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ABSTRACT 

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a toxic gain-

of-function CAG expansion in the first exon of the huntingtin (HTT) gene. Striatal 

neurodegeneration is the main hallmark in HD, but cortical neurons are also affected at early 

stages of the disease. Currently, there are no treatments stopping or slowing disease progression. 

The monogenic nature of HD makes CRISPR/Cas9-mediated HTT inactivation a promising 

therapeutic strategy. To facilitate the development of CNS gene therapies and maximize 

therapeutic efficacy for HD, we first developed 2D and 3D imaging workflows to evaluate the 

therapeutic potential of a novel strategy for HD by assessing transduction efficiency in multiple 

brain regions. We combine the retrograde transport properties of the AAV2.retro with the broad 

striatal diffusion of the AAV2/rh.10 to simultaneously inactivate the HTT gene in both striatal 

(SPNs) and cortical projection neurons (CPNs). Because constitutive SpCas9 expression 

increases the likelihood for the occurrence of off-target events and immunogenic responses, we 

used a transient AAV-based KamiCas9 system. Our analysis predicted that 54% of striatal cells 

and 7% of cortical cells had been transduced in highly targeted brain regions. Remarkably, in 

those regions, HTT gene inactivation reached 54.5% and 9.6%, respectively. These results 

validate the maximized therapeutic strategy and demonstrate the power of these quantitative 

workflows to predict the potential of gene therapy strategies for neurological disorders. 

Nevertheless, it is still unclear to which extent the loss of the wild-type HTT (wtHTT) normal 

functions may impact on disease progression. One of the current allele-specific therapeutic 

strategies for HD consists of the excision of the first exon of mutant HTT allele (mHTT) by inducing 

simultaneous double-strand breaks at upstream and downstream positions of the mHTT exon 1. 

However, its efficiency has never been assessed. Given the ultimate goal for clinical application, 

it is critical to accurately determine its efficiency to anticipate therapeutic potential. Therefore, 

here we developed digital PCR-based assays to accurately quantify the frequency of HTT exon 

1 deletion events. Consistently with previous studies, we observed that deletion events are 

frequent in vitro, but extremely rare in vivo. Our results do not support the application of dual 

sgRNA-based deletion strategies for the in vivo treatment of HD or other CNS disorders. In 

addition, we highlight that the current methodologies to evaluate deletion events greatly 

overestimate their frequency. Overall, we encourage the scientific community to adopt more 

quantitative methods when analyzing complex gene editing events to avoid misleading 

conclusions concerning the applicability of such therapeutic strategies in vivo. 
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RÉSUMÉ 

La maladie de Huntington (MH) est une maladie neurodégénérative mortelle causée par 

une expansion CAG toxique à gain de fonction dans le premier exon du gène de la huntingtine 

(HTT). Cette maladie se caractérise principalement par la dégénérescence des neurones 

striataux, mais les neurones corticaux sont également touchés dans les premiers stades de la 

maladie. Actuellement, il n'existe aucun traitement capable d'arrêter ou de ralentir la progression 

de la maladie. La nature monogénique de la MH fait de l'inactivation HTT médiée par 

CRISPR/Cas9 une stratégie thérapeutique prometteuse. Pour faciliter le développement de 

thérapies géniques pour des maladies qui affectent le SNC et maximiser son efficacité 

thérapeutique pour la MH, nous avons développé des flux de travails basés sur de l’imagerie 2D 

et 3D. Cette méthodologie permet d'évaluer le potentiel thérapeutique d'une nouvelle stratégie 

pour la MH en évaluant l'efficacité de la transduction dans plusieurs régions du cerveau. Nous 

avons combiné les propriétés de transport rétrograde de l'AAV2.retro avec la large diffusion 

striatale de l'AAV2/rh.10 pour inactiver simultanément le gène HTT dans les neurones de 

projection striataux (NPSs) et corticaux (NPCs). Nous avons utilisé un système AAV-KamiCas9 

transitoire car l'expression constitutive de SpCas9 augmente la possibilité d'événements hors 

cible et de réactions immunogènes. Les prédictions, selon notre analyse, sont que 54% des 

cellules striatales et 7% des cellules corticales ont été transduites dans des régions cérébrales 

hautement ciblées. De façon remarquable, dans ces régions, l'inactivation du gène HTT a atteint 

54,5% et 9,6%, respectivement. Ces résultats valident la stratégie thérapeutique maximisée et 

démontrent la puissance de ces flux de travail pour prédire quantitativement le potentiel des 

stratégies de thérapie génique pour les maladies neurologiques. Néanmoins, on ne sait toujours 

pas dans quelle mesure la perte des fonctions normales de la HTT de type sauvage (wtHTT) peut 

avoir un impact sur la progression de la maladie. L'une des stratégies thérapeutiques actuelles, 

spécifique à l'allèle, pour la MH consiste à exciser le premier exon de l'allèle HTT mutant (mHTT) 

en induisant des cassures double brin simultanées en amont et en aval de l'exon 1 de la mHTT. 

Cependant, son efficacité n'a jamais été évaluée. Compte tenu de l'objectif ultime d'une 

application clinique, une détermination précise de l'efficacité est essentielle pour anticiper le 

potentiel thérapeutique. Par conséquent, nous avons développé ici des tests basés sur la PCR 

digitale pour quantifier avec précision la fréquence des événements de délétion de l'exon 1 du 

HTT. Conformément aux études précédentes, nous avons observé que les événements de 

délétion sont fréquents in vitro, mais extrêmement rares in vivo. Nos résultats ne soutiennent pas 

l'application de stratégies de délétion à base de double sgRNA pour le traitement in vivo de la 

MH ou d'autres maladies affectantle SNC. Par ailleurs, les méthodologies d'évaluation actuelles 

surestiment largement la fréquence d’événements de délétion. Dans l'ensemble, la communauté 

scientifique devrait adopter des méthodes plus quantitatives lors de l'analyse des événements 

complexes d'édition de gènes afin d'éviter des conclusions trompeuses concernant l'applicabilité 

de telles stratégies thérapeutiques in vivo. 
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1. Introduction 
 

1.1. Historical context of Huntington’s disease 

1.1.1. Discovery of HD 

Huntington's disease (HD) (OMIM: 143100) is a fatal hereditary neurological disease 

involving the progressive decline of motor and cognitive functions as well as psychiatric 

disturbances. Although HD is well characterized nowadays, its discovery had been quite a 

journey. One of the primary features of HD is chorea, which is defined by abnormal involuntary 

movements as a result of brief and irregular muscle contractions (Vale & Cardoso, 2015). One of 

the first references of choreic behaviors dates back to the Middle Ages, when Greeks described 

chorea as a “dancing mania” (Cubo, 2016; Vale & Cardoso, 2015). Since then, many have tried 

to better categorize choreic movements and link them to specific causes and/or diseases. 

Paracelsus (1493-1541) was the first attempting to classify chorea into chorea lasciva (caused by 

sexual desire), chorea imaginativa (caused by imagination) and chorea naturalis (caused by a 

physical pathology). Although the interest in choreic symptoms had begun in ancient ages, it was 

only in the 19th century that chorea started being considered as a cause of neurological 

pathologies. Among the several physicians that have reporter HD-like symptoms, Dr Charles 

Oscar Waters communicated in 1842 a hereditary neurological disease which he named 

“magrums”, involving motor and cognitive degeneration (Waters, 1842). Two decades later, the 

Norwegian Johan Lund provided the first description of hereditary chorea, later known as HD 

(Cubo, 2016). Although Lund had described it previously, the disease was named after the report 

of George Huntington on adult-onset hereditary chorea in 1871. In his report, Huntington 

highlighted the autosomal-dominant pattern of inheritance and comprehensively described the 

progressive exacerbation of choreic symptoms associated with dementia and behavioral 

alterations (Huntington, 1872). Importantly, he defined that chorea comprises a large spectrum 

throughout life span and that it can be related to different causes (HD or others). The next 

important landmark in HD discovery took place in 1955, when Américo Negrette reported a 

community in Maracaibo, Venezuela with a bizarre number of patients with Huntington’s chorea 

(Okun & Thommi, 2004). The extremely high prevalence of HD patients in this community (1 in 

every 10 people) allowed the exhaustive characterization of the disease clinical manifestations 

and later, of its genetic profile. At this time, several foundations were created to better study the 

disease as HD was starting to have an impact in both American and European societies (Cubo, 

2016). 
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1.1.2.  Huntingtin (HTT) is the responsible gene in HD 

Given the autosomal-dominant inheritance of the disease, efforts started taking place to 

identify the causative gene of the disease. The identification of restriction fragment-length 

polymorphisms (RFLPs) in 1978 (Kan & Dozy, 1978) made possible the genetic mapping of genes 

in the human chromosomes. In 1979, James Gusella and Nancy Wexler started organizing 

expeditions to Venezuela to collect blood samples from the community in Maracaibo (Bates et al., 

2015; Cubo, 2016) and mapped the HD-causative gene to the short arm of the chromosome 4 

(Gusella et al., 1983). However, the identification of the HD gene was still challenging at the time 

due to the lack of technology required for gene isolation. Nonetheless, in the subsequent years, 

researchers used genetic polymorphisms and linkage disequilibrium analysis to narrow the 

location of the gene to a 2 megabase (Mb) region in chromosome 4 (Bates et al., 1991; 

MacDonald et al., 1991; Snell et al., 1989). In 1991, Buckler and colleagues developed a strategy 

to identify genes based on exon amplification (Buckler et al., 1991). The establishment of this 

technology permitted the identification and isolation of the HD causative huntingtin (HTT) gene 

(previously named IT15 gene, OMIM: 613004) (MacDonald et al., 1993), which contained a 

polymorphic CAG-triplet repeat that was expanded in HD patients. Quickly, worldwide genetic 

screenings were carried out to compare the genotype to the phenotype of the disease (Andrew 

et al., 1993; Duyao et al., 1993; Snell et al., 1993). It was established that HTT alleles with 40 or 

more CAG repeats invariably cause the disease whereas HTT alleles with CAG trinucleotides 

spanning between 36 and 39 repeats increase the risk to develop HD (McNeil et al., 1997).  

 

 

1.2   Epidemiology, symptomology, and diagnosis of Huntington’s 
disease 

1.2.1. Epidemiology of HD 

Huntington’s disease is a rare neurogenerative disorder distributed across the globe with 

great geographical variability (Figure 1.1). Higher prevalence is observed in Europe and North 

America. In 2012, Pringsheim and colleagues performed a meta-analysis of data collected 

between 1985 and 2010 regarding the prevalence and incidence of HD (Pringsheim et al., 2012). 

In this systematic review, the worldwide HD prevalence was 2.71 cases per 100'000 persons and 

the incidence 0.38 cases per 100'000 persons-year. However, HD prevalence and incidence are 

varying over the years due to factors such as accessibility to health care, genetic testing, 

migration, and/or identification of new HD regional clusters (Medina et al., 2022). Epidemiological 

data generated using updated clinical diagnostic protocols alongside with the accessibility to 

confirmatory genetic testing is likely to be more accurate. For this reason, Medina and colleagues 

recently updated the previous meta-analysis study using data from to 2011 to 2022 (Medina et 
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al., 2022). Overall, merged data from 1985 to 2022 revealed that both worldwide prevalence and 

incidence of HD were higher than previously estimated, counting for a prevalence of 3.92 cases 

per 100'000 persons and an incidence of 0.47 cases per 100'000 persons-year. The higher 

estimates may also be related to the increased accessibility to genetic testing and to advances in 

the treatment of medical comorbidities, expanding the life span of HD patients. Regarding the 

epidemiological analysis per continent, it confirmed that HD is more widespread in Europe (6.37 

per 100’000 persons) and North America (8.87 per 100'000 persons). 

 

 
Figure 1.1: Worldwide distribution of HD. (Warby et al., 2011) 

 

1.2.2. Symptomology of HD 

Huntington’s disease is characterized by a triad of symptoms involving motor 

deterioration, cognitive impairment, and neuropsychiatric disturbances (Bates et al., 2015; Ross 

et al., 2014). The disease can be divided into two branches depending on the onset age of the 

clinical manifestations. The most common form of HD is the adult-onset form (AHD), with clinical 

manifestations typically arising between the ages of 35 and 50, and death occurring within the 

next 15 to 20 years (Figure 1.2). In contrast, the disease is defined as juvenile-onset (JHD) when 

the HD symptoms appear before the age of 21 years-old, which only corresponds to 

approximately 5% of all HD patients (Bakels et al., 2022; Fusilli et al., 2018). 

The motor disability in AHD usually starts with the execution of involuntary movements 

previously described as chorea (known as hyperkinetic phase) (Figure 1.2). As diseases 

progresses, HD patients start displaying hyperkinetic symptoms characterized by difficulties in 

the controlling voluntary actions due to the loss of coordination, slowness of movements 

(bradykinesia) and gait disturbance. At the later stages of the disease, parkinsonism features, 

dystonia and rigidity strongly impair the control of voluntary movements. Concerning cognitive 

impairments, AHD is characterized by deterioration of memory and learning capabilities and it 
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affects mental flexibility, attention, and the ability to make judgements and/or decisions.  Patients 

also often present emotional disturbances such as irritability, swing moods and apathy. While 

irritability is sometimes observed at initial stages of the disease, social impairment and distancing 

occurs at more later stages and worsens as the diseases progresses. In addition, depression is 

highly common among patients and there is an increased prevalence of suicidal thoughts 

compared to the general population (Hubers et al., 2013).  

In JHD patients, motor onset is often defined by bradykinesia and rigidity whereas chorea 

is rarely observed at initial stages. Cognitive dysfunction is associated to developmental delay in 

areas such as speech and language which highly affect their social skills. While obsessive-

compulsive disturbances are not a frequent behavior in AHD, more than 50% of the adolescent-

onset JHD patients display this psychiatric symptom (Langbehn et al., 2020). Interestingly, a 

notable difference between the two forms of the disease is the higher risk of epileptic seizures in 

JHD patients (30-35%) (Cloud et al., 2012). Despite the most frequent clinical features are related 

to the nervous system, HD patients can also experience metabolic and immune disturbances, 

weight loss, testicular atrophy, cardiac failure, and osteoporosis (Gómez-Jaramillo et al., 2022; 

van der Burg et al., 2009). 

 

 
Figure 1.2: Natural clinical history of HD. (Bates et al., 2015) 

 

1.2.3. Diagnosis of HD 

The diagnosis of HD is based on clinical criteria, family history, and genetic screening for the 

presence of the expanded CAG repeat in the HTT gene (Bates et al., 2015; Stoker et al., 2022). 

HD is generally diagnosed at the onset of the motor deficits (Bakels et al., 2022; Bates et al., 

2015; McAllister et al., 2021; Ross et al., 2014). The total motor score of the unified Huntington’s 

disease rating scale (UHDRS-TMS) (Kieburtz, 1996) is the ranking system more often used to 
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assess motor disturbances in HD despite other alternative motor scales have been suggested 

(Mestre et al., 2018). To determine the certainty that motor symptoms are due to HD, physicians 

can attribute a diagnostic confidence level (DCL) (Liu et al., 2015). Confidence levels ranges from 

0 to 4 and a DCL4 means that motor symptoms were attributed to HD with a physician’s 

confidence level of 99%. Given the autosomal dominant heritage pattern of the disease, familiar 

background is an excellent indicator to predict disease’s the development of the disease. For 

individuals with a HD familiar history, the appearance of motor symptoms such as chorea, 

impaired ocular motility, rapid alternating movements and loss of motor coordination is usually 

enough to validate the diagnosis (Ross & Shoulson, 2009). In other cases, magnetic resonance 

imaging (MRI) to verify striatal atrophy can also be used to complement the diagnosis before 

genetic confirmatory testing. 

Genetic testing can be either predictive or confirmatory depending on the clinical status. 

Predictive testing occurs when potential non-symptomatic carriers (due to the familiar history) are 

tested for the presence of the mutation while confirmatory tests are used to validate diagnosis 

when clinical manifestations are suggestive of HD. Predictive testing not only assesses the 

presence of the mutation but can also be used to estimate the onset age of motor symptoms 

(Penney et al., 1997; Tabrizi et al., 2013; Warner et al., 2022). The age of motor onset seems to 

be inversely correlated to the number of CAG repeats and the CAG age product (CAP) score has 

been used to predict the age of disease onset (Zhang et al., 2011) (Figure 1.3). Because 

predictive testing has a major impact on individual’s life, the International Huntington Association 

established guidelines for genetic predictive testing of HD (International Huntington Association, 

1994) right after the identification of the genetic cause, recommending the use of predictive testing 

only from the age of majority.  

 

 

Figure 1.3: DCL4 probability by age and number of CAG repeats. Vertical line represents the worldwide 
life expectancy. (Tabrizi et al., 2022a) 
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1.3   Progression and management of Huntington’s disease 

1.3.1. Progression and biomarkers of HD 

The identification of individuals carrying the HD mutation prior to diagnosis (by familiar 

history and genetic predictive testing) has been crucial to improve our understanding about how 

the disease evolves. Longitudinal studies with HD participants such as the COHORT 

(NCT00313495) (Dorsey & Group COHORT Investigators, 2012), PHAROS (NCT00052143) (Group 

PHAROS Investigators, 2006), PREDICT-HD (NCT00051324) (Aylward et al., 2011; Epping et 

al., 2016; Paulsen et al., 2014), TRACK-HD (Tabrizi et al., 2011, 2012, 2013) and REGISTRY 

(NCT01590589) (McAllister et al., 2021) have shown that pathological changes in HD start many 

years before the onset of motor symptoms. 

For example, the TRACK-HD trial collected data on motor and cognitive performances 

over 36 months in control individuals, early-stage HD patients and premanifest individuals who 

were predicted to develop symptoms in more (preHD-A) or less than 10 years (preHD-B) (Tabrizi 

et al., 2013). Cognitive deterioration (speeded tapping, symbol digit modality - SDMT, and stroop 

word reading tests) and motor impairment (UHDRS-TMS) in premanifest individuals were more 

accentuated in those who were predicted to develop the disease in less than 10 years (preHD-

B). This is consistent with the hypothesis that disease progresses faster in individuals closer to 

predicted disease onset. Psychiatric evaluation also demonstrated that apathy worsens in the 

premanifest period (Tabrizi et al., 2013). A recent report from the REGISTRY trial indicated that 

prevalence of psychiatric symptoms is more associated to advanced stages of the disease 

although depression and, less often, irritability can precede motor symptoms by many years 

(McAllister et al., 2021). Similarly, Epping and colleagues evaluated a battery of HD psychiatric 

symptoms over ten years in premanifest patients from the PREDICT-HD and observed that 

psychiatric disturbances are present in premanifest stages of the disease more often than 

previously thought (Epping et al., 2016). Interestingly, they noticed that symptom rating scores 

were higher when companions of the premanifest individuals were interrogated. This suggests 

that affected individuals may be less aware of psychiatric alterations occurring during the 

premanifest phase and advocates the incorporation of third-party inquiries to better assess HD 

psychiatric symptoms. 

Regarding neuropathology, striatal volumes are markedly reduced compared to age-

matched normal volumes (45-70% loss) at the time of clinical motor diagnosis (Kinnunen et al., 

2021). Volumetric MRI data from the TRACK-HD and PREDICT-HD trials indicated that striatal 

atrophy occurs at least 15 years prior to the motor symptoms onset (Aylward et al., 2011, 2013; 

Tabrizi et al., 2012, 2013) (Figure 1.4). This data further demonstrated that caudate and putamen 

volumes can be used to predict future clinical diagnosis in presymptomatic patients. In young HD 

carriers, reduced striatal volume could be detected as early as 24 years before expected symptom 

onset (Scahill et al., 2020). In contrast, even though there is cortical volume loss before the onset 
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of motor symptoms, it becomes more widespread after the clinical diagnosis (Kinnunen et al., 

2021). Loss of cortical grey-matter volume is more apparent in occipital, motor, dorsomedial 

prefrontal, and parietal cortices (Rosas et al., 2008). 

 

 
Figure 1.4: Striatum and cortex show signs of atrophy before diagnosis at motor onset. (A) 
Comparison between of brains of control (left) and prodromal HD (right) subjects by MRI. (Bates et al., 
2015). (B) Hypothetical evolution of the degeneration of several brain regions with the progression of the 
disease. The vertical line represents the age of motor onset. (Ross et al., 2014) 

 

These observations were confirmed in a recent study investigating the rates of brain 

degeneration over 10 years around the time of HD diagnosis in participants from the TRACK-HD 

and TrackOn-HD cohorts (Johnson et al., 2021) (Figure 1.5). At the time of diagnosis, the caudate 

and putamen show the largest atrophy levels compared to the age-matched controls, but 

extensive cortical atrophy is already detected across all lobes (Figure 1.5-A). Over the 10 years 

period studied, the striatum also showed the fastest degeneration rate with cortical atrophy being 

more pronounced in posterior regions at the occipital and parietal cortices (Figure 1.5-B). 

Interestingly, atrophy of the occipital lobe was highly correlated to the CAG repeat length, 

suggesting a particular vulnerability of this region for degeneration when patients carry higher 

numbers of CAG repeats. By incorporating motor (UHDRS-TMS) and cognitive (SDMT) tests in 

the longitudinal analysis framework, the authors identified that several regions such as the 

entorhinal area, cingulate, parahippocampal gyrus, caudate, calcarine cortex, supplementary 

motor cortex, temporal pole, and frontal gyrus contributed to worsening motor functions (Figure 

1.5-C). In contrast, the worsening of the cognitive performances was more associated in patients 

who, in addition to putamen atrophy, also showed greater atrophy in the cingulate, orbital gyrus, 

occipital gyrus, lingual gyrus, and entorhinal area (Figure 1.5-D). This longitudinal data is 

important to predict behavioral changes in HD patients and to adjust and/or modify potential 

therapies. 

Additionally, Novak and colleagues showed that the overall basal ganglia-cortical 

structural connectivity was altered in early HD patients (Novak et al., 2015). McColgan and 

colleagues used diffusion tractography and graph theoretical analysis to show that the 

connectivity of specific cortical hubs (superior frontal, superior parietal, precuneus and insula) is 
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already affected in premanifest individuals (McColgan et al., 2015). Other imaging technique that 

has been used to study HD progression is the positron emission tomography (PET) imaging. 

Ciarmiello and colleagues showed that glucose metabolism is affected in presymptomatic HD 

subjects and worsens with disease progression using PET imaging combined with the F18-FDG 

ligand to measure glucose uptake (Ciarmiello et al., 2012). Also, the use of radioligands to 

measure reduced levels of striatal phosphodiesterase 10 (PDE10) (Fazio et al., 2020), or 

increased levels of mutant huntingtin (mHTT) aggregates have shown promising results as 

potential biomarkers of HD progression (Bertoglio et al., 2022).  

 

 
Figure 1.5: Illustration of brain volume changes in HD measured by MRI. (A) Significant brain atrophy 
differences between HD and age-matched control subjects at the time of motor diagnosis. (B) Significant 
rates of brain atrophy of HD subjects over age-matched control subjects during a decade around the time 
of HD motor onset. Brain-behavioral model predicting which brain regions significantly contribute to 
worsening in (C) motor (UHDRS-TMS) and (D) cognitive (SDMT) performances over a decade around the 
time of HD motor onset. (Johnson et al., 2021) 

 

The measurement of neurodegeneration-related protein levels in the cerebrospinal fluid 

(CSF) and plasma has been used to assess both disease progression and engagement of drugs 

aiming at reducing the mHTT protein. Byrne and colleagues reported that increased 

concentrations of toxic mHTT and neurofilament light chain (NfL), an axonal protein indicative of 

neuronal injury, are among the earliest detectable changes in HD (Byrne et al., 2018). While CSF 

mHTT levels accurately distinguished controls from HD mutation carriers, NfL concentrations in 

the CSF and plasma were able to further segregate premanifest from manifest HD subjects 

(Figure 1.6). In a subsequent follow-up study, the same group demonstrated that the baseline 

values of these analytes are better predictors than their annualized rates of change (Rodrigues 

et al., 2020). In addition, plasma, and CSF levels of NfL showed overall higher correlation with 

several clinical and imaging measures then CSF mHTT after adjustment for age and CAG repeat 

length. The authors concluded that NfL levels in these biofluids should be favorable as a 
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prognostic biomarker for HD while mHTT might be a valuable pharmacodynamic marker for 

huntingtin-lowering trials in the CNS. The lower prognostic importance of mHTT in HD progression 

can be explained by the limitation of the current assays to measure the low concentrations of 

mHTT in the CSF of presymptomatic subjects. Several groups have developed more sensitive 

assays to measure total HTT and mHTT levels (Baldo et al., 2018; Fodale et al., 2017; Landles 

et al., 2021; Southwell et al., 2015). More recently, Fodale and colleagues demonstrated that they 

were able to measure both mHTT and non-expanded wild-type HTT (wtHTT) separately in the 

CSF of HD patients using an ultrasensitive bead-based, single molecule counting immunoassay 

platform (Fodale et al., 2022). However, a major current limitation of this technology is that it does 

not provide an absolute quantification of mHTT levels, and therefore concentrations cannot be 

compared among HD subjects. 

 

 

Figure 1.6: Comparison of several fluid biomarkers across disease stages. (Byrne et al., 2018) 

 

These continuing efforts for the search of reliable biomarkers of disease progression is 

important to classify HD patients into different stages of the disease. It is also essential for the 

development of alternative therapeutic strategies as it will improve inclusion criteria in clinical trials 

and enhance the analysis of trial outcomes. In addition, early and precise biomarkers will provide 

more accurate prognosis of disease progression, granting additional time for planning disease 

management. 

 

1.3.2. HD Integrating Stagging System (HD-ISS) 

Since HD diagnosis is still based on the onset of motor symptoms efforts have been taken 

to better characterize the initial stages of the pathology. In 2019, HD progression was categorized 

into 3 phases based on clinical criteria: presymptomatic HD, prodromal HD, and manifest HD 

(Ross et al., 2019). The presymptomatic phase was defined by no cognitive changes and a DCL 

of 0 or 1 regarding motor signs. The prodromal phase was defined by a motor diagnostic 

confidence of 2 or 3 and the presence of minor neurocognitive changes while the manifest phase 
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corresponded to the formal motor diagnosis of HD with a DCL4. However, this classification was 

based uniquely on clinical data and did not consider biomarkers. Recently, the Huntington’s 

Disease Regulatory Science Consortium has proposed the HD Integrating Stagging System (HD-

ISS) (Figure 1.7) to classify individuals with 40 or more CAG repeats based on the underlying 

neurodegeneration, detectable symptoms and acquired functional changes (Tabrizi et al., 2022a). 

Carriers who are negative for all biomarkers and do not exhibit any symptoms or functional 

changes are classified in stage 0. The stage 1 includes individuals showing significant striatal 

atrophy measured by caudate and putamen volumetric MRI. The stage 2 comprises individuals 

with detectable motor or cognitive symptoms assessed by the UHDRS-TMS and the SDMT, 

respectively. Disease reaches the stage 3 when HD patients start having difficulties in performing 

daily activities. The total functional capacity (TFC) score of the UHDRS is then used to further 

subdivide stage 3 HD patients into mild, moderate, or severe phases depending on their level of 

dependence to execute routine activities. 

 

 
Figure 1.7: Cumulative stagging framework and landmarks of the Huntington’s disease Integrated 
Staging System (HD-ISS). (Tabrizi et al., 2022a) 

 

1.3.3. Disease management in HD 

Currently there is no available therapies to stop the progression of the disease and all the 

available treatments focus on the control of the symptoms along with physiotherapy and 

psychological support. There are recommendations for the treatment of HD (Bachoud-Lévi et al., 

2019), but effectiveness of the medications is based on few evidence. The choice of the 

medication considers the symptomatic profile of each HD patient and is dependent on the 

experience of the clinician (Stoker et al., 2022). The only drug approved for the treatment of 

chorea in HD is tetrabenazine. Tetrabenazine has been shown to treat chorea effectively, but it 

has the potential to exacerbate neuropsychiatric manifestations such as sedation and depression 

(Marshall, 2006). Therefore, the use of anti-psychotic drugs is usually preferred in patients 

exhibiting strong neuropsychiatric symptoms (Stoker et al., 2022). Among them, the olanzapine 
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is often the first-line agent but others antipsychotic drugs or even drug combination have also 

been used to treat both chorea and neuropsychiatric symptoms. Regarding anxiety and 

depression, the use of selective serotonin re-uptake inhibitors (SSRIs) such as citalopram and 

sertraline usually yield good results. Modafinil or mirtazapine can be usefull to restore sleep cycle 

when patients suffer from sleep disturbances.  

A large set of anti-psychotic, anti-depressives and mood-stabilizing medications have 

been used to manage the multiplicity of HD symptoms but most of these treatments have shown 

no proven efficacy (Bachoud-Lévi et al., 2019). Additionally, symptoms are likely to become 

refractory after long periods of medication. It is then also important to consider non-

pharmacological support for HD patients such as physiotherapy, psychotherapy, and 

occupational therapy. Increasing level of activity has suggested to be beneficial to maintain 

fitness, motor function, and gait during disease progression (Quinn et al., 2020; Thompson et al., 

2013; Trovato et al., 2022). Finally, access to care packages and palliative treatments are able to 

relieve suffering with the aim to provide the best possible quality of life for patients in terminal 

stage of the disease. 

Although there is still no cure for HD, we keep improving our understanding regarding the 

pathobiological mechanisms of the disease and multiple clinical trials aiming at modifying the 

disease progression are currently ongoing. 

 

 

1.4   HTT protein 

1.4.1. HTT protein structure 

Since the identification of HTT gene (MacDonald et al., 1993), researchers have studied 

the characteristics and functions of the HTT protein. Huntingtin is a 348 kilodaltons (kDa) 

conserved protein of 3144 amino acids (aa) containing a polymorphic polyglutamine (polyQ) tract 

(Saudou & Humbert, 2016). The variable number of glutamines in this tract depends on the 

number of CAG repeats present on the HTT gene. In the normal population, the wtHTT polyQ 

tract is composed of 9 to 35 glutamines whereas individuals with more than 39 glutamines utterly 

experience HD symptoms at some point in life (mHTT). Guo and colleagues demonstrated by 

cryo-electron microscopy that wtHTT mainly adopts an α-helical structure (Guo et al., 2018). Most 

studies have focused on the characterization of the wtHTT N-terminal region as it contains the 

HD-causing expandable polyQ stretch. The wtHTT N-terminal comprises a highly conserved 17 

aa sequence followed by the polymorphic polyQ tract and a variable proline-rich domain (PRD) 

(Figure 1.8). The first 17 aa are target for several post-translational modifications (PTMs) and 

they structurally form an amphipatic a-helix with functions related to subcellular localization (Atwal 

et al., 2007). While the polyQ tract can adopt several conformations, the PRD forms a less flexible 

proline-proline helix (Kim et al., 2009). Besides these three highly characterized structures, HTT 
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protein also contains huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and 

the yeast kinase TOR1 (HEAT) repeats clusters, nuclear localization (NLS) and export (NES) 

signals. HEAT repeats are repetitive arrays of short amphiphilic a-helices involved in inter- and 

intra-molecular interactions (Déglon, 2017). In addition, several wtHTT variants and/or 

conformations have been reporter as a result of alternative splicing during transcription (Hughes 

et al., 2014; Ruzo et al., 2015), translation regulation (Xu et al., 2017) and/or from PTMs.  

 

 

Figure 1.8: Schematic representation of the human HTT protein sequence. (Déglon, 2017) 

 

1.4.2. wtHTT protein function and regulation 

Huntingtin is expressed ubiquitously in many tissues, but higher levels are observed in the 

nervous system and testis (Marques Sousa & Humbert, 2013). It is mainly a cytoplasmatic protein, 

but it can also be found in the nuclear compartment. In the cytoplasm, wtHTT is usually found in 

association with organelles such as mitochondria, golgi apparatus, endoplasmic reticulum, and 

synaptic vesicles (Gil & Rego, 2008). Wild-type HTT is involved in several cellular processes 

including cellular dynamics, metabolism, proteostasis and gene expression (Saudou & Humbert, 

2016). It is also highly regulated by PTMs, which regulate its intracellular localization, stability, 

and function (Koyuncu et al., 2017; Lontay et al., 2020; Saudou & Humbert, 2016; Tabrizi et al., 

2020). These modifications include the attachment of chemical groups (e.g., phosphorylation, 

acetylation, palmitoylation, ubiquitylation, SUMOylating and glycosylation) and/or proteolytic 

cleavage by caspases and calpains (Figure 1.8). For instance, the simultaneous cleavage of 

wtHTT at the positions 552 and 586 generates a small fragment involved in the autophagosome 

formation (Martin et al., 2015) and the phosphorylation of serine residue at the position 421 

controls the transport direction of vesicles in neurons (Colin et al., 2008). The high level of 

regulation and the great number of identified HTT interactors suggest that wtHTT mainly serves 

as molecular scaffolding, regulating the formations of protein complexes to coordinate cellular 

processes (Harjes & Wanker, 2003; Kennedy et al., 2022). In 2012, Shirasaki and colleagues 

identified 747 candidate proteins that are potentially complexed with wtHTT (Shirasaki et al., 

2012). Recently, a plataform was generated to facilitate the visualization and exploration of the 

more than 3400 potential HTT interactors described in the HINT database (Kennedy et al., 2022). 

One of the most described functions of wtHTT comprises the regulation of cellular 

processes through its interaction with microtubules and other cytoskeletal structures (Taran et al., 

2020). For instance, wtHTT is implicated in the anterograde and retrograde transport of several 
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organelles and membrane vesicles in both axons and dendrites (Colin et al., 2008; Gauthier et 

al., 2004). In neuronal primary cilia, wtHTT plays a role in neurodevelopment and neuronal 

plasticity as it regulates the transport of essential molecules to the ciliogenesis (Haremaki et al., 

2015; Keryer et al., 2011). During cell division, it regulates the orientation of the spindle (Elias et 

al., 2014; Godin et al., 2010). At the synapse level, wtHTT interacts with the postsynaptic density 

95 (PSD95) protein to regulate the anchoring of receptors in the postsynaptic membrane such as 

N-methyl-D-aspartate (NMDA) and kainate receptors (Sun et al., 2001). It has also been shown 

to regulate endocytosis by interacting with proteins involved in the clathrin-mediated endocytosis 

(Engqvist-Goldstein et al., 2001; Waelter et al., 2001a). In addition, wtHTT regulates gene 

transcription and it has been found to bind to multiple transcription factors (Saudou & Humbert, 

2016). Among them, wtHTT can interact with p53 and indirectly mediate death cellular programs 

such as apoptosis (Steffan et al., 2000). Other functions involve cellular homeostasis since wtHTT 

is involved in the autophagosome formation (Martin et al., 2015). 

In summary, wtHTT scaffolding structure promotes the interaction with multiple proteins. 

The highly interactive profile of wtHTT translates implies the implication of wtHTT in several 

cellular mechanism, some of which are impaired or decreased by the presence of mHTT in HD. 

Therefore, additional knowledge on wtHTT function and regulation may help the characterization 

of pathological mechanisms in HD as well as determine safety of therapeutic approaches aiming 

at the reduction of mHTT in a non-selective manner. 

 

 

1.5   Mutant HTT protein (mHTT) and pathogenic mechanisms in HD 

1.5.1. HD is driven by mHTT toxic properties 

It has been postulated that HD pathology simultaneously results from a toxic mHTT gain-

of-function and from a partial loss-of-function of the wtHTT. There is several evidence supporting 

that HD is mainly driven by toxic properties of mHTT rather than just loss of wtHTT function: (i) 

HD presents an autosomal dominant inheritance pattern; (ii) there are no clear phenotypic 

differences between homozygous and heterozygous HD patients (MacDonald & Gusella, 1996; 

Myers et al., 1989; Wexler et al., 1987), (iii) individual with only one functional HTT allele (due to 

the inactivation of the other allele by a translocation) has no symptoms of HD (Ambrose et al., 

1994) and (iv) the expression of mHTT is sufficient to induce HD-like phenotypic features in animal 

models (Farshim & Bates, 2018; Howland et al., 2020). However, whether a direct (in 

homozygous patients) or indirect partial loss-of-function of the wtHTT allele (via mHTT) is also 

implicated in the HD pathology is still not fully understood. 

Among the different HTT variants, N-terminal mHTT fragments have been shown to play 

a major role in HD pathobiology (Yang et al., 2020a). Such highly toxic N-terminal fragments 

(containing the extended polyQ) are generated by proteolysis of the mHTT protein (Landles et al., 
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2010) or by alternative splicing (Neueder et al., 2017; Sathasivam et al., 2013). While wild-type 

and mutant forms of HTT are target for proteases, the aberrant splicing seems to be CAG length-

dependent and it is only observed in mutant transcripts (Sathasivam et al., 2013). The abundance 

of N-terminal mHTT fragments is well correlated with the disease progression and have been 

found both in HD models and in post-mortem HD brain samples (Neueder et al., 2017). They tend 

to aggregate and form nuclear and cytoplasmatic inclusions, which are one of the main 

histological features of HD. Aggregation starts with the nucleation of mHTT oligomers which 

potentially evolve into fibrils. These forms induce conformational changes of other proteins and 

recruit them into aggregation complexes, generating insoluble HTT inclusions (Boatz et al., 2020). 

