictures were 

http://www.r-project.org/
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labelled and ordered in a way that the 

experimenter was unable to identify genotype or 

treatment. 

Sample collection 
Mice were sacrificed on 4 consecutive days at 

the age of 11 weeks. Tissue was collected 4 

hours post dosage. Mice were dosed in the same 

order as they were sacrificed. The maximum 

time between the first and the last animal per 

day was 1.5 hours for tissue collection. 

Perfusion was performed at 4 hours after 

dosage, as well; mice were dosed in 30 minutes 

intervals. Tissue was stored in PBS with 0.03% 

sodium acetate. 

Immunohistological analysis of mHTT 

aggregation 
To detect mHTT aggregates, immunostaining 

of striata was performed. Brains were fixed in 

4% paraformaldehyde (SAV LP GmbH, 

Flintsbach am Inn, Germany). Before 

embedding in O.C.T (Sakura Finetek Germany 

GmbH, Staufen im Breisgau, Germany), whole 

brains were soaked in sucrose solution (30% 

w/v, Sigma-Aldrich, St. Louis; USA) for 3 days, 

snap frozen and fixed in Tissue-Tek® O.C.T 

(Sakura Finetek, Staufen im Breisgau, 

Germany). Brains were cut serially into 25 µm 

coronal sections on a cryostat (Leica CM-3050-

S, Leica Biosystems Nussloch GmbH, 

Germany). Sections were stored in PBS, 

supplemented with 0.03% sodium acetate at 

4°C. For free-floating staining, striatal sections 

were placed into fresh PBS. All steps were 

performed at room temperature. Blocking was 

performed in 0.5% sodium borohydride in PBS 

for 30 minutes and followed by washing with 

PBS. Primary antibody incubation with EM48 

(MAB5374; Merck Chemicals GmbH, 

Darmstadt, Germany) diluted 1:1000 was 

performed overnight. On the following day 

sections were washed with TBST and incubated 

with biotinylated goat anti-mouse IgG (Vecta 

BA9200, Vector Laboratories, Burlingame, 

USA) at a 1:1000 dilution for 2 hours. Avidin-

biotin complex (Vectastain® Elite ABC Kit, 

Vector Laboratories, Burlingame, USA) was 

used at a 1:400 dilution. Incubation time was 1 

hour. Biotinylated tyramine, supplemented with 

0.001% H202 was administered for 8 minutes. 

For color development, sections were incubated 

for 4 minutes in a nickel-DAB- H202 containing 

buffer (0.6% nickel, 0.01% DAB and 0.001% 

H2O2 in 0.05 M Tris, 0.05 M imidazole). 

Reaction was stopped by placing the sections in 

TI buffer (0.05 M Tris, 0.05 M imidazole) and 

mounted in water, free floating. Sections were 

dehydrated by ethanol and xylol dilution row 

and sealed under coverslips with mounting 

medium (CV, Leica, Wetzlar, Germany). 

Images were acquired using a Zeiss Axioplan 

microscope (Plan-NEOFLUAR ×40/0.75 

objective, AxioCam MRc) and Axiovision 4.8 

software (Carl Zeiss Microscopy GmbH, Jena, 

Germany). 4 animals were analyzed per group. 

Per animal three subsequent sections of the 

striatum were analyzed. The EM48 positive 

structures were analyzed with the ImageJ built 

in particle analysis, with a fixed threshold for all 

pictures (ImageJ 1.47v; NIH, Bethesda, USA). 

n = 4-5  

Tissue sample preparation 
Homogenates were prepared from the tissues 

collected with RIPA lysis buffer (50 mM Tris 

pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate and 1% Igepal, containing 
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protease inhibitors and phosphatase inhibitors). 

Brain regions were homogenized for 30 

seconds, muscle for 1 min with an ultra thurrax. 

Muscle samples were minced in the frozen state 

before homogenization. Homogenized samples 

were incubated for 15 minutes on ice, during 

this time samples were sonicated for 10 seconds 

at 40% intensity and vortexed every five 

minutes. Samples were divided into 

homogenates and samples that were further 

processed to lysates. Therefore, they were 

transferred into pre-cooled reaction tubes and 

centrifuged for 13,200 g x 20 minutes at 4°C. 

To the supernatant 10 % glycerol of the total 

volume was added. Lysates and homogenates 

were kept at -80°C until further processing. 

Analysis of markers of the mTOR 

pathway by Western Blot 
Western blot was performed according to 

standard procedures. In brief, precast gradient 

gels (Novex® 4-12% Bis- Tris Mini Protein 

Gels, Invitrogen, USA) were used for the 

analysis of mTOR inhibition. Samples were 

prepared to contain 30 μg of protein. Running 

buffer was MES buffer (50 mM MES, 50 mM 

Tris, 0.1 % SDS ,1 mM EDTA) and gels were 

run at 150 V, constant. Proteins were transferred 

onto 0.2 µm nitrocellulose membrane by tank 

transfer in a TE22 Transfer Tank (Hoefer, Serva 

Electrophoresis GmbH, Heidelberg, Germany) 

in either Bis- Tris transfer buffer (25 mM 

Bicine, 25 mM Bis-Tris, 1 mM EDTA) with 

15% methanol. After transfer membranes were 

blocked in 5 % skim milk powder in TBST.  n 

= 5-6 animals. 