Despite the ubiquitous expression of HTT and preferential striatal neurodegeneration in HD, these 

mHTT inclusions are most abundant in the cortical layers II/III, V and VI, which correspond to the 

same layers that are most vulnerable in HD (DiFiglia et al., 1997; Hedreen et al., 1991; Sotrel et 

al., 1991). Juvenile HD brains show a higher number of intranuclear inclusions, whereas brains 

of AHD subjects have mostly extranuclear inclusions (Becher et al., 1998; DiFiglia et al., 1997; 

Gutekunst et al., 1999; Maat-Schieman et al., 1999). This could influence the phenotypic 

differences between the two disease forms as intranuclear and cytoplasmatic inclusions exhibit 

distinct biochemical compositions and interactomes (Riguet et al., 2021). More recently, Hickman 

and colleagues evaluated the density and subcellular localization of HTT inclusions in post-

mortem brain samples of HD individuals (Hickman et al., 2022). They found that the density of 

HTT inclusions correlates with CAG repeat length and gradually increases from caudal to rostral 

cortices. In addition, caudal cortices had predominantly intranuclear HTT inclusions, while more 

extranuclear inclusions were seen in the more frontal cortices. Although these recent studies have 

provided insights regarding distribution and composition of HTT aggregates, the role of the HTT 

inclusions on the disease evolution remains controversial. The formation of mHTT inclusions has 

been associated to neuronal death (Becher et al., 1998; Davies et al., 1997; DiFiglia et al., 1997; 

Ordway et al., 1997). However, it has been demonstrated that soluble forms of mHTT oligomers 

are more toxic than insoluble mHTT aggregates (Bates et al., 2015; Tabrizi et al., 2020). In line 

with the higher toxicity induced by soluble mHTT, it has been hypothesized that the formation of 

HTT inclusions protects neurons from mHTT toxicity by sequestering levels of potentially toxic 

soluble oligomeric species of mHTT (Arrasate et al., 2004; Lajoie & Snapp, 2010; Taylor et al., 

2003). How these toxic soluble forms are generated and whether mHTT monomers can self-

template into toxic oligomer species is still not known. Gropp and colleagues demonstrated that 

the expression of a toxic mHTT exon 1 fragment fused to the photoreceptor protein cryptochrome 

2 (CRY2) (PolyQ-Opto) generated toxic mHTT oligomers and mHTT inclusions in control yeast, 

but not in prion-free (PIN-) yeast (Gropp et al., 2022) (Figure 1.9). The formation of mHTT 

oligomers induced a heat stress response (HSR) in control yeast whereas the light-mediated 

formation of mHTT inclusions in PIN- yeast even decreased HSR. These observations suggest 

that insoluble mHTT inclusions are not the primary toxic species and that mHTT monomers may 
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require cross-seeding by pre-existing cellular prions to form toxic mHTT oligomers. Finally, mHTT 

can be released in the extracellular space and up taken by other cells (Pecho-Vrieseling et al., 

2014), or be transmitted to neighboring cells via tunneling nanotube (TNT)-like membranous 

protrusions (Ramírez-Jarquín et al., 2022). Whether mHTT propagates in a prion-like manner is 

still unclear (Donnelly et al., 2022). 

 

 

Figure 1.9: Hypothetical model for the generation of mHTT toxic species. The generation of soluble 
toxic mHTT oligomers and mHTT inclusions involves the templating by pre-existing cellular prions. (Gropp 
et al., 2022) 

 

Canonical translation initiation requires the presence of the 5’ cap and 3’ polyA elements 

in the mRNA as well as an AUG start codon (Figure 1.10). However, RNA elements such as 

internal ribosome entry site (IRES) and nucleotide repeats can bypass some of these 

requirements and initiate translation. Repeat-associated non-AUG (RAN) translation efficiency is 

critically dependent on the repeat length, which typically ranges from hundreds to thousands of 

repeats (Cleary et al., 2018). Nevertheless, it has been discovered that CAG expansions in the 

HTT gene can generate toxic RAN proteins (Bañez-Coronel et al., 2015). This non-canonical 

translation can occur in all three reading frames in both CAG sense and CUG anti-sense 

transcripts (Chung et al., 2011), generating RAN proteins containing multiple alanines (polyAla), 

serines (polySer), cysteines (polyCys) and leucines (polyLeu). Bañez-Coronel and colleagues 

demonstrated that HD-RAN proteins show abundant positive staining in regions of the brain most 

affected by HD, including the striatum and, in JHD cases, also the cerebellum (Bañez-Coronel et 

al., 2015). Interestingly, RAN proteins foci were more predominant in the striatum and in white 

matter of the prefrontal cortex than mHTT inclusions. Furthermore, they showed the presence of 

RAN polyAla and polySer in the striatum of N171-82Q HD transgenic mice of 5 months-old of 

age. These results suggest that RAN proteins may modulate neuropathology in HD since they 
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are present in the most vulnerable regions to neurodegeneration. In addition, higher accumulation 

of polyAla and aggregation of polySer RAN proteins was observed in vitro when longer repeats 

were expressed, which can be related to the increasingly CAG length worsening effect on the HD 

phenotype (Bañez-Coronel et al., 2015). In addition, Gu and colleagues detected RAN polySer in 

the striatum and cortex of a bacterial artificial chromosome (BAC) transgenic mouse model of HD 

expressing full-length human mHTT with 120 uninterrupted CAG repeats (BAC-CAG) (Gu et al., 

2022). They demonstrated that polySer proteins progressively accumulate from the age of 12-

months-old, when multiple HD-related pathogenic phenotypes are already evident. The toxicity 

RAN proteins was further studied by Rudich and collaborators, who demonstrated that only 

polyLeu caused both neuropathological changes and functional defects in a CAG-derived RAN 

Caenorhabditis elegans model (Rudich et al., 2020). Recently, Das and colleagues observed that 

RAN-coding RNA accumulate in nuclear foci and when exported to the cytoplasm they associate 

with RNAs generating cytoplasmatic RNA-RAN protein agglomerates (Das et al., 2023). They 

suggest that these agglomerates disrupt the nucleocytoplasmic transport by sequestering multiple 

RNA-binding proteins. A study comparing knock-in (KI) HD mice expressing N-terminal mHTT 

expansion (140Q) or only HTT-CAG-mediated RAN proteins (due to the loss of the ATG start 

codon) did not find any RAN-mediated toxicity at 7 months of age (Yang et al., 2020b). The 

authors concluded that when mHTT is expressed at physiological endogenous levels in KI mice, 

eventual production of RAN proteins has minimal or no contribution to the HD pathogenesis. 

However, as observed in the BAC-CAG (Gu et al., 2022), aggregation of RAN proteins may be 

only detectable at later stages of the disease.  

 

 

Figure 1.10: Translation initiation mechanisms. (A) The canonical translation initiation involves the 
binding of the 5’ mRNA cap and mRNA polyA tail followed by scanning of the mRNA 5’UTR in a 5’ to 3’ 
direction. (B) The internal ribosome entry site (IRES) initiation occurs in a 5’ cap-independent manner from 
multiple viral and cellular RNA sequences. (C) The repeat-associated non-ATG (RAN) translation initiation 
is a repeat-length–dependent process that allows for initiation at non canonical codons either within or 
adjacent to the expanded repeat tract. It is still unclear whether RAN translation is dependent on 5’ cap 
and/or scanning mechanisms. (Cleary et al., 2018)  
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In summary, while toxic oligomeric forms of mHTT seem to be the main drivers of mHTT-

induced toxicity, its toxicity may be influenced by other cellular existing proteins/factors or by its 

propagation mechanisms throughout the brain. In addition, there has been proposed that polyQ-

independent toxicity driven by RAN proteins and/or RNA species transcribed from the mHTT allele 

may also contribute for the disease phenotype. Finally, as discussed previously, the loss of wtHTT 

function may also modulate or promote pathogenic mechanisms. 

 

 

1.5.2. Pathogenic molecular mechanisms in HD 

1.5.2.1. Disruption of protein homeostasis 

Protein homeostasis depends on multiple protein clearance mechanisms such as the 

ubiquitin-proteasome system (UPS) and autophagy (Koyuncu et al., 2017). They are essential to 

regulate protein composition required to a particular cell type and/or status. Lin and colleagues 

observed that the proteasome system is impaired in mHTT-expressing striatal cells derived from 

HD mice (Lin et al., 2013). They showed that the dysregulation of the cyclic AMP (cAMP) - protein 

kinase A (PKA) pathway is induced by a mHTT-dependent alteration of the proteosome activity. 

The presence of ubiquitin and proteosome subunits in mHTT inclusions suggests that mHTT 

aggregates may sequester components of the UPS (Díaz-Hernández et al., 2003; Schipper-Krom 

et al., 2014). Soluble mHTT has been postulated to affect UPS activity by blocking its access to 

other ubiquitinated substrates (Ortega & Lucas, 2014) but it seems that the impairment of this 

clearance mechanism most likely results from the overall disrupted protein folding homeostasis 

(Hipp et al., 2012). This is consistent with the decrease of basal levels of chaperones during HD 

progression (Labbadia & Morimoto, 2013). In addition, N-terminal mHTT fragments were shown 

to be fully degraded by the UPS itself (Juenemann et al., 2013; Michalik & Van Broeckhoven, 

2004), so its impairment further prompts the accumulation of these toxic fragments. In agreement 

with this, the pharmacological inhibition of the UPS has been shown to increase aggregation of 

mHTT (Waelter et al., 2001b). 

Whereas UPS is specialized in the clearance of damaged proteins, autophagy-lysosomal 

system degrades protein complexes and damaged organelles. Huntingtin interacts with the 

autophagy cargo receptor p62 and mediates selective macro autophagy (Rui et al., 2015). In HD 

models and patient cells, the p62-mediated cargo recognition disruption leads to the formation of 

empty autophagosomes (Martinez-Vicente et al., 2010). Importantly, these features were 

observed in both neuronal and non-neuronal cells. The impact of the dysregulation of autophagy 

in HD pathology is further supported by the improved phenotype in HD models when the 

autophagy-lysosomal system is enhanced (Ravikumar et al., 2004). 
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1.5.2.2. Mitochondrial dysfunction 

Mitochondria represent the major bioenergetic cellular core and their integrity is critical for 

preserving cell function and viability. In HD-derived cells, the reduction of adenosine 5′-

triphosphate (ATP) production is inversely correlated with the polyQ length (Seong et al., 2005). 

Song and colleagues also observed a low energetic production at the synaptic level in HD models 

and high levels of mitochondrial fragmentation (Song et al., 2011). These observations in HD rat 

neurons and patient’s fibroblasts preceded any sign of mHTT aggregation, suggesting that these 

alterations are induced by soluble forms of mHTT. They suggested that higher numbers of 

fragmented mitochondria could be due to the mHTT-dependent overactivation of the dynamin-

related protein 1 (Drp1). However, high levels of fragmented mitochondria can also be explained 

by the decrease levels of macro autophagy. In post-mortem brain tissues from HD patients, Kim 

and colleagues observed a grade-dependent reduction in the number of mitochondria in striatal 

neurons (Kim et al., 2010). They estimated that advanced HD-patients had loss up to 66% of the 

mitochondria when matched to aged controls. Mitochondrial size and morphogenesis were also 

affected with the disease progression, with decreased mitochondrial fusion and enhanced 

mitochondrial fission. In addition, the activity of mitochondrial enzymes and, in particular, the 

mitochondrial complex II has been found to be reduced in HD models (Benchoua et al., 2006; 

Damiano et al., 2013) and in the striatum of HD patients (Browne et al., 1997; Gu et al., 1996). 

Others have reported defects in mitochondrial transport and polarization, with mitochondria 

depolarizing at lower calcium levels (Orr et al., 2008; Panov et al., 2002), or defects in the 

transcription of mitochondrial genes (Johri et al., 2013). The mutant HTT is directly implicated in 

mitochondrial dysfunction (Yablonska et al., 2019). Yablonska and colleagues described that 

mHTT presents higher affinity than wtHTT to interact with the translocase of mitochondrial inner 

membrane 23 (TIM23) complex and suggested that this stronger interaction inhibits the import of 

mitochondrial proteins, altering the mitochondrial proteome and function. 

 

1.5.2.3. Disruption of the nuclear import/export 

The nuclear trafficking is mediated by the nuclear pore complexes. Defective nuclear 

trafficking is present in multiple models and HD-derived brain tissues and reconstitution of the 

nuclear transport ameliorated neuropathology in HD models. (Grima et al., 2017). A critical 

mechanism regulating the flow of molecules between the nucleus and cytoplasm is the Ran 

gradient generated by RanGAP1 (Cavazza & Vernos, 2016). Similar to the mitochondrial TIM23 

complex, mHTT was found to have higher affinity to RanGAP1 than wtHTT (Hosp et al., 2015),  

promoting the alteration of the Ran gradient between cytoplasm and nucleus. In addition, 

RanGAP1 and other nuclear pore proteins such as the nucleoporins NUP62 and NUP88 are 

increasingly sequestered to the mHTT aggregates as disease progresses (Grima et al., 2017).  
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1.5.2.4. Transcriptional dysregulation 

Huntingtin translocates between the cytoplasm and nucleus, and it binds to multiple 

transcription factors, regulating their activity. Transcriptional alterations in HD have been shown 

to occur at early phases of the disease. Microarray analysis of cultured striatal-derived cells 

expressing N-terminal mHTT fragments revealed alteration in the expression of genes involved 

in cell signaling, lipid metabolism, vesicle trafficking and transcription (Sipione et al., 2002). These 

alterations occurred very quickly after mHTT expression, even before the formation of mHTT 

aggregates. Later, Hodges and colleagues also detected alterations in the transcriptome of 

homogenates from early symptomatic HD brains (Hodges et al., 2006). Interestingly, they noticed 

that alterations in the transcriptome profile of whole brain homogenates were significantly different 

from the ones observed in the neurons captured by laser microdissection (Hodges et al., 2006). 

This suggested that glial cells are a major contributor to the alteration of gene expression profile 

in HD brains. More recently, we used laser microdissection and chromatin immunoprecipitation 

sequencing (CHIP-seq) to individual analyze the epigenetic and transcriptomic alterations in 

neurons, astrocytes, and microglia both in HD animal models and in HD post-mortem brain tissues 

(Merienne et al., 2019). We detected a general trend for gene downregulation in striatal neurons 

and gene upregulation in glial cells. In addition, altered gene expression profiles were also 

different between distinct neuronal cells in the striatum. These results indicate that mHTT induces 

cell-type specific transcriptomic changes and also highlight the important role of non-neuronal 

cells in HD pathobiology.  

 

1.5.3. Pathogenic cellular mechanisms in HD 

1.5.3.1. Cortico-striatal dysfunction and vulnerability 

HD is pathologically characterized by initial selective neurodegeneration of the striatum 

and cortex while other regions such as thalamus and hippocampus are affected at later stages of 

the disease (Johnson et al., 2021; Waldvogel et al., 2014). Neurodegeneration in HD involves a 

long process where neuronal dysfunction features the early symptoms of the disease before cell 

death takes place. The most striking brain morphological changes of HD are the striatal atrophy 

accompanied with ventricle enlargement (Bates et al., 2015; Tabrizi et al., 2020). GABAergic 

striatal projection neurons (SPNs) represent 95% of the striatal neuronal population. They are 

divided into striatonigral SPNs (which project to the internal globus pallidus and substantia pars 

reticulata and express dopamine D1 receptors) and striatopallidal SPNs (which project to the 

external globus pallidus and express dopamine D2 receptors) (Parent & Hazrati, 1995). The D1-

positive striatonigral SPNs are part of the direct pathway (dSPNs) of the basal ganglia circuitry 

and play important roles on the movement initiation whereas D2-positive striatopallidal SPNs 

incorporate the indirect pathway (iSPNs) and inhibit movement. While iSPNs are preferentially 

lost in presymptomatic and early symptomatic HD mouse models, dSPNs can be unaffected until 
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later stages of the disease (Albin et al., 1992; Menalled et al., 2000; Sapp et al., 1995). This time-

dependent preferential loss of different SPNs populations correlates with the disease phenotype 

as the initial functional loss of iSPNs can lead to deficits in controlling voluntary movements (e.g., 

chorea). The subsequential neurodegeneration of SPNs of the direct pathway also fits 

symptomology progression as HD patients show difficulties to stimulate voluntary movements at 

later stages of the disease (e.g., rigidity). 

The striatum is a major processing center for excitatory, glutamatergic inputs from the 

cortex, which is also affected in HD (Blumenstock & Dudanova, 2020; Bunner & Rebec, 2016; 

McColgan et al., 2020) (Figure 1.11). Although cortical atrophy is more heterogeneous between 

HD patients, it can be detected even before the motor onset (Aylward et al., 2013; Johnson et al., 

2021). At later stages, the loss of pyramidal neurons is evident in many cortical regions and can 

be reduced up to 30% as measured in post-mortem brain tissues from HD patients (Bunner & 

Rebec, 2016). Cortical projecting neurons (CPNs) can be divided into Intratelencephalic (IT) and 

pyramidal tract (PT) neurons (Harris & Shepherd, 2015). While IT neurons project to the ipsilateral 

striatum and contralateral striatum and cortex, the PT neurons send terminations to subcortical 

regions and to the spinal cord. The PT neurons are usually located at deeper cortical layers and 

the IT neurons can be found on the layers 2, 3, 5, and 6 of the cortex, which are the main affected 

cortical layers affected in HD (Cowan & Raymond, 2006; McColgan et al., 2020) (Figure 1.11). 

The observation that patients display deficient cortico-striatal connectivity and white matter 

volume loss suggests that IT neurons are affected at early stages of the disease. The 

simultaneous degeneration of both SPNs and CPNs suggests that HD patients present 

dysfunctional cortico-striatal connectivity. Abnormal activity of cortical circuits has been reported 

in multiple HD mouse models (Blumenstock & Dudanova, 2020). Overall, these studies have 

found exacerbated neuronal firing in the striatum and cortex.  

 

 

Figure 1.11: Layer-specific and cell-specific connectivity loss in HD patients.  (McColgan et al., 2020) 
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Several hypotheses have been raised to explain the selective striatal and cortical 

neurodegeneration in HD. One of the hypotheses postulates that cortical glutamate-dependent 

excitotoxicity is the main driver of SPNs and CPNs neurodegeneration (Zuccato et al., 2010) 

(Figure 1.12). It is supported by the exacerbated cortical and striatal neuronal firing observed in 

multiple models. The overstimulation of glutamatergic receptors induces intracellular calcium 

release, mitochondrial damage, activation of pro-apoptotic signals and altered neuronal firing 

patterns (Lee et al., 2013). Overstimulation can be induced by increased responsiveness of 

NMDA receptors. While synaptic NMDA receptors have been shown be protective against mHTT 

toxicity, extra-synaptic NMDA receptors are able to prompt apoptosis by impairing the cAMP 

response element-binding protein (CREB) signaling (Okamoto et al., 2009; Papadia & 

Hardingham, 2007). The expression of mHTT in vitro promotes the phosphorylation of the NR2B 

subunit of NMDA receptors subunit, making them more susceptible to activation (Song et al., 

2003). In addition to overstimulation, augmented levels of synaptic glutamate can also result from 

deficits in the glutamate uptake (Liévens et al., 2001).  

Another hypothesis explaining striatal degeneration in HD is related to deficits in brain-

derived neurotrophic factor (BDNF) signaling (Gauthier et al., 2004; Morigaki & Goto, 2017). 

BDNF is a neurotrophin involved in growth and maintenance of neurons and synapses and most 

of the striatal BDNF is produced in the cortex and delivered in the striatum by the CPNs (Zuccato 

& Cattaneo, 2015). Deficits in both BDNF production and transport have been shown in post-

mortem tissues from HD patients and models of HD (Zuccato & Cattaneo, 2015). The cortico-

striatal degeneration due to the deficiency of BDNF is also supported by studies testing the 

neuropathology when of reducing the expression of BDNF. The ablation of BDNF expression in 

the developing cortex reduces SPNs soma size, decreases complexity of dendritic arborization 

(Rauskolb et al., 2010) and induces striatal gene expression profiles more similar to the ones 

observed in HD (Strand et al., 2007). 

 

1.5.3.2. The role of astrocytes in HD 

Astrocytes are key regulatory cells in the CNS as they control ion concentration on the 

extracellular space, regulate neurotransmitter levels at the synaptic clefts and supply nutrients to 

neurons (Wilton & Stevens, 2020). During development, they are involved in synaptogenesis and 

synaptic elimination. Regarding astrocytic alterations in HD, astrocytes present different 

morphology and abnormalities in their electrical properties (Wilton & Stevens, 2020). Astrocytic 

activation (or astrogliosis) is observed in HD post-mortem tissues and increases with the 

progression of the disease (Faideau et al., 2010). In addition, astrocytic neurotoxic reactive states 

are enriched in post-mortem tissues from HD individuals at later stages of the disease (Diaz-

Castro et al., 2019; Liddelow et al., 2017). In HD models, Tong and colleagues demonstrated that 

astrocytes in R6/2 and zQ175 HD mouse models display decreased function Kir4.1 potassium 

channel, promoting higher levels of extracellular potassium and leading to higher excitability of 
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SPNs(Tong et al., 2014) (Figure 1.12). Importantly, they showed that decreased protein levels of 

Kir4.1 are observed in astrocytes containing mHTT aggregates. The rescue Kir4.1 protein levels 

in astrocytes not only restored astrocyte-specific abnormalities but also corrected 

electrophysiological properties of SPNs in a non-cell autonomous way (Tong et al., 2014). Others 

have demonstrated that dysregulation of calcium signaling in astrocytes also plays a key role in 

regulating SPNs activity (Yu et al., 2018). They showed that calcium signaling in striatal astrocytes 

is modulated by GABA neurotransmission and its reduction alters SPNs firing, inducing 

exacerbated self-grooming behavior in wild-type mice. The self-grooming phenotype could be 

rescued in both altered wild-type mouse and R6/2 HD model by blocking astrocytic GABA-

dependent modulation. In addition to abnormalities in astrocytic cell signaling, the inability of 

astrocytes to uptake extracellular glutamate has also been implicated in HD (Figure 1.12). It has 

been shown that levels of glutamate uptake receptor 1 (GLT-1) are decreased in mouse models 

and HD post-mortem tissue (Faideau et al., 2010; Wilton & Stevens, 2020). Evidence suggests 

that GLT-1 deficiency in HD is a consequence of the abnormal calcium signaling (Jiang et al., 

2016; Liévens et al., 2001) and its rescue also ameliorates HD-like symptoms (Jiang et al., 2016). 

Using FRET-based proximity assay, Octeau and colleagues demonstrated that astrocytes 

processes are decreased in the cortico-striatal synapses but increased in the thalamic-striatal 

connections in the brain of R6/2 HD mice (Octeau et al., 2018). They suggested that the reduced 

astrocytic support of cortico-striatal connections could be one of the explanations for their 

selective degeneration in HD. Studies focusing on the HD-driven role of astrocytes have revealed 

that these glial cells are key for HD pathology. Bradford and colleagues demonstrated that the 

astrocytic expression of full-length mHTT with 160 CAG repeats is sufficient to induce some of 

the HD behavioral phenotypes (Bradford et al., 2009). Similarly, the lentiviral-mediated expression 

of mHTT in striatal astrocytes recapitulated progressive HD phenotype and induced lower 

expression of both glutamate transporters, GLAST and GLT-1, and of glutamate uptake (Faideau 

et al., 2010). Benraiss and colleagues demonstrated the importance of astrocytes and glial cells 

in general by generating human glial HD chimeras (Benraiss et al., 2016). The engraftment of 

human glial progenitor cells (hGPCs) expressing mHTT in wild-type mice resulted in abnormal 

neuronal physiology and deficits in motor performance whereas wild-type hGPCs grafted in R6/2 

HD mice delayed HD pathology. The lowering of mHTT expression in R6/2 mice reduced HD 

astrocyte molecular signatures (Diaz-Castro et al., 2019) and the ablation of astrocytic mHTT 

expression slowed the motor decline and ameliorated depressive-like behaviors in the BACHD 

mouse model (Wood et al., 2019). It also normalized SPNs activity and rescue striatal volume 

compared to the mice expressing mHTT in both neurons and astrocytes.  
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Figure 1.12: Illustration of some cellular pathogenic mechanisms in HD. (Caron et al., 2018) 

 

1.5.3.3. The role of microglia in HD 

Microglia are the resident macrophages of the CNS and play an important role in 

neurogenesis regulation and development of neuronal circuitries (Wilton & Stevens, 2020). 

Contrarily to neurons, microglial cell numbers do not seem to decrease with the disease 

progression but instead they present different morphology and activation states (Diaz-Castro et 

al., 2019). Microglial cells in HD present deficits in motility and upregulation of pro-inflammatory 

cytokines (Figure 1.12). Although striatal levels of cytokines such as the tumor necrosis factor 

alpha (TNFα), interleukin 6 (IL-6), interleukin 2 (IL-2) and interleukin 1 beta (IL1β) are elevated in 

several HD mouse models, Pido-Lopez and colleagues demonstrated that dendritic cells could 

also be a source of such high cytokine levels (Pido-Lopez et al., 2018). Nevertheless, Crotti and 

collaborators showed that microglial expression of mHTT induces cell-autonomous transcriptional 

activation of several inflammatory response genes and promote non-cell autonomous toxic effects 

on neurons (Crotti et al., 2014). The upregulation of pro-inflammatory cytokines was associated 

with the overexpression of galectin-3 (LGALS3) in microglial cells (Chen et al., 2015; Jeon et al., 

2010). Siew and colleagues showed that levels of LGALS3 correlate with disease progression in 

both plasma and brain samples from HD patients and R6/2 HD mouse model (Siew et al., 2019). 

The lowering of LGALS3 in the striatum of R6/2 mice prevented decline of motor performance, 
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extended lifespan and prevented striatal loss of dopamine- and cAMP-regulated phosphoprotein, 

32 kDa (DARPP32)-positive neurons. Although neuroinflammation induced by pro-inflammatory 

cytokines certainly play a role in HD neurodegeneration, careful should be taken as they also 

have been found to be beneficial for nerve repair (Wilton & Stevens, 2020). 

 

In summary, cellular dysfunction caused by the HTT mutation in HD results from the 

dysregulation of multiple vital cellular processes that leads to toxicity over time and promotes 

neurodegeneration in a cell autonomous and non-cell autonomous manner. Importantly, not only 

neuronal cells but also glial cells play an important role in neurodegeneration in HD. The cortical 

glutamate excitotoxicity and the loss of trophic support in the striatum are the current two main 

hypothesis to explain the selective degeneration of cortico-striatal circuitry in HD. However, the 

primary causes promoting neurodegeneration in these specific brain regions in HD are unclear. 

 

 

1.6   Genetic characterization of Huntington’s disease 

1.6.1. HTT gene and expression 

The human HTT gene contains 67 exons spanning 180 kilobases and it is located at the 

short arm of chromosome 4 (4p16.3) (Ambrose et al., 1994). The HTT promoter has high GC 

content and lacks TATA and CCAAT regulatory elements (Thomson & Leavitt, 2018). Proximal 

HTT promoter and 5’ untranslated region (UTR) sequences are highly conserved between 

humans and mice and include multiple putative regulatory regions, such as p53, Sp1 and 

HDBP1/2 binding sites (Coles et al., 1998; Feng et al., 2005; Lin et al., 1995; Tanaka et al., 2004), 

but their involvement in the regulation of HTT transcription is still not fully understood (Thomson 

& Leavitt, 2018). The transcriptional start site of HTT gene has been defined at multiple positions 

ranging -145 and -129 nucleotides (nt) upstream to the translational start site (Lee et al., 2002; 

Lin et al., 1995). There is mainly three physiological HTT transcripts due to alternative 

polyadenylation at the 3’ UTR (Romo et al., 2017). HTT transcripts are expressed in a wide range 

of tissues, but the longest transcript of 13711 kilobases (kb) seems to be enriched in the brain 

(Lin et al., 1993). Romo and colleagues showed that the abundance of these 3’UTR HTT 

transcript isoforms is altered in HD (Romo et al., 2017). Other isoforms have also been reported 

due to exon skipping or retention of intronic regions during splicing (Hughes et al., 2014; Ruzo et 

al., 2015). To date, the most relevant isoforms in the context of the disease are two small 

transcripts containing the exon 1 and a partial sequence of the first intron, named HTT1a 

(Neueder et al., 2017; Sathasivam et al., 2013). Interestingly, Neueder and collaborators found 

that the abundance of these short transcripts increases in proportion to the presence of longer 

CAG repeats (Neueder et al., 2017). They are generated by an incomplete splicing of the HTT 

transcript and their translation results in the production of the highly pathogenic exon 1 HTT 
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truncated protein. In addition, HTT1a transcripts are also prone to be retained into nuclear 

transcript clusters, which can then recruit transcription factors and alter the normal transcription 

profile (Fienko et al., 2022).  

 

1.6.2. Polymorphisms and haplotypes 

The presence of single nucleotide polymorphisms (SNPs) in high pairwise linkage 

disequilibrium with the HD mutation implies that the mutation originates from common ancestors 

but not from a single founder (Chao et al., 2017; Fang et al., 2023; Kay et al., 2015, 2019; Warby 

et al., 2009, 2011). In addition, the association of specific SNPs with the CAG expansion suggests 

that limited recombination occurs around the HTT gene sequence. These observations introduced 

the concept of HD haplotypes, which identify HD mutations (or HD chromosomes) with shared 

ancestry. Hayden and collaborators have further organized haplotypes into haplogroups and 

showed that most of the HD chromosomes in subjects from Europe, America, South Asia, Middle 

East as well as in mixed South Africans belong to the haplogroup A (Kay et al., 2015, 2019). More 

specifically, they identified the A1 and A2 HTT haplotypes has the most common haplotypes of 

HD chromosomes. While the A1 haplotype is defined by three intragenic and two extragenic SNPs 

(rs72239206, rs149109767 and rs362307), the A2 haplotype is defined by five intragenic SNPs 

(rs2798235, rs363080, rs363107, rs362313 and rs2530595). Interestingly, in populations where 

HD is less prevalent such as East Asians and black South Africans, the mutation is not associated 

to these haplotypes (Kay et al., 2019). This evidence supports their hypothesis that HD mutations 

occur preferentially on specific haplotypes likely due to specific cis-acting elements that could 

influence the instability of the CAG tract (Warby et al., 2011). Also, they observed that control 

chromosomes were preferentially associated to the haplogroup C in most populations but not in 

populations from Latin America (Kay et al., 2019). These results have been confirmed by Jong-

Min Lee in collaboration with James Gusella, who also performed haplotype stratification in HD 

for the European population (Chao et al., 2017). Although they defined haplotypes based on 

different sets of SNPs, they identified that hap.01 and hap.02 (corresponding to A1 and A2 

Hayden’s haplotypes, respectively) were the most common in HD chromosomes and that hap.08, 

hap.14 and hap.16 (corresponding to Hayden’s haplogroup C) were enriched in the control 

chromosomes (Figure 1.13).  
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Figure 1.13: Correspondences of haplotypes (Lee and Gusella’s group) and haplogroups (Hayden’s 
group). (Chao et al., 2017) 

 

1.6.3. CAG repeat and other genetic modifiers in HD 

HD is the most frequent disorder caused by an abnormally expanded polyQ tracts in the 

coding protein (CAG repeats in DNA) (Lieberman et al., 2019). In the HTT gene, this polymorphic 

CAG repeat coding for the toxic expanded polyglutamine tract is followed by a less variable 

proline-encoding CCG repeat sequence. At the DNA level, CAG repeats adopt heteroduplex 

secondary structures that are sensed as damaged DNA and prone to misrepair during 

transcription(Lee & McMurray, 2014). These features make CAG repeats unstable and prone for 

expansion. The expansion event seems to be linked to a particular predisposition to instability 

during spermatogenesis (Goldberg et al., 1993; Kremer et al., 1995). Semaka and colleagues 

noticed that CAG tract displays increased instability when there are more than 33 repeats, which 

evolves in a nonlinear relationship with the length of CAG repeats (Semaka et al., 2013). 

Although a number higher than 39 CAG repeats invariably determines the appearance of 

HD symptoms, the length of CAG only explains 60% of the individual variation of the age of motor 

symptom onset (Andrew et al., 1993; Djoussé et al., 2003; Duyao et al., 1993). More than 95% of 

the mutated HTT alleles in HD contain an uninterrupted CAG repeat expansion followed by 

CAACAG. Because the trinucleotide CAA also encodes for glutamine, the majority of mutated 

HTT alleles encode for two more extra glutamines than the number of uninterrupted CAG repeats. 

A study by the Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium found that age 

of onset is anticipated in HD individuals carrying mutated HTT with pure CAG repeats and delayed 

in individuals carrying the CAACAG duplication (Lee et al., 2019). Based on this evidence, they 

assumed that the number of uninterrupted CAG repeats and not the polyQ length drives the timing 

of HD onset. The genome-wide association study (GWAS) on more than 9000 HD subjects in this 

report pointed for several genes involved in DNA maintenance and transcriptional regulation that 
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may play a contribution on the timing of disease onset. Among the identified genes involved in 

DNA repair, the MutS Homolog 3 (MSH3) and Fanconi anemia FANC1/FANCD2-associated 

nuclease 1 (FAN1) also achieved significance in the transcription-wide association study (TWAS). 

The reduced expression of MSH3 and increased expression of FAN1 genes were associated to 

later disease onset. While MSH3 gene had already been identified as a potential disease modifier 

in the TRACK-HD trial (Moss et al., 2017), FAN1 was later shown to influence HD progression by 

stabilizing the CAG expansion (Goold et al., 2019). In addition, the GWAS also identify three 

modifiers at the DNA Ligase 1 (LIG1) locus. One of the modifications have been shown to 

increase LIG1 expression and promote CAG repeat instability (Castel et al., 2009) and other 

translates into a deleterious missense mutation and associates with a later onset. The 

identification of DNA repair genes as modifiers of HD and the inherent instability of the CAG tract 

suggests that HD pathology depends on the somatic expansion of the CAG repeat. This 

assumption is further supported by the existence of increased CAG repeat lengths in post-mortem 

tissues of HD patients (Pinto et al., 2020; Swami et al., 2009). In addition, CAG expansion occurs 

more frequently in neurons than glia and is more pronounced in the striatum and several cortical 

areas, both of which are heavily affected in HD. Currently, there is a clinical study ongoing 

(SHIELD HD - NCT04406636) to evaluate CAG somatic expansion in multiple biofluids and to 

assess whether it can be used to characterize HD progression. In addition, the modulation of DNA 

repair pathways to prevent CAG expansion are emerging as therapeutic strategies for HD. Two 

lead target candidates that are being preclinically tested are the FAN1 and MSH3 (Iyer & 

Pluciennik, 2021; Porro et al., 2021). 

 

In summary, HD neuropathology is currently hypothesized to involve two distinct phases: (1) 

an initial stage where CAG tract reaches a critical threshold length prone for somatic expansion 

and, (2) a second phase where the expanded CAG repeats somehow trigger the neuropathologic 

effects. Concerning the CAG repeat-mediated toxicity, the production of toxic oligomeric forms of 

mHTT has been the main hypothesis for the last decades but emerging evidence suggests that 

the contribution of expanded CAG repeats to HD phenotype may be beyond the encoding the 

polyQ peptides, including toxicity mediated by the RNAs containing the CUG expansion (Chung 

et al., 2011; Nalavade et al., 2013) and RAN proteins (Bañez-Coronel et al., 2015). Also, the 

greater instability of CAG repeats in the striatum and cortical regions may explain the selective 

neurodegeneration observed in HD (Pinto et al., 2020; Swami et al., 2009). 
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1.7   Modeling Huntington’s disease pathology 

Despite the monogenic nature of HD, the molecular and cellular mechanisms implicated in 

the disease phenotype are quite complex. Such a variety of mechanisms (e.g., mHTT toxicity at 

DNA, RNA or protein level, cell-autonomous and non-autonomous pathological mechanisms, and 

selective brain degeneration) are difficult to be simultaneously recapitulated in a single HD model. 

Furthermore, another challenge in modeling HD is that the pathology develops over decades. 

Therefore, HD models should recapitulate the maximum of disease hallmarks in a shorter time 

period. 

 

1.7.1. In vitro modeling of HD 

A multiplicity of different HD models has been used to recapitulate HD in vitro. Most of them 

rely on the (1) transduction of non-HD immortalized cell lines with the pathogenic N-terminal HTT 

fragments or (2) culture of cells from HD patients and in vivo HD models. Although non-HD cell 

lines are useful as proof-of-concept for many studies, these models usually poorly recapitulate 

the physiological mHTT expression levels. In addition, transgene delivery to non-HD cells does 

not allow the study of the mutation on its normal chromatin environment but rather focus on the 

high transgene expression levels. Furthermore, the lack of relevant neuronal or glial signatures 

in these cell lines further discourages their use for functional analysis. The establishment of 

induced pluripotent stem cells (iPSCs) allowed the opportunity to study disease mechanisms in 

cells derived from patients (Takahashi et al., 2007; Yu et al., 2007). Unlike non-HD cell models, 

HD-iPSCs retain the natural genome structure of the patient and can be differentiated into specific 

neuronal or glial populations to study the disease in different cellular contexts (Kaye et al., 2022). 

Patient-derived iPSCs have been successfully differentiated into many cell types, including neural 

progenitor cells (HD-NPCs) (Kedaigle et al., 2020; Lim et al., 2017), striatal GABAergic neurons 

(Nekrasov et al., 2016; Zhang et al., 2010), and astrocytes (Garcia et al., 2019). The use 

differentiated or undifferentiated HD-iPSCs have been able to recapitulate some of the 

phenotypes observed in HD such as gene expression changes, reduced bioenergetics, 

dysregulated calcium, and glutamate signaling, abnormal electrophysiological properties, 

aberrant BDNF trafficking, oxidative stress, and impairment of proteasome activity and autophagy 

flux (Kaye et al., 2022) (Figure 1.14). In addition to patient-derived iPSCs, brain cells from in vivo 

HD models have also been cultured in vitro to study HD. While molecular signatures of primary 

neuronal cultures are usually well preserved in vitro, they cannot be maintained indefinitely. Some 

of these in vivo HD models are described below. 
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Figure 1.14: Illustration of some of the phenotypes identified in HD-iPSCs. (Kaye et al., 2022) 

 

1.7.2. In vivo modeling of HD 

Since the discovery of the HTT gene, that we have applied genetic engineering to generate 

in vivo HD models, including non-mammalian (e.g., yeast, nematodes, fruit flies and zebra fish) 

(Chongtham et al., 2018) and mammalian organisms (mouse, rat, sheep, pig, and non-human 

primates) (Farshim & Bates, 2018; Howland et al., 2020; Kosior & Leavitt, 2018).  

 

1.7.2.1. Genetic mouse models of HD 

Rodents are the most commonly used animals for modeling HD. Genetic HD rodent models 

can be divided into different subgroups: (1) N-terminal mHTT fragment HD models, (2) full-length 

mHTT HD models, (3) fully humanized HD models and (4) KI models. Huntington’s disease 

models expressing N-terminal mHTT fragments were the first genetic models generated and can 

be further subdivide into viral-based and transgenic rodent models. Recombinant viral vectors 

such as lentivirus (LV) and adeno-associated virus (AAV) expressing N-terminal mHTT fragments 

have been used to induce HD pathology in rodents (De Almeida et al., 2002; Gabery et al., 2012; 

Jang et al., 2018). Although these viral-based models induce acute HD neuropathological 

features, the expression of N-terminal mHTT fragments is restricted to the injected sites. 

Concerning transgenic HD models expressing N-terminal mHTT fragments, the most commonly 

used include the R6/1 and R6/2 (Mangiarini et al., 1996), and N171-82Q (Schilling et al., 1999) 

lines. In terms of research, these transgenic animals have advantage of displaying earlier disease 

onset and more rapid disease progression compared to mice expressing the full-length mHTT. 

The R6 mouse models were generated by random genomic insertion of a fragment containing the 
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mHTT exon 1 and were the first proof that mHTT exon 1 alone was sufficient to induce HD 

phenotype in mice (Mangiarini et al., 1996). In the original models, R6/1 carried 115 uninterrupted 

CAG repeats, whereas R6/2 transgene contained 150 consecutive CAG repeats. In addition, the 

authors estimated that the mutant HTT transcripts in R6/1 and R6/2 were expressed at 

approximately 31% and 75% of the level of the wild-type mouse HTT gene, respectively. The 

lower mHTT expression and inferior number of CAG repeats in the R6/1 mice are also correlated 

with a slower progressive phenotype compared to the R6/2 mice (Mangiarini et al., 1996). 

Therefore, the R6/2 model has been the most used due to the early onset HD phenotypes and 

rapid disease progression. Typical HD phenotypes in these models include behavioral deficits 

(e.g., decreased motor and learning-related performances) and neuropathological abnormalities 

(e.g., intranuclear mHTT inclusions and neuroinflammation). These models have been bred in 

different strain backgrounds over the years and currently there are multiple variants of the R6/2 

model with different CAG repeat lengths as a result of the gametic instability of the CAG 

expansion (Farshim & Bates, 2018). Similarly, N171-82Q mice express a slightly longer N-

terminal mHTT fragment (171 aa) carrying 82 CAG repeats under the regulation of a mouse prion 

promoter (Schilling et al., 1999). These mice display abnormal phenotype comparable to the R6/1 

and R6/2 and have a life expectancy of approximately 6 months (Harper et al., 2005). 

Full-length transgenic HD models have been generated through the use of yeast (YAC) 

or bacterial artificial chromosomes (BAC). In contrast to N-terminal fragment models, phenotype 

of full-length HD models evolves much more steadily over the life course and show normal 

survival (Farshim & Bates, 2018). The more widely used full-length models are the YAC128 (Slow et 

al., 2003) and BACHD (Gray et al., 2008). The YAC128 HD mice carry four copies of mHTT full-

length gene containing 125 CAG repeats interrupted by CAA motifs at multiple locations in the 

chromosome 3. The BACHD mice carry five copies of the mHTT gene containing an exon 1 

flanked by loxP sites with 97 mixed CAG-CAA repeats and their genomic location is not known. 

They display similar slowly progressive behavior deficits (e.g., motor coordination and 

depression) and brain volume loss, particularly in the striatum and forebrain (Pouladi et al., 2012). 

Contrarily to the R6 line, CAG repeats in these models are less prone for germline and somatic 

instability due to the interruption of the CAG repeat with CAA trinucleotides. In addition, both 

YAC18 and BACHD models do not strongly exhibit other typical HD features such as robust 

striatal and cortical mHTT inclusions, and experience significant weight gain (Pouladi et al., 2010, 

2012). Recently, two groups generated improved BAC transgenic models (BAC226Q and BAC-

CAG) recapitulating neuropathological aspects of the disease (Gu et al., 2022; Shenoy et al., 

2022). In particular, the BAC-CAG transgenic model expresses the full-length human mHTT with 

120 uninterrupted CAG repeats (Gu et al., 2022). The authors demonstrated that this model 

containing consecutive CAG repeats exhibits additional HD features lacking in the YAC128 and 

BACHD models such as minimal body weight gain, somatic CAG repeat instability significantly 
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correlated with behavioral deficits, progressive striatal accumulation of mHTT inclusions, and 

striatal astrocytosis and microgliosis. 

A key advantage of models containing the full-length mHTT gene is the preservation of 

mHTT-associated SNPs within and flanking the gene. Therefore, they are pivotal for the 

preclinical testing of allele-specific strategies using SNPs to distinguish mHTT from wtHTT alleles. 

However, allele-specific strategies must be performed in animal models presenting haplotypes 

identical to the patients. Southwell and colleagues generated two fully humanized HD models 

(HU97/18 and HU128/21) for testing allele-specific strategies by crossbreeding full-length mouse 

models on a background strain lacking the mouse homolog HTT gene (Southwell et al., 2013, 

2017). The fully humanized HU97/18 model (haplotypes A/C) was generated from the BAC97 and 

YAC18 full-length models it is more suitable to test strategies eligible for patients mainly from 

Europe, America, South Asia, and Middle East (Southwell et al., 2013). In contrast, the model 

HU128/21 (haplotypes C/A) resulted from the intercross breeding of YAC128 and BAC21 models 

and can be used to test strategies targeting SNPs in heterozygosity mainly in East Asians 

(Southwell et al., 2017). 

Despite the intense use of all of these transgenic models, transgene integration sites and 

potential effects of transgene-mediated activation/inactivation of host genomic regions have been 

poorly investigated. In 2012, Chiang and colleagues characterized the transgene integration site 

of several HD animal lines (Chiang et al., 2012). For instance, the R6 transgene suffered complex 

rearragements (deletions, duplications, inversions, and excision events) during transgene 

integration in both R6/1 and R6/2 lines (Figure 1.15). Later, the same group demonstrated that 

integration in R6/2 mice also resulted in a deletion of 5.5 kb of host genome (Jacobsen et al., 

2017). Furthermore, this genomic deletion in R6/2 mice promotes the cortical expression of an 

unknown fragment that is differentially expressed in the brain of these mice. These findings 

support the characterization of transgene insertion in animal models to validate observed 

phenotypes and improve the choice of models for the testing of therapeutic strategies.  

 

 

Figure 1.15: Complex rearrangements in transgenic integration sites of R6/1 and R6/2 HD mouse 
models. (Chiang et al., 2012) 
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In comparison to transgenic models, KI models also express the full-length mHTT but in 

the context of the mouse wtHTT (Farshim & Bates, 2018; Kosior & Leavitt, 2018). Knock-in HD 

mouse models have been generated using two approaches: (1) replacement of the short CAG 

tract of the mouse HTT exon 1 by an expanded CAG repeat, and (2) replacement of the entire 

mouse HTT exon 1 by the human mHTT exon 1. The first approach generates a mouse HTT gene 

containing an expanded CAG repeat whereas the second approach creates a chimeric gene 

comprising the mouse HTT with the human mHTT exon 1. Overall, KI animals represent a more 

precise genetic model of HD since they involve the site-specific insertion of a gene fragment. 

Another difference between KI and transgenic models is the presence of defined number of copies 

of the mHTT gene in KI mice – one copy (heterozygous) or two copies (homozygous) - 

recapitulating more the physiological conditions observed in HD patients. Multiple KI HD mice 

have been generated with multiple CAG lengths (Farshim & Bates, 2018). Most of the KI models 

carry higher number of uninterrupted CAG repeats and exhibit stronger phenotypic and 

neuropathological features compared to transgenic full-length mouse models (Farshim & Bates, 

2018; Gu et al., 2022). 

The observation that both BAC-CAG and KI models present stronger HD phenotypic 

differences compared to BACHD and YAC128 agrees with the hypothesis that the number of 

uninterrupted CAG repeats, and not the number of polyglutamines, is the main driver of HD 

pathogenesis (Figure 1.16). Increased somatic CAG instability in these models promotes CAG 

expansion through lifetime, which may trigger additional pathogenic mechanisms such as RAN 

translation and RNA toxicity, speeding disease progression (Swami et al., 2009). 

 

 

Figure 1.16: Illustration showing the most used transgenic and KI mouse models expressing the 
full-length mHTT ordered by their uninterrupted CAG repeat length and the involved pathogenic 
mechanism. (Gu et al., 2022)  
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1.7.2.2. Large genetic animal models of HD 

Mouse HD models are very useful to improve our understanding on HD pathological 

mechanisms and to test multiple therapeutic compounds. However, extending translational 

research to large animals with larger brains better models CNS drug distribution and predicts 

efficacy in humans. Large genetic HD animal models include minipigs, sheep and non-human 

primates. Two genetic minipig models are available. The first generated genetic HD minipig 

model, named TgHD (N548), carries one copy of a transgene encoding the N-terminal part of the 

human mHTT (N548-124Q) under the control of the human promoter in the first porcine 

chromosome (1q24-q25) (Baxa et al., 2013). Similar to the BACHD mouse model, the transgenic 

Tg(N548) minipig carries a mixed CAG-CAA expansion and there is no evidence of somatic CAG 

expansion (Howland et al., 2020). This transgenic minipig model was used to preclinically test the 

intracranial administration of an AAV expressing a microRNA targeting the mHTT transcript as an 

HD therapeutic approach, which is currently being clinically assessed in humans (Evers et al., 

2018). The other available minipig model is a KI model, named KI-HD-85Q, where the CAG 

repeats of the endogenous porcine HTT gene were expanded to 82 CAG pure repeats followed 

by a CAACAGCAG sequence (Howland et al., 2020). Regarding modeling in sheep, the 

transgenic sheep named OVT73 is the only available ovine HD model, and it carries the full coding 

sequence of the mHTT cDNA flanked upstream by the human HTT promoter and downstream by 

a polyadenylation signal (Jacobsen et al., 2010). The CAG expansion in the mHTT exon 1 consist 

of 69 consecutive CAG repeats ending with the CAACAGCAACAG sequence. To date, the 

transgenic OVT73 sheep is the only large model allowing the test of molecular therapies targeting 

any region of the human mHTT coding sequence (Mondo et al., 2018; Pfister et al., 2018). Finally, 

transgenic non-human primates have been generated (Chan et al., 2015; Yang et al., 2008), but 

their use for preclinical application is limited given the low number of initial founders and the 

difficulty to maintain macaque lines (Howland et al., 2020). 

 

In summary, multiple in vitro and in vivo models are currently available to model HD and 

evaluate the efficacy of therapeutic compounds, but none of them fully recapitulates the pathology 

seen in patients. Therefore, the choice of the model to test a particular hypothesis and/or 

treatment should consider the advantages and disadvantages of each model. Animal models 

differ in multiple genetic features such as transgene composition and transgene site integration, 

number of transgene copies, number of consecutive CAG repeats and presence/absence of 

heterozygous SNPs. In addition, animal models also display distinct molecular and behavioral HD 

hallmarks, which can influence readout measurements. All these parameters should be 

considered to choose the model that best fits to test hypotheses/treatments.  
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1.8   Disease-modifying therapies lowering mHTT for Huntington’s 
disease 

To date, there are still no treatments stopping or slowing disease progression. Several 

approaches have been proposed by targeting pathophysiological mechanisms such as 

inflammation, cortical glutamate excitotoxicity, autophagy, and oxidative stress (Figure 1.17). 

However, none have shown significant improvements in modifying the overall disease 

progression and numerous clinical trials have failed in showing any therapeutic benefits. Since 

HD displays complex pathophysiology, the targeting of a single pathogenic mechanism may not 

be the optimal approach to induce general clinical benefit. Most evidence suggest that HD is 

driven by the gain-of-function toxic CAG expansion. While compensatory treatment based on the 

overexpression of wtHTT is likely to fail in preventing the disease progression (Van Raamsdonk 

et al., 2006), strategies tackling the CAG expansion and/or their subsequent products hold great 

therapeutic potential as they may prevent downstream toxic effects at both molecular and cellular 

levels. These so called mHTT-lowering strategies targeting the primary toxic features in HD have 

been proposed at different biological levels by (1) promoting mHTT protein clearance, (2) 

degrading or altering mHTT RNA transcripts and (3) modifying mHTT DNA sequence. In addition, 

a most recently considered therapeutic approach aims the stabilization of the CAG repeat 

throughout patient’s life by (4) modulating DNA repair mechanisms, preventing CAG somatic 

expansion and further mHTT production. 

 

 

Figure 1.17: Possible therapeutic targets for HD. (Tabrizi et al., 2022b)  
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1.8.1. Allele-specific or non-allele-specific mHTT-lowering strategies? 

Wild-type HTT is involved in multiple cellular functions, and it has been proposed that the 

mutation in HD also results in the wtHTT loss-of-function, which may contribute to the HD 

phenotype (chapter 1.4.2). Therefore, an important aspect to consider when lowering mHTT 

products is whether one could target both HTT forms (wtHTT and mHTT) or whether mHTT should 

be specifically targeted to avoid deleterious effects related to further loss of wtHTT activity. 

Wild-type HTT is essential for the embryonic development since the complete deletion of 

the mouse homolog HTT gene results in embryo death between embryonic days 8.5 (E8.5) and 

10.5 (E10.5) (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). Two groups showed that 

chimeric embryos generated by injecting null-HTT embryonic stem cells (ESCs) into wild-type 

host blastocysts were rescued from embryonic lethality (Dragatsis et al., 1998; Reiner et al., 

2001). In contrast, lethality was not rescued when wild-type ESCs were injected into null-HTT 

host blastocysts (Dragatsis et al., 1998). These results suggest that wtHTT plays a critical role in 

the extraembryonic tissues, likely by supporting mechanisms involved in the nutrition of embryos. 

Histological analysis of brains from adult rescued chimeras showed no major alterations regarding 

morphology, cytoarchitecture and neuronal abundance compared to controls, and indicated that 

null-HTT cells could survive until adulthood (Reiner et al., 2001). However, the distribution of null-

HTT cells was heterogeneous among brain regions, especially in the striatum, where less than 

15% of the cells were HTT-null. The abnormal colonization of HTT-null cells in the adult brain 

suggested that wtHTT may be involved in the proliferation and survival of neurons in some brain 

regions during early neurodevelopment. The critical role of wtHTT during development was further 

confirmed by subsequent studies knocking-out wtHTT at different developmental time points in 

different brain regions (Barnat et al., 2017; Dragatsis et al., 2018; McKinstry et al., 2014). Overall, 

the ablation of wtHTT resulted in abnormal cortical neurogenesis, deficient neuronal migration, 

reduced neuronal survival and behavioral abnormalities. However, all these studies evaluating 

the role of wtHTT at early life stages were based on its complete depletion. Partial reduction of 

wtHTT could translate into reduced toxic effects or induce no deleterious phenotype. This 

hypothesis was supported by the existence of a healthy individual carrying only one functional 

wtHTT allele (Ambrose et al., 1994). The partial decrease of wtHTT expression in development 

was first evaluated by Auerbach and colleagues (Auerbach et al., 2001). They observed 

phenotypic abnormalities in adult compound heterozygous mice expressing around 15% of 

wtHTT endogenous levels (Auerbach et al., 2001). Furthermore, Arteaga-Bracho and 

collaborators later demonstrated that these phenotypic abnormalities in adult mice were not 

rescued by expressing wtHTT at 50% of the endogenous levels from the post-natal day 21 

(Arteaga-Bracho et al., 2016). Using a different approach, Tong and coworkers demonstrated that 

the knockdown of wtHTT expression by 50-75% during development also induces deficiencies in 

neuronal survival, proliferation, and migration (Tong et al., 2011). Overall, the extent and/or 

threshold level to which wtHTT can be safely reduce in the developing brain without inducing 
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deleterious effects is not determined. Nevertheless, evidence indicate that wtHTT plays critical 

roles at early life stages and suggest that more than 50% reduction of wtHTT expression in the 

developing brain is deleterious. 

Regarding the role of wtHTT in the adult life, three studies have used conditional HTT 

knockout (KO) mice to evaluate the effects of wtHTT loss at different adult life stages of mice. 

Wang and colleagues used conditional HTT KO mice expressing a tamoxifen-activated CreER 

recombinase under control of the CMV immediate enhancer/β-actin (CAG-CreER; HTTflox/flox) or 

Nestin (Nestin-CreER; HTTflox/flox) promoters for ubiquitous and neuronal Cre expression upon 

tamoxifen injection, respectively (Wang et al., 2016). The global HTT KO at 2, 4 and 8 months of 

age resulted in 95%, 30% and 5% mortality, respectively. Most of the youngest treated animals 

died due to acute pancreatitis and the oldest treated animals survived for long term with no major 

differences in motor performance, body weight and peripheral markers. In contrast, while 

neuronal HTT KO at 2 months resulted in 18% mortality, it did not affect survival, body weight, 

rotarod performance, gripping ability, nor brain volume and morphology of mice treated at 4 and 

8 months-old of age (Wang et al., 2016). Similarly, Dietrich and colleagues used hemizygous 

conditional HTT KO mice expressing the tamoxifen-induced CreER under the ubiquitous CAG 

promoter (CAG-CreER; HTTflox/-) (Dietrich et al., 2017). In contrast to Wang and collaborators, 

they found that the tamoxifen treatment at any age (3, 6 or 9 months) resulted in gait 

abnormalities, tremors, decreased locomotor activity, and reduced survival compared to not 

treated animals. The stronger deleterious effects in this study may be due to an increased 

predisposition for toxicity of HTT depletion in CAG-CreER; HTTflox/- mice, which theoretically 

express less 50% of wtHTT compared to CAG-CreER; HTTflox/flox mice. However, these authors 

also observed the same time dependent deleterious effect of the treatment on the survival. In 

addition, they did not observe any major brain morphological changes other than reduced brain 

volume, thalamic calcifications and increases gliosis at older ages. In particular, striatum and 

cortex of treated mice did not present any significant alterations (Dietrich et al., 2017). In the last 

study, Pla and colleagues investigated the consequences of depleting wtHTT specifically in 

cortical and hippocampal mature neurons by using a conditional HTT KO mice expressing the 

tamoxifen-induced CreER under the Ca2+/calmodulin-dependent protein kinase-II (CamKII) 

promoter (CamKII-CreER; HTTflox/flox) (Pla et al., 2013). They reported reduced maturation and 

survival of newborn neurons in the dentate gyrus and impaired BDNF signaling. 

In paralel to these KO studies, we and others demonstrated that the knockdown of both 

mouse wtHTT and human mHTT expression up to 75% in the striatum of an acute lentiviral-based 

HD rat model and two transgenic HD mouse models (N171-82Q and BACHD) improved 

pathological aspects of the disease. Although these studies showed promising preclinical safety 

and efficacy of non-allele specific HTT silencing, wtHTT lowering also resulted in the alteration of 

expression of genes involved in several cellular mechanisms such as vesicular trafficking and 

endoplasmic reticulum (Boudreau et al., 2009a; Drouet et al., 2009). Finally, two studies in non-
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human primates showed that a reduction in striatal HTT protein levels by approximately 45% 

induces no alterations in motor performance, motor memory or neuronal loss for at least 6 months 

(Grondin et al., 2012; McBride et al., 2011). 

Overall, these studies indicate that ubiquitous wtHTT is essential at early life stages, but 

it may play a less critical function in older mice and, in particular, in the adult brain. While knockout 

of wtHTT in the adult brain raised contradictory results, the knockdown studies suggest that the 

reduction of the normal levels of wtHTT by 40 to 60% may be well tolerated. However, these 

results should be carefully analyzed. The contradictory results of Wang et al. (Wang et al., 2016) 

and Dietrich et al. (Dietrich et al., 2017) suggest that lower expression levels of wtHTT may 

increase vulnerability for toxicity after wtHTT depletion in the adult brain. Importantly, HTT 

knockdown studies were performed in animals carrying two functional copies of wtHTT (plus the 

mHTT transgene(s) in the rodent models). This means that preclinical safety studies of non-allele 

specific HTT knockdown were not performed in the real genetic settings of HD: one copy of wtHTT 

and other copy of mHTT. The testing of the safety of lowering both wtHTT and mHTT in the HD 

genetic settings would require the non-allele specific lowering in heterozygous KI carrying one 

copy of human wtHTT and other copy of mHTT. 

While the allele specific targeting of mHTT may be critical to reduce potential deleterious 

effects concerning wtHTT reduction, it may also be critical to correctly target all mHTT toxic 

species to achieve therapeutic benefit. As above mentioned, mHTT mRNA can experience 

incomplete splicing, generating the short transcript HTT1a, which is then translated into the highly 

toxic exon 1 mHTT truncated form (Neueder et al., 2017; Sathasivam et al., 2013). Also, the 

mHTT transcripts (sense and/or antisense) can form toxic nuclear clusters (Chung et al., 2011; 

Fienko et al., 2022) and be translated in a non-canonical way into toxic RAN products (Bañez-

Coronel et al., 2015). Therefore, the targeting of all proposed toxic forms of mHTT (RNA and 

peptides) should be consider to improve the likelihood of therapeutic benefit. In addition, the 

timing and the physically targeted brain structures for mHTT-lowering may equally be key relevant 

aspects to achieve therapeutic efficacy. HD pathophysiology is characterized by initial neuronal 

dysfunction followed by striatal atrophy. Subsequently, at later stages of the disease, atrophy of 

cortical, thalamic, and hypothalamic areas starts also to be imminent. The time-dependent 

therapeutic decrease of mHTT in the whole brain or at specific brain structures should also 

influence the clinical outcomes of experimental treatments.  

 

1.8.2. Targeting mHTT protein 

No clinical trials have tested drugs aiming the clearance and/or aggregation of mHTT, but 

there have been large efforts to screen compounds reducing HTT protein level. For example, Li 

and colleagues identified several compounds simultaneously interacting with the expanded polyQ 

stretch and microtubule-associated protein 1A/1B light chain 3 (LC3) promoting the autophagy-

mediated degradation of proteins with expanded polyQ tracts (Li et al., 2019). They showed that 
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multiple compounds specifically decreased mHTT levels in several in vitro and in vivo HD models. 

In particular, they showed that the systemic delivery of the compounds 1005 and AN2 significantly 

improved performances of heterozygous HdhQ7/140 mice on rotarod, balance beam and gripping 

force tests. More recently, Long and colleagues also identified a small molecule with good blood-

brain barrier (BBB) permeability, named J3, that promotes autophagy-mediated degradation of 

soluble and insoluble mHTT without affecting wtHTT levels in vitro (Long et al., 2022). However, 

when tested in vivo, J3 lowered both wtHTT and mHTT levels in the striatum of HdhQ140. 

Nonetheless, treated mice demonstrated increased striatal DARPP32 levels and slightly improved 

motor functions. Others have focused on inhibiting the G-protein coupled receptor 52 (GPCR52) 

to enhance mHTT degradation. The GPCR52 co-localizes with striataldopamine D2 receptors 

(Komatsu et al., 2014) and its activity has been shown to prevent proteasomal-mediated mHTT 

degradation by translocating mHTT to the endoplasmic reticulum (Yao et al., 2015). Recently, 

Wang and colleagues reported a BBB-penetrating GPCR52 antagonist, named Comp-43, which 

significantly lowered soluble and aggregated mHTT levels in the striatum of HdhQ140 mice (Wang 

et al., 2021). Comp-43 also decreased striatal inflammation, promoted neuronal survival, and 

improved motor phenotype in this HD model. Furthermore, the treatment of wild-type mice with 

Comp-43 showed no major alteration on wtHTT expression, suggesting that effect of GPCR52 

inhibition may be mHTT-specific. 

 

1.8.3. Targeting mHTT RNA 

Mutant HTT lowering strategies by targeting the mHTT RNA rely on the alteration of mHTT 

transcript’s structure, half-life and/or translation. These approaches are the most developed with 

several compounds being currently clinically tested and are based on different mechanisms such 

as (1) RNA interference (RNAi), (2) antisense oligonucleotides (ASOs) and (3) splicing 

modulation. More recently, two other studies started exploring RNA editing to reduce expression 

of mHTT (Morelli et al., 2022; Powell et al., 2022). 

 

1.8.3.1. RNA interference 

RNA interference is an intrinsic and evolutionary conserved mechanism that confers 

resistance to pathogenic nucleic acids and regulates the expression of protein-coding genes (Ha 

& Kim, 2014). It involves the expression and processing of small non-coding RNA named 

microRNAs that are complementary to targeted mRNAs. Once processed by Drosha and Dicer, 

microRNA is loaded into the RNA-induced silencing complex (RISC) which then recognizes the 

targeted mRNA and induces its destruction via cleavage by the RNase Argonaute. Adaptation of 

RNAi for gene knockdown approaches include the use of artificial microRNAs (miRNAs), small 

interfering RNAs (siRNAs), or short-hairpin RNAs (shRNAs) (Ha & Kim, 2014). While siRNA are 

dsRNA molecules of 21-23 nt with 2 nt overhangs able to be readily loaded into RISC, the shRNAs 
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contain stem-loops similar to pre-microRNA hairpins and require Dicer processing before loading 

into RISC. Although shRNAs potently induce gene silencing, artificial miRNAs are expressed at 

lower levels and display better safety profiles (Boudreau et al., 2009a; 2009b). 

Viral vectors such as AAV or LV have been widely used to deliver RNAi components into 

the brain in vivo or cells in vitro. Harper and colleagues were the first to use RNAi to silence the 

mHTT expression in vivo by using the AAV2/1 (AAV of serotype 1) to deliver a shRNA targeting 

the exon 2 of the mHTT transcript in the striatum of N171-82Q HD transgenic mice (Harper et al., 

2005). The intrastriatal injection of AAV2/1-shRNA resulted in the reduction of mHTT mRNA levels 

in 51-55% and significantly improved motor performance in stride length and rotarod tests 

compared to matched controls. Quickly, other studies demonstrated an efficient knockdown of 

mHTT RNA, which leads to histopathological and behavioral improvements (DiFiglia et al., 2007; 

Rodriguez-Lebron et al., 2005; Wang et al., 2005). In all these studies, the transgenic human 

mHTT was silenced, but the mouse wtHTT expression remained intact. In 2009, we and others 

investigated whether beneficial effects of mHTT silencing were also valid in a non-allele specific 

HTT approach by simultaneously reducing the mouse wtHTT expression. We injected lentiviral 

vectors expressing a shRNA targeting both wild-type and mutant HTT transcripts in an acute 

lentiviral-based HD rat model (Drouet et al., 2009). The striatal expression of shRNA prevented 

the loss of DARPP32 and neuronal nuclear protein (NeuN) markers suggesting striatal 

neuroprotection, and significantly reduced the number of HTT inclusions. Importantly, the 

selective inactivation of mouse wtHTT allele alone did not had any impact on GABAergic neuronal 

survival neither on the number of HTT inclusions. Similarly, Boudreau and colleagues showed 

that the striatal injection of AAV2/1 expressing a universal artificial miRNA (mi2.4) decreased the 

human mHTT and the mouse wtHTT transcript levels by approximately 75%. In addition, they 

showed that the treatment improved survival and completely rescue the performance of HD mice 

in the rotarod test (Boudreau et al., 2009a). Because artificial miRNAs were shown to induce less 

toxicity than shRNAs in the mammalian brain (McBride et al., 2008), subsequent studies focused 

mainly on miRNAs. Further evidence of the therapeutic benefits of anti-HTT miRNAs injected in 

the striatum were collected in fully humanized HU128/21 HD mice (Miniarikova et al., 2016), in a 

lentiviral-based rat HD model (Miniarikova et al., 2017) and in transgenic Tg(N548) HD minipigs 

(Evers et al., 2018). In this last study, the intrastriatal AAV2/5-mediated delivery of anti-HTT 

miRNA (AAV5-miHTT) in minipigs reduced mHTT mRNA and protein levels in widespread brain 

regions after 6 months, including putamen, caudate nucleus, thalamus, and cortex (Evers et al., 

2018). In addition, the authors did not observe any major signs of microgliosis neither alteration 

in the GABAergic neuronal marker DARPP32 in the striatum of the treated animals. More recently, 

Vallès and colleagues have confirmed these results in HD transgenic minipigs by reporting 

widespread and sustained reduction (up to 1 year after injection) of mHTT of more than 75% in 

the injected areas, and about 30 to 50% in distal regions (Valles et al., 2021). 
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These results support the launching of the still ongoing UniQure AMT-130 human trial 

(NCT04120493) that targets total HTT. This study aims the evaluation of safety and efficacy of 

AAV5-miHTT in early-stage HD patients. Following promising preliminary results, UniQure has 

expanded this study in 2021 to a phase Ib/II open-label trial (NCT05243017) and include 

European HD centers to keep assessing the safety and efficacy of the treatment. In addition, 

Voyager Therapeutics started an AAV1-delivered anti-HTT miRNA clinical trial (VY-HTT01), 

which has been put on hold. They intend to resume the program using a novel, proprietary AAV 

capsid that may enable intravenous administration. 

Currently, the viral delivery of genetic compounds into the brain is the most efficient 

method of delivery and allows a sustained stable expression for decades. RNA interference has 

the advantage of being compatible with viral delivery and therefore therapeutic benefit is 

theoretically possible with a one-time treatment administration. The UniQure AMT-130 is the one 

of the most promising clinical trials being currently tested in humans. This miRNA-based drug 

aims at the exon 1 of the HTT transcript and therefore targets both full-length and incomplete 

splicing forms of mHTT mRNA for degradation. However, anti-sense mHTT transcripts and/or 

subsequent RAN peptides are still potential toxic sources that eventually escape AMT-130 

treatment. In addition, AMT-130 is a non-allele specific anti-HTT miRNA and, therefore, the 

consequences of reducing wtHTT in HD brain patients still remains unknown. 

 

1.8.3.2. Antisense oligonucleotides 

Antisense oligonucleotides are synthetic single-stranded DNA (ssDNA) sequences 

consisting of 8-50 nt that bind to complementary target RNA in the nucleus and can modulate 

gene expression through distinct potential mechanisms (Schoch & Miller, 2017). These 

mechanisms can be categorized in (1) RNase-mediated degradation, (2) mRNA modification, or 

(3) microRNA inhibition (Figure 1.18). ASO properties, such as solubility, binding, potency, and 

stability, are defined by modifications on the backbone and sugar rings. For example, while the 

replacement of the phosphate backbone by phosphorothioate linkages protects ASOs from 

nuclease degradation, it strongly activates immune responses. Moreover, these immune 

responses can be attenuated by sugar modifications, but fully modified sugar moieties prevent 

RNase H enzyme and promote non-degrading ASO mechanisms (Figure 1.18). 

Most of the ASOs used for silencing HTT act through target mRNA degradation and 

therefore, they usually adopt a “gapmer” design to enable target degradation, consisting in 

modified sugar bases separated by a central region of unmodified nucleotides (Schoch & Miller, 

2017). Because synthetic ASOs are not compatible with viral vector-mediated delivery and they 

are unable to cross the BBB, their administration into the CNS is usually performed via CSF by 

intrathecal or intracerebroventricular injections. Kordasiewicz and colleagues showed that the 

transient unilateral intracerebroventricular infusion of non-allele specific ASOs targeting the exon 

36 of human mHTT in YAC128 and BACHD mouse models significantly decreased the mHTT 
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transcripts across multiple brain regions, including striatum, cortex, thalamus, and midbrain up to 

nine weeks after treatment termination (Kordasiewicz et al., 2012). ASO infusion in YAC128 after 

disease initiation (2 months-old) was able to ameliorate motor phenotype up to three months after 

treatment termination. In addition, they observed sustained effect of improved motor and 

behavioral performances in the rotarod and open-field tests from 8 weeks up to 6 months after 

ASO infusion in BACHD. Meanwhile, Southwell and colleagues continued their efforts to develop 

mHTT allele specific ASOs (Southwell et al., 2014). In this report, they identified four potent mHTT 

allele-specific ASOs by targeting heterozygous HD-associated SNPs in the humanized mouse 

model of HU97/18. 

 

 

Figure 1.18: ASO mechanisms of action. (Schoch & Miller, 2017) 

 

Recently, three human clinical trials testing the safety and efficacy of ASO-based agents 

have been terminated. The non-allele specific ASO described by Kordasiewicz and colleagues 

(Kordasiewicz et al., 2012) was being tested by Roche/Ionis Pharmaceuticals (tominersen) in a 

phase 3 clinical trial (GENERATION HD1; NCT0376184). Previous phase 1/2 studies 

(NCT02519036 and NCT03342053) had shown no serious adverse events and the reduction of 

approximately 40% of mHTT protein levels in the CSF after four intrathecal administrations 

(Tabrizi et al., 2019). Despite post-treatment higher concentrations of NfL were observed in the 

CSF, levels drop after day 141 of treatment with the continued dosing with tominersen (Ducray et 

al., 2019).  However, individuals receiving tominersen every 8 weeks started performing worse 

on clinical rating scales than the placebo group. In addition, subjects started experiencing more 

serious adverse events. This led to the termination of the trial by an independent monitoring 

committee. A post-hoc analysis of the trial advanced that lower and less frequent treatments may 

be beneficial to younger subjects with diminished disease burden, and Roche/Ionis 

Pharmaceuticals plans to continue the program in a Phase 2 study in these participants. The 

other two recently terminated clinical trials were run by Wave Life Sciences and aimed the testing 
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of safety and efficiency of two allele specific ASOs (WVE-120101 and WVE-120102) in a phase 

1b/2a studies (PRECISION-HD1; NCT03225833), (PRECISION-HD2; NCT03225846). Both trials 

reported no statistically significant lowering of mutant huntingtin in the CSF and were therefore 

discontinued. Wave Life Sciences has continued their program by launching a new phase 1b/2a 

trial (NCT05032196) to test a novel allele-specific ASO (WVE-003) with a chemically improved 

backbone.  

Compared to RNAi-based HTT lowering approaches, a main disadvantage of ASOs is the 

requirement for repetitive administrations to maintain therapeutic concentrations. Since 

intrathecal injections are quite invasive, ASO infusions are often associated with pain-related side 

effects on patient. In all the three halted clinical trials, more than 75% of the patients experienced 

adverse events (Rook & Southwell, 2022). In addition, intracranial RNAi-based administration, 

and intrathecal infusion of ASOs are expected to result in different regional distribution in the 

CNS. The first one involves the injection of the therapeutic drug directly in the striatum with 

diffusion and/or transport to other brain regions such as cortex (Valles et al., 2021). In contrast, 

intrathecal administration of ASOs results in higher ASO concentrations in brain regions adjacent 

to the CSF flow (cortex) and in lower concentrations in deeper brain structures (striatum) 

(Kordasiewicz et al., 2012; Southwell et al., 2018). Whether the reduction of mHTT in both cortex 

and striatum is necessary to induce therapeutic benefits is still unknown. The worsening of clinical 

trial outcomes with the non-allele specific ASO (tominersen) suggests that mHTT lowering in 

superficial brain structures may not be enough to improve HD phenotype. In addition, another 

plausible explanation for trial failure is the potential toxic effect of tominersen in lowering both 

mHTT and wtHTT. Since the trials testing the allele specific ASOs (WVE-120101 and WVE-

120102) were discontinued for not showing target engagement, we are not able to compare the 

effect of non-allele versus allele-specific ASOs. Finally, similarly to RNAi-based AMT-130, none 

of these ASOs have been shown to knockdown incomplete splicing isoforms of mHTT, which can 

also limit therapeutic outcome. 

 

1.8.3.3. Splicing modulation 

The splicing modulator risdiplam has been recently approved for the treatment of spinal 

muscular atrophy (SMA) (Dhillon, 2020). This oral, brain-penetrant, small molecule boosts the 

ability of an alternative survival of motor neuron (SMN) 2 gene to produce full-length and 

functional SMN protein. Another splicing modulator molecule named branaplam is also being 

currently clinically tested for SMA by Novartis Pharmaceuticals (NCT02268552). Recently, Keller 

and colleagues observed that branaplam also modulates HTT splicing by promoting the inclusion 

of a pseudoexon between the exons 49 and 50 in the HTT transcript (pseudoexon 50a) (Keller et 

al., 2022). Furthermore, they noticed that the inclusion of the pseudoexon 50a generates multiple 

premature stop codons in the HTT transcript, which is then targeted to degradation by the intrinsic 

nonsense-mediated RNA decay (NMD) cellular mechanism. They then observed that branaplam 
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lowered wtHTT and mHTT protein levels in HD patients-derived cells and in the BACHD HD 

mouse model (Keller et al., 2022). Although Novartis Pharmaceuticals advanced with the clinical 

testing of branaplam (VIBRANT-HD; NCT05111249), this trial was recently halted for safety 

reasons. The lead has now been taken by PTC Therapeutics, which is recruiting for a phase 2 

trial (NCT05358717) to test the safety and efficacy of another splicing modulator (PTC518) in HD 

subjects (Estevez-Fraga et al., 2022). 

 

1.8.4. Targeting mHTT DNA 

At the DNA level, artificial zinc-fingers (ZFs) proteins and Clustered Regularly Interspaced 

Short Palindromic Repeats/Cas (CRISPR/Cas) system have been used to target mHTT allele. 

These molecular tools display distinct features regarding the recognition of specific nucleic acid 

sequences. The major advantage of CRISPR/Cas-based tools over ZFs is the ease of 

engineering to recognize unique sequences (Duarte & Déglon, 2020). While the DNA-binding 

specificity of ZFs rely on protein-DNA interactions and require protein engineering to re-target 

different DNA sequences, the targeting specificity of CRISPR/Cas9 system is conferred by RNA 

molecules, which are easily and quickly produced. Genetic engineering using these tools involve 

the generation of double-strand breaks (DSBs), or gene editing, and the recruitment of epigenetic 

modifiers to specific genomic sites, or epigenetic editing. 

Site-specific DNA cleavage activates cellular DNA repair pathways, which then delete, 

insert, or replace nucleotide sequences (Yeh et al., 2019). The two main DNA repair pathways 

for DSBs are the non-homologous end-joining (NHEJ) and homology-directed repair (HDR) 

pathways. NHEJ is error-prone, often introducing small insertions or deletions (indels), whereas 

HDR uses homologous sequences as a template, to ensure the correct repair of damaged DNA. 

The NHEJ pathway is frequently used to inactivate toxic genes Figure 1.19). The introduction of 

indels on the target gene results can induce frameshift mutations, generating premature stop 

codons. Signals for premature translation termination can either result in the production of a non-

functional truncated protein or in the NMD of the altered transcript. Other applications include the 

disruption of aberrant splicing sites or the deletion of large fragments of DNA through the 

generation of two DSBs in the same chromosome (Figure 1.19). By contrast, the accuracy of the 

HDR pathway allows precise nucleotide insertions, deletions, or substitutions at the target site 

(Figure 1.19). This is achieved by using dsDNA or ssDNA templates containing the intended 

modification, flanked by homologous sequences. HDR can, thus, be used to correct both gain-of-

function and loss-of-function mutations. Homology-directed recombination can also be exploited 

as an alternative approach to classical gene replacement, to improve control over the copy 

number of the gene of interest and to prevent insertional mutagenesis due to the random 

integration of viral vectors (Figure 1.19). The gene replacement involves the site-specific insertion 

of full transgenes (cDNA) at “safe harbor” locations, defined as sites within the genome at which 
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the addition of sequences does not interfere with the neighboring genes and results in safe robust 

transgene expression. 