Antibodies for immunoblot analysis and 

detection method 
Membranes were probed with the following 

primary antibodies at 4°C, overnight. 

Antibody Dilution Company 

mTOR 1:1000 Cell signaling, 
Leiden, The 
Netherlands 

mTOR 

(Ser2448) 

 

1:1000 Cell signaling, 
Leiden, The 
Netherlands 

AKT 1:1000 Cell signaling, 
Leiden, The 
Netherlands 

AKT 

(Ser473) 

 

1:1000 Cell signaling, 
Leiden, The 
Netherlands 

P62 1:1000 Cell signaling, 
Leiden, The 
Netherlands 

S6RP 

(54D2) 

 

1:1000 Cell signaling, 
Leiden, The 
Netherlands 

S6RP 
(Ser235/236) 
 

1:1000 Cell signaling, 
Leiden, The 
Netherlands 

 
LC3(0231-

100/LC3-

5F10) 
 

1:200 nanoTools 
Antikörpertechnik 
GmbH & Co. 
KG; Teningen; 
Germany 

MW8 1:100 DSHB 
Hybridoma 
Product; Iowa 
City, USA 

Actin 1:20000 Sigma Aldrich; 
Saint Louis, MO, 
USA 

Actin 

cardiac 

(A9357) 

1:2000 Sigma Aldrich; 
Saint Louis, MO, 
USA 

 
On the next day, membranes were washed with 

TBST and incubated for 1 hour with respective 

secondary IRDye antibodies goat anti-mouse 

680LT, 800CW and goat anti-rabbit 800CW (all 

1:10,000; LI-COR Biosciences). Fluorescence 

detection was performed with the LI-COR 

ODYSSEY® FC and quantified with Image 

Studio software version 2.1.10 (LI-COR 

Biosciences). 

TR-FRET & MSD assays 
To each sample 100 µl of Evotec MSD Lysis 

http://www.nanotools.de/shop/artikel/p209_0231-100_LC3-5F10.php
http://www.nanotools.de/shop/artikel/p209_0231-100_LC3-5F10.php
http://www.nanotools.de/shop/artikel/p209_0231-100_LC3-5F10.php
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Buffer was added (150 mM NaCl, 20 mM  Tris, 

pH 7.5, 1 mM EDTA, 1 mM EGTA, 1%Triton-

X-100 (Evotec MSD Lysis Buffer Stock 

Solution) supplemented with 10 mM NaF, 1 

mM PMSF, 1x Phosphatase Inhibitor Cocktail 

2, 1x Phosphatase Inhibitor Cocktail 3, 1x 

Protease Inhibitor Cocktail). Samples were 

homogenized in LYSING tubes CK15 

(Precellys, Cat. # KT03961-1203.0.5) by using 

the FastPrep method (MP FastPrep 

homogenizer FastPrep-24, MP Biomedicals; 4 

runs with 30 sec, 6 m/sec and settling time of 

app. 4 mins in between the runs). After 

centrifugation (15 min at 15700 RCF and 4° C; 

2 x), the supernatant was transferred in pre-

cooled tubes. Protein concentration of the tissue 

homogenate was determined by BCA (Pierce 

BCA Protein Assay, Thermo Scientific; Cat. 

No. 23225) and protein concentration was 

adjusted to 2 mg/ml. Aliquots were prepared 

and samples were pre-frozen on dry ice, then 

stored at -80° C until measurement of 

aggregated and expanded soluble mutant HTT 

levels (Evotec TR-FRET assay 13, Evotec MSD 

Assay 6). For detection of expanded soluble 

mutant HTT final concentrations of 0.1 µg/ µl 

total protein were used and applied to the assay 

(Evotec MSD assay 6). For detection of 

aggregated mutant HTT final concentrations of 

1 µg/ µl total protein were used and applied to 

the assay (Evotec TR-FRET assay 13). n = 5-6. 

Samples were tested in technical duplicates.  

The following recombinant standard proteins 

were used for quantification of HTT: Evotec 

MSD Assay 6 for detection of expanded soluble 

mutant HTT: Human HTT NF573Q73 

(Biofocus) spiked into respective background 

matrix (tissue homogenates of wild type whole 

brain; 0.2 mg/ml) and further diluted 1:1 in 

blocking buffer (2% (w/v) BSA / 0.2% (v/v) 

Tween20). Evotec TR-FRET Assay 13 for 

detection of aggregated mutant HTT: Thrombin 

digested aggregated exon1-Q46 spiked into 

respective background matrix (tissue 

homogenates of wild type whole brain; 2 

mg/ml). Standard proteins were applied 

between 0.001 and 10 fmol/µl for Evotec MSD 

assay 6, and between 0.001 and 250 fmol/µl for 

Evotec TR-FRET assay 13. 

Statistical analysis 
Statistical analysis was performed with 

GraphPad Prism 6 (GraphPad Software Inc., La 

Jolla, CA, USA). One-way ANOVA was 

performed with multiple comparisons to the 

placebo group and Dunnet’s correction method. 

Other used statistical methods are mentioned in 

figure legends. Significance level was set to 

0.05.
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Supplementary material 

 

 
Supplementary Figure 1: Treatment group division and CAG length in 2 experimental cohorts. (A) equal group division by 

weight at 3 weeks of age. (B) equal rotarod performance in the different treatment groups at 3 weeks of age. (C) fragment 

length analysis for CAG number determination in both experimental cohorts.  
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