 

 

Figure 1.19: Therapeutic approaches using gene editing tools. (Duarte & Déglon, 2020) 

 

In contrast, the recruitment of epigenetic factors to specific genomic sites modifies genetic 

expression profiles by altering the chromatin structure and/or accessibility of the transcription 

machinery (Figure 1.20). Epigenetic factors that have been used to modulate gene expression 

include transcriptional activators or repressors, histone (de)acetylases or (de)methylases, and 

DNA methylases (Duarte & Déglon, 2020). 

 

 

1.8.4.1. Zinc Finger Repressors 

Zinc finger motifs recognize specific trinucleotides and are present in multiple transcription 

factors. The combination of multiple ZF motifs in an array makes it possible to generate a DNA-

binding protein recognizing specific sequences within the genome (Kim & Kini, 2017). The first 

application of ZFs for genome engineering were zinc finger nucleases (ZFNs). These tools were 

engineered by fusing the catalytic domain of the FokI nuclease to ZFs (Figure 1.21). FokI is a 

bipartite endonuclease that must dimerize to cleave the target sequence (Vanamee et al., 2001). 

ZFNs therefore have two fused FokI domains binding opposite strands of adjacent sequences in 

reverse orientations, to promote FokI dimerization and genome restriction. This technology 

showed promising results in preclinical studies, and it is currently being tested in vivo in humans 

for the treatment of mucopolysaccharidosis I (MPSI), MPSII and hemophilia B by Sangamo 
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therapeutics (Harmatz et al., 2022). These disorders are caused by a loss-of-function in different 

genes and the strategy consists of the integration of the corrective promoterless transgene into 

the albumin intron 1 “safe harbor” locus after the DSB is introduced by the ZFNs (Figure 1.19). 

Although no toxicity was associated to any of the treatments, it resulted in low levels of gene 

correction in vivo in the liver and the transgene integration did not induce long-term therapeutic 

effects (Harmatz et al., 2022). 

 

 

Figure 1.20: Therapeutic approaches using epigenetic editing tools. (Duarte & Déglon, 2020) 

 
The application of zinc-fingers for the treatment of HD relies on the knockdown of mHTT 

expression by using a zinc finger protein fused to the KRAB domain of the human kox1 (ZF-

KRAB), which confers strong transcriptional repressor activity. Garriga-Canut and colleagues 

attempted to design a CAG length-dependent ZF-KRAB exclusively targeting the mHTT allele 

(Garriga-Canut et al., 2012). This first tool established the proof-of-principle for mHTT repression 

in vivo, decreasing striatal mHTT mRNA levels by approximately 30% in the brains of R6/2 mice 

receiving AAV2/1-ZF-KRAB injections. Despite the achievement of repression in vivo, this zinc 

finger repressor was poorly tolerated in vivo. Later, Zeitler and coworkers extensively screened 

second-generation ZF-KRAB repressors that preferentially recognize physiological relevant 

pathogenic CAG repeats (Zeitler et al., 2019). They demonstrated almost complete mHTT 

suppression (>99%) along with the preservation of wtHTT expression (>86%) in HD patient-
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derived cell lines. In addition, the striatal injection of AAV2/9 expressing the zinc finger repressor 

in R6/2 mice improved several aspects of the HD phenotype at 7 weeks post-treatment and no 

inflammation or adverse effects were observed after long-term expression. However, they also 

observed off-target knockdown of other CAG-containing genes, imposing some potential 

deleterious effects of this technology for the treatment of HD.  

Compared to RNAi and ASOs, strategies repressing mHTT transcriptional activity hold 

great potential because they act upstream to mHTT transcription, immediately avoiding the 

expression of potential mRNA toxic species. In addition, this approach is expected to lower both 

full-length and incomplete spliced mRNA isoforms. Despite the targeting of more potentially 

mHTT toxic species, allele specific repressors based on the number of CAG repeats is likely to 

suppress additional genomic regions also containing CAG repeats. In addition, the design of allele 

specific zinc finger proteins based on mHTT-linked SNPs would be quite complex and require 

huge screening platforms. Therefore, it is likely that issues related to off-target repression may be 

holding this technology from being clinically tested in humans. 

 

 

Figure 1.21: Illustration of mode of action of zinc finger nucleases. (Duarte & Déglon, 2020) 

 

1.8.4.2. CRISPR/Cas9 system 

The CRISPR/Cas system is an RNA guided nuclease system that allows adaptable 

immunity to bacteria (Makarova et al., 2020; Wright et al., 2016). The CRISPR/Cas-mediated 

bacterial immunity comprises three distinct steps: (1) adaptation by incorporation of foreign 

sequences, (2) biogenesis of the CRISPR RNAs (crRNAs) and (3) sequence-specific interference 

of subsequent invading viruses and/or plasmids. The CRISPR/Cas systems are extremely 

diverse, and they are classified into six distinct types accordingly to “signature proteins” 

(Makarova et al., 2020). These six types are further categorized into two main classes accordingly 

to the complexity of the interference effector. Class 1 systems (types I, III and IV) employ a large 

complex of several effector proteins while class 2 systems (types II, V and VI) use a single Cas 

protein to mediate the recognition and cleavage of foreign nucleic acids. The type II CRISPR/Cas9 

system is the most popular and it has revolutionized the synthetic biology field over the past few 

years. Bacteria possessing this immunity system have a CRISPR locus flanked by cas genes and 

a sequence whose transcription generates a non-coding RNA named trans-activating CRISPR 

RNA (tracrRNA). In the CRISPR locus, the repeats are separated by specific foreign sequences 
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(called “spacers”) which were acquired during a previous infection and operate as an immune 

memory (Wright et al., 2016). The transcription of the CRISPR locus gives rise to the CRISPR 

RNA precursor (pre-crRNA), which is subsequently processed by the host RNase III enzyme. The 

pre-crRNA processing requires hybridization of several small tracrRNA, which contains a 24 nt 

complementary region to the repeats of the pre-crRNA. After base-pairing, the pre-

crRNA:tracrRNA duplexes are recognized by Cas9 and the host RNase III enzyme cleaves the 

pre-crRNA into small crRNAs, each one containing a specific spacer and part of the CRISPR 

repeat. Finally, the Cas9 is guided by the crRNA:tracrRNA duplex to the cleave the target DNA, 

generating an end-blunted, double-stranded DNA break. The Cas9 DNA binding and interference 

are determined by the spacer sequence and the protospacer adjacent motif (PAM). The 

protospacer should be complementary to the crRNA spacer and located upstream to the PAM. 

The PAM allows the system to distinguish “self” versus “non-self” DNA, preventing it from cutting 

the bacterial chromosome. 

Since the first application of CRISPR/Cas9 system from Streptococcus pyogenes 

(SpCas9) in eukaryotic cells (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013), this system 

has been extensively used for manipulation of the genome. Jinek and colleagues further simplified 

it by fusing the crRNA to part of the tracrRNA, named single guide RNA (sgRNA) (Jinek et al., 

2012). The SpCas9 recognizes the PAM 5’-NGG-3’ in the non-target DNA strand and induces 

PAM-proximal blunt double-strand breaks in the target DNA (Figure 1.22). PAM requirements 

make it impossible to target all genomic sequences, but the use of different Cas9 orthologs with 

different PAM specifications has greatly expanded targeting capabilities (Cebrian-Serrano & 

Davies, 2017). Additionally, Cas9 proteins have been engineered to accept different and less 

restrictive PAMs, although sometimes compromising specificity (Hu et al., 2018; Walton et al., 

2020). In contrast, other groups have restricted Cas9 binding parameters to increase specificity, 

which however often reduces editing efficiency (Kleinstiver et al., 2016; Kocak et al., 2019).  

 

 

Figure 1.22: Illustration of mode of action of CRISPR/Cas9 system. (Duarte & Déglon, 2020) 
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1.8.4.2.1. Special considerations regarding gene editing in post-mitotic cells 

Homology-directed recombination is a promising approach for therapeutic applications, 

but it is generally less efficient than NHEJ and mostly restricted to the G2 and S phases of the 

cell cycle (Yeh et al., 2019). This imposes additional challenges for the application of HDR-based 

gene repair in post-mitotic cells. Nishiyama and colleagues reported a high efficiency of HDR in 

the mouse brain (Nishiyama et al., 2017), but most groups have struggled to achieve such 

success with this approach. Several groups have proposed NHEJ-like strategies to overcome this 

limitation through precise gene editing in non-replicative cells by microhomology-mediated end-

joining (MMEJ) (Yao et al., 2017a), homology-independent targeted integration (HITI) (Suzuki et 

al., 2016), and microhomology-dependent targeted integration (MITI) (Li et al., 2020). Other 

groups have explored HDR-like mechanisms, such as homology-mediated end joining (HMEJ) 

(Yao et al., 2017b) and single homology arm donor-mediated intron targeting integration (SATI) 

(Suzuki et al., 2019). These techniques have yielded significantly higher rates of gene insertion 

in post-mitotic cells, although the mechanisms involved are not fully understood. Other groups 

have even suggested approaches in which HDR repair is promoted by fusing the Cas9 nuclease 

to factors involved in the regulation of NHEJ/HDR pathways. For instance, p53-binding protein 1 

(53BP1), which plays a major role in balancing NHEJ/HDR ratio, promotes DSB repair via the 

NHEJ pathway by preventing the DNA end resection required for HDR (Bunting et al., 2010). 

Cas9 fused to a dominant-negative 53BP1 enhanced HDR and inhibited NHEJ in a target-specific 

manner, without modifying cellular DNA repair mechanisms overall (Jayavaradhan et al., 2019). 

Efforts have also been made to improve HDR by fusing Cas9 to RecA (RAD51 in eukaryotes), 

which plays a key role in homologous recombination (Cai et al., 2019; Kurihara et al., 2020), or 

by altering the conformational checkpoints for Cas9 binding to DNA (Kato-Inui et al., 2018). 

Another important aspect regarding gene editing in post-mitotic cells is the stable and 

permanent expression of Cas9 nuclease. While it may lead to higher levels of on-targeting editing, 

it can also increase the occurrence of off-target events and immunogenic responses. We and 

other have tried to overcome this limitation by developing CRISPR/Cas9 systems allowing 

transient Cas9 expression. We developed the KamiCas9 system which is based on a lentiviral 

vector with a larger cloning capacity than AAV (Merienne et al., 2017). It is composed of the 

SpCas9 nuclease, a sgRNA targeting HTT and a second sgRNA targeting the translation start 

site of the SpCas9 nuclease. High on-target efficiency and inactivation of the nuclease overtime 

are ensured by the use of a strong RNA Polymerase III promoter (H1) to drive the sgRNA for on-

target gene and a weak promoter (7sk) to drive the sgRNA targeting the SpCas9 itself (sgCas9). 

We showed that striatal samples from mice receiving LV-KamiCas9 injections revealed an almost 

complete absence of the SpCas9 protein after 2 months by western blot analysis. Other AAV-

based “self-deleting” systems have also used self-cleavage approaches to promote the transient 

expression of Cas9. These systems use a sgRNA targeting a sequence present in the AAV 

backbone but not in the coding sequence of the nuclease (Ibraheim et al., 2021; Krooss et al., 
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2020; Li et al., 2018, 2021). Because cleaved non-integrated episomal AAV are vulnerable to 

cellular nucleases, the knockdown of Cas9 in these systems is induced by the degradation of 

AAV episomes rather than due to transgene inactivation by frameshifted mutations. 

 

1.8.4.2.2. Gene editing in HD 

Several studies have shown the non-allele specific HTT editing in multiple HD mouse 

models (Ekman et al., 2019; Liu et al., 2021a; Merienne et al., 2017; Yang et al., 2017). We 

demonstrated high levels of exogenous hHTT-82Q (20–35%) editing in a LV-based HD mouse 

model following the injection of our LV-KamiCas9 system expressing a sgRNA targeting the HTT 

translational starting site (Merienne et al., 2017). Yang and colleagues used two separate AAVs 

expressing neuronal SpCas9 and two sgRNAs targeting the flanking regions of the CAG repeat 

in a non-allele-specific manner in the HdhQ140 KI HD mouse model (Yang et al., 2017). The 

injection of neuron-specific AAV-Cas9-HTT resulted in the efficient transduction of medium spiny 

neurons, significantly decreasing the accumulation of striatal mHTT and mouse wtHTT of 9-

months-old homozygous and heterozygous KI mice. The treated heterozygous mice 

demonstrated improved performance in the rotarod, beam and grip strength tests. Similarly, the 

injection of the same neuronal CRISPR system into the striatum of zQ175 KI HD mice delayed 

onset of striatal atrophy and slowed the progression of brain pathology and motor phenotype (Liu 

et al., 2021a). In another study, Ekman and colleagues used a smaller Cas9 orthologue from 

Staphylococcus aureus (SaCas9) to target the HTT translational site in R6/2 mice (Ekman et al., 

2019). The AAV2/1-mediated delivery of SaCas9-HTT to striatal neurons halved the total HTT 

expression and decreased mHTT-positive neuronal inclusions about 40% at four weeks post-

treatment. The treatment also improved motor functions up to 14 weeks after injection and 

increased mice survival compared to controls.  

All these CRISPR/Cas9 studies used non-allele specific sgRNAs which would induce the 

inactivation of both wtHTT and mHTT in HD patients. As highlighted previously, the potential 

deleterious effects of reducing both wtHTT and mHTT are not fully elucidated. While partial 

reduction using RNA-targeting approaches may still permit wtHTT expression at non-deleterious 

levels, HTT gene editing results in the complete depletion of wtHTT expression in edited cells. 

Therefore, other gene editing strategies have focused on the design of sgRNAs targeting SNPs 

that generate novel PAM motifs in the mutant allele or delete PAM motifs from the wild-type allele 

(PAM-altering SNPs - PAS). These guides have great potential for allele discrimination since a 

single mismatch in the PAM site dramatically reduces the Cas9 editing efficiency (Hsu et al., 

2013). Two distinct approaches have been proposed for allele-specific mHTT editing: (1) deletion 

of mHTT exon 1 by inducing simultaneous DSBs downstream and upstream to the exon 1 to 

prevent mHTT transcription (Fang et al., 2023; Monteys et al., 2017; Shin et al., 2016, 2022a) 

(Figure 1.19) or (2) generation of premature stop codons at downstream coding regions to induce 

degradation of mHTT transcript via NMD (Oikemus et al., 2022; Shin et al., 2022b). Although two 
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sgRNAs are required in the first approach, only one sgRNA needs to be allele-specific since exon 

1 deletion only occurs in the presence of two simultaneous DSBs. However, a condition to 

maintain allele-specificity is that the DSB generated by the non-allele specific sgRNA should have 

minimal impact on wtHTT expression and/or function. As first proof-of-principle, two groups have 

demonstrated the feasibility in deleting specifically the mHTT exon 1 with several sgRNA 

combinations in vitro in HD-derived fibroblasts (Monteys et al., 2017; Shin et al., 2016). In 

particular, Monteys and colleagues demonstrated that the combination of the allele-specific 

sgHD1 targeting the HTT promoter (rs2857935) with a non-allele specific sgHDi3 targeting the 

intron 1 induced the deletion of the mHTT exon 1 and decreased mHTT expression in puromycin-

selected HD-derived fibroblasts. They further showed that the AAV2/1-mediated delivery of this 

guide combination in the striatum of BACHD transgenic mice decreased striatal concentration of 

mHTT transcripts by 50% (Monteys et al., 2017). However, whether the decrease of mHTT 

expression was due to the deletion of mHTT exon 1 is unclear. These two groups have recently 

analyzed heterozygosity of PAS in novel genotype datasets attempting to demonstrate higher 

applicability of the deletion of mHTT exon 1 in HD patients (Fang et al., 2023; Shin et al., 2022a). 

Fang and colleagues analyzed novel potential PAS in the 10 kb around the HTT exon 1 in 319 

HD samples from the French HD consortium and validated on 664 samples from the CHDI 

Foundation (Fang et al., 2023). Their analysis revealed only one extra novel prevalent PAS 

(rs3856973), which could be targeted by SaCas9 but not by SpCas9. They estimated that about 

42% of HD patients could be targeted for allele-specific strategies, with 22% and 30.2% of the 

HD individuals being eligible for allele-specific editing by sgHD1 (rs2857935) and sgHD16 

(rs3856973), respectively. Shin and colleagues performed a more extensive analysis in 8543 

phased genotypes of HD subjects with European ancestry (Shin et al., 2022a). They identified 10 

prevalent PAS in the 20 and 40 kb flanking regions upstream and downstream of the transcription 

starting site with at least 10% mutant specificity (i.e., proportion of HD subjects who carry the PAS 

only on the mHTT allele) (Figure 1.23). Among the SpCas9-sgRNAs targeting these 10 PAS, the 

guides L4 (rs2857935), R4 (rs16843804) and R6 (rs16843836) were selected for showing high 

levels of mutant specificity in two HD-derived iPSCs. Clonal analysis of iPSCs treated with L4-R4 

or L4-R6 guide combinations indicated that large deletions had occurred specifically in the mHTT 

allele (29 kb and 38 kb, respectively), leading to the complete loss of mHTT expression. While 

these two combinations are eligible in less than 50% of HD patients, combining one of these three 

allele-specific sgRNAs with a non-allele specific sgRNA could be applied to approximately 60% 

of HD individuals. Nonetheless, approximately 30% of HD patients are still not eligible for an 

allele-specific targeting strategy based on any of the 10 PAS initially identified. 
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Figure 1.23: Ten candidate PAS on the 16 common HD haplotypes (Shin et al., 2022a) 

 

The second strategy for lowering mHTT is to activate NMD by introducing premature stop 

codon into downstream exons of the mHTT transcript (Figure 1.24) (Oikemus et al., 2022; Shin 

et al., 2022c). Using the data from 1000 genomes project, Shin and colleagues identified 3 exonic 

PAS that generate SpCas9 PAM sites on some of the most common HTT haplotypes (rs1065745, 

rs363099 and rs362331) (Shin et al., 2022b). While PAS rs1065745 and rs362331 were estimated 

to have low levels of mutant specificity, about 22% of the HD subjects are eligible for allele-specific 

mHTT editing targeting the PAS rs363099 located in exon 29. The authors then confirmed high 

allele-specificity of the sgRNA targeting rs363099 in HD patient derived-NPCs and iPSCs. 

Subsequent analysis of RNA and protein samples from edited clonal cell lines containing 

premature stop codons in the mHTT allele demonstrated that mHTT mRNA was significantly 

reduced and mHTT protein was totally absent. In addition, no N-terminal truncated mHTT 

fragments were observed and RNA-sequencing analysis did not reveal any transcriptional 

changes in other genes. Similarly, Oikemus and coworkers demonstrated NMD of the mHTT 

transcript in primary neuronal cultures from the HU97/18 mice endogenously expressing SpCas9 

by targeting the APS rs362331 located in the exon 50 (Oikemus et al., 2022). They further 

confirmed the specificity and efficiency of the approach in vivo by delivering an AAV expressing 

the sgRNA targeting the mHTT allele into the striatum of HU97/18 and HU18/18 mice. While no 

editing was detected in striatal samples from HU18/18, approximately 30% of indels were 

detected in HU97/18 samples four weeks after treatment. Protein analysis revealed a 4-fold 

decrease of mHTT protein levels in the striatum of treated BAC97 and no changes in the striatum 

of treated YAC18 compared to respective controls. Both studies illustrate the potential of NMD 
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approaches to specifically lower mHTT. Interestingly, while Shin and colleagues estimated that 

only 1.3% of HD patients were eligible for the allele-specific treatment when targeting rs362331, 

Oikemus and coworkers claim that 40–46% of patients could be treated using this approach 

(Oikemus et al., 2022; Shin et al., 2022c). Therefore, analysis of heterozygosity frequencies of 

APS in HD patients should be further investigated and homogenized between the research 

community for better consensus regarding feasibility of DNA-targeted approaches. 

 

 

Figure 1.24: The concept of allele-specific NMD-CRISPR/Cas9 strategy. (Shin et al., 2022b) 

 

In summary, multiple therapeutic strategies targeting the mHTT at protein, RNA and DNA 

levels have been proposed with some of them being tested clinically in HD patients. At the protein 

level, no current therapeutic approaches are being clinically tested and they have the 

disadvantage of not targeting other toxic mHTT species such as mHTT sense and anti-sense 

transcripts and RAN products. At the RNA level, dosing of the non-allele specific ASO 

(tominersen) was halted by worsening clinical trial outcomes. Plausible explanations may be drug-

related toxicity, poor drug biodistribution in deeper brain structures such as striatum and/or toxic 

reduction of wtHTT expression levels in brain regions exposed to high concentrations of 

tominersen such as cortex. It would be interesting to compare clinical outcomes with the other 

two allele specific ASOs clinically tested, but their dosing was also stopped due to poor target 

engagement. Currently, the RNAi-based AAV5-AMT-130 is the only HTT lowering approach 

under clinical evaluation. In contrast to ASOs, this approach is advantageous by requiring a single 

administration and by promoting higher drug biodistribution in the striatum. However, drug target 

engagement at cortical regions may be compromised due to limited AAV diffusion/retrograde 

transport. In addition, AMT-130 does not discriminate mHTT from wtHTT and the long-term effects 

of reducing wtHTT in HD patients are still to be assessed. Antisense oligonucleotides have the 

additional limitation of not targeting incomplete spliced mRNA isoforms and/or RAN products. 

Lastly, at the DNA level, zinc fingers repressors prevent the activity of the transcriptional 

machinery at the HTT locus. Therefore, they hold great potential by targeting all toxic forms of 

mHTT. However, allele discrimination based on CAG repeat length induces off-targets in other 

genomic regions. A promising alternative approach is the modification of the HTT coding 

sequence using CRISPR/Cas system. While allele specific NMD-mediated mHTT lowering 

strategies only target the full-length mHTT transcript, the removal of the mHTT exon 1 completely 

depletes every potential toxic form of mHTT, including the CAG expansion itself. Nonetheless, 
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this strategy requires the combination of two sgRNAs that may enhance off-target events. This 

limitation may be overcome by delivery systems allowing the transient expression of Cas9 

nuclease. Finally, novel therapeutic strategies to be clinically tested should aim at (1) efficient 

drug target engagement (all toxic mHTT forms); (2) reduced toxicity (allele-specificity and low off-

target effects) and (3) coverage of all brain structures affected in HD. 

 

 

1.9   Viral-mediated gene delivery 

Since viruses have naturally evolved to infect cells, they are some of the most attractive tools 

to deliver genetic material (Kotterman et al., 2015).  

 

1.9.1. Lentiviral Vectors 

The most known and studied lentivirus is the highly pathogenic viral strain of the human 

immunodeficiency virus (HIV-1). It is an enveloped virus, and its genome consists in two positive-

sense single-stranded (ssRNA) molecules (Engelman & Cherepanov, 2012; Ramdas et al., 2020; 

Sakuma et al., 2012). Briefly, the HIV-1 entries the cells by receptor-mediated 

envelope/membrane fusion (Figure 1.25). Once inside the cell, it is formed the preintegration 

complex (PIC), composed by viral RNA and proteins. At this stage, the viral ssRNA starts to be 

converted into double-stranded DNA (dsDNA) by the viral reverse transcriptase (RT). Besides the 

viral genome and the RT enzyme, the PIC is composed by other viral and cellular proteins, which 

are thought to mediate the nuclear importation and viral genome integration. After PIC nuclear 

import, the viral DNA integration into the host cell chromosomal DNA is catalyzed by the viral 

integrase (IN) and host repair enzymes. The integrated proviral DNA is then transcribed and 

translated using the host machinery. At this point, the viral genome is packaged into virions and 

the newly formed infectious particles exit the cell using the endosomal sorting complexes through 

a process called budding. This mechanism allows the viral particles to uptake specific host 

proteins in their envelope, facilitating subsequent cell infections. 

The HIV-1 genome is ~ 9.6 kb and encodes for nine open reading frames (ORFs) 

(Engelman & Cherepanov, 2012; Ramezani & Hawley, 2002; Sakuma et al., 2012) (Figure 1.26). 

The genes can be divided into three groups: structural (gag, pol and env), regulatory (tat and rev) 

and accessory genes (vif, vpr, vpu and nef). The genes gag, pol and env encode for structural 

polyproteins which are subsequently cleaved into distinct proteins required for virus integration 

and replication (viral RT and IN enzymes) and proteins involved in viral envelope formation and 

virion maturation. The regulatory genes tat and rev encode for a transcription trans-activator which 

enhances the viral mRNA expression and for a protein involved in the viral mRNA transport to the 

cytoplasm, respectively. The accessory genes are not essential for viral replication but they 

specify virulent factors that enhance the replication in vivo (Milone & O’Doherty, 2018). Regarding 
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cis-acting elements, HIV-1 contains important components which includes two long terminal 

repeats (LTRs), the trans-activation response (TAR) element, the primer binding site (PBS), the 

retroviral psi packaging element (ψ) and the rev response element (RRE) (Figure 1.26). Each 

LTR flanking the proviral DNA genome consists of the U3 region, identical repeat (R) region and 

U5 region. The U3 region has promoter activity, the R region is important for viral integration and 

contains the polyadenylation signal, and the U5 region contains the TAR element. The TAR 

element is a RNA secondary-structure recognized by the regulatory tat protein. The PBS is 

essential for the binding of the tRNA-Lys, which is used as primer for reverse transcription. On 

the other hand, RRE and psi elements play a crucial role in the replication phase. RRE regulates 

the splicing and export of full-length viral mRNAs to the cytoplasm, while the psi element is 

essential for the packaging of the retroviral RNA genome into the viral capsid.  

 

 

Figure 1.25: The HIV-1 lifecycle. (Ramdas et al., 2020) 

 

The genome of HIV-1 has been used as a parental genome for the development of 

replication-defective lentivirus carrying a transgene expression cassette. Although these virions 

are unable to replicate, they are still able to integrate the genome of the infected cells (Engelman 

& Cherepanov, 2012; Ramezani & Hawley, 2002; Sakuma et al., 2012). The manufacture 

proceeding of lentiviral vectors has evolved and there are at least 3 generation systems (Figure 

1.27). All of them consist in the co-transfection of multiple plasmids expressing different viral 

components to a producer cell line. The self-inactivating LVs (SIN) correspond to the last 

generation and contain modified cis-acting motifs allowing the packaging and integration of the 

transgene, but not its replication (Miyoshi et al., 1998; Zufferey et al., 1998). Briefly, the U3 region 

of the 5’ LTR was replaced by the cytomegalovirus (CMV) promoter and deleted in the 3’ LTR to 



 55 

prevent recombination events that could result in replication-competent retroviruses (RCRs). The 

other components of the system consist of (i) packaging plasmid expressing HIV Gag (structural 

proteins) and Pol (reverse transcriptase and integrase components), (ii) a rev expressing plasmid, 

and (iii) an envelope plasmid expressing viral glycoproteins. Because HIV-1 envelope mainly 

recognizes the human CD4 receptor, viral glycoproteins are integrated in the LV envelope to 

expand the tropism and increase the rates of production (process named pseudotyping). The 

vesicular stomatitis virus G protein (VSV-G) has been widely used for LV pseudotyping. It binds 

to the LDL ubiquitous receptor, allowing transduction of a wider set of cells (Finkelshtein et al., 

2013). In addition, other glycoproteins have been used to pseudotype LVs to confer neuronal 

retrograde transport features (Hirano et al., 2013; Kato et al., 2011, 2014).  

 

 

 

Figure 1.26: Structural features of the HIV-1 proviral DNA and genomic RNA. (Ramezani & Hawley, 
2002) 

 

 

Figure 1.27: Schematic representation of the system for recombinant SIN lentiviral vector 
production. (Ramezani & Hawley, 2002) 

 

1.9.2. Adeno-associated viral vectors 

AAV is a small (25 nm), non-pathogenic and non-enveloped parvovirus that contains a 

ssDNA genome protected by an icosahedral capsid. AAV naturally infects humans and 12 

naturally occurring AAV serotypes (AAV1 – AVV12) have been identified (Wang et al., 2019). 

AAV has evolved to specifically infect different cell types and each AAV serotype has a specific 

tissue tropism as a result of the interaction of the capsid proteins with different cellular molecules. 

The life cycle begins with the attachment of the AAV capsid to the receptor and co-receptor(s) on 

the cellular membrane which induces the viral uptake by endocytosis (Figure 1.28). Once inside 
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the cell, the viral particles need to escape endosomes in order to translocate to the nucleus. The 

lower pH of the endosomal compartment induces capsid structural modifications that promote the 

endosomal escape and retrograde transport to the nucleus. The nuclear translocation of the virion 

is still poorly understood. Once in the nucleus, the uncoated viral ssDNA is converted into dsDNA. 

AAV replication is dependent on co-infection by helper virus(es), such as adenovirus, herpes virus 

and vaccinia virus, which encode for proteins that activate the transcription of the AAV genes 

required for AAV replication. If the cell is not infected with helper virus(es), the AAV genome 

persists latently in the cell as an episomal molecule or integrates in the genome. In permissive 

conditions for replication, the AAV genome is actively transcribed, and the subsequent viral 

proteins mediate the AAV genome replication and encapsulation into viral particles (Figure 1.28).  

 

 

Figure 1.28: Illustration of AAV transduction mechanism. (Wang et al., 2019) 

 

The AAV genome is approximately 4.7 kb and consists in 2 genes flanked by two inverted 

terminal repeat (ITR) sequences (Kotterman et al., 2015; Wang et al., 2019) (Figure 1.29). The 

rep gene encodes proteins involved in viral replication while cap gene encodes for capsid 

proteins. The rep gene is transcribed from two distinct promoters (P5 and P19) and encodes for 

4 non-structural proteins (Rep78, Rep68, Rep52 and Rep40). The cap gene transcription is 

controlled exclusively by the P40 promoter, encoding three capsid proteins (VP1-3) and the 
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assembly-activating protein (app). Instead using distinct promoters to produce distinct 

mRNAs/proteins, the cap gene uses alternative start codons to translate different proteins from 

the same mRNA. The ITR sequence is 145 bp in length and contains a 125 bp palindromic 

sequence that has a T-shaped hairpin structure. This secondary structure possesses the origin 

of replication. 

 

 

Figure 1.29: Schematic representation of the AAV genome. (Kotterman et al., 2015) 

 

The generation of rAAV is usually achieved by transfecting a producer cell line with three 

plasmids (Kotterman et al., 2015) (Figure 1.30). The transfer plasmid contains the transgene 

expression cassette flanked by two intact ITRs. While the packaging plasmid contains the two 

ORFs of AAV parental genome, the helper plasmid encodes for additional genes required for AAV 

replication in the producer cells, such as E2A, E4 and VA RNA. Since the non-structural protein 

involved in AAV integration is encoded by rep gene and it is absent in the rAAV viral particle, 

these replication-deficient viral vectors do not tend to integrate the genome of the infected cells.  

 

 

Figure 1.30: Schematic representation of the production system of recombinant AAV vectors. 
(Kotterman et al., 2015) 

 

1.9.3. Toolbox of adeno-associated viral vectors for the CNS 

Both lentiviral and adeno-associated vectors infect dividing and non-dividing cells 

(Kotterman et al., 2015) but they differ in the infectious mechanism. While rAAV persists mainly 

in episomal form in the infected cells, lentiviral vectors integrate the host chromosomal DNA. The 

random genomic insertion by LVs increases the oncogenic risk as insertional mutagenesis has 

the potential to disrupt crucial host genes. Nevertheless, this feature makes LVs a usefull tool for 

the transduction of dividing cells since they integrate in the genome and viral copies are not diluted 

as cells divide. 
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In contrast, AAVs have become the most prominent delivery vehicle for the CNS as they 

are non-pathogenic, present reduced immunogenicity and allow long-term gene expression 

without the need for genomic insertion (Challis et al., 2022; Zhu et al., 2021). In addition, the 

natural evolution of AAV into different AAV serotypes has enabled us to infect a wide range of 

cell types in a serotype-specific manner (Evers et al., 2018; Löw et al., 2013; Mondo et al., 2018). 

To date, two AAV-based gene therapies for the treatment of CNS disorders have been approved 

for SMA (Mendell et al., 2017) and aromatic L-amino acid decarboxylase (AADC) deficiency (Tai 

et al., 2022). In addition, many others are currently being clinically tested for several disorders, 

including Huntington’s disease (Zhu et al., 2021). While most of them are based on gene 

replacement (i.e. delivery of cDNA expressing a deficient gene), Editas Medicine has tested a 

gene-editing approach to restore vision loss in Leber congenital amaurosis type 10 (LCA10) 

(Maeder et al., 2019). Unfortunately, the clinical trial has recently paused enrollment for 

disappointing efficacy with only 3 out of 14 patients presenting clinical improvements. 

Nevertheless, it was not observed any ocular serious adverse events related to the delivery of 

CRISPR to post-mitotic cells.  

The treatment of localized organs such as the retina or inner ear are in an advantageous 

position for the development of gene-editing based therapies due to the reduced targeted area 

and easier accessibility. Indeed, one of the current major limitations of gene therapy for 

neurological disorders is the limited efficiency of delivery CNS. Adeno-associated viruses have 

been delivered into the CNS by intracranial or intravenous injection or by infusion into the CSF. 

Intracranial injection does not cover large or dispersed brain regions and produces a spatial 

gradient of transgene expression around the injection site. Intravenous administration requires 

high doses to transduce the CNS, increasing the risk for potential toxicity in the peripheric organs 

such as the liver. Finally, delivery into the CSF is invasive and most of the viral particles end on 

the systemic circulation. Therefore, huge efforts are taking place to identify AAV variants with 

precise transduction profiles and/or with the ability to cross the BBB. Multiple modern methods 

for capsid engineering based on rounds of selection of AAV variants have been developed. 

Among the huge list of discovered variants is the AAV-PHP.eB (Chan et al., 2017) with enhanced 

CNS targeting, AAV2.retro (Tervo et al., 2016) and AAV2-MNM004 (Davidsson et al., 2019) 

displaying high neuronal retrograde transport, and AAV-MG (Lin et al., 2022) which targets 

microglial cells more efficiently. The field of CNS drug delivery is developing at such a fast pace 

that new tools may be available soon to tackle some of the problems concerning gene delivery 

for the treatment of neurological disorders.  
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CHAPTER 2 

Aim of the thesis 
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2. Aim of the thesis 
 

The genetic cause of HD makes the HTT gene a promising target. Among the multiple 

huntingtin-lowering approaches, the use of the CRISPR/Cas9 gene editing tool to permanently 

inactivate the mHTT allele holds a huge therapeutic potential. The present project aimed at 

developing more efficient and safer gene editing strategies to inactivate the mHTT allele. This 

project is divided into two parts: 

 

1 – Maximization of the therapeutic potential of gene therapy strategies for HD: 
Although the striatum is the main region affected in HD, it is well known that the 

corticostriatal circuitry is affected at early stages of the disease. We have previously 

shown the proof-of-concept of HTT editing in the striatum by the LV-based KamiCas9 

system, in which Cas9 nuclease is transiently expressed to minimize potential long-term 

toxic effects (Merienne et al., 2017). Here, we adapted the system for AAV delivery and 

combined the tropism features of these viral vectors to maximize the inactivation of the 

HTT gene in both striatal (SPNs) and cortical projection neurons (CPNs) affected in HD. 

 
2 – In vivo assessment of the efficiency of allele specific strategies to inactivate mHTT 
allele: 

It is still debatable whether the knockdown/knockout of wtHTT is deleterious in the context 

of the disease. The presence of SNPs linked to the expanded CAG represents a great 

opportunity to selectively target the mHTT allele with the CRISPR/Cas9 system. One 

strategy relies on the excision of the mHTT exon 1 containing the expanded CAG repeat. 

Although others have explored this approach, it is not clear how efficient this strategy is in 

the brain in vivo and whether it could be eventually translated into the clinic. Here, we 

revise this strategy by quantitatively assessing its efficiency in vivo using the adapted 

AAV-based KamiCas9 system.  
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CHAPTER 3 

Maximization of therapeutic potential 
of gene therapy strategies for HD 
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3. Maximization of therapeutic potential of gene 
therapy strategies for HD 
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3.1.1. Abstract 

One obstacle to the development of gene therapies for the central nervous system is the 

lack of workflows for quantifying transduction efficiency in affected neural networks and ultimately 

predicting therapeutic outcome. We integrated data from a brain cell atlas with 3D or 2D semi-

automated quantification of transduced cells in segmented images to predict AAV transduction 

efficiency in multiple brain regions. We used this workflow to estimate the transduction efficiency 

of AAV2/rh.10 and AAV2.retro co-injection in the corticostriatal network affected in Huntington’s 

disease. We then validated our pipeline in gene editing experiments targeting both human and 

mouse huntingtin genes in transgenic and wild-type mice, respectively. Our analysis predicted 

that 54% of striatal cells and 7% of cortical cells would be edited in highly transduced areas. 

Remarkably, in the treated animals, huntingtin gene inactivation reached 54.5% and 9.6%, 

respectively. These results demonstrate the power of this workflow to predict transduction 

efficiency and the likely efficacy of gene therapies in the central nervous system. 

 

eTOC Synopsis 

Using semi-automated quantification pipelines, the authors show that striatal co-injection 

of AAV2/rh.10 and AAV2.retro efficiently transduces the corticostriatal network affected in HD. 

Striatal and cortical transduction efficiency was predictive of HTT inactivation level in both regions, 

demonstrating the power of these pipelines to anticipate the potential of gene therapies. 

 

 

Keywords 

CNS, Gene Therapy, Gene Editing, Semi-automated, Transduction Efficiency, 

Huntington’s Disease  
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3.1.2. Introduction 

Over the last decade, the concept of permanently treating neurological diseases by a 

single delivery of a therapeutic gene has driven the development of central nervous system (CNS) 

gene therapy (Hudry & Vandenberghe, 2019). This global effort has achieved a certain success, 

as attested by the recent approval of gene therapy products for spinal muscular atrophy (SMA) 

(Mendell et al., 2017) and aromatic L-amino acid decarboxylase (AADC) deficiency (Tai et al., 

2022). However, notwithstanding these recent accomplishments, the development of CNS gene 

therapies remains challenging due to the complexity of neurodegenerative diseases. These 

diseases are often characterized by alterations to multiple neuronal networks in several brain 

regions, with a poor understanding of the underlying molecular mechanisms, associated with 

complex gene delivery. Adeno-associated viruses (AAVs) are the principal delivery vehicle for 

therapeutic gene delivery to the CNS (Hudry & Vandenberghe, 2019). The emergence of new 

AAV capsids has greatly increased transduction efficiency, but there is still a lack of semi-

automated quantitative workflows for assessing the transduction profile and predicting therapeutic 

potential. Current workflows are based on the injection of AAVs expressing fluorescent reporter 

genes followed by the confocal imaging of immunolabeled tissue sections (Chan et al., 2017; 

Deverman et al., 2016; Hanlon et al., 2019; Smith et al., 2021). These methods are time-

consuming, especially when large areas of the brain are transduced, and the manual parcellation 

of each brain region is required to assess transduction efficiency.  

Here, we took advantage of 3D and 2D semi-automated workflows for evaluating 

transduction efficiency in multiple brain regions, with a view to predicting therapeutic outcome. 

This pipeline integrates data from a mouse brain cell atlas (Erö et al., 2018)  to predict the pattern 

of transduction in various anatomical brain regions. It also makes use of recently developed 

methods for analyzing images from mice after AAV-GFP injection. 3D images from clarified brain 

(CLARITY) (Chung & Deisseroth, 2013) or 2D images from coronal brain sections (Bankhead et 

al., 2017; Chiaruttini et al., 2022; Schmidt et al., 2018) are co-registered with a mouse reference 

atlas (ARA) (Perens & Hecksher-Sørensen, 2022) to evaluate brain delivery performance. 

We used these workflows to optimize gene editing approaches for Huntington’s disease 

(HD), which is caused by a triplet repeat expansion in the huntingtin (HTT) gene. HD is 

characterized by a degeneration of spiny projection neurons (SPNs) in the striatum and neuronal 

dysfunction and cell death in the cerebral cortex and other areas of the brain (Johnson et al., 

2021; Tabrizi et al., 2020).  All gene editing strategies for HD to date have focused exclusively on 

the striatum (Ekman et al., 2019; Monteys et al., 2017; Oikemus et al., 2022; Yang et al., 2017). 

We developed an AAV platform based on our KamiCas9 system (Merienne et al., 2017) to target 

the corticostriatal neuronal network affected in HD. We delivered AAV2.retro (Tervo et al., 2016) 

which has strong retrograde properties, together with AAV2/rh.10 (Cearley & Wolfe, 2006; Gao 

et al., 2004) which efficiently transduces the striatum, to maximize HTT gene editing. We used 

our 3D and 2D workflows to estimate cortical and striatal transduction efficiency and to predict 
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the degree of HTT gene inactivation. We show that these semi-automated workflows provide 

accurate quantitative assessments of AAV profiles in various brain regions and demonstrate the 

power of these pipelines for predicting the likely therapeutic outcome of gene editing strategies. 

 

3.1.3. Results 

Development of an AAV-KamiCas9 system for CNS gene editing 

We previously developed a lentiviral (LV)-based self-inactivating KamiCas9 system for 

gene editing (Merienne et al., 2017). Here, we adapted the system for AAV, which diffuse widely 

throughout the brain and yield high transduction efficiencies in various regions. As proof-of-

principle, we first showed that the co-injection of AAV2/1-EFS-SpCas9 (Nishiyama et al., 2017) 

with an AAV2/1 expressing a sgRNA targeting the translational start site of GFP (sgGFP) led to 

a complete loss of GFP fluorescence in the transduced striatal area of Drd2-GFP transgenic mice 

(Gong et al., 2003; Kramer et al., 2011) (Figures 3.1A-B). We then focused on the HTT gene and 

developed two AAV-KamiCas9 systems (Figure S3.1A). The HTT-targeting sgRNA (sgHTT1) 

(Merienne et al., 2017) is under the control of the U6 promoter, whereas expression of the SpCas9 

self-targeting sgRNA (sgCas9) is driven either by the U6 promoter (KamiCas9v1) or by the 7sk 

promoter (KamiCas9v2). High levels of HTT editing (42.5-57.9%) and SpCas9 self-editing (57.3-

73.6%) were obtained with both systems in human embryonic kidney 293T (HEK293T) cells 

(Figure S3.1B). We selected the AAV2/1-CRISPR and AAV2/1-KamiCas9v1 for inactivation of the 

wild-type (WT) human HTT gene in the striatum of fully humanized HU18/18 transgenic mice 

(Southwell et al., 2013) (Figure 3.1C). The injection of AAV2/1-CRISPR and AAV2/1-KamiCas9v1 

generated indels in 30.2 ± 6.3% and 21.0 ± 8.03% of HTT alleles (Figure 3.1D). We assessed 

SpCas9 self-editing, by analyzing DNA and RNA samples (Figure 3.1E). Löw and coworkers 

reported that large numbers of AAV genomes remained present as single-stranded AAV (ssAAV) 

several weeks after injection (Löw et al., 2013) (Figure 3.1F). By measuring SpCas9 self-editing 

at the RNA level, we avoided amplifying ssAAVs, which are not a substrate for SpCas9 (Figure 

3.1F). We showed that 50.7 ± 7.7% of the SpCas9 transcripts contained indels, whereas only 

29.0 ± 8.1% of AAV genomes had been edited (ssAAV and dsAAV) (Figures 3.1E-F). It has also 

been suggested that the failure of the DNA repair machinery to fix double-strand breaks (DSBs) 

on dsAAV episomes can lead to the degradation of these structures (Ibraheim et al., 2021; Krooss 

et al., 2020; Li et al., 2018, 2021) (Figure 3.1F). We tested this hypothesis, by determining whether 

HTT editing was affected by cleavage of the AAV expressing the sgHTT1 (Figure S3.1C). HTT 

editing efficiency was strongly decreased by the induction of AAV cleavage (7.1 ± 1.3%), resulting 

in levels much lower than for the uncleavable vector (28.2 ± 3.6%) (Figure S3.1D). This lower rate 

of HTT editing is explained by the lower levels of sgHTT1 due to the cleavage-induced partial 

degradation of the dsAAV expressing the sgHTT1. Translating these results to the KamiCas9 

system, SpCas9 self-cleavage induces a partial degradation of dsAAVs expressing SpCas9, 
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thereby decreasing SpCas9 expression. Other AAV self-deleting systems rely exclusively on AAV 

degradation (Ibraheim et al., 2021; Krooss et al., 2020; Li et al., 2018, 2021) but our AAV-

KamiCas9 efficiently inactivates SpCas9 even when the DSBs are successfully repaired (Figure 

3.1F), further decreasing the risk of off-target events. In summary, we show here that the AAV-

KamiCas9 system induces high levels of target gene editing with the effective self-activation of 

SpCas9. 

 

 

Figure 3.1: Development of an AAV-KamiCas9 system for in vivo gene editing. (A) Schematic 
representation of the AAV-CRISPR-GFP used for in vivo gene editing. The first two AAV2/1 express 
mCherry or the spCas9 under the control of the short elongation factor 1a promoter (EFS). The third vector 
expresses a sgRNA targeting the translational start site of GFP (sgGFP) under the control of the U6 
promoter. (B) Representative images of the striatum of Drd2-GFP mice with and without injection of the 
CRISPR-GFP system. Scale bar: 200 μm. (C) Schematic representation of AAV2/1-CRISPR and AAV2/1-
KamiCas9v1 used to inactivate the human HTT gene in the striatum of HU18/18 transgenic mice. The 
sgRNA targeting the translational start site of the human HTT gene (sgHTT1) (Merienne et al., 2017) is 
under the control of the U6 promoter in both systems. In KamiCas9v1, there is a second sgRNA targeting 
the translational start site of SpCas9 itself (sgCas9). (D) Eight weeks post-injection, striatal punch 
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specimens were collected from the GFP-positive area. The frequency of HTT indels was assessed by TIDE 
(Brinkman et al., 2014) in DNA extracts (n=6 hemispheres from 3 animals for control and CRISPR; n=8 
hemispheres from 4 animals for KamiCas9v1). (E) The frequency of indels in the SpCas9 transgene was 
assessed in DNA (n=6 hemispheres from 3 animals for CRISPR; n=8 hemispheres from 4 animals for 
KamiCas9v1) and RNA (n=6 hemispheres from 3 animals for CRISPR; n=6 hemispheres from 4 animals for 
KamiCas9v1) extracts. (F) Diagrams illustrating the progressive inactivation of nuclease activity in the AAV-
KamiCas9 system. Most AAV genomes are not self-targeted because they are present as ssAAV. The 
amplification of ssAAV-SpCas9 during TIDE analysis does not reflect the functional, actively transcribed 
AAV-SpCas9 genome population. By contrast, TIDE analysis for the SpCas9 transgene in RNA samples 
detects indels only in actively transcribed dsAAV-SpCas9 genomes. Data are represented as mean ± SD. 

 

Development of semi-automated workflows for quantifying transduction efficiency in multiple brain 

areas 

CNS disorders are complex and often associated with alterations to the neuronal networks 

in multiple brain regions. New therapeutic strategies and genetic tools for the treatment of CNS 

disorders are continually being developed, but effective gene delivery to affected brain regions 

remains a major challenge. Transduction efficiency depends on the specific features of each AAV 

serotype (e.g., tropism, diffusion, and transport properties), the amount of AAV injected (e.g., 

dose, volume, and flow rate) and the surgical procedure used (e.g., cannulas, coordinates, and 

procedure variability). All these parameters can be optimized to maximize gene delivery, but there 

are currently no automated quantitative workflows for measuring transduction efficiency in various 

regions of the brain. As a means of optimizing CNS gene delivery and facilitating the development 

of new therapies, we used semi-automated 3D and 2D fluorescence-based workflows for 

quantifying transduction efficiency in multiple brain areas (Figure 3.2). The first step in this pipeline 

is the estimation of the maximum theoretical number of cells that can be targeted in each brain 

region based on the specific characteristics of the vector, such as its tropism and retrograde 

transport. This estimate integrates information from the Blue Brain Cell Atlas (Erö et al., 2018). 

For example, a vector with a neuronal tropism can potentially target 88% of the cells in the 

cerebellum but only 74% of the cells in the hippocampus. Once the maximum number of cells that 

can be targeted is known, it is possible to quantify the number of cells actually transduced in a 

clarified brain (3D) or in coronal sections (2D). The 3D imaging-based workflow involves brain 

clarification (Chung & Deisseroth, 2013) followed by light sheet fluorescence microscopy (LSFM) 

imaging (Figure 3.2). The multimodal image registration and connectivity analysis (MIRACL) 

pipeline (Goubran et al., 2019) were then used to register against the Allen mouse brain common 

coordinate framework (CCFv3) reference atlas (Wang et al., 2020). The coordinates of all 

transduced cells are determined with fiji and catalogued on segmented brain images to quantify 

the number of cells transduced in each brain region using the recently published map objects to 

atlas (MOTA) pipeline (Scholler et al., 2022). In the 2D workflow, the DAPI signal from brain 

coronal sections is used for registration against the Allen CCFv3 reference atlas (Wang et al., 

2020) with the aligning big brains and atlases (ABBA) plugin in fiji (Chiaruttini et al., 2022) (Figure 

3.2). The segmented brain regions are then imported into QuPath software (Bankhead et al., 
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2017) and the StarDist deep learning-based extension (Schmidt et al., 2018) is used to quantify 

the number of transduced cells in the various regions.  

 

 

Figure 3.2: Diagram of the 2D and 3D fluorescence-based quantitative workflows for estimating 
transduction efficiencies in multiple brain regions. The first step of the pipeline is estimation of the 
theoretical maximum number of cells that can be transduced based on data from the Blue Brain Cell Atlas 
and the specific features of the vector (tropism, retrograde transport). The second step is quantification of 
the cells transduced, with either the 3D or the 2D imaging workflow. In the 3D workflow, the whole-mount 
brain is clarified and imaged by LSFM. The MIRACL pipeline (Goubran et al., 2019) is then used to register 
the 3D images against the Allen CCFv3 reference atlas (Wang et al., 2020) which contains 662 annotated 
structures. The coordinates of every GFP-positive cell are determined in fiji and catalogued on the 
registered images with the MOTA pipeline (Scholler et al., 2022). In the 2D workflow, 25 µm-thick brain 
coronal sections are subjected to whole-slide scanning. The images are aligned with the Allen CCFv3 
reference atlas (Wang et al., 2020) with the ABBA plugin (Chiaruttini et al., 2022) in fiji. QuPath software 
(Bankhead et al., 2017) and the StarDist plugin (Schmidt et al., 2018) are then used to identify DAPI (4',6-
diamidino-2-phenylindole) signals and to quantify GFP-positive signals with a cell classifier. 

 

Gene editing strategies for HD to date have been evaluated only in the striatum (Ekman 

et al., 2019; Monteys et al., 2017; Oikemus et al., 2022; Yang et al., 2017). However, a loss of 

striatal SPNs is not the only sign of HD; other regions of the brain are also affected in this disease, 

including, in particular, the corticostriatal projecting neurons (CPNs) (Johnson et al., 2021; Tabrizi 

et al., 2020). We made use of the retrograde transport properties of AAV2.retro to achieve a broad 

delivery distribution and to target brain circuits affected in HD (Tervo et al., 2016). We injected 

AAV2.retro-CBA-GFP into the striatum and then used our 3D and 2D pipelines to assess the 

pattern of CPN transduction (Figure 3.3A). We first estimated the maximum theoretical numbers 

of neurons that could be transduced in each isocortical region. Almost all CPNs are excitatory 

neurons present in cortical layers II/III, V and VI (Assous & Tepper, 2019); only these cortical cells 

can be transduced by AAV2.retro (Figure 3.3A). According to the Blue Brain Cell Atlas, the 
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proportion of excitatory neurons in layers II/III, V and VI differs between isocortical regions 

(ranging from 22% to 49%) (Table S3.1). For example, AAV2.retro can potentially target 31.4% 

of the neurons in the orbital area (ORB), but only 22% of those in somatomotor areas (MO).  

We investigated whether AAV2.retro transduction was optimal or whether the delivery 

parameters needed to be modified, by quantifying the cells transduced in a 3D clarified brain and 

in 2D coronal sections (Figures 3.3B-C and S3.2, and Video S3.1). The 3D and 2D analyses 

revealed that there were 417,579 and 507,408 GFP-positive neurons, respectively, in the 

isocortex (Table S3.1). Both analyses indicated that most of the transduced neurons were in more 

frontal cortical areas, such as the frontal pole (FRP), prelimbic area (PL), MO, ORB, agranular 

insular area (AI), gustatory area (GU), anterior cingulate area (ACA) and infralimbic area (ILA) 

(Table S3.1). AAV2.retro transduced 19% of the excitatory neurons in the 10 most transduced 

isocortical regions (Figure 3.3D). Remarkably, about half of the neurons that could be targeted 

were transduced in the FRP and 30% of those in the PL and MO areas (Figure 3.3D). These 

results are consistent with mouse corticostriatal connectome data, demonstrating a high degree 

of connectivity between the dorsolateral striatum and the prefrontal and motor cortices (Hintiryan 

et al., 2016). In summary, we demonstrated that the 2D and 3D pipelines yielded similar 

quantitative outcomes, and that both accurately estimated transduction efficiency.  

 

Maximizing the targeting of the neuronal circuitry affected in HD 

We have shown that AAV2.retro efficiently transduces CPNs from isocortical areas 

implicated in HD, such as the MO and ACA (Johnson et al., 2021). However, AAV2.retro 

transduction at the site of injection (the striatum) was very limited, as previously reported (Cai et 

al., 2021; Tervo et al., 2016; Weiss et al., 2020) (data not shown). As a means of maximizing the 

targeting of the neuronal circuitry affected in HD, we tested the co-injection of AAV2.retro-CBA-

GFP and AAV2/rh.10-CBA-mCherry (Figure 3.4A). We also modified the stereotaxic coordinates, 

injecting the vectors bilaterally at a single striatal site per hemisphere, to reduce the variability 

associated with the surgical procedure and increase transduction efficacy. As expected, 

AAV2/rh.10-CBA-mCherry extensively transduced the striatum, whereas AAV2.retro-CBA-GFP 

predominantly transduced distant CPNs (Figure 3.4B). The minimal overlap between the 

fluorescent signals obtained suggests that the two AAV serotypes have complementary tropisms. 

We prevented confounding due to GFP-positive neuropil signals and facilitated the detection and 

quantification of transduced cells in the striatum, by performing a new experiment with AAV2.retro 

and AAV2/rh.10 expressing a nuclear green fluorescent protein (AcGFPnuc) (Figures 3.4C-D). 

The 2D workflow revealed that 927,725 ± 337,650 striatal cells were AcGFPnuc-positive (Figure 

S3.3), corresponding to the transduction of 32.2 ± 14.1% of the DAPI-positive nuclei (Figure 3.4E). 

An analysis of highly transduced regions in the dorsal striatum (around the injection site) indicated 

that 53.9 ± 5.4% of the DAPI-positive nuclei were AcGFPnuc-positive (Figure 3.4F). Overall, we 
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found that the simultaneous delivery of AAV2.retro and AAV2/rh.10 into the striatum resulted in 

the transduction of both CPNs and SPNs, the principal neuronal cells affected in HD. 

 

 

Figure 3.3: 3D and 2D workflows for quantifying transduction in various cortical regions. (A) Diagram 
illustrating the pipeline for determining the theoretical maximal number of excitatory neurons that could be 
transduced in the cortex of animals following the injection of AAV2.retro-CBA-GFP. The numbers of 
excitatory neurons in layers II/III, V and VI of the cortex were determined with information from the Blue 
Brain Cell Atlas. These neurons correspond to the cells that could be transduced with AAV2.retro-CBA-
GFP. (B) Dorso-ventral light sheet acquisitions of clarified brain were subjected to MIRACL pipeline for 
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registration against the Allen CCFv3 reference atlas. Light sheet acquisitions were also processed in Fiji in 
parallel to determine X,Y,Z coordinates of each transduced cells using Find Maxima function. Both resulting 
outputs were combined using MOTA to get proper segmentation of cells within each brain region ontology. 
(C) Coronal brain sections were registered against the Allen CCFv3 reference atlas in fiji with the ABBA 
plugin, and then transferred to QuPath. The DAPI-positive nuclei were detected with StarDist, a deep 
learning-based 2D nucleus detection method trained with a set of fluorescent nucleus images 
(dsb2018_heavy_augment.pb). A cell classifier was trained to detect transduced GFP-positive cells 
throughout the entire section. A script was finally generated to run the analysis on all images for the project. 
Scale bar for low magnification: 800 μm. Scale bar for high magnification: 20 μm. (D) 3D and 2D data 
showing the percentage of GFP+ excitatory neurons (hence, transduction efficiency) in the 10 isocortical 
regions most transduced with AAV2.retro-CBA-GFP. 

 

 

Figure 3.4: Optimized gene delivery following the co-injection of AAV2.retro and AAV2/rh.10. (A) 
Schematic representation of the experimental setting. AAV2.retro-CBA-GFP and AAV2/rh.10-CBA-GFP 
were co-injected bilaterally into the dorsolateral striatum of mice to favor retrograde transport in the cortex 
and striatal transduction. (B) Dense cortical layers of GFP-positive CPNs are observed throughout the 
rostro-caudal axis, whereas mCherry-positive cells are widely distributed throughout the striatum. Scale 
bar: 1000 μm. (C) Schematic representation of the experimental setting. AAV2.retro-CBA-AcGFPnuc and 
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AAV2/rh.10-CBA- AcGFPnuc were co-injected bilaterally into the dorsolateral striatum for the quantification 
of striatal transduction efficiency. (D) Coronal sections were co-registered against the Allen CCFv3 
reference atlas to identify the striatum, and the 2D workflow described in Figure 3.3 was applied. Scale bar 
for low magnification: 800 μm. Scale bar for high magnification: 20 μm. (E) Quantitative analysis showing 
the percentage of DAPI-positive cells expressing AcGFPnuc in the left and right striatum of three animals. 
The mean transduction efficiency for the whole striatum is indicated. (F) Quantitative analysis showing the 
percentage of DAPI-positive cells expressing AcGFPnuc in five representative highly transduced areas of 
the dorsolateral striatum. The mean transduction efficiency in the highly transduced regions is indicated. 
Data are represented as mean ± SD. 

 

Quantitative workflows accurately predict the outcome of a gene editing strategy targeting the 

corticostriatal circuitry affected in HD 

We assessed the predictive value of the workflow, by evaluating HTT gene editing in fully 

humanized HU97/18 mice (Southwell et al., 2013) (Figure 3.5A). Three months after the co-

injection of AAV2.retro- and AAV2/rh.10-KamiCas9v2, the animals were killed, and cortical and 

striatal punch specimens were collected from the GFP-positive areas (Figure S3.4A). We 

predicted a maximum theoretical editing level of 31.2 ± 3.6% for the cells in the mediodorsal 

frontal cortical regions (Figure S3.4A and Table S3.1). The 3D and 2D transduction data indicated 

that, on average, there were 24.6± 18% (3D) and 17.6± 13.5 % (2D) GFP-positive cortical 

neurons, corresponding to 7.3 ± 4.9% (3D) and 5.1 ± 3.6% (2D) of all cells in a punch specimen. 

In the striatum, only SPNs were included in the theoretical prediction, because the EFS promoter 

driving SpCas9 expression displays neuronal tropism (Figure S3.4B). The predicted maximum 

theoretical number of cells that could be transduced in the striatum was 70 ± 0.4% (Matamales et 

al., 2009) and based on the 2D workflow, we expected to target 53.9 ± 5.4% of all cells in the 

dorsolateral striatum (Figure 3.5C).  

The bilateral injection of the AAV-KamiCas9v2 system into HU97/18 transgenic mice with 

AAV2.retro and AAV2/rh.10 resulted in the inactivation of 5.2 ± 2.1% and 34.7 ± 10.6% of the 

HTT alleles in the cortex and striatum, respectively (Figures 3.5A-C). We investigated whether 

the HTT indels resulted in an inactivation of HTT translation, by analyzing HTT protein levels in a 

capillary-based western-blot assay (Figures 3.5D-E). We found that the level of HTT gene editing 

was correlated with the loss of striatal HTT protein (Figure 3.5F). The editing efficiencies actually 

achieved were slightly lower than the predictions from our 3D and 2D workflows, probably due to 

the presence of multiple, tandem copies of the human HTT (4 copies of mutant and 4 copies of 

WT HTT gene) in the HU97/18 transgenic mouse model (Figure S3.6), as recently highlighted by 

Shin and coworkers (Shin et al., 2022c). 

We tested this hypothesis, by using our predictive pipeline in WT FVB mice and targeting 

the two copies of the mouse HTT gene (Figure 3.5G). There is a nucleotide mismatch between 

the human and mouse HTT sequences in the region targeted by sgHTT1 (Merienne et al., 2017). 

We therefore replaced sgHTT1 with sgHTT51, the sequence of which is identical to that of the 

mouse HTT gene. The injection of the AAV-KamiCas9v2 system expressing sgHTT51 into WT 

mice induced indels in 9.6 ± 6.7% and 54.4 ± 5.3% of the mouse HTT genes in the cortex and 
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striatum, respectively (Figures 3.5H-I). These editing efficiencies are consistent with the 

predictions of our 3D and 2D workflows and confirm the impact of multiple copies of the HTT gene 

on editing efficiencies. 

In summary, we demonstrate that our semi-automated quantitative workflows can be used 

not only to estimate transduction efficiency, but also to optimize gene delivery and to predict gene 

editing outcomes in brain circuits affected by neurodegenerative disorders. 

 

 

Figure 3.5: Validation of the workflow with a gene editing experiment targeting the HTT gene. (A) 
AAV2.retro- and AAV2/rh.10 KamiCas9v2 expressing the sgHTT1 and sgCas9 were injected bilaterally into 
fully humanized HU97/18 HD mice. Mice were killed three months post-injection and punch specimens 
were collected from the GFP-positive cortical and striatal areas (Figure S3.4). (B and C) Cortical (n=4 
punch specimens from 2 animals for the control and n=30 punch specimens from 5 animals for KamiCas9v2) 
and striatal (n=4 punch specimens from 2 animals for the control and n=23 punch specimens from 5 animals 
for KamiCas9v2) editing was assessed by TIDE on DNA extracts from the punch specimens. The green 
dashed line indicates the theoretical maximum for transduction, and the predicted editing efficiency based 
on the 2D and 3D workflows is indicated by the blue and red dashed lines, respectively. (D, E and F) 
Capillary-based immunoassay showing that HTT editing leads to a proportional decrease in HTT protein 
levels (4C8 antibody). The vinculin antibody was used as an internal standard for the quantitative analysis 
(n=4 punch specimens from 2 animals for the control and n=6 punch specimens from 3 animals for 
KamiCas9v2). (G) AAV2.retro- and AAV2/rh.10 KamiCas9v2 expressing sgHTT51 and sgCas9 were 
bilaterally injected into FVB mice. Mice were killed five months post-injection and the analysis was 
performed as in (A). (H and I) Cortical (n=6 punch specimens from 2 animals for the control and n=20 
punch specimens from 4 animals for KamiCas9v2) and striatal (n=8 punch specimens from 2 animals for 
the control and n=23 punch specimens from 4 animals for KamiCas9v2) editing was assessed as in panels 
(B) and (C). Data are represented as mean ± SD. 
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3.1.4. Discussion 

Despite intensive research to improve gene delivery to the CNS and the refinement of 

genetic tools to tackle neurological disorders, semi-automated analytic pipelines for evaluating 

gene delivery performance and therapeutic outcome are still lacking. The co-registration of a 

reference atlas and 3D images of clarified brains have been used to study drug distribution 

(Salinas et al., 2018) neuronal activity (Hansen et al., 2021; Renier et al., 2016; Salinas et al., 

2018) and pathological disease mechanisms (Detrez et al., 2019; Goubran et al., 2019; Liebmann 

et al., 2016). Despite their considerable potential, these methods have been largely overlooked 

in the development of gene therapy products. Lopes and coworkers recently used registered 

LSFM-acquired images to evaluate the biodistribution of AAV2/9 transduction in the brain after 

intravenous (IV) administration (Lopes et al., 2022). However, their analysis was limited to the 

measurement of the area of each brain region positive for GFP. This measurement is a good 

indicator of AAV biodistribution, but provides no information about AAV transduction efficiency.  

We therefore used a cell atlas and the Allen Reference Atlas (ARA) for the brain to develop 

a semi-automated workflow. The Blue Brain Cell Atlas provides information about cellular 

composition for 86 regions of the mouse brain (Erö et al., 2018). By considering specific 

characteristics of the delivery system — in this case, AAV tropism, retrograde transport, and site 

of injection into the brain — it is possible to estimate the maximum number of cells that can be 

targeted in a particular brain region. This theoretical maximum number of target cells can then be 

compared with experimental data, to determine the actual transduction efficiency.  

In this study, we tested 3D and 2D semi-automated workflows for determining the 

efficiency of CPN transduction with AAV2.retro-CBA-GFP injected into the striatum. We estimated 

that AAV2.retro would be able to transduce 19% of the excitatory CPNs in the top 10 transduced 

cortical regions, corresponding to approximately 5.5% of the total number of cells in these regions. 

Similar cortical profiles were obtained for the two workflows, and AAV2.retro transduction 

efficiency was consistent between several cortical regions. One advantage of the 2D workflow is 

that it can be performed in most laboratories, whereas the 3D imaging pipeline requires LSFM 

and a high computational power for atlas co-registration. Conversely, the preparation of individual 

brain sections is time-consuming and can result in tissue deformations, which complicates 

registration to the reference atlas. For the 3D workflow, we used whole-brain imaging to quantify 

the total number of GFP-positive cells, rather than a subset of images of coronal sections. Our 

results indicated that the number of GFP-positive cells was consistent between the 3D and 2D 

workflows. The use of 2D imaging may currently be more appropriate than 3D whole-mount 

imaging for the examination of deeper brain structure, due to light scattering and possible 

incomplete brain clearing. The resolution of superficial areas (e.g., cortical areas) of the 3D-

imaged cleared brain was higher than that for deeper brain structures (e.g., the striatum) (data 

not shown). Zhang and coworkers recently achieved constant image resolution across the whole 

brain with multi-scale LSFM (Zhang et al., 2021), which automatically removes brain areas once 
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they have been imaged, to ensure that the acquisition field of view is always close to the surface 

and to prevent light scattering through the tissue. The use of fluorescence proteins that localize 

to the nucleus, thereby preventing interference from neuropil signals, together with nuclear 

staining and StarDist-like machine learning algorithms, would also facilitate the implementation of 

the 3D workflow by the scientific community. Finally, although GFP fluorescence has been shown 

to be compatible with clearing methods (Chung & Deisseroth, 2013; Lopes et al., 2022) and to 

allow successful quantification for AAV2.retro-transduced cells, brighter, more photostable 

reporters, such as StayGold (Hirano et al., 2022) could also be used to improve the detection of 

cells with weak fluorescent signals. 

The current version of the Blue Brain Cell Atlas is limited to cell composition in terms of 

oligodendrocytes, astrocytes, microglia, and excitatory and inhibitory neurons (parvalbumin (PV+), 

somatostatin (SST+), vasoactive intestinal peptide (VIP+) and residual (RES) GABAergic 

neurons). These workflows cannot, therefore, be applied to vectors yielding transgene expression 

restricted to a subset of cells within a brain structure. For example, the proportion of striatal 

Drd1/Drd2 neurons in the striatum is not yet described in the atlas. Similarly, connectome data 

(Hintiryan et al., 2016) are not yet integrated in the 3D cell atlas but international initiatives 

(Muñoz-Castañeda et al., 2021) will provide more complex and complete atlases in the future.  

CNS disorders are often associated with alterations to multiple neuronal networks across 

the brain and the targeting of various brain regions is complex. In recent years, AAV serotypes 

able to cross the blood-brain barrier have been characterized (Liu et al., 2021b) and intravenous 

(IV) administration has been considered as an option for targeting multiple brain regions. 

However, the IV delivery of AAVs to target the CNS requires the systemic administration of large 

doses, potentially leading to liver toxicity (“High-Dose AAV Gene Therapy Deaths,” 2020) and the 

transduction in deep brain structures remains suboptimal. Intraparenchymal delivery requires 

lower doses of AAV, but it can be difficult to target multiple brain regions by this approach. Here, 

we show that combining the potent retrograde transport properties of AAV2.retro (Tervo et al., 

2016) with the broad striatal diffusion of AAV2/rh.10 (Cearley & Wolfe, 2006; Gao et al., 2004) 

makes it possible to target CPNs and striatal cells. This combinatorial approach could be 

particularly useful for the treatment of neurodegenerative diseases in which large areas of the 

brain are affected, such as Alzheimer's disease. In addition to making it possible to transduce 

multiple brain regions, the use of a combination of AAV serotypes also makes it possible to target 

different cell types. Lin and coworkers recently produced an AAV variant capable of efficiently 

transducing microglia with minimal immune activation (AAV-MG) (Lin et al., 2022). This work is 

paving the way for the combination of serotypes targeting neurons, astrocytes, and microglial 

cells. As these and other CNS delivery strategies are explored, the integration of semi-automated 

quantitative pipelines, such as those presented here, will be essential for the evaluation of their 

potential. 
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In the last part of the study, we validated our workflow for the codelivery of AAV2.retro and 

AAV2/rh.10-KamiCas9 vectors targeting the HTT gene. Based on the transduction efficiencies of 

AAV2.retro and AAV2/rh.10, we expected about 6% and 54% of the HTT alleles to be edited in 

the cortical and striatal regions, respectively. Rates of human HTT gene inactivation were 

relatively low in HU97/18 mice, but well within the predicted range for WT mice. HU97/18 mice 

are generated by crossing mice transgenic for the bacterial artificial chromosome (BACHD) (Gray 

et al., 2008) and yeast artificial (YAC18) (Hodgson et al., 1999) systems. As a result, it contains 

multiple copies of the human HTT gene in tandem. This artificial genomic structure of the human 

HTT loci in these mice probably accounts for the differences in HTT editing efficiency between 

the two models. These results suggest that genome editing studies should be performed 

preferentially in knock-in models, to prevent confounding due to genome structure-related factors. 

In summary, we present here powerful semi-automated 2D and 3D quantitative workflows 

for the estimation of transduction efficiency throughout the mouse brain. We also demonstrate 

that such estimates can be used to predict editing outcomes. In addition, we propose the 

combination of AAV serotypes to expand gene delivery in the brain and to maximize gene editing 

in the corticostriatal network affected in HD. 

 

3.1.5. Material and Methods 

Plasmid production 

Several fluorescence reporter constructs were used to the different AAV serotypes and to 

assess their transduction efficiency. The pAAV2ss-EFS-GFP-synPolyA and pAAV2ss-EFS-

mCherry-SynPolyA plasmids were generated by replacing the SpCas9 with the GFP and mCherry 

transgenes in pAAV2ss-EFS-SpCas9-synPolyA (a gift from Ryohei Yasuda; RRID: Addgene 

104588) (Nishiyama et al., 2017) after AgeI and EcoRI digestion. The pAAV2ss-CBA-EGFP-

WPRE-bGH plasmid was kindly provided by Prof. During, Ohio, USA. Two other reporter 

plasmids, pAAV2ss-CBA-AcGFPnuc-WPRE-bGH and pAAV2ss-CBA-mCherry-WPRE-bGH, 

were generated by transferring the AcGFPnuc and mCherry coding sequences from the entry 

plasmids, pENTR4-AttL1-AcGFPnuc-AttL2 and pENTR4-AttL1-mCherry-AttL2, to an AAV 

destination transfer vector, pAAV2ss-CBA-Gateway-WPRE-bGH.  

For the development of the AAV-KamiCas9 system, we ordered, from GeneArt, a 

universal entry plasmid, pMK-AttL1-NotI/BamHI-U6-BsaI-tracrRNAopt-BamHI-U6-SapI-

tracrRNAopt-NotI/XbaI-7sk-BsmBI-tracrRNA-XbaI-AttL2 containing three sgRNA expression 

cassettes, to make it possible to adopt a flexible cloning strategy for multiple sgRNAs. The U6-

driven expression cassettes contain an optimized tracrRNA described by Dang and coworkers 

(Dang et al., 2015) whereas the 7sk-driven expression cassette is associated with the original 

tracrRNA (Merienne et al., 2017). Unique restriction sites (NotI, BamHI and XbaI) were 

strategically placed between the cassettes to facilitate the removal of every possible cassette 

combination. The spacer sequence of each sgRNA was inserted into the universal entry plasmid 
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with overhang-compatible annealed oligos after digestion of the plasmid with type IIS restriction 

enzymes (BsaI, SapI or BsmBI). The sgGFP targeting the GFP transgene was cloned by SapI 

digestion and insertion of the annealed oligomers 5’-CACCGGGCGAGGAGCTGTTCACCG-3’ 

and 5’-AAACCGGTGAACAGCTCCTCGCCC-3’ to generate the pMK-AttL1-U6-sgGFP-AttL2 

plasmid. Similarly, sgHTT1 and sgHTT51 were cloned by BsaI digestion and annealing of the 

oligos 5’-CACCGACCCTGGAAAAGCTGATGA-3’ and 5’-AAACTCATCAGCTTTTCCAGGGTC-

3’ or 5’-CACCGAACCCTGGAAAAGCTGATGA-3’ and 5’-AAACTCATCAGCTTTTCCAGGGTTC-

3’, respectively. A new sgCas9_2 (hereafter called sgCas9) targeting the 5’ end of the open 

reading frame present in the pAAV2ss-EFS-SpCas9-synPolyA was inserted downstream from 

the 7sk promoter by BsmBI digestion and insertion of the annealed oligos 5’-

CCTCGTCGCCGAAGAAAAAGCGCA-3’ and 5’-AAACTGCGCTTTTTCTTCGGCGAC-3’ 

(plasmids pMK-AttL1-U6-sgHTT1-7sk-sgCas9-AttL2 and pMK-AttL1-U6-sgHTT51-7sk-sgCas9-

AttL2), or downstream from the U6 promoter by SapI digestion and annealing of the oligos 5’-

ACCGTCGCCGAAGAAAAAGCGCA-3’ and 5’-AACTGCGCTTTTTCTTCGGCGAC-3’ (plasmid 

pMK-AttL1-U6-sgHTT1-U6-sgCas9-AttL2). The AAV plasmids expressing only sgRNAs, 

pAAV2ss-U6-sgGFP, pAAV2ss-U6-sgHTT1-7sk-sgCas9 and pAAVss-U6-sgHTT51-7sk-sgCas9, 

were produced by transferring the sgRNA expression cassettes from the entry plasmids into an 

AAV destination vector, pAAV2ss-Gateway-bGH. The AAV plasmids expressing sgRNAs 

together with the GFP reporter, pAAV2ss-EFS-GFP-synPolyA-U6-sgHTT1 and pAAV2ss-EFS-

GFP-synPolyA-U6-sgHTT1-U6-sgCas9, were produced by classical restriction/ligation cloning 

with the NotI enzyme. 

We also used the SIN-cPPT-PGK-SpCas9-WPRE (Addgene #87886), SIN-cPPT-U6-

sgHTT1-PGK-mCherry-WPRE and SIN-cPPT-PGK-mCherry-WPRE plasmids to generate an 

HTT-KO clonal HEK293T cell line and an HEK293T cell line stably expressing SpCas9. 

 

Human embryonic kidney 293T (HEK293T) cells 

HEK293T cells (mycoplasma-negative, ATCC, LGC Standards GmbH, Wessel, Germany) were 

cultured in DMEM-Glutamax supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco, 

Life Technologies, Zug, Switzerland) at 37°C under an atmosphere containing 5% CO2. For 

routine culture, cells were passaged twice weekly after trypsin treatment for dissociation (Gibco, 

Life Technologies, Zug, Switzerland) and plated at a density of 2x106 cells/cm2 in T175 flasks. 

 
Production of lentiviral vectors 

The LV vectors were produced by the calcium phosphate-mediated transfection of HEK-

293T cells with a four-plasmid system (Hottinger et al., 2000). Human immunodeficiency virus 

type 1 (HIV-1) vectors were pseudotyped with the vesicular stomatitis virus glycoprotein (VSV-G) 

envelope, concentrated by ultracentrifugation and resuspended in phosphate-buffered saline 

(PBS, Gibco, Life Technologies, Zug, Switzerland) supplemented with 1% bovine serum albumin 
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(BSA, Sigma-Aldrich, Buchs, Switzerland). The viral particle content of each batch was 

determined in a p24 antigen enzyme-linked immunosorbent assay (p24 ELISA, RETROtek, 

Kampenhout, Belgium). Viral stocks were stored at -80°C until use.  

 

Production of adeno-associated vectors 

AAVs were also produced in HEK293T cells by calcium phosphate-mediated transfection. 

The cells were transfected with the pAAV2ss containing the transgene of interest together with 

the pAd Helper-AAV (Agilent Technologies kit #240071) and pAAV-rh10_Rep_Cap (Penn Vector 

Core, University of Pennsylvania, School of Medicine, Philadelphia, USA) or pAAV2.retro (a gift 

from Alla Karpova & David Schaffer RRID: Addgene_81070). For AAV2/1, the cells were 

transfected with the pAAV2ss containing the transgene of interest together with the pDP1rs-RFP 

plasmid encoding helper functions (Plasmid Factory plasmid PF401). The cell suspension was 

centrifuged at 360 x g for 10 minutes at 4°C 72 hours post-transfection. The supernatant was 

supplemented with 10 mM PEG (Roth, Arlesheim, Switzerland) and 0.5 M NaCl (Merck, 

Nottingham, UK) and was incubated at 4°C for at least 2 hours. Cell pellets were pooled and 

incubated in lysis buffer (0.15 M NaCl, Merck, Nottingham, UK; 50 mM Tris-HCl, pH 8.5, Sigma-

Aldrich, Buchs, Switzerland) for 3 consecutive freeze/thaw cycles (30 minutes in dry ice/ethanol 

followed by 30 minutes at 37°C). After the initial two-hour incubation period, the PEG-containing 

supernatant was centrifuged at 3700 x g for 20 minutes at 4°C and the supernatant was discarded. 

Cell lysate was added to the pellets and the mixture was incubated at 37°C for 1 hour to ensure 

that the pellets were fully homogenized. The lysate was then treated with 50 U/mL Benzonase 

(Sigma-Aldrich, Buchs, Switzerland) and 10 mM MgCl2 (Sigma-Aldrich, Buchs, Switzerland) at 

37°C for 30 minutes. The treated lysate was clarified by centrifugation at 3700 x g for 20 minutes 

at 4°C. AAVs were separated by iodixanol (AxonLab, Le Mont sur Lausanne, Switzerland) 

gradient ultracentrifugation at 255,690 g (70Ti rotor, Beckman-Coulter, Nyon, Switzerland) for 90 

minutes at 20°C. The AAV-containing phase was harvested and loaded on an Amicon Ultra-15 

PL 100 column (Millipore, Zug, Switzerland) with 0.001% Pluronic F68 D-PBS (Gibco, Thermo 

Fisher Scientific, Waltham, USA, Zug, Switzerland) for iodixanol cleaning and viral particle 

concentration. The tubes were first centrifuged at 4000 x g at 4°C until all the solution had passed 

through the column. Two additional washes with 0.001% Pluronic F68 D-PBS were performed 

and the AAV were finally suspended in 120-150 μL 0.001% Pluronic F68 D-PBS. The viral 

genome content (vg/mL) for each AAV was assessed by Taqman qPCR with primers recognizing 

the inverted terminal repeats of the AAV2 viral genome (forward primer: 5’- 

GGAACCCCTAGTGATGGAGTT-3’, reverse primer: 5’-CGGCCTCAGTGAGCGA-3’, Taqman 

probe: 5’- FAM-CACTCCCTCTCTGCGCGCTCG-TAMRA-3’) and the KAPA probe fast qPCR 

universal kit (Sigma-Aldrich, Buchs, Switzerland). AAV vectors were stored at -80°C until use. 
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Transfection of HEK293T cells 

For the transfection experiment (Figures S3.1A-B), we plated 5x105 cells per well in six-

well plates the day before transfection. We mixed 1150 fmol plasmids (150 fmol pAAV2ss-EFS-

GFP-synPolyA, 250 fmol pAAV2ss-EFS-SpCas9-synPolyA and 750 fmol sgRNA(s)-expressing 

plasmids) in 0.25 M CaCl2 solution and the mixture was then added dropwise to HEPES saline 

buffer (Sigma-Aldrich, Buchs, Switzerland, CaCl2-H2O:HEPES ratio 1:1). Cells not treated with 

the sgRNA-expressing plasmid were used as a negative control. The mixture was incubated at 

room temperature for five minutes and added dropwise to the cells (10% of the culture volume). 

The medium was completely replaced 6 hours after transfection. We evaluated the efficiency of 

HTT editing by SpCas9 four days post-transfection. 

 
Production of a clonal huntingtin knockout (HTT-KO) HEK293T cell line 

 For the generation of an HTT-KO clonal HEK293T cell line (Figures S3.4B-C), we plated 

5x106 cells in a 10 cm Petri dish the day before transfection. We mixed 30 μg of plasmids (15 μg 

SIN-cPPT-PGK-SpCas9-WPRE and 15 μg SIN-cPPT-U6-sgHTT1-PGK-mCherry-WPRE) in 0.25 

M CaCl2 solution and the mixture was then added dropwise to HEPES saline buffer (Sigma-

Aldrich, Buchs, Switzerland, CaCl2-H2O:HEPES ratio 1:1). The mixture was incubated at room 

temperature for five minutes and added dropwise to the cells (10% of the culture volume). The 

medium was completely replaced six hours after transfection. Five days post-transfection, the 

cells were dissociated with trypsin and serial dilutions were plated in 96-well plates. The cell 

clones that grew at the highest dilution conditions were sequentially expanded in 48-well plates, 

24-well plates and, finally, six-well plates. We screened several clonal cell lines by Sanger 

sequencing and selected a single clone in which the HTT alleles had an extra adenosine 

nucleotide (+1, A) immediately downstream from the ATG at the sgHTT1 target site. This clonal 

cell line (clone F10) was then expanded and frozen in liquid nitrogen.  

 
Transduction of HEK293T cells 

For the transduction experiment (Figures S3.1C-D), we first generated a cell line stably 

expressing the SpCas9. We plated 5x105 cells per well in six-well plates the day before LV 

transduction. We mixed 300 ng of LV (150 ng SIN-cPPT-PGK-SpCas9-WPRE and 150 ng SIN-

cPPT-PGK-mCherry-WPRE) in DMEM medium and then added the mixture dropwise to the cells 

(10% of the culture volume). The medium was completely replaced 24 hours after transduction 

and the cells were passaged twice weekly. Two weeks after LV infection, we plated 1.2x105 cells 

per well in 24-well plates. Cells were infected with 1.5x109 vg of AAV2/1 (7.5x108 vg AAV2/1-EFS-

GFP-SynPolyA-U6-sgHTT1 and 7.5x108 vg AAV2/1-U6-sgGFP5) the next day. Cells incubated 

without AAV2/1-U6-sgGFP5 were used as a negative control. The medium was replaced 24 hours 

after transduction and HTT editing efficiency was evaluated seven days post-AAV transduction. 
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Animals 

Adult male and female mice (9-15 weeks) were used for the in vivo experiments. Wild-

type C57BL/6 and FVB mice were obtained from Janvier (Le Genest-Saint-Isle, France). Drd2-

EGFP transgenic mice (Tg(Drd2-EGFP)S118Gsat/Mmnc, RRID:MMRRC_000230-UNC) were 

acquired from the Mutant Mouse Resource and Research Center (MMRRC) at the University of 

North Carolina at Chapel Hill. Transgenic mice expressing the full-length human wild-type HTT 

gene (HU18/18; YAC18++; Hdh-/-) or wild-type and mutant HTT gene (HU97/18; 

BACHD+;YAC18++; Hhd-/-) were kindly provided by Prof. Hayden (Vancouver, Canada) 

(Southwell et al., 2013) and BAC-GLT1-eGFP transgenic mice expressing eGFP specifically in 

astrocytes were provided by Prof. J Rothstein (Baltimore, MD, USA) (Regan et al., 2007). Mice 

were housed in a specific pathogen-free (SPF) facility with IVC cages GM500 (Tecniplast) or rat 

R.BTM.U x /R.ICV.6 cages (Innovive, Paris, France) and Innorack rats, simple face (cat# 

RS.5.8.40) containing corn cob bedding, with no more than five mice per cage. The animals were 

maintained in a controlled-temperature room (22±1°C), under a 14-hour light/10-hour dark cycle. 

The following enrichments were provided: 2 pieces of wipes, 1 cardboard tunnel, 1 cardboard or 

polysulfide house with 2 entrances/exits. Food (SAFEÒ 150, Safe, Rosenberg, Germany) and 

water were provided ad libitum. All experimental procedures were performed in strict accordance 

with Swiss regulations concerning the care and use of laboratory animals (veterinary 

authorizations 3447 and 3682).  

 

Measurement of HTT gene copy number 

Genomic DNA was extracted from HEK293T, neural progenitor cells (NPCs) (derived from 

Coriell GM03621), BACHD (Gray et al., 2008), HU18/18 and HU97/18 mice (Southwell et al., 

2013) using the 500μl TRIzol® reagent (Life Technologies, Zug, Switzerland) according to the 

manufacturer’s protocol. Concentration and quality of DNA were evaluated using a NanoDrop 

ultraviolet spectrophotometer (Thermo Fisher Scientific, Reinach, Switzerland). The absolute 

number of human HTT copies was quantified by digital PCR (QIAcuity® digital PCR, Qiagen, 

Basel, Switzerland) in QIAcuity 24-well Nanoplates with 8500 partitions. Separated Taqman 

assays targeting the SNP rs362331 (C/T) in exon 50 of the HTT gene were generated from the 

C_2231945_10 ThermoFisher assay (custom designed, ThermoFisher Scientific, Reinach, 

Switzerland) to individually analyze the number of HTT alleles containing a cytosine (VIC) or a 

thymine (FAM). We used the assay described by Christodoulou and colleagues targeting the 

poly(rC)-binding protein 2 (PCBP2) gene (Christodoulou et al., 2016) to normalize HTT 

amplification signals to the amount of gDNA. HTT-FAM and HTT-VIC signals were normalized to 

PCBP2-VIC (probe VIC-CCCTCTCCTGGCTCTAAATGTTGTGT-BHQ1) and PCBP2-FAM 

signals (FAM-CCCTCTCCTGGCTCTAAATGTTGTGT-BHQ1), respectively (Microsynth, 

Balgach, Switzerland). Each reaction was set up accordingly to the manufacturer’s instructions in 

a 12 µL sample volume containing 3µL of 4x QIAcuity probe PCR mastermix (Qiagen, Basel, 
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Switzerland), 1X Taqman HTT custom assay, 0.8 µM of PCBP2 forward and reverse primers, 0.4 

µM PCBP2-labeled probes (Microsynth, Balgach, Switzerland), 3 units of EcoRI-HF restriction 

enzyme, and 100 nanograms genomic DNA. Loaded plates were incubating 10 minutes at RT for 

EcoRI-HF digestion followed by DNA amplification: initial denaturation at 95°C for 2min, 40 

amplification cycles at 95°C, 60°C and 72°C for 15 sec each, and a final step at 40°C for 5 min. 

Finally, data analysis was performed with the QIAcuity Software Suite 2.0.20 (Qiagen, Basel, 

Switzerland). 

 

Stereotaxic Injections  

Anesthesia and surgical procedures were performed as previously described (Merienne 

et al., 2017). A total volume of 4-6 μL AAV per hemisphere (between 4.0x108 and 1.75x109 

vg/hemisphere) was administered to the mouse striatum at a rate of 0.5 μL/min. AAVs 

administered bilaterally at a single striatal site per hemisphere were injected at the coordinates 

+1 ; ±1.8 ; -3.5  (+1 mm rostral to Bregma; ±1.8 mm lateral to midline; and 3.5 mm ventral from 

the skull surface, with the tooth bar set at -3.3 mm) in mice with a C57Bl/6 background mice, and 

at the coordinates +0.7 ; ±1.9 ; -3.0 in mice with an FVB background. For unilateral AAV delivery 

to two striatal sites, we used the coordinates +1.2 ; ±2.0 ; -3.2 (site 1) and +0.26 ; ±2.8 ; -3.2 (site 

2) (Humbel et al., 2020). The needles were left in place for five minutes after the injection and 

were then slowly removed. During surgery, body temperature was controlled with a warming 

blanket (CMA 450 Temperature Controller, Phymep, Paris, France) and the eyes were protected 

with 0.2% Viscotears liquid gel (Novartis, Basel, Switzerland). Post-surgery analgesic treatment 

(acetaminophen, Dafalgan Upsa 1000 mg/750 mL) was administered in drinking water for 72 

hours. 

As a proof-of-concept for gene editing (Figures 3.1A-B), we injected 3.0x108 vg AAV2/1-

EFS-SpCas9-SynPolyA, 3.0x108 vg AAV2/1-U6-sgGFP5 and 1.0x108 vg AAV2/1-EFS-mCherry-

SynPolyA bilaterally, at one site per hemisphere, in Drd2-EGFP mice. Mice not receiving the 

SpCas9 transgene were used as a negative control. Mice were killed three weeks after the 

injection, for histological processing. 

For comparisons of the efficiency of AAV-CRISPR and AAV-KamiCas9 to edit the human 

HTT gene (Figures 3.1C-E), we injected 4.0x108 vg AAV2/1-EFS-SpCas9-SynPolyA with 4.0x108 

vg AAV2/1-EFS-GFP-SynPolyA-U6-sgHTT1 or 4.0x108 vg AAV2/1-EFS-GFP-SynPolyA-U6-

sgHTT1-U6-sgCas9 bilaterally, at one site per hemisphere, in HU18/18 mice. Mice not receiving 

such injections were used as a negative control. Mice were killed eight weeks post-injection for 

the extraction of DNA and RNA. 

For the establishment of the pipeline (Figures 3.3B-D, S3.2 and Video S3.1), we injected 

1.3x109vg (high dose) or 3.2x108vg (low dose) of AAV2.retro-CBA-EGFP-WPRE-bGH into wild-

type C57BI/6 mice unilaterally, at two sites. Mice were killed three weeks post-injection, for 

histological processing (low dose) or CLARITY (high dose). 
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We maximized the targeting of the circuitry affected in HD (Figures 3.4A-B), by injecting 2.0x108 

vg AAV2/RH.10-CBA-mCherry-WPRE-bGH and 3.0x108 vg AAV2/RH.10-CBA-EGFP-WPRE-

bGH bilaterally, at one site per hemisphere, in HU18/18 mice. The mice were killed three weeks 

post-injection for histological processing. 

For the estimation of striatal transduction efficiency (Figures 3.4C-E and S3.3), we injected 

4.5x108 vg AAV2/RH.10-U6-sgHTT51-7sk-sgCas9, 1.5x107 vg AAV2/RH.10-CBA-AcGFPnuc-

WPRE-bGH, 6.7x108 vg AAV2.retro-U6-sgHTT51-7sk-sgCas9 and 1.5x107 vg AAV2.retro-CBA-

AcGFPnuc-WPRE-bGH bilaterally, at one site per hemisphere, in wild-type FVB mice. Mice were 

killed 24 weeks post-injection, for histological processing. 

We checked the neuronal tropism of the AAV2/RH.10 and/or EFS promoters (Figure 

S3.4B), by injecting 4.0x108 vg AAV2/RH.10-EFS-mCherry-synPolyA bilaterally into BAC-GLT-

eGFP mice, at one site per hemisphere. Mice not receiving such injections were used as a 

negative control. Mice were killed three weeks post-injection, for histological processing. 

For the evaluation of mutant HTT editing efficiency in both the striatum and cortex (Figures 

3.5A-C, S3.4D-E), we injected 2.0x108 vg AAV2/RH.10-EFS-SpCas9-SynPolyA, 4.0x108 vg 

AAV2/RH.10-U6-sgHTT1-7sk-sgCas9, 1.0x108 vg AAV2/RH.10-CBA-AcGFPnuc-WPRE-bGH, 

3.0x108 vg AAV2.retro-EFS-SpCas9-SynPolyA, 6.0x108 vg AAV2.retro-U6-sgHTT1-7sk-sgCas9 

and 1.5x108 vg AAV2.retro-CBA-AcGFPnuc-WPRE-bGH bilaterally into HU97/18 mice, at one site 

per hemisphere. Mice not receiving SpCas9 transgene injections were used as a negative control. 

Mice were killed 14 weeks post-injection, for DNA and protein extraction. 

For the evaluation of mouse HTT editing efficiency in both the striatum and cortex (Figures 

3.5D-H), we injected 1.5x108 vg AAV2/RH.10-EFS-SpCas9-SynPolyA, 4.5x108 vg AAV2/RH.10-

U6-sgHTT51-7sk-sgCas9, 1.5x107 vg AAV2/RH.10-CBA-AcGFPnuc-WPRE-bGH, 2.3x108 vg 

AAV2.retro-EFS-SpCas9-SynPolyA, 6.7x108 vg AAV2.retro-U6-sgHTT51-7sk-sgCas9 and 

1.5x107 vg AAV2.retro-CBA-AcGFPnuc-WPRE-bGH bilaterally into FVB mice, at one site per 

hemisphere. Mice not receiving SpCas9 transgene injections were used as a negative control. 

Mice were killed 19 weeks post-injection, for DNA and protein extraction. 

 
CLARITY, 3D light-sheet imaging and MIRACL analysis 

For estimation of the transduction efficiency of AAV2.retro with the 3D quantitative 

workflow (Figure 3.3B and Video S3.1), mice were killed by sodium pentobarbital overdose three 

weeks post-injection and transcardially perfused with PBS followed by 4% paraformaldehyde (4% 

PFA) (Fluka, Sigma, Buchs, Switzerland). The brain was removed, post-fixed by incubation in 4% 

PFA for 24 hours and washed in PBS. CLARITY sample preparation and light-sheet imaging were 

performed as previously described (Humbel et al., 2020) . The clarified brain was analyzed with 

fiji software (Version 2.0.0-rc-69/1.52p) followed by the MIRACL registration pipeline (Goubran et 

al., 2019). CLARITY acquisition was followed by exportation as an image sequence to generate 

one tif file per stack, ordered numerically and dorsoventrally. This image sequence tif file was 
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duplicated and processed in parallel in fiji and MIRACL. In fiji, it was post-processed to determine 

the numbers and coordinates of GFP-positive cells after subtract background on the whole stack. 

GFP-positive cells can be found outside of the focal plane due to epifluorescence limitation. We 

therefore used only one in every six consecutive stacks (every 30 µm) to localize the cells and to 

ensure that the same cell was not considered twice. We obtained the coordinates of all GFP-

positive cells, by using the Find Maxima/ List function of fiji and merging all coordinates into a 

single csv file. In parallel, the MIRACL pipeline (Goubran et al., 2019) was run on all image 

sequence tif files. Briefly, the images were initially subjected to processing with the changeValue 

function of fiji and manual editing to enhance co-registration quality and to decrease the 

discrepancy between transduced and non-transduced areas. The co-registration was performed 

on the 25 µm Allen Regional Atlas template. ITKsnap (http://www.itksnap.org) was used to 

visualize MIRACL outputs. Finally, the csv coordinates of GFP-positive cells and MIRACL co-

registered brain were used to map segmented cells to the Allen Regional Atlas according to the 

recently described MOTA pipeline (Scholler et al., 2022). 

 
Histological processing and imaging acquisition for 2D analysis  

For the characterization of AAV serotype transduction patterns and tropisms (Figures 

3.1A-B, 3.4A-B and S3.4B), the animals were killed by sodium pentobarbital injection three weeks 

post-injection and transcardially perfused with PBS followed by 4% paraformaldehyde (4% PFA) 

(Fluka, Sigma, Buchs, Switzerland). The brains of the animals were removed, post-fixed by 

incubation in 4% PFA for 24 hours and cryoprotected by two consecutive incubations in 20% and 

30% sucrose (Sigma-Aldrich, Buchs, Switzerland) for 12 hours each. A cryostat (CM1850, Leica 

Biosystems, Muttenz, Switzerland) with a freezing stage at −20°C (SM2400; Leica Microsystems 

AG,Glattbrugg, Switzerland) was used to cut 25 μm-thick coronal brain sections. Sections were 

collected and stored in anti-freeze solution (0.2 M sodium phosphate buffer, 25% glycerol, 30% 

ethylene glycol) in 96-well plates at −20°C until use. If no immunohistochemical staining was to 

be performed, the brain sections were mounted directly on slides, in Vectashield supplemented 

with DAPI (Reactolab, Servion, Switzerland). Brain sections for immunohistochemical staining 

were rinsed in TBS (3 × 10 min) at room temperature and blocked by incubation for 1 hour in 

TBS-T (TBS, 0.1% Triton X-100) supplemented with 5% BSA (Sigma-Aldrich, Buchs, 

Switzerland). For AcGFPnuc immunoblotting (Figures 3.4C-E), sections were incubated overnight 

at 4°C with a goat polyclonal GFP primary antibody (AB0020-500, Sicgen) diluted 1/250 in TBST 

supplemented with 1% BSA. They were washed three times with TBS (3 × 10 min) and were then 

incubated with the Alexa Fluor®568-conjugated donkey anti-goat secondary antibody (A-11057, 

Life Technologies, Zug, Switzerland) diluted 1/1000 in TBS-T supplemented with 1% BSA for 1 

hour at room temperature. For the mCherry immunoblotting (Figure S3.4B), sections were 

incubated overnight at 4°C with a goat polyclonal mCherry primary antibody (AB0040-500, 

Sicgen) diluted 1/250 in TBS-T supplemented with 1% BSA. They were washed three times with 
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TBS (3 × 10 min) and then incubated with the Alexa Fluor®568-conjugated donkey anti-goat 

secondary antibody (A-11057, Life Technologies, Zug, Switzerland) diluted 1/1000 in TBS-T 

supplemented with 1% BSA for 1 hour at room temperature. Finally, for all immunoblots, the brain 

sections were washed three times in TBS (3 × 10 min) and mounted on slides, in Vectashield 

supplemented with DAPI (Reactolab, Servion, Switzerland). 

Images of the full brain sections were obtained with a digital camera (3CCD Hitachi HV-

F202SCL) on a slide scanner microscope (×20 objective, Zeiss axioscan Z1). 

 
QuPath and ABBA analysis 

For estimation of the cortical transduction efficiency of AAV2.retro (Figure 3.3C) and the 

striatal transduction efficiency of AAV2.retro and AAV2/rh.10 (Figures 3.4C-E) with the 2D 

quantitative workflow, images of the brain sections were obtained with a digital camera (3CCD 

Hitachi HV-F202SCL) on a slide scanner microscope (×20 objective, Zeiss Axioscan Z1). We then 

used a fiji and QuPath workflow to estimate the number of transduced cells in various brain 

regions. We co-registered the coronal brain sections and the Allen CCFv3 reference atlas (Wang 

et al., 2020) in fiji, with the Aligning Big Brains & Atlases (ABBA) plugin (Chiaruttini et al., 2022) 

and exported the data in QuPath (https://biop.github.io/ijp-imagetoatlas/). The QuPath bioimage 

analysis software and StarDist extension (Schmidt et al., 2018), a deep learning-based method 

of nucleus detection with pretrained models, were then used to identify nuclei on the basis of 

DAPI staining (Bankhead et al., 2017). Finally, a cell classifier was used to quantify GFP-positive 

cells and to export the data. 

 

DNA, RNA and protein extraction 

For in vitro experiments (Figure S3.1), DNA was extracted from HEK293T cells with 

QuickExtract® DNA extraction solution (QE09050, Lubioscience, Zürich, Switzerland), according 

to the manufacturer’s recommendations. Briefly, cells were dissociated with trypsin (Gibco, Life 

Technologies, Zug, Switzerland) and washed in PBS. Genomic DNA from approximately 3x105 

cells was extracted by mixing the cells with 100 μL QuickExtract solution and incubating at 65°C 

and 98°C for 10 and 2 minutes, respectively. In addition, protein was extracted from wild-type and 

HTT-KO HEK293T cells in RIPA buffer (R0278, Sigma) supplemented with a 1/200 dilution of 

protease inhibitor cocktail (P8340, Sigma-Aldrich, Buchs, Switzerland) and 5 µM Z-VAD-FMK 

(HY-16658B, Chemie Brunschwig, Basel, Switzerland), hereafter referred to as RIPA+ buffer. 

Approximately 1x106 cells were washed in PBS and 50 μl of RIPA+ buffer was added to the cell 

pellet. The pellet was homogenized with a pellet mixer (VWR, Dietikon, Switzerland) and left on 

ice for 30 minutes. The protein extract was then centrifuge at 18000 x g for 15 minutes at 4°C and 

the supernatant containing solubilized proteins was collected into a new tube and stored at -80°C. 

For in vivo experiments, mice were sacrificed by isoflurane overdose and brains were 

collected and cut into 1 mm-thick coronal slices. For the comparison of AAV-CRISPR and AAV-
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KamiCas9 systems (Figures 3.1C-E), we collected 5-6 punches (~ 1.5 mm3 each) from the GFP-

positive striatum and merged them by hemisphere. The DNA and RNA from each transduced 

striatal hemisphere was extracted with 500 μl TRIzol® reagent (Life Technologies, Zug, 

Switzerland) according to the manufacturer’s protocol. DNA was resuspended by incubation 

overnight in water at RT and it was then stored at -20°C. RNA samples were first treated with 

RQ1 RNase-free DNase (Promega, Dübendorf, Switzerland) and then converted into cDNA using 

the RNA with Superscript II (Thermo Fisher, Reinach, Switzerland) according to the 

manufacturer’s instructions. RNA and cDNA samples were then stored at -80°C. For the 

evaluation of human and mouse HTT editing in both the cortex and striatum (AAV2.retro and 

AAV2/RH.10) (Figures 3.5, S3.4D-E), we collected four to six striatal punch specimens and six to 

10 cortical punch specimens from the transduced areas. The striatal punch specimens were then 

split into two tubes for the extraction of both DNA and protein. DNA was extracted from each 

individual punch specimen with the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, 

Hombrechtikon, Switzerland) according to the manufacturer’s recommendations. The DNA was 

stored at -20°C. The protein from each striatal punch specimen was extracted in 30 μL RIPA+ 

buffer, as described for protein extraction from HEK293T cells. 

 

TIDE analysis 

HTT and SpCas9 editing efficiencies were assessed by performing Tracking of Indels by 

Decomposition (TIDE) analysis (Brinkman et al., 2014) on amplified gDNA or cDNA. The indel 

size range was set to 10 and the size of the decomposition window was adapted for reads of low 

quality or containing repetitive sequences. The significance cutoff was set to 0.05 

(https://tide.nki.nl/). Nucleic acid amplification was performed on 100 ng of gDNA or 5 ng of cDNA 

with the KAPA HiFi Hotstart kit (KAPA Biosystems, Labgene) according to the manufacturer’s 

recommendations. The primers 5’-TTGCTGTGTGAGGCAGAACCTGCGG-3’ (hHTT_fwd/seq) 

and 5’-TGCAGCGGCTCCTCAGCCAC-3’ (hHTT_rev) were used to amplify the sgHTT1 target 

site of the human HTT gene from DNA samples from HEK293T cells and HD transgenic mice 

(Merienne et al., 2017). TIDE analysis was performed on chromatograms for wild-type HTT 

amplicons sequenced with the primer hHTT_fwd primer, or chromatograms for mutant HTT 

amplicons sequenced with the 5’-GCGGGATCCATAACTTCGTA-3’ (mutHTT_seq) primer. For 

the mouse HTT gene, the sgHTT51 target site was amplified from WT mouse DNA samples with 

the primers 5’-CCTCCTCACTTCTTTTCTATCG-3’ (mHTT_fwd) and 5’-

AGCATTATGTCATCCACTACC-3’ (mHTT_rev), with a melting temperature of 56°C and an 

extension period of 90 seconds. The mouse HTT amplicons were sequenced with the primer 5’-

CTGTCAATTCTGCGGGTCTG-3’ (mHTT_seq) to generate the chromatograms for indel 

analysis. Finally, the sgCas9 target site in AAV-SpCas9 was amplified from both DNA and cDNA 

with the primers 5’-TTTTTCGCAACGGGTTTGCC-3’ (SpCas9_fwd) and 5’-

AGAAGCTGTCGTCCACCTTG-3’ (SpCas9-rev/seq), using a melting temperature of 65°C and 
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an extension period of 25 seconds. The efficiency of sgCas9 editing was evaluated by TIDE on 

analysis on amplicons sequenced with the SpCas9_rev/seq primer. 

 
Virtual western blot 

Protein concentration was assessed with a BCA kit (Thermo Fisher Scientific, Reinach, 

Switzerland) according to the recommended procedure. After dilution in 0.1x SB (ProteinSimple, 

Bio-Techne), 0.6 μg of total protein extract was size-separated with the Jess capillary-based 

immunoassay system. Samples were processed according to the manufacturer’s instructions, 

with the 66-440 kDa separation module (SM-W008). The primary anti-huntingtin antibody clone 

1HU-4C8 (MAB2166, Zug, Switzerland) (diluted 1/500) and the anti-vinculin antibody clone 3M13 

(ZRB1089, Merck, Nottingham, UK) (diluted 1/50) were used to target the HTT and vinculin 

proteins, respectively. HTT and vinculin were then detected by chemiluminescence with the anti-

rabbit-HRP conjugate (043-026, ProteinSimple, Bio-Techne AG, Zug Switzerland) diluted 1/20 in 

the ready-to-use anti-mouse-HRP conjugate (DM-002, ProteinSimple, Bio-Techne AG, Zug, 

Switzerland). Compass software (version 6.1) was used for the analysis. Peaks were determined 

with the dropped line method and HTT and vinculin signals were used to calculate the 

HTT/vinculin ratios. 

 

Statistical methods 

For the statistical analyses, we tested the hypotheses of normally distributed data and 

equal variances to determine the most appropriate statistical test. Post-hoc analyses were 

performed with GraphPad Prism 9.1.0 software. ANOVA was used for comparisons of more than 

two groups and t-tests were used for comparisons between two groups. The results of statistical 

tests were considered significant if the p value obtained was below 5%. No specific method was 

used for sample randomization, sample-size estimation, or data inclusion/exclusion. All results 

are presented as the mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. 

For HTT editing in HU18/18 mice in Figure 3.1D, p values were calculated for Brown-

Forsythe and Welch ANOVA, with F*(DFn, DFd): 111.9(2.0, 11.9). For SpCas9 editing in HU18/18 

mice in Figure 3.1E, p values were calculated by Brown-Forsythe and Welch ANOVA, with 

F*(DFn, DFd): 100.2(3.0, 11.0). 

For HTT editing in transfected HEK293T cells in Figure S3.1B, the p values were 

calculated by ordinary one-way ANOVA with F(DFn, DFd): 386.1(3, 8). For SpCas9 editing in 

transfected HEK293T cells in Figure S3.1B, the p values were calculated by ordinary one-way 

ANOVA with F(DFn, DFd): 3343(2, 6). For HTT editing in transduced HEK293T cells in Figure 

S3.1D, the p values were calculated by ordinary one-way ANOVA with F(DFn, DFd): 205.9(2,7). 

For cortical HTT editing in HU97/18 mice in Figure 3.5B, p values were calculated in one-

tailed unpaired t-tests with Welch's correction (t value: 9.3; DF: 28.1). For striatal HTT editing in 

HU97/18 mice in Figure 3.5C, p values were calculated in one-tailed unpaired t tests with Welch's 
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correction (t value: 14.4; DF: 24.7). For cortical HTT editing in wild-type mice in Figure 3.5E, p 

values were calculated in one-tailed unpaired t tests with Welch's correction (t value: 5.3; DF: 

23.3). For striatal HTT editing in wild-type mice in Figure 3.5F, p values were calculated in one-

tailed unpaired t tests with Welch's correction (t value: 48.3; DF: 23.7). For the striatal HTT protein 

in wild-type mice in Figure 3.5H, p values were calculated in one-tailed unpaired t tests (t value: 

11.0; DF: 8). 

For the striatal HTT protein in HU97/18 mice in Figure S3.5D, p values were calculated 

in one-tailed unpaired t tests (t value: 6.1; DF: 6). 

 

 

  



 89 

3.1.6. Supplemental information 

 
Figure S3.1: Characterization of the AAV-KamiCas9 system targeting the HTT gene in HEK293T 
cells, related to Figure 3.1 (A) Schematic representation of the CRISPR, KamiCas9v1 and KamiCas9v2 
systems. All systems express a sgRNA targeting the translational start site of the human HTT gene 
(sgHTT1) but the two KamiCas9 systems express an additional sgRNA targeting the translational start site 
of SpCas9 itself (sgCas9). The expression of sgCas9 is driven by the strong U6 promoter in the KamiCas9v1 
system and by the weaker 7sk promoter in the KamiCas9v2 system. (B) The frequency of indels in the HTT 
and SpCas9 genes was assessed four days post-transfection, by TIDE (n=3 replicates/group). (C) 
HEK293T cells stably expressing SpCas9 were transduced with AAV2/1 encoding the CRISPR system or 
a self-degrading system. The self-degrading system induces the cleavage of the AAV2/1 expressing the 
sgHTT1. (D) The HTT indel frequency measured by TIDE analysis seven days post-transduction showed 
that HTT editing levels were lower in the self-degrading group, suggesting that at least a fraction of cleaved 
AAV episomes are degraded (n=2 replicates for the control; n=4 replicates for CRISPR and the self-deleting 
system). Data are represented as mean ± SD. 
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Figure S3.2: AAV2.retro transduction pattern following a unilateral intrastriatal injection, related to 
Figure 3.3. Rostro-caudal images showing retrograde transport in the cortex and, in particular, massive 
transduction of the ipsilateral motor cortex (Mop, Mos) and, to a lesser extent, the somatosensory cortex 
(SS). Scale bar for low magnification: 1000 μm. Scale bar for high magnification: 100 μm. 

 
 

 
Figure S3.3: Quantification of the number of transduced cells in the striatum using the 2D pipeline, 
related to Figure 3.4. Graph showing the total number of striatal cells detected in the QuPath/Stardist 
analysis (DAPI staining) and the number of AcGFPnuc+/DAPI+ cells in the 3 animals analyzed. Data are 
represented as mean ± SD.  
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Figure S3.4: Prediction of HTT editing based on transduction efficiency and cell tropism, related to 
Figure 3.5. (A) For the HTT editing analysis, punch specimens were taken from the highly GFP-positive 
cortical and striatal areas. Because all cell types are present in the brain punches, we calculated the 
proportion of transduced cells over the total number of cells (neurons in Figure 3.3) at the most transduced 
areas to predict HTT editing outcome. Regarding the cortex, we focused on mediodorsal frontal cortical 
regions (including the FRP, PL, ORB, ACA, and ILA) as these were the areas with stronger GFP signal. 
Regarding the striatum, we used the previous quantification of the highly transduced striatal areas (Figure 
3.4F). (B) The AAV2/rh.10 expressing mCherry under the control of EFS promoter was injected in BAC-
GLT1-GFP transgenic mice. These mice endogenously express GFP in astrocytes. The poor localization 
between signals suggests that the AAV2/rh.10-EFS-mCherry (hence, AAV2/rh.10-EFS-SpCas9) has a 
strong neuronal tropism. Data are represented as mean ± SD. 

 

 
Figure S3.5: Validation of the capillary-based immunoassay for detecting HTT, related to Figure 3.5. 
(A) Validation of the immunoassay for the specific detection of HTT protein (4C8 antibody). Both mouse 
and human HTT proteins are detected by the 4C8 antibody. The selectivity of the signal was demonstrated 
in samples from HTT-/- HEK cells (knockout). The differences between samples for HTT protein migration 
were expected because HU97/18 mice express the mutant HTT with 97 CAG repeats. (B) Peak analysis 
with Compass software confirmed the specificity of the assay. The vinculin antibody was used as internal 
standard for the quantitative analysis.  
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Figure S3.6: Absolute quantification of the HTT gene copy number by QIAcuity digital PCR, related 
to Figure 3.5. The HD transgenic mouse model HU97/18 is heterozygous for the SNP rs362331 (C/T) in 
the exon 50 of the HTT gene. While the cytosine is linked to the wtHTT allele, the thymine is associated to 
the mHTT allele. Taqman assays with FAM/VIC probes targeting the SNP rs362331 (C/T) were used to 
determine the number of copies of wtHTT and mHTT alleles in HU97/18 mice. As a reference gene, we 
used the previously described Taqman assay targeting the poly(rC)-binding protein 2 (PCBP2) gene 
(Christodoulou et al., 2016). Genomic DNA from HD-derived neuronal precursor cells (HD-NPCs) was used 
to normalize quantifications as they are also heterozygous for the SNP rs362331 and contain two copies 
of the HTT gene (one wtHTT allele and one mHTT allele). Genomic DNA from HEK293T cells were used 
to control copy number analysis since they are expected to have two HTT alleles. In addition, genomic DNA 
from BACHD and HU18/18 were used to control probe specificity because they are homozygous for the 
SNP rs362331. 

 
Video S3.1: AAV2.retro transduction profile analyzed by LSFM.  
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Table S3.1: Quantification of cortical AAV2.retro transduction with the 3D and 2D imaging workflows, related to Figures 3 and S4.  Frontal pole (FRP), 
prelimbic area (PL), orbital area (ORB), anterior cingulate area (ACA), infralimbic area (ILA), primary and secondary somatomotor area (Mop, MOs), agranular 
insular area (AI), gustatory area (GU), restrosplenial area (RSP), somatosensory area (SS). 

Brain 
Regions 

Blue Brain Cell Atlas (BBCAv2) 3D Imaging workflow 2D Imaging workflow 

Total cells 
(all layers) 

Total excitatory 
neurons (Layers 
II/III, V and VI) 

Targetable 
cells (%) 

GFP+ 
cells 

Transduction 
efficiency (%) 

(all layers) 

Transduction 
efficiency (%) 

(excitatory neurons 
layers II/III, V and VI) 

GFP+ 
cells 

Transduction 
efficiency (%) 

(all layers) 

Transduction 
efficiency (%) 

(excitatory neurons 
layers II/III, V and VI) 

Isocortex 20'003'896 6'754'869 33.77 417'579 2.09 6.18 507'408 2.54 7.51 

Isocortical 
Areas 

Frontal pole 
(FRP) 28'248 8'225 29.12 4'233 14.99 51.47 2'368 8.38 28.79 

Prelimbic area 
(PL) 261'181 70'128 26.85 23'366 8.95 33.32 23'592 9.03 33.64 

Orbital area 
(ORB) 599'296 188'191 31.40 36'465 6.08 19.38 19'864 3.31 10.56 

Anterior 
cingulate area 

(ACA) 
770'227 247'010 32.07 31'954 4.15 12.94 36'096 4.69 14.61 

Infralimbic area 
(ILA) 283'406 103'015 36.35 6'134 2.16 5.95 632 0.22 0.61 

Somatomotor 
areas (MOp and 

MOs) 
2'927'777 646'633 22.09 181'718 6.21 28.10 174'936 5.98 27.05 

Agranular insular 
area (AI) 508'275 180'042 35.42 30'372 5.98 16.87 80'528 15.84 44.73 

Gustatory area 
(GU) 242'804 72'478 29.85 10'899 4.49 15.04 16'504 6.80 22.77 

Retrosplenial 
area RSP) 1'662'829 506'644 30.47 17'948 1.08 3.54 5'664 0.34 1.12 

Somatosensory 
areas (SS) 6'088'444 1'482'205 24.34 52'333 0.86 3.53 88'248 1.45 5.95 

   AVERAGE 29.8 39’542 5.5 19.0 44’843 5.6 19.0 

   
AVERAGE (FRP, 

PL, ORB, ACA 
and ILA) 

31.2 20’430 7.3 24.6 16’510 5.1 17.6 
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4.1.1. Abstract 

 

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a toxic gain-of-

function CAG expansion in the first exon of the huntingtin (HTT) gene. The monogenic nature of 

HD makes HTT inactivation a promising therapeutic strategy. Nevertheless, it is still unclear to 

which extent the loss of the wild-type HTT (wtHTT) normal functions may impact on disease 

progression. Single nucleotide polymorphisms (SNPs) frequently associated to the expanded 

CAG have been explored to selectively inactivate the mutant HTT (mHTT) allele with the 

CRISPR/Cas9 system. One of the current approaches consists of the excision of the first exon of 

mHTT by inducing simultaneous double-strand breaks at upstream and downstream positions of 

the mHTT exon 1. The removal of the first exon of mHTT deletes the CAG expansion and 

important transcription regulatory sites, consequently ceasing mHTT expression. However, the 

therapeutic potential of this strategy is yet to be assessed in vivo. To date, the single study testing 

mHTT exon 1 excision in vivo in BACHD mice focused the analysis exclusively on the mHTT 

expression levels with no quantification of the frequency of deletion events. While exon 1 was 

expected to be deleted only in mHTT transgenes, both wtHTT and mHTT expression levels were 

decreased, suggesting that mHTT knockdown was not necessarily induced by deletion events. 

Here, we designed an optimized allele specific strategy which has no impact on wtHTT expression 

and developed accurate digital PCR-based quantitative assays to precisely assess the efficiency 

of mHTT exon 1 deletion in vivo in fully humanized HU97/18 mice. Our results suggest that 

approaches to delete HTT exon 1 are efficient in vitro, but their application in vivo is far more 

challenging. 

 

 

KEYWORDS 
Huntington’s disease, Haplotypes, SNP, Allele-specific, Gene Editing. 
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4.1.2. Introduction 

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a CAG 

expansion in the exon 1 of the huntingtin (HTT) gene (MacDonald et al., 1993). The age of HD 

onset and disease progression are inversely correlated with the CAG tract size with a full 

penetrance above 40 repeats. Clinical manifestations arise between the ages of 35 and 50, with 

death occurring within the next 15 to 20 years. Symptoms in HD are strongly associated with the 

dysfunction and degeneration of spiny projecting neurons (SPNs) in the basal ganglia, which are 

important relay in voluntary motor functions and various cognitive loops, including attention and 

memory (Bates et al., 2015; Ross et al., 2014). The expanded CAG repeat encodes a longer 

polyglutamine (polyQ) domain present at the N-terminus of the HTT protein. This feature modifies 

the mutant HTT (mHTT) conformation and induces aggregation. Mutant HTT-mediated toxicity 

includes the dysregulations of several cellular pathways such as axonal transport, transcription, 

translation, and mitochondrial and synaptic functions. In addition to toxic oligomeric forms of 

mHTT, other evidence suggest that the contribution of expanded CAG repeats to HD phenotype 

may be beyond the encoding the polyQ peptides, including toxicity mediated by the RNAs 

containing the CUG expansion (Chung et al., 2011; Nalavade et al., 2013) and RAN proteins 

(Bañez-Coronel et al., 2015). 

To date, there are no available therapies modifying the disease progression. Considering 

that the CAG expansion is a toxic gain-of-function mutation, strategies targeting the primary toxic 

features in HD such as the CAG expansion and/or their subsequent products hold great 

therapeutic potential. They may prevent downstream toxic effects at both molecular and cellular 

levels, potentially slowing or stopping the disease progression. Because wild-type HTT (wtHTT) 

is ubiquitously expressed and it is involved in multiple cellular processes, a current topic of 

discussion is whether strategies should specifically address the mHTT in order to maintain wtHTT 

functions (Kaemmerer & Grondin, 2019). In addition, the recently premature termination of a 

clinical trial testing a non-allele-specific antisense oligonucleotide to reduce HTT expression has 

raised even more concerns regarding non-allele-specific strategies (Rook & Southwell, 2022).  

Patients carrying the mHTT share common ancestors and, therefore, sets of single 

nucleotide polymorphisms (SNPs) are more strongly associated to the expanded HTT alleles 

(Chao et al., 2017; Kay et al., 2015, 2019; Lee et al., 2012, 2015; Warby et al., 2009, 2011). The 

association of specific SNPs with the CAG expansion provides a unique opportunity to 

discriminate the two HTT alleles. In parallel, the emergence of the CRISPR/Cas9 system has 

boosted the design of multiple approaches to permanently and specifically inactivate the mHTT 

allele as a therapeutic option for HD (Fang et al., 2023; Monteys et al., 2017; Oikemus et al., 

2022; Shin et al., 2016, 2022a, 2022c). These studies have focused on the design of sgRNAs 

targeting SNPs that generate novel protospacer adjacent motifs (PAM) in the mutant allele or 

delete PAM motifs from the wild-type allele (PAM-altering SNPs - PAS). In this way, it is ensured 

that only the mHTT allele is cleaved by the Cas9 nuclease. One of the approaches involves the 
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combination of two single guide RNAs (sgRNAs) to promote the simultaneous cleavage at 

upstream and downstream locations of the mHTT exon 1 to excise the expanded CAG repeat out 

of the genome (Fang et al., 2023; Monteys et al., 2017; Shin et al., 2016, 2022a).All of the in vitro 

studies have shown the feasibility of the approach by analyzing puromycin-enriched or clonal 

lines of induced pluripotent cells from HD patients (HD-iPSCs). In addition, Monteys and 

colleagues tested their strategy in vivo in the transgenic BACHD mouse model (Monteys et al., 

2017). In this study, the authors combined an allele-specific sgRNA targeting the SNP rs2857935 

located at the HTT promoter with a non-allele specific sgRNA targeting the HTT intron 1 to induce 

the specific deletion of the human mHTT exon 1. They showed a 55% decrease of the human 

mHTT mRNA levels in the striatum of treated BACHD mice, but did not quantify the frequency of 

deletion events (Monteys et al., 2017). Since puromycin-selected cells transfected with the 

intronic non-allele-specific sgRNA alone decreased HTT expression up to 40%, one cannot 

conclude that the reduction on mHTT expression in vivo was exclusively due to the deletion of 

the mHTT exon 1. Moreover, authors also observed that mouse wtHTT expression levels in 

BACHD were almost halved in the injected striatal hemispheres. They presumed that the mouse 

wtHTT knockdown could be the result of off-target cleavage of the mouse gene by the intronic 

non-allele-specific sgRNA, which differs from the human homologue sequence by only two 

nucleotides. Nevertheless, such effects of the intronic sgRNA alone on the expression of both 

wtHTT and mHTT indicates that the strategy is not allele-specific and, therefore, mHTT 

expression levels cannot be used to draw conclusions regarding the efficiency of mHTT exon 1 

deletion. 

Here, we designed an intronic non-allele-specific sgRNA with no impact on the HTT 

expression to precisely assess the functional outcomes related to HTT exon 1 deletion at the 

mRNA and protein levels. Because the constitutive expression of SpCas9 may favor potential 

unspecific cleavage at multiple genomic regions, we adapted the strategy to our previously 

established KamiCas9 systems (Merienne et al. 2017; Duarte et al., 2023 – in revision). We 

confirmed that the constitutive and transient SpCas9 expression induce HTT exon 1 deletion in 

both HEK293T and neuronal progenitor cells from HD patients (HD-NPCs). Finally, we developed 

a digital PCR-based quantitative assay to accurately evaluate the efficiency of HTT exon 1 

deletion in vitro and in vivo in fully humanized HD mice (Southwell et al., 2013). 

 

 

4.1.3. Results 

Design and in vitro validation of allele-specific sgRNAs 

To selectively excise the mHTT exon 1 containing the expanded CAG, we identified 

frequently occurring SNPs located 2 kb upstream and 1.3 kb downstream of the HTT transcription 

start site (GRCh38, chr4:3072744-3076049). According to the phase 3 of the 1000 genomes 

project, this region contains 6 SNPs located upstream to the CAG repeat with a minor allele 
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frequency (MAF) in the global population superior to 10% (Table 4.1). These variants are also 

amongst the most common SNPs associated to mutant HTT allele in this region (Fang et al., 

2023; Shin et al., 2022a). In particular, Shin and colleagues estimated that the variant rs2857935 

is heterozygous in 27.6% of the HD patients, making it one of the most promising targets for the 

development of allele-specific therapeutic strategies based on mHTT exon 1 deletion (Shin et al., 

2022a). This variant is also a SpCas9 PAS, meaning that it eliminates the PAM on the wtHTT 

allele and prevents its cleavage. We designed two PAM-based selective sgRNAs targeting this 

PAS (sgHTT8P_L and sgHTT8P_S), which differ in the length of the protospacer sequence (22 

nt and 17 nt, respectively) (Table 4.1). For the other variants, the sgRNAs were designed to target 

the SNP close to the seed region of the sgRNA sequence (sgHTT25, sgHTT6, sgHTT10 and 

sgHTT2) since mismatches in this region have been shown to highly affect DNA binding and 

SpCas9 activity (Boyle et al., 2021; Bravo et al., 2022; Ivanov et al., 2020; Zhang et al., 2020). 

We did not design a sgRNA targeting the SNP rs9996199 because it was previously shown to 

induce poor on-target cleavage (Monteys et al., 2017). Since mHTT allele should be 

simultaneously cleaved upstream and downstream of the CAG expansion to promote mHTT exon 

1 deletion, we designed a sgRNA targeting a sequence in the first intron conserved between the 

wtHTT and mHTT alleles (sgHTT4) (Table 4.1), whose cleavage is expected to be well tolerated 

with minor or no impact on HTT expression. 

We first assessed the efficiency and selectivity of each individual sgRNA in transfected 

HEK293T cells. While PAS have been shown to abort the SpCas9 activity (Fang et al., 2023; 

Monteys et al., 2017; Oikemus et al., 2022; Shin et al., 2016, 2022a, 2022c), sgRNA targeting 

SNPs in the seed region still have the potential to induce indels in the non-targeted allele (i.e. 

wtHTT). Since HEK293T cells are homozygous for all of the identified SNPs (Table 4.1), we 

designed sgRNAs harboring the respective mismatch sequence at the SNP (hereafter called 

mismatch sgRNAs) to assess selectivity by simulating the SNP on the non-targeted allele (Figure 

4.1A-B). The gene editing efficiency of each individual sgRNA was determinated by tracking of 

indels by decomposition (TIDE) in HEK293T cells transfected with three plasmids separately 

encoding for SpCas9, sgRNA and GFP (Figure 4.1C). Cells transfected only with the plasmids 

encoding SpCas9 and GFP were used as negative control. Among the sgRNAs targeting SNPs 

upstream to the CAG, the sgHTT25 generated low levels of indels whereas sgHTT6T, sgHTT10C 

and sgHTT2G induced indels in more than 10% of HTT alleles (Figure 4.1C). All of these sgRNAs 

generated significantly more indels than the respective sgRNAs containing the mismatch 

sequence in the seed region, with the sgHTT6T targeting the SNP rs28431418 displaying the 

highest selectivity. In addition, the PAM-based sgHTT8P_L and sgHTT8P_S targeting the PAS 

rs2857935 also generated high levels of indels in the HTT gene (16.5 ± 0.9% and 19.6 ± 0.8%, 

respectively). Finally, the non-allele-specific sgHTT4 located in intron 1 showed relatively high 

editing efficiency (13.8 ± 1.0%) (Figure 4.1C). We then evaluated the impact of indels generated 

by these sgRNA candidates on the HTT mRNA expression. To ensure high level of editing by 
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each sgRNA, we modified the sgRNA backbone (tracrRNA) to the one described by Dang and 

colleagues (Dang et al., 2015), which was shown to promote higher sgRNA expression levels and 

higher editing efficiencies. In addition, we used lentiviral vectors (LVs) to maximize the delivery 

of the CRISPR system into HEK293T cells.  

 

 

 

At three weeks post-transduction, all 

sgRNAs demonstrated higher editing 

efficiencies (between 70% and 91%) 

compared to transfection (Figure 

4.1D). Regarding the impact on HTT 

mRNA expression, the sgHTT2G was 

the only sgRNA inducing a decrease 

on HTT mRNA levels compared to 

control (p<0.0001) (Figure 4.1E). The 

sgHTT2G targets the transcription 

start site and indels at this position 

(rs13102260) may disrupt important 

transcription factor binding sites 

and/or destabilize the nascent HTT 

mRNA. Importantly, despite the high 

levels of gene editing (91.2 ± 3.4%), 

the intronic non-allele-specific 

sgHTT4 did not show any significant 

impact on HTT transcription compared 

to control (p=0.9986) (Figure 4.1E). In 

summary, the sgHTT6T, sgHTT8P_S 

and sgHTT8P_L presented high 

editing efficiencies while maintaining 

strong selectivity criteria for the 

targeted allele. In addition, indels 

generated by the non-allele-specific 

sgHTT4 in the first intron have no 

major impact on HTT transcription. 

These results support the combination 

of the allele-specific sgRNAs targeting 

the HTT promoter with the intronic 
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non-allele-specific sgHTT4 to selectively delete the mHTT exon 1 without influencing wtHTT 

expression. Finally, prediction of off-target sites using the CRISPRSeek package (Zhu et al., 

2014) indicated few potential off-target sites for the sgHTT6T, sgHTT8P_L and sgHTT4  at 

genomic coding regions (Figure S4.1), further encouraging the use of these sgRNAs candidates 

for the development of allele specific HTT exon 1 deletion strategies. 

 

 

Figure 4.1: Design and screening of sgRNA targeting the HTT promoter, exon 1 and intron 1. (A) 
Illustration of the specificity basis of sgRNAs targeting single nucleotide polymorphisms (SNPs) in the seed 
sequence of the sgRNA (mismatch-based selectivity) (left) or in the protospacer adjacent motif (PAM-based 
selectivity) (right). (B) Schematic representation of the HTT promoter, exon 1 and intron 1 is depicted. The 
sgHTT25, sgHTT6, sgHTT10, sgHTT2 and sgHTT12 are mismatch-based selective sgRNAs (blue) 
whereas sgHTT8P_S and sgHTT8P_L target a PAM-altering SNP (PAS) (brown). The sgHTT4 targets the 
intron 1 of both wild-type and mutant wtHTT alleles (black). The primers used for HTT amplification and 
sequencing are illustrated in the scheme and described on the Table S4.3. (C) Editing efficiency of each 
sgRNA in HEK293T cells quantified by TIDE at four days post-transfection. Cells were transfected with two 
plasmids separately encoding for SpCas9 and GFP under the control of the PGK promoter together with 
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an extra plasmid encoding for a sgRNA targeting the HTT gene. Cells transfected with only the plasmid 
encoding SpCas9 and GFP were used as negative control. Because HEK293T cells are homozygous for 
all tested SNPs (Table 4.1), we generated two versions of the mismatched-based sgRNAs to facilitate the 
evaluation of sgRNA selectivity: one corresponding to the homologous reference sequence and the other 
corresponding to mismatched sgRNA. The sgHTT8P_L and sgHTT8P_S have no mismatched variant since 
they target a PAS. Results are presented as mean ± SD (N=1, n=3). Statistics: two-way ANOVA and 
multiple-comparisons to control with Sidak’s correction; ∗∗∗∗ :p<0.0001. (D-E) HEK293T cells were co-
transduced with one LV encoding for SpCas9 under the control of the PGK promoter and another LV 
expressing an optimized sgRNA (Dang et al., 2015) and for mCherry by the U6 and PGK promoters, 
respectively. Cells transduced with LVs separately encoding for SpCas9 and GFP with no sgRNAs were 
used as negative control. Editing efficiency and HTT expression were analyzed at 3 weeks post lentiviral 
(LV) transduction. (D) Gene editing efficiency was analyzed by TIDE and (D) HTT expression normalized 
on the expression of peptidylprolyl isomerase B (PPIB) was evaluated by QIAcuity digital RT-PCR. Results 
are presented as mean ± SD (N=1, n=3/4). Statistics: one-way ANOVA and multiple-comparisons to control 
with Dunnet’s correction; ∗∗∗∗ :p<0.0001; ∗∗ :p<0.01. 

 

Combining allele-specific sgRNAs with sgHTT4 to delete the HTT exon 1 in HEK293T cells 

 To investigate whether simultaneous editing in the promoter and intron 1 of HTT could 

induce the deletion of the HTT exon 1, we delivered constructs encoding for SpCas9 and for the 

sgRNA combinations sgHTT8P_L/sgHTT4, sgHTT8P_S/sgHTT4 and sgHT6T/sgHTT4 (Figure 

4.2A). These constructs were delivered into HEK293T cells by transfection or by lentiviral vectors. 

Gene editing outcomes were analyzed 4 or 21 days after delivery, respectively. To detect the 

occurrence of HTT exon 1 deletion events, we amplified genomic DNA using the primer set 1 

(Figure 4.2A). Full-length amplicons of 2732 bp result from the amplification of the HTT alleles 

containing the exon 1 whereas smaller amplicons of 974 bp and 1053 bp result are expected to 

be generated from the amplification of exon 1-depleted HTT alleles by the sgHTT6T/sgHTT4 and 

sgHTT8P/sgHTT4 combinations, respectively. We observed the amplification of smaller 

amplicons with the expected sizes for exon 1 deletion in all conditions expressing the two sgRNAs 

(Figure 4.2B). Semiquantitative analysis of the bands present in the agarose gels indicated that 

the combination of the sgHTT4 with the sgHTT6T and sgHTT8P_L induced the highest levels of 

deletion in both transfected and transduced HEK293T cells (Figure 4.2C). In addition to the 

deletion of exon 1, the non-simultaneous cleavage of the HTT gene by the two sgRNAs can also 

generate indels in non-deleted HTT alleles. To evaluate the frequency of HTT alleles that had 

been cleaved by the SpCas9 despite the unsuccessful excision of the exon 1, we sequenced the 

full-length amplicons and assessed the presence of indels at the sgRNA target sites by TIDE 

analysis. While only 10-20% of the HTT alleles containing the exon 1 had been edited in 

transfected cells, most of the full-length HTT alleles of transduced cells contained indels at the 

sgRNA target sites (Figure 4.2D). These results indicate that the exon 1 is not depleted in all 

edited HTT alleles. We next characterized the deletion events induced by the 

sgHTT8P_L/sgHTT4 combination in transfected HEK293T clonal cell lines (Figure S4.2). 

Amplification of genomic DNA with the primer set 1 indicated that 6 out of 13 clones (46%) 

contained deleted sequences in the amplified region (Figure S4.2A). None of the clonal cell lines 

presented deletions in both HTT alleles. In addition, we observed deletions of different sizes, 
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suggesting heterogeneous repair of the double-strand breaks after the excision of the HTT exon 

1. The clones I-D9, II-E2, II-E11 and II-H8 presented deletions with expected sizes (around 1670 

bp), whereas the clones I-C12 and II-E5 displayed shorter and longer deletions than expected, 

respectively. We then used Sanger sequencing to characterize the exon 1-deleted amplicons 

from the clones I-C12, II-E5 and II-H8 (Figure S4.2B). The clone II-H8 carries a deletion of 1660 

bp with breaking points close to the sgHTT8P_L and sgHTT4 targeting sites. The clone II-E5 

carries a longer deletion of 1983 bp due to the loss of an extra portion of the HTT promoter. The 

492 bp deletion in the clone I-C12 also excised the HTT exon 1 but it was accompanied by 

complex rearrangements at the promoter region, involving inversion and exchange of sequences. 

RNA expression analysis by RT-qPCR indicated that HTT mRNA levels were decreased in all 

clones carrying HTT exon 1 deletions compared to wild-type HEK293T cells (Figure S4.2C). 

Protein expression analysis by capillary-based western blot also indicated a 40% and 15% 

reduction on the HTT protein levels in the clones II-H8 and II-E5 compared to control, respectively 

(Figure S4.2D-E). Overall, these results suggest that the association of the intronic sgHTT4 with 

the sgHTT6T or sgHTT8P_L targeting the HTT promoter are the most efficient sgRNA 

combinations deleting the HTT exon 1. Similarly to others (Monteys et al., 2017), we observed 

that HTT exon 1 excision reduces HTT mRNA expression levels. In addition, our results indicate 

that deletion events can result in in heterogenous editing outcomes and that suggest that the exon 

1 is not depleted from all edited HTT alleles. 

 

 

Figure 4.2: Deletion of the HTT exon 1 in transfected HEK293T cells. (A) Schematic representation of 
the HTT exon 1 deletion in HEK293T cells using the sgHTT6T, sgHTT8P_L or sgHTT8P_S combined with 
the sgHTT4. Amplification using the primer set 1 generates amplicons of 2732 bp when the full HTT gene 
is intact. The exon 1 deletion induced by sgHTT6T/sgHTT4 and sgHTT8P_L/sgHTT4 or 
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sgHTT8P_S/sgHTT4 generates amplicons of 974 bp and 1053 bp. The primers used to analyze the extent 
of indels induced in the non-deleted HTT alleles are represented in the Figure 4.2B. (B-E) Two constructs 
separately expressing the SpCas9 and the sgRNA combinations (sgHT6T/sgHTT4, sgHTT8P_L/sgHTT4 
and sgHTT8P_S/sgHTT4) with the mCherry reporter were delivered into HEK293T cells by calcium 
transfection or by lentiviral transduction. Cells receiving only the SpCas9 and GFP transgenes with no 
sgRNAs were used as negative control. Transfected and transduced cells were analyzed at 4 and 21 days 
after the delivery of the CRISPR components, respectively. (B) Representative images of the agarose gels 
displaying the amplification of HTT gene using the primer set 1. (C) Semiquantitative analysis of the agarose 
gel images to estimate the efficiency of HTT exon 1 excision. After the normalization of the optical densities 
to amplicon size, deletion efficiency was calculated by dividing the intensity of the exon1-deleted amplicons 
by the sum of the intensity of the full-length and exon1-deleted amplicons. Results are presented as mean 
± SD (N=1, n=3/4). Statistics: two-way ANOVA and multiple-comparisons to control with Tukey’s correction; 
∗∗∗∗ :p<0.0001. (D) Proportion of indels at the sgRNA target sites in the non-deleted HTT alleles in each 
condition measured by TIDE analysis. Results are presented as mean ± SD (N=1, n=3/4). 

 
Transient SpCas9 expression excises the HTT exon 1 in HEK293T and in HD-NPCs 

In the previous experiments, the HTT exon 1 deletion was achieved by constitutively 

expressing the SpCas9. However, the long-term SpCas9 nuclease expression increases the 

likelihood for the occurrence of off-target events. We have previously developed the lentiviral-

based KamiCas9 system for transient SpCas9 expression, which is composed of the SpCas9 

nuclease, a sgRNA targeting HTT and a second sgRNA targeting the translation start site of the 

SpCas9 nuclease itself (Merienne et al., 2017). Therefore, we adapted the system to promote the 

deletion of the HTT exon 1 by adding an extra sgRNA expression cassette (Figure 4.3A). In 

addition, to improve the kinetic of the system, we incorporated an optimized version of the 

tracrRNA (Dang et al., 2015) in the two HTT-targeting sgRNAs and replaced the H1 promoter by 

the stronger U6 promoter to boost their expression. The sgCas9 expression cassette was not 

modified. We next compared the efficiency of the constitutive (sgHTT6T or sgHTT8P_L with 

sgHTT4) and adapted KamiCas9 versions (sgHTT6T or sgHTT8P_L with sgHTT4 and sgCas9) 

in deleting the HTT exon 1 in transfected HEK293T cells (Figure 4.3A). At 4 days post-

transfection, PCR amplification indicated that both constitutive and KamiCas9 systems 

expressing the two sgRNA combinations successfully deleted the exon 1 from the HTT gene 

(Figure 4.3B). Semiquantitative analysis of the gel agarose bands suggested a slight decrease 

on the efficiency of KamiCas9 system in excising the HTT exon 1 compared to the constitutive 

system (Figure 4.3C). TIDE analysis indicated that more than 60% of the SpCas9 transgenes had 

been self-inactivated (Figure 4.3D). These results suggest that the transient expression of 

SpCas9 slightly decreases the deletion efficiency in both sgRNA combinations when compared 

to the constitutive expression of SpCas9. Given the potential toxic effects related to the permanent 

SpCas9 expression, we considered that the high levels of nuclease self-inactivation offer a 

positive equilibrium between safety and editing efficiency. 
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Figure 4.3: Deletion of the HTT exon 1 using the KamiCas9 system in transfected HEK293T cells. 
(A) Schematic representation of the constitutive and KamiCas9 system for HTT exon 1 deletion. In both 
systems, the sgRNAs targeting the HTT gene (sgHTT6T or sgHTT8P_L and sgHTT4) contain an optimized 
sgRNA tracrRNA (Dang et al., 2015) and their expression is driven by the U6 promoter. In the KamiCas9 
system, an extra sgRNA (sgCas9) with no optimized sequences is expressed by the weaker 7sk promoter 
(Merienne et al., 2017) to promote gradual SpCas9 self-editing at the translational start site. (B-D) HEK293T 
cells were transfected with two plasmids separately expressing the SpCas9 and the constitutive sgRNA 
combinations (sgHT6T/sgHTT4 or sgHTT8P_L/sgHTT4) or KamiCas9 sgRNA combinations 
(sgHT6T/sgHTT4/sgCas9 or sgHTT8P_L/sgHTT4/sgCas9). Cells transfected with plasmids encoding for 
SpCas9 and mCherry were used as negative control. Gene editing outcomes were analyzed at 4 days post-
transfection. (B) Representative images and (C) semiquantitative analysis of the agarose gels displaying 
the amplification of HTT gene using the primer set 1. Results are presented as mean ± SD (N=1, n=4). 
Statistics: two-way ANOVA and multiple-comparisons between constitutive and KamiCas9 conditions with 
Sidak’s correction; ∗∗∗∗ :p<0.0001. (D) Editing efficiency of the sgCas9 quantified by TIDE. Results are 
presented as mean ± SD (N=1, n=2). 

 

We next evaluated the constitutive and KamiCas9 systems in deleting the HTT exon 1 in 

neuronal progenitor cells derived from HD patients (HD-NPCs). We started by optimizing 

transduction conditions to favor maximal editing efficiency (Figure S4.3). Then, we co-transduced 

HD-NPCs with LVs expressing the SpCas9-BPNLS and the sgHTT6T/sgHTT4 or 

sgHTT8P_L/sgHTT4 in the constitutive or KamiCas9 settings (plus sgCas9) (Figure 4.4). Since 

these cells are heterozygous for rs2857935 (targeted by sgHTT8P_L) and homozygous for the 

rs28431418 (targeted by sgHTT6T) (Table 4.1), the sgHTT8P_L/sgHTT4 exclusively targets the 

exon 1 of the mutant HTT allele whereas the sgHTT6T/sgHTT4 is expected to delete the exon 1 

in both alleles (Figure 4.4A). In addition, as in Figure 4.1, we also transduced HD-NPCs with an 

LV expressing the sgHTT4 combined with the mismatch sgHTT6C to simulate off-target exon 1 

deletion at the non-targeted allele. Two weeks post-transduction, agarose gel electrophoresis 

semiquantitative analysis show that all sgRNA combinations induced HTT deletions, including the 

sgHTT6C(mismatch)/sgHTT4 combination (Figure 4.4B). Importantly, HTT exon 1 deletion 

efficiency was drastically reduced by the transient SpCas9 expression in the 
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sgHTT6C(mismatch)/sgHTT4 condition (p<0.0001) but not in the sgHTT6T/sgHTT4 condition 

(p=0.153) (Figure 4.4C), despite similar levels of SpCas9 self-editing (Figure 4.4D). In addition, 

efficiency of sgHTT8P_L/sgHTT4 in excising the exon 1 of the mutant HTT allele was just slightly 

decreased even though more than 50% of SpCas9 transgenes were inactivated (Figure 4.4C-D). 

These results suggest that KamiCas9 system greatly reduces off-target HTT exon 1 deletion 

induced by the sgHTT6C(mismatch)/sgHTT4 while having no major impact on the on-target 

deletion induced by the sgHTT6T/sgHTT4 and sgHTT8P_L/sgHTT4. We isolated and sequenced 

the wtHTT and mHTT full-length amplicons to evaluate the editing outcomes in the non-deleted 

HTT alleles (Figure S4.4). As expected, sgHTT6T and mismatch sgHTT6C did not discriminate 

between HTT alleles as similar rates of indels were observed in both mHTT and wtHTT (Figure 

4.4E). Contrarily, indels at the sgHTT8P_L target site were only detected in the mHTT allele. 

Similar to the effect of KamiCas9 on deletion efficiency (Figure 4.4B-C), the transient SpCas9 

expression only reduced the frequency of indels generated by the mismatch sgHTT6C (p<0.0001) 

(Figure 4.4E). Surprisingly, editing efficiency of sgHTT8P_L was lower than the sgHTT6T. These 

results differ from previous analysis of transduced HEK293T cells, which indicated that sgHTT6T, 

sgHTT8P_L and sgHTT8P_S induced comparable rates of indels at their respective targeted sites 

(Figures 4.1D and 4.2D). We further confirmed the reduced editing efficiency of sgHTT8P_L in a 

second experiment transducing HD-NPCs with LVs expressing exclusively the sgHTT6T, 

sgHTT8P_L, sgHTT8P_S or sgHTT4 (Figure S4.5). The distinct gene editing efficiencies of 

sgHTT8P_L and sgHTT8P_S in HEK293T cells and HD-NPCs may be related to differences in 

the genomic architecture of the HTT gene at the targeted locus. 

In summary, we showed that the KamiCas9 system can be adapted to delete the HTT 

exon 1 in both HEK293T cells and HD-NPCs. The value of KamiCas9 is highlighted by the 

reduced off-target cleavage of the mismatch sgHTT6C but not by sgHTT6T. In agreement with 

previous studies (Fang et al., 2023; Monteys et al., 2017; Oikemus et al., 2022; Shin et al., 2022a, 

2022b), we showed that PAM-based allele specific sgRNAs exhibit high levels of specificity as 

demonstrated by the sgHTT8P_L in HD-NPCs. We demonstrated that editing efficiencies of 

individual sgRNAs are cell type-dependent, as sgHTT8P_L and sgHTT8P_S generated high 

frequency of indels in HEK293T cells but low levels in HD-NPCs. Finally, despite the KamiCas9 

system slightly decreased the efficiency of HTT exon 1 deletion, we considered that it offers a 

positive equilibrium between safety and efficiency. 
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Figure 4.4: Deletion of the HTT exon 1 using the KamiCas9 system in transduced HD-NPCs. (A) HD-
NPCs were transduced with two LVs separately expressing the SpCas9-BPNLS and the constitutive sgRNA 
combinations (sgHT6T/sgHTT4, sgHTT6C/sgHTT4 or sgHTT8P_L/sgHTT4) or KamiCas9 sgRNA 
combinations (sgHT6T/sgHTT4/sgCas9, sgHTT6C/sgHTT4/sgCas9 or sgHTT8P_L/sgHTT4/sgCas9). 
Cells transduced with LVs encoding for SpCas9-BPNLS and mCherry were used as negative control. Gene 
editing outcomes were analyzed at 2 weeks post-transduction. (B) Representative images and (C) 
semiquantitative analysis of the agarose gels displaying the amplification of HTT gene using the primer set 
1. Results are presented as mean ± SD (N=1, n=4). Statistics: two-way ANOVA and multiple-comparisons 
between constitutive and KamiCas9 conditions with Sidak’s correction; ∗∗∗∗ :p<0.0001. (D) Editing 
efficiency of the sgCas9 quantified by TIDE. Results are presented as mean ± SD (N=1, n=4). (E) TIDE 
analysis was performed on sequencing chromatograms from isolated full-length amplicons of wtHTT and 
mHTT. Results are presented as mean ± SD (N=1, n=4). Statistics: two-way ANOVA and multiple-
comparisons between wtHTT and mHTT with Sidak’s correction; and two-way ANOVA and multiple 
comparisons between constitutive and KamiCas9 with Tukey’s correction; ∗∗∗∗ :p<0.0001. 
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Adapting the AAV-KamiCas9 for the deletion of the mHTT exon 1 in vivo 

After in vitro validation, we next sought in investigating efficiency and specificity of mutant 

HTT exon 1 deletion in vivo in the fully humanized HU97/18 HD mouse model (Southwell et al., 

2013). This mouse model was generated by crossbreeding mice transgenic for the bacterial 

artificial (BACHD) (Gray et al., 2008) and yeast artificial (YAC18) chromosomes (Hodgson et al., 

1999) mice on a background strain lacking the mouse homolog HTT gene. The presence of both 

wtHTT and mHTT human sequences make these mice more suitable to test allele-specific 

strategies. In addition, wild-type and mutant HTT transgenes are heterozygous for the variant 

rs2857935 (Table 4.1), allowing the evaluation of sgHTT8P_L/sgHTT4 to specifically excise the 

mHTT exon 1 in vivo. Nonetheless, a disadvantage of this transgenic model is the presence of 8 

copies of the human HTT transgene (4 wtHTT and 4 mHTT) (Duarte et al. 2023 – in revision). 

Because transgenes in transgenic models are often repeated in tandem, the cleavage of multiple 

target sites in the same chromosome can potentially induce complex rearrangements, including 

the deletion of larger chromosomal portions. These events are likely to not be captured using the 

semiquantitative agarose gel approach. In addition, while semiquantitative analysis of agarose 

gel bands is useful to detect deletion events, it does not accurately assess their frequency due to 

bias introduced by the amplification of fragments with different sizes. To overcome these 

limitations, we developed two QIAcuity digital PCR-based assays to accurately quantify the 

overall loss of HTT exon 1 copies (intronic assay) or the specific loss of mutant HTT exon 1 copies 

(FLOX assay) (Figure S4.6). The FLOX assay amplifies the FLOX sequence which is present 

only in the 5’UTR of mHTT transgenes of HU97/18, whereas the intronic assay amplifies an 

intronic sequence in both wtHTT and mHTT transgenes immediately upstream to the exon 1 

(Figure S4.6A). Both assays quantify exon 1 deletion based on the loss of amplification signals 

after normalization to the signals from the amplification of the reference poly(rC)-binding protein 

2 (PCBP2) gene. To validate the assays, we mixed gDNA from wild-type and HU97/18 mice in 

increasing ratios to simulate the loss of human HTT exon 1. Both the intronic (Figure S4.6B) and 

FLOX assays (Figure S4.6C) accurately predicted the relative loss of human HTT exon 1 in the 

different mixes compared to the parental genomic sample from HU97/18 mice, validating their 

use for the quantification of HTT exon 1 deletion. 

Because our previously described AAV-KamiCas9 system induced high gene editing 

efficiencies in the mouse brain (Duarte et al. 2023 – in revision), we adapted the allele-specific 

strategy for AAV-mediated delivery. After verifying the functionality of the system in transfected 

HEK293T cells (Figure S4.7), we co-injected the striatum of HU97/18 mice with AAV2/rh.10 

separately expressing the SpCas9AAV (3.3 x 109 vg/hemisphere) and the 

sgHTT8P_L/sgHTT4/sgCas9AAV KamiCas9 plus a nuclear GFP reporter (6.6 x 109 

vg/hemisphere) for visualization of the transduced cells (Figure 4.5A). Control mice were injected 

with the same doses but the AAV2/rh.10 expressing the sgRNAs combination was replaced by 

AAV2/rh.10 expressing only the nuclear GFP reporter. Since HU97/18 mice are heterozygous for 
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rs2857935 (targeted by sgHTT8P_L) (Table 4.1), the sgHTT8P_L/sgHTT4 is expected to 

exclusively delete the exon 1 of the mHTT allele (Figure 4.5B). The animals were sacrificed at 10 

weeks post-injection and striatal punches were collected from the GFP-positive areas for DNA 

extraction. Genomic DNA amplification using the primer set 1 indicated that the human HTT exon 

1 had been deleted in the animals injected with the KamiCas9 system (Figure 4.5C). We then 

used the intronic and FLOX assays to quantify deletion events and assess allele-specificity. As 

previously mentioned, HU97/18 mice carry equal number of mHTT and wtHTT transgenes (4 

copies of each) (Duarte et al. 2023 – in revision). Therefore, the specific deletion of exon 1 in the 

mHTT transgenes is expected to induce a two-fold loss of FLOX signals compared to intronic 

signals. The intronic and FLOX assays indicated that HTT exon 1 had been excised in 1.6 ± 3.9% 

of the total HTT transgenes (p=0.321) (Figure 4.5D) and in 3.2 ± 1.7% of the mutant HTT 

transgenes in the treated mice (p=0.012) (Figure 4.5E). These results demonstrate that HTT exon 

1 deletion events were very rare in vivo. Nevertheless, the more pronounced loss of FLOX signals 

compared to intronic signals (1.9-fold) suggests that deletion events mainly occurred at the mHTT 

transgenes. The low number of HTT exon 1 deletion events could be due the lower intrinsic 

activity of the sgHTT8P_L (as in Figure 4.4E and S4.5) and/or to the gradual self-inactivation of 

the SpCas9. Therefore, we took one step back and tested the efficiency of the constitutive 

CRISPR system expressing the sgHTT6T/sgHTT4 combination in HU97/18 mice. We also 

increased the ratio sgRNAs:SpCas9AAV to 1:3 to ensure maximal efficiency. The striatum of 

HU97/18 mice was then injected with three AAV2/rh.10 vectors: one expressing the SpCas9AAV 

(2.5 x 109 vg/hemisphere), other expressing the sgHTT6T/sgHTT4 constitutive combination (7.5 

x 109 vg/hemisphere) and the last vector expressing the nuclear GFP reporter (5.0 x 108 

vg/hemisphere) (Figure 4.6A). Control mice were not injected with the AAV2/rh.10 expressing the 

SpCas9AAV. Contrarily to the previous experiment, HU97/18 mice are heterozygous for 

rs28431418 (targeted by sgHTT6T) (Table 4.1), and therefore the sgHTT6T/sgHTT4 targets both 

wild-type and mutant human HTT transgenes (Figure 4.6B). At 4 weeks post-injection, genomic 

DNA amplification indicated that HTT exon 1 deletion had occurred in treated but not in control 

animals (Figure 4.6C). Similar to the previous experiment, analysis by the intronic assay also 

indicated poor efficiency of the strategy, with HTT exon 1 being deleted in only 4.8 ± 4.0% of the 

total HTT transgenes (p=0.017) (Figure 4.6D). As expected, we did not observe any greater loss 

of FLOX signal compared to intronic signals (Figure 4.6E), supporting that deletion occurred in 

both wild-type and mutant HTT transgenes.  

In summary, we showed the sgHTT8P_L/sgHTT4 combination excised the exon 1 from 

25-30% of HTT alleles in transfected HEK293T cells (Figure S4.7D) whereas merely 3% of the 

mutant HTT transgenes were targeted for exon 1 deletion in the striatum of HU97/18 mice. 

Additionally, we demonstrated that the sgHTT6T/sgHTT4 combination targeting both wtHTT and 

mHTT alleles also resulted in rare deletion events in vivo, with just approximately 5% of HTT 

alleles lacking the exon 1. Overall, these results suggest that approaches to delete HTT exon 1 
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are relatively efficient in vitro, but their application to excise the HTT exon 1 in vivo is far more 

challenging.  

 

 
Figure 4.5: Allele-specific deletion of the mHTT exon 1 in HU97/18 by the AAV-KamiCas9 system 
expressing the sgHTT8P_L/sgHTT4 combination. (A) The striatum of HU97/18 mice was bilaterally 
injected with an AAV2/rh.10 expressing the SpCas9AAV (3.3 x 109 vg/hemisphere) plus another AAV2/rh.10 
expressing the sgHTT8P_L/sgHTT4/sgCas9AAV KamiCas9 combination with a nuclear GFP reporter (6.6 x 
109 vg/hemisphere). Control mice were injected with the same doses but the AAV2/rh.10 expressing the 
sgRNAs combination was replaced by AAV2/rh.10 expressing only the nuclear GFP reporter. (B) The 
treatment is expected to induce deletions exclusively in the mHTT transgene. At 10 weeks post-injection, 
4 to 5 punches/mice were taken from the GFP-positive striatal areas for gDNA extraction. (C) Agarose gel 
demonstrating the presence of exon 1-deleted HTT amplicons with the expected size. Quantification of HTT 
exon 1 deletion events using the (B) intronic and (C) FLOX QIAcuity-based assays. Results are presented 
as mean ± SD (N=1, n=7 punch specimens from 2 animals for the control and n=10 punch specimens from 
2 animals for KamiCas9). Statistics: two-tailed unpaired t-tests with Welch's correction. 

 
 
4.1.4. Discussion 

Among the therapeutic strategies aiming at lowering mHTT, gene editing using the 

CRISPR/Cas9 system offers the possibility to permanently inactivate the HTT gene. Given the 

wide-range functions of wtHTT, it is still unclear whether the loss of wtHTT activity may induce 

long-term deleterious effects (Kaemmerer & Grondin, 2019). Therefore, alternative strategies are 

under development to specifically inactivate the mHTT allele by targeting PAS associated to the 

expanded CAG. One of the approaches consists of the specific excision of the mHTT exon 1 

(Fang et al., 2023; Monteys et al., 2017; Shin et al., 2016, 2022a). Shin and colleagues selected 

several allele-specific sgRNA combinations targeting upstream and downstream PAS to the 

expanded CAG repeat to delete large portions of the mHTT allele (> 22 kb) (Shin et al., 2016, 

2022a). A disadvantage of this strategy is the low combined heterozygosity of two targetable 

SNPs in HD subjects, which 
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Figure 4.6: Deletion of both mHTT and wtHTT exon 1 in HU97/18 with constitutive CRISPR system 
expressing the sgHTT6T/sgHTT4 combination. (A) The striatum of HU97/18 mice was bilaterally injected 
with three AAV2/rh.10 vectors: one expressing the SpCas9AAV (2.5 x 109 vg/hemisphere), other expressing 
the sgHTT6T/sgHTT4 constitutive combination (7.5 x 109 vg/hemisphere) and the last vector expressing 
the nuclear GFP reporter (5.0 x 108 vg/hemisphere). Control mice were not injected with the AAV2/rh.10 
expressing the SpCas9AAV. (B) The treatment is expected to induce deletions in both mHTT and wtHTT 
transgenes. At 4 weeks post-injection, 4 to 5 punches/mice were taken from the GFP-positive striatal areas 
for gDNA extraction. (C) Agarose gel demonstrating the presence of exon 1-deleted HTT amplicons with 
the expected size. Quantification of HTT exon 1 deletion events using the (B) intronic and (C) FLOX 
QIAcuity-based assays. Results are presented as mean ± SD (N=1, n=6 punch specimens from 2 animals 
for the control and n=9 punch specimens from 3 animals for KamiCas9). Statistics: two-tailed unpaired t-
tests with Welch's correction. 

 

limits the number of eligible patients for mHTT exon 1 deletion. To overcome this limitation, 

Monteys and colleagues combined an allele-specific sgRNA with a non-allele-specific sgRNA 

(Monteys et al., 2017). However, indels generated by their selected non-allele-specific sgRNA 

decreased the human and mouse wtHTT expression up to 40% in vitro and in vivo, respectively, 

indicating that the strategy did not target exclusively the mHTT allele. Here, we designed an 

optimized intronic non-allele-specific sgRNA (sgHTT4) whose cleavage has no impact on HTT 

expression to ensure allele-specificity of the approach. Among the sgRNAs targeting frequent 

SNPs in the HTT promoter region, the allele-specific sgRNAs targeting the variants rs28431418 

(sgHTT6T) and rs2857935 (sgHTT8P_L) were selected based on their selectivity and efficiency 

performances. While the first variant is not in close linkage to the expanded CAG (Fang et al., 

2023), the PAS rs2857935 is estimated to be present exclusively in the mutant allele in 27.6% of 

the HD patients (Shin et al., 2022a). While all sgRNAs demonstrated similar editing efficiency in 

HEK293T cells, the sgHTT8P_L and sgHTT8P_S targeting the most promising variant rs2857935 

displayed reduced gene editing efficiency in HD-NPCs compared to the other sgRNAs. Likewise, 

relative low levels of gene editing at this locus was also recently reported by Shin and colleagues 

in transfected HD-iPSCs, who detected a 2-fold lower proportion of indels (6%) compared to other 
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sgRNAs (12-14%) (Shin et al., 2022a). Reduced chromatin accessibility at the rs2857935 locus 

caused by the presence of an expanded CAG tract in HD-derived cells could explain the lower 

editing efficiencies in these cell models (Verkuijl & Rots, 2019). These results suggest that 

sgRNAs efficiency cannot be generalized to multiple models. Despite differences in the gene 

editing efficiencies, we demonstrated that the allele-specific sgHTT6T and sgHTT8P_L excised 

the HTT exon 1 in both HEK293T and HD-NPCs when combined with the intronic non-allele-

specific sgHTT4. Consistent with previous reports (Fang et al., 2023; Monteys et al., 2017; Shin 

et al., 2016, 2022a), we confirmed that the HTT exon 1 excision prevents HTT mRNA and protein 

expression.  

In the studies testing HTT exon 1 deletion in vitro (Fang et al., 2023; Monteys et al., 2017; 

Shin et al., 2016, 2022a), allele-specific mHTT deletion has been exclusively demonstrated in 

HD-iPSCs lines after clonal or puromycin selection. In the study testing HTT exon 1 deletion in 

vivo, Monteys and colleagues confirmed mHTT exon 1 deletion in the striatum of BACHD mice 

by agarose gel analysis (Monteys et al., 2017). The authors inferred that the 50% decrease of 

mHTT mRNA expression in the treated striatum was the result of mHTT exon 1 deletion events. 

However, indels generated by individual sgRNAs decrease HTT expression up to 40% in 

HEK293T cells and HD-iPSCs. In addition, while no deletion was expected to occur in the 

endogenous mouse wtHTT gene, its expression was reduced by 35% in the treated striatum. 

Taken together, analysis of mHTT expression levels is not sufficient to draw conclusions 

regarding the efficiency of mHTT exon 1 deletion. Moreover, here we show that agarose gel 

analysis greatly overestimates the extent of mHTT exon 1 events due to PCR bias towards the 

amplification of smaller fragments. meaning that the overall efficiency of HTT exon 1 deletion 

strategy was never evaluated in vitro nor in vivo. 

Given the ultimate goal of applying this strategy for the treatment of HD, it is critical to 

accurately assess its efficacy to determine therapeutic potential. Therefore, here we developed 

digital PCR-based assays to accurately quantify the frequency of deletion events. We observed 

that deletion events were relatively frequent in vitro (approximately 30% in non-selected 

transfected HEK293T cells), but extremely rare in the striatum of HU97/18 mice (less than 5% in 

the transduced areas). The poor frequency of deletion events in vivo was confirmed using sgRNA 

combinations targeting exclusively the mHTT transgene (sgHTT8P_L/sgHTT4) and both wtHTT 

and mHTT transgenes (sgHTT6T/sgHTT4). The HTT exon 1 deletion in HU18/18 mice also 

yielded disappointing results (data not shown). Recently, Simpson and collaborators highlighted 

the challenges of dual sgRNA strategies to delete genomic sequences in the brain (Simpson et 

al., 2023). By combining two sgRNAs to eliminate the expanded CAG from the human ATXN2 

transgene in two SCA2 mouse models, the authors observed that AAV fragment integrations (22-

26%) and indels (22-30%) occurred much more frequently than CAG deletions (1-4%). 

Additionally, a small proportion of inversions (1-2%) and complex rearrangements involving the 

removal of multiple transgenes in tandem (< 1%) were also detected. Another study that 
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attempted a deletion of the exon 23 of the DMD gene in vivo also observed heterogeneous editing 

outcomes (AAV integration, indels, deletions and inversions) after the systemic delivery of the 

CRISPR system (Nelson et al., 2019). Nevertheless, deletion events were almost absent in all 

analyzed organs with exception of the liver, where the DMD exon 23 was deleted in approximately 

5% of the alleles. These data suggest that most of the gene editing outcomes induced by dual 

sgRNA-based approaches are not deletions. Although we have not yet analyzed the frequency 

of indels at the targeted sites in the latest in vivo, unpublished experiments from the lab using 

lower AAV doses and a different AAV serotype (AAV2/1 – serotype 1) revealed that sgHTT6T 

and sgHTT4 induced indels in 27.2 ± 6.0% and 9.1 ± 3.7% of the human HTT transgenes, 

whereas lower indel frequencies were observed at the sgHTT8P_L target site (5.4 ± 0.4%) (data 

not shown). Similarly to HD-NPCs, it indicates that the sgHTT8P_L is less efficient than sgHTT6T. 

In addition, the frequency of indels at the sgHTT4 target site was decreased in HU97/18 compared 

to HD-NPCs and HEK293T cells. Future indel profiling in the latest experiments will provide further 

insights regarding individual efficiency of the sgRNAs under optimized in vivo transduction 

conditions. Overall, the low frequency of deletion events detected in HD mice is supported by 

previous studies indicating poor efficiency of dual sgRNA-based strategies to induce deletion 

events in vivo. 

A dual sgRNA deletion strategy is being tested clinically for the treatment of Leber congenital 

amaurosis type 10 (LCA10) (EDIT-101 - NCT03872479). The therapeutic approach consists of 

the subretinal delivery of an AAV2/5 expressing SaCas9 and a pair of sgRNAs to remove or invert 

the IVS26 mutation in the CEP290 gene, preventing the inclusion of on alternative exon containing 

a premature stop codon (Maeder et al., 2019). The injection of EDIT-101 was estimated to induce 

deletion/inversions events in 3 to 28% of the CEP290 alleles of retinal photoreceptor cells of 

primates (Maeder et al., 2019). Even though the frequency of these events was highly variable 

between treated samples, clinical trial was launched because low levels of gene correction (10%) 

were estimated to be required to induce phenotypic improvements (Maeder et al., 2019). This trial 

has recently paused enrollment for disappointing efficacy, with only 3 out of 14 patients presenting 

clinical improvements. Whether these disappointing results are due to poor CEP290 gene 

correction in the photoreceptor cells of the patients is unknown. Nevertheless, these results 

highlight the therapeutic challenges regarding dual sgRNA strategies aiming at deleting genomic 

sequences in vivo even when low frequency of edited events are required to induce phenotypic 

benefit.  

In addition to the low deletion efficiencies, one of the major drawbacks of allele-specific 

excision of mHTT exon 1 is the requirement for the presence of CAG-associated SNPs proximal 

to the mHTT exon 1. Shin and colleagues identified 10 variants with high mutant specificity 

altering the NGG PAM of SpCas9 at the 5’ region of the HTT gene in a large genotype dataset of 

European-descendent HD subjects (Shin et al., 2022a). However, most of these SpCas9-PAS 

are located far away from the mHTT exon 1 (> 10 kb) and deletion efficiency has been shown to 
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decrease with deletion size (Canver et al., 2014; Monteys et al., 2017). Furthermore, 

approximately 30% of the HD subjects are still not eligible for mHTT exon 1 deletion strategies 

using any of these PAS (Shin et al., 2022a). An alternative CRISPR/Cas9-mediated strategy is to 

promote the specific degradation of the mHTT transcript by nonsense-mediated mRNA decay 

(NMD) (Oikemus et al., 2022; Shin et al., 2022c). Contrarily to deletion strategies, NMD-mediated 

approaches require only one sgRNA targeting the exonic sequences of mHTT allele to induce 

frameshift mutations which generate downstream premature stop codons. However, a 

disadvantage of NMD-based strategies is non-targeting of the short transcript HTT1a, which is 

translated into highly toxic exon 1 mHTT truncated forms (Neueder et al., 2017; Sathasivam et 

al., 2013). Allele-specific strategies based on deletion and NDM have mainly focused on PAS as 

SpCas9 has a lower tolerance to mismatches at PAM sites (Hsu et al., 2013). Nevertheless, the 

targeting of other SNP variants that do not alter PAM sites but are still linked to the expanded 

CAG repeat would maximize the applicability of allele-specific strategies to more HD patients. 

Here, we demonstrate that the transient SpCas9 expression using our previously described LV-

KamiCas9 system not only prevents off-target events (Merienne et al., 2017) but also greatly 

improves sgRNA specificity. These results encourage the use of the KamiCas9 system to 

maximize allele discrimination options by designing allele-specific sgRNAs targeting SNPs 

located at both the seed sequence and the PAM sites. Future analysis of HD genotype datasets 

including not only PAS but all variants linked to the expanded CAG will provide additional options 

to introduce allele-specific modifications in the HTT gene.  

In summary, we present novel insights regarding the in vivo applicability of dual sgRNA 

deletion approaches. While the field has mainly relied on PCR amplification followed by agarose 

gel analysis to evaluate gene editing outcomes, we show that these methods greatly overestimate 

the frequency of deletion events. In addition, we demonstrate that excision events are frequent in 

vitro but very rare in vivo. Despite the huge efforts to establish dual sgRNA-based deletion 

strategies for the treatment of HD and other neurodegenerative disorders, our results do not 

support their application in vivo.  

 

 

4.1.5. Material and Methods 

Plasmid production 

The sgHTT25A/G, sgHTT6T/C, sgHTT10C/G, sgHTT2G/A and sgHTT4 were initially 

ordered as gene strand (IDT, LEuven, Belgium ; Table S4.1) and cloned into the pENTR221 

plasmid as previously described (Merienne et al., 2017). The lead candidates (sgHTT6T/C, 

sgHTT8P_L, sgHTT8P_S, sgHTT2G and sgHTT4) were then clones into optimized expression 

cassettes. We ordered a universal entry plasmid (pMK-AttL1-NotI/BamHI-U6-BsaI-tracrRNAopt-

BamHI/NcoI-U6-SapI-tracrRNAopt-NotI/NcoI/XbaI-7sk-BsmBI-tracrRNA-XbaI-AttL2) containing 

three sgRNA expression cassettes, to make it possible to adopt a flexible cloning strategy for 
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multiple sgRNAs. The U6-driven expression cassettes contain an optimized tracrRNA described 

by Dang and coworkers (Dang et al., 2015) whereas the 7sk-driven expression cassette is 

associated with the original tracrRNA (Merienne et al., 2017). Unique restriction sites (NotI, 

BamHI, XbaI and NcoI) were strategically placed between the cassettes to facilitate the removal 

of every possible cassette combination. The spacer sequence of each sgRNA was then inserted 

into the universal entry plasmid with overhang-compatible annealed oligos after digestion of the 

plasmid with type IIS restriction enzymes (BsaI, SapI or BsmBI). The oligomers used to clone 

each sgRNA is described on the Table S4.2. We then generated the entry plasmids expressing 

different combination of sgRNAs. Briefly, we first generated the KamiCas9 entry plasmids, which 

contain the allele-specific sgRNA (sgHTT6T/C, sgHTT8P_L, sgHTT8P_S, or sgHTT2G) in first 

cassette, the sgHTT4 in the second cassette and the sgCas9 in the last cassette (U6-sgHTT”X”-

U6-sgHTT4-7sk-sgCas9). The entry constitutive plasmids expressing two HTT-targeting sgRNAs 

were generated by removing the last 7sk-sgCas9 cassette by XbaI digestion. Finally, the entry 

plasmids expressing only one HTT-target sgRNA were subsequently produced by removing the 

first or second U6-driven expression cassettes by BamHI or NcoI digestion, respectively. The SIN 

or pAAV2ss plasmids were then produced by transferring the sgRNA expression cassettes from 

the entry plasmids into a LV (SIN-cPPT-Gateway-PGK-mCherry-WPRE) or AAV destination 

vector (pAAV2ss-Gateway-WPRE-bGH), respectively. 

Regarding SIN plasmids expressing the SpCas9, we used the SIN-cPPT-PGK-SpCas9-

WPRE (Addgene #87886) (Merienne et al., 2017) for editing assessment in HEK293T cells. For 

HD-NPCs, we generated the SIN-cPPT-PGK-SpCas9-BPNLS-WPRE plasmid after replacing the 

SRAD and SV40-NLS of the previous construct by a glycine-serine linker (Zhao et al., 2016) and 

the bipartite NLS (BPNLS) (Suzuki et al., 2016; Wu et al., 2009). For the AAV-based systems, we 

used the pAAV2ss-EFS-SpCas9-synPolyA (a gift from Ryohei Yasuda; Addgene #104588) 

(Nishiyama et al., 2017). Additionally, we used the pAAV2ss-CBA-EGFP-WPRE-bGH plasmid 

was kindly provided by Prof. During, Ohio, USA. Another plasmid expressing a nuclear GFP 

(pAAV2ss-CBA-AcGFPnuc-WPRE-bGH) was generated by transferring the AcGFPnuc coding 

sequence from the entry plasmid pENTR4-AttL1-AcGFPnuc-AttL2 to the pAAV2ss-CBA-

Gateway-WPRE-bGH destination vector. 

 

Human embryonic kidney 293T (HEK293T) cells 

HEK293T cells (mycoplasma-negative, ATCC, LGC Standards GmbH, Wessel, Germany) 

were cultured in DMEM-Glutamax supplemented with 10% FBS and 1% penicillin/streptomycin 

(Gibco, Life Technologies, Zug, Switzerland) at 37°C under an atmosphere containing 5% CO2. 

For routine culture, cells were passaged twice weekly after trypsin treatment for dissociation 

(Gibco, Life Technologies, Zug, Switzerland) and plated at a density of 2x106 cells/cm2 in T175 

flasks. 
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HD-derived Neuronal precursor cells (HD-NPCs) 

Patient-derived neuronal progenitor cells (HD-NPCs) were generated from hPSCs line 

GM03621 (Coriell) and provided by Dr. Anselme Perrier (I-Stem, Evry, France). Differentiation 

and culture protocols were previously described (Gribaudo et al., 2019; Nicoleau et al., 2013). 

After amplification, HD-NPCs were banked in vials of 4x106 cells and stored in liquid nitrogen. For 

each experiment, cells were defrost and resuspended in N2B27 medium (1:1 ratio of DMEM-F12-

Glutamax:Neurobasal, 1% N2 supplement, 2% B27 supplement and 0.1% Gentamicin - Gibco, 

Life Technologies, Zug, Switzerland). Cells were centrifuged at 300 x g for 5 minutes to remove 

any trace of FBS and DMSO. Cell pellet was resuspended in 1 mL of N2B27 medium and counted 

with an hemocytometer. For cell expansion, approximately 1.5x106 and 10x106 of cells were 

plated in 6-wells plates or in 10 cm dishes, respectively, in N2B27 medium supplemented with 10 

ng/mL FGF (Bio-techne, Zug, Switzerland), 10 ng/mL EFG (Peprotech, Zug, Switzerland) and 20 

ng/mL BDNF (Peprotech, Zug, Switzerland). Prior plating, wells/dishes were coated with 1:6 poly-

L-ornithine (Sigma-Aldrich, Buchs, Switzerland) in H2O for 24 hour and then with 2 μg/mL laminin 

(Sigma-Aldrich, Buchs, Switzerland) in H2O for 24 hours. Medium was completely changed twice 

a week and cells were passed once a week. 

 

Production of lentiviral vectors 

The LV vectors were produced by the calcium phosphate-mediated transfection of 

HEK293T cells with a four-plasmid system (Hottinger et al., 2000). Human immunodeficiency 

virus type 1 (HIV-1) vectors were pseudotyped with the vesicular stomatitis virus glycoprotein 

(VSV-G) envelope, concentrated by ultracentrifugation and resuspended in phosphate-buffered 

saline (PBS, Gibco, Life Technologies, Zug, Switzerland) supplemented with 1% bovine serum 

albumin (BSA, Sigma-Aldrich, Buchs, Switzerland). The viral particle content of each batch was 

determined in a p24 antigen enzyme-linked immunosorbent assay (p24 ELISA, RETROtek, 

Kampenhout, Belgium). Viral stocks were stored at -80°C until use.  

 

Production of adeno-associated vectors 

AAVs were produced in HEK293T cells by calcium phosphate-mediated transfection. The 

cells were transfected with the pAAV2ss containing the transgene of interest together with the 

pAd Helper-AAV (Agilent Technologies kit #240071) and pAAV-rh10_Rep_Cap (Penn Vector 

Core, University of Pennsylvania, School of Medicine, Philadelphia, USA). The cell suspension 

was centrifuged at 360 x g for 10 minutes at 4°C 72 hours post-transfection. The supernatant was 

supplemented with 10 mM PEG (Roth, Arlesheim, Switzerland) and 0.5 M NaCl (Merck, 

Nottingham, UK) and was incubated at 4°C for at least 2 hours. Cell pellets were pooled and 

incubated in lysis buffer (0.15 M NaCl, Merck, Nottingham, UK; 50 mM Tris-HCl, pH 8.5, Sigma-

Aldrich, Buchs, Switzerland) for 3 consecutive freeze/thaw cycles (30 minutes in dry ice/ethanol 

followed by 30 minutes at 37°C). After the initial two-hour incubation period, the PEG-containing 
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supernatant was centrifuged at 3700 x g for 20 minutes at 4°C and the supernatant was discarded. 

Cell lysate was added to the pellets and the mixture was incubated at 37°C for 1 hour to ensure 

that the pellets were fully homogenized. The lysate was then treated with 50 U/mL Benzonase 

(Sigma-Aldrich, Buchs, Switzerland) and 10 mM MgCl2 (Sigma-Aldrich, Buchs, Switzerland) at 

37°C for 30 minutes. The treated lysate was clarified by centrifugation at 3700 x g for 20 minutes 

at 4°C. AAVs were separated by iodixanol (AxonLab, Le Mont sur Lausanne, Switzerland) 

gradient ultracentrifugation at 255,690 g (70Ti rotor, Beckman-Coulter, Nyon, Switzerland) for 90 

minutes at 20°C. The AAV-containing phase was harvested and loaded on an Amicon Ultra-15 

PL 100 column (Millipore, Zug, Switzerland) with 0.001% Pluronic F68 D-PBS (Gibco, Thermo 

Fisher Scientific, Waltham, USA, Zug, Switzerland) for iodixanol cleaning and viral particle 

concentration. The tubes were first centrifuged at 4000 x g at 4°C until all the solution had passed 

through the column. Two additional washes with 0.001% Pluronic F68 D-PBS were performed 

and the AAV were finally suspended in 120-150 μL 0.001% Pluronic F68 D-PBS. The viral 

genome content (vg/mL) for each AAV was assessed by TaqMan qPCR with primers recognizing 

the inverted terminal repeats of the AAV2 viral genome (forward primer: 5’- 

GGAACCCCTAGTGATGGAGTT-3’, reverse primer: 5’-CGGCCTCAGTGAGCGA-3’, TaqMan 

probe: 5’- FAM-CACTCCCTCTCTGCGCGCTCG-TAMRA-3’) and the KAPA probe fast qPCR 

universal kit (Sigma-Aldrich, Buchs, Switzerland). AAV vectors were stored at -80°C until use. 

 
Transfection of HEK293T cells 

For the transfection experiments (Figures 4.1C, 4.2, 4.3 and S4.7), we plated 5x105 cells 

per well in six-well plates the day before transfection. We mixed the plasmids in 0.25 M CaCl2 

solution and the mixture was then added dropwise to HEPES saline buffer (Sigma-Aldrich, Buchs, 

Switzerland, CaCl2-H2O:HEPES ratio 1:1). The mixture was incubated at room temperature for 

five minutes and added dropwise to the cells (10% of the culture volume). The medium was 

completely replaced 6 hours after transfection. Transfected cells were lysed for DNA and/or RNA 

extraction at four days post-transfection. 

To evaluate the efficiency and/or selectivity of the sgRNAs (Figure 4.1C), HEK293T cells 

were transfected with 0.5 μg of SIN-cPPT-PGK-GFP-WPRE, 2 μg of SIN-cPPT-PGK-SpCas9-

WPRE, and 2 μg of pENTR221 plasmids expressing the sgRNA. The sgRNA expression is under 

the control of H1 promoter for all sgRNAs but sgHTT4, which expression was driven by the U6 

promoter. All sgRNAs present the backbone (tracrRNA) used in Merienne et al., 2017. Cells 

transfected only with the plasmid encoding SpCas9 and GFP were used as negative control. 

To compare HTT exon 1 deletion efficiency between transfected and transduced cells 

(Figure 4.2), HEK293T cells were transfected with 2 μg of SIN-cPPT-PGK-Cas9-WPRE and 2 μg 

of SIN plasmids expressing two sgRNAs plus mCherry. All sgRNAs contained the optimized 

tracrRNA sequence described by Dang et al., 2015 and their expression was driven by the U6 
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promoter. The expression of mCherry was driven by the PGK promoter. Cells transfected with 

only SIN plasmids encoding for SpCas9 and GFP were used as negative control. 

To compare HTT exon 1 deletion efficiency between the LV-based constitutive and 

KamiCas9 systems (Figure 4.3), HEK293T cells were transfected with 1.6 ug of SIN-cPPT-PGK-

Cas9-WPRE and 1.3 μg of SIN plasmids expressing two (constitutive) or three sgRNAs 

(KamiCas9) plus mCherry. The sgRNAs targeting the HTT gene contained the optimized 

tracrRNA sequence described by Dang et al., 2015 and their expression was driven by the U6 

promoter. The expression cassette of the sgRNA targeting the LV-SpCas9 (sgCas9) was identical 

to the one used in Merienne et al., 2017. The expression of mCherry was driven by the PGK 

promoter. Cells transfected with SIN plasmids encoding for SpCas9 and mCherry with no sgRNAs 

were used as negative control.  

To compare HTT exon 1 deletion efficiency between the AAV-based constitutive and 

KamiCas9 systems (Figure S4.7), HEK293T cells were transfected with 0.6 ug of pAAV2ss-CBA-

GFP-WPRE-bGH, 1.1 ug pAAV2ss-EFS-myc-SV40-spCas9-SV40-synPolyA and 2.1 ug of 

pAAV2ss plasmids expressing sgHTT8P_L/sgHTT4 (constitutive) or 

sgHTT8P_L/sgHTT4/sgCas9AAV (KamiCas9) (SpCas9:sgRNA molar ratio of 1:3). The features of 

the sgRNA expression cassettes were identical to the ones used in the LV-based systems tested 

in the Figure 4.3. Cells transfected only with pAAV2ss plasmids encoding for SpCas9 and GPF 

were used as negative control. 

 

Generation of clonal HEK293T cell lines with HTT exon 1 deletion 

 For the clonal analysis of HEK293T cell containing deletion of the exon 1 in the HTT gene 

(Figures S4.2), 5x106 cells in 10 cm dish were transfected 24 hours after seeding with 30 μg of 

plasmids (15 μg SIN-cPPT-PGK-SpCas9-WPRE and 15 μg SIN-U6-sgHTT8P_L-U6-sgHTT4-

PGK-mCherry). Five days post-transfection, the cells were dissociated with trypsin and serial 

dilutions were plated in 96-well plates. The cell clones that grew at the highest dilution conditions 

were sequentially expanded in 48-well plates, 24-well plates, and six-well plates. Finally, we 

screened the clonal cell lines for the presence of exon 1 deletion in the HTT gene by PCR 

amplification. 

 
Transduction of HEK293T cells 

For the transduction experiments in HEK293T cells (Figures 4.1D-E and  4.2), we plated 

5x105 cells per well in six-well plates the day before transduction. The cells were transduced with 

200 ng of LVs (100 ng of SIN-cPPT-PGK-Cas9-WPRE and 100 ng of LV expressing the sgRNAs 

plus mCherry reporter) diluted in DMEM medium added dropwise to the cells (5% of the culture 

volume). Cells transduced with LVs encoding for SpCas9 and mCherry with no sgRNAs were 

used as negative control. The medium was completely replaced 24 hours after transduction. 
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Transduced cells were then passed once a week and lysed for DNA and RNA extraction at three 

weeks post-transduction.  

 

Transduction of HD-NPCs 

For the transduction experiments in HD-NPCs (Figures 4.4, S4.3 and S4.5), we plated 

8x105 cells per well in six-well plates the day before transduction. The cells were transduced with 

LVs diluted in N2B27 medium added dropwise to the cells (5% of the culture volume). The 

medium was completely replaced 24 hours after transduction. Transduced cells were then passed 

once a week and lysed for DNA and RNA extraction at two weeks post-transduction.  

To optimize transduction conditions in HD-NPCs (Figure S4.3), cells were transduced with 

200, 300 or 400 ng of LVs expressing the SpCas9 or SpCas9-BPNLS with LVs expressing the 

sgHTT1 (Merienne et al., 2017) in a ratio 1:1. Cells transduced with LVs encoding for SpCas9 

and mCherry with no sgRNAs were used as negative control. 

To compare HTT exon 1 deletion efficiency between the LV-based constitutive and 

KamiCas9 systems (Figure 4.4), cells were transduced with 200 ng of LVs expressing the 

SpCas9-BPNLS and 200 ng of LVs expressing the sgRNA combinations. Cells transduced with 

LVs encoding for SpCas9 and mCherry with no sgRNAs were used as negative control. 

To assess individual editing efficiency of each sgRNA (Figure S4.5), cells were transduced 

with 200 ng of LVs expressing the SpCas9-BPNLS and 200 ng of LVs expressing each sgRNA. 

Cells transduced with LVs encoding for SpCas9 and mCherry with no sgRNAs were used as 

negative control. 

 

Animals 

Transgenic mice expressing the full-length human wild-type and mutant HTT gene 

(HU97/18; BACHD+;YAC18++; Hhd-/-) were kindly provided by Prof. Hayden (Vancouver, 

Canada) (Southwell et al., 2013). Adult male and female transgenic mice (> 9 weeks-old) were 

used for the in vivo experiments. Mice were housed in a specific pathogen-free (SPF) facility with 

IVC cages GM500 (Tecniplast) or rat R.BTM.U x /R.ICV.6 cages (Innovive, Paris, France) and 

Innorack rats, simple face (cat# RS.5.8.40) containing corn cob bedding, with no more than five 

mice per cage. The animals were maintained in a controlled-temperature room (22 ± 1°C), under 

a 14-hour light/10-hour dark cycle. The following enrichments were provided: 2 pieces of wipes, 

1 cardboard tunnel, 1 cardboard or polysulfide house with 2 entrances/exits. Food (SAFEÒ 150, 

Safe, Rosenberg, Germany) and water were provided ad libitum. All experimental procedures 

were performed in strict accordance with Swiss regulations concerning the care and use of 

laboratory animals (veterinary authorizations 3447 and 3682). 

Stereotaxic Injections  

Anesthesia and surgical procedures were performed as previously described (Merienne 

et al., 2017). The mice striata was bilaterally injected with 4 μL of AAV2/rh.10 (1.00 x1010 vg) per 
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hemisphere at a rate of 0.5 μL/min at the coordinates +0.8 ; ±1.9 ; -3.3  (+0.8 mm rostral to 

Bregma; ±1.9 mm lateral to midline; and 3.3 mm ventral from the skull surface, with the tooth bar 

set at -3.3 mm). The needles were left in place for five minutes after the injection and were then 

slowly removed. During surgery, body temperature was controlled with a warming blanket (CMA 

450 Temperature Controller, Phymep, Paris, France) and the eyes were protected with 0.2% 

Viscotears liquid gel (Novartis, Basel, Switzerland). Post-surgery analgesic treatment 

(acetaminophen, Dafalgan Upsa 1000 mg/750 mL) was administered in drinking water for 72 

hours. 

 

DNA, RNA, and protein extraction 

For in vitro experiments, genomic DNA and RNA were extracted with Trizol Reagent (Life 

Technologies, Zug, Switzerland), according to the manufacturer’s instructions. Briefly, the culture 

medium was removed, and the cells were washed three times with PBS (Gibco, Life 

Technologies, Zug, Switzerland). The cells were lysed directly in the well with 1 mL of Trizol. The 

gDNA was precipitated and purified in accordance with the protocol provided by the supplier. The 

final DNA pellet was then resuspended in nuclease-free water (Gibco, Life Technologies, Zug, 

Switzerland) by passive homogenization in increasing volumes of water for 24-72 hours at room 

temperature. For the experiments containing RNA analysis, the RNA was precipitated from the 

aqueous phase and purified in accordance with the protocol supplied by the supplier. The final 

RNA pellet was then resuspended in nuclease-free water (Gibco, Life Technologies, Zug, 

Switzerland) by passive homogenization and then vortexing. Finally, both gDNA and RNA 

concentrations were determined with a Nanodrop spectrophotometer (Thermo Fisher Scientific, 

Reinach, Switzerland). The gDNA and RNA were kept at –20°C and –80°C for long-term storage, 

respectively. In addition, protein was extracted from wild-type and clonal HEK293T cell lines in 

RIPA buffer (R0278, Sigma) supplemented with a 1/200 dilution of protease inhibitor cocktail 

(P8340, Sigma-Aldrich, Buchs, Switzerland) and 5 µM Z-VAD-FMK (HY-16658B, Chemie 

Brunschwig, Basel, Switzerland), hereafter referred to as RIPA+ buffer. Briefly, approximately 

1x106 cells were washed in PBS and 50 μl of RIPA+ buffer was added to the cell pellet. The pellet 

was homogenized with a pellet mixer (VWR, Dietikon, Switzerland) and left on ice for 30 minutes. 

The protein extract was then centrifuge at 18000 x g for 15 minutes at 4°C and the supernatant 

containing solubilized proteins was collected into a new tube and stored at -80°C. 

For in vivo experiments, mice were sacrificed by isoflurane overdose and brains were 

collected and cut into 1 mm-thick coronal slices. We collected 5-6 punch specimens/animal (~ 1.5 

mm3 each) from the GFP-positive striatal area. Genomic DNA was extracted from each individual 

punch specimen with the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Hombrechtikon, 

Switzerland) according to the manufacturer’s recommendations. The gDNA was stored at -20°C. 

 

PCR and TIDE analysis 
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The editing efficiencies of the sgRNAs targeting HTT and SpCas9 were assessed by 

Tracking of Indels by Decomposition (TIDE) analysis (Brinkman et al., 2014) on Sanger 

sequencing chromatograms of amplified DNA. The indel size range was set to 10 and the size of 

the decomposition window was adapted for reads of low quality or containing repetitive 

sequences. The significance cutoff was set to 0.05 (https://tide.nki.nl/). Nucleic acid amplification 

was performed on 100 ng of gDNA (extracted by Trizol) or 10 ng gDNA (extracted with AllPrep 

DNA/RNA/miRNA Universal Kit) with the KAPA HiFi Hotstart kit (KAPA Biosystems, Labgene) 

according to the manufacturer’s recommendations. The human HTT gene was amplified with teo 

sets of PCR primers. The set 1 amplifies a region of 2732 bp containing all sgRNA target sites 

except the sgHTT25 target site, whereas the set 2 amplifies a region of 2037 bp containing all 

sgRNA target sites except the sgHTT4 target site. PCR reaction with the primer set 1 consists of 

the primers 5’-CTCCCAAGAACTGGGAACTAAC-3’ (fwd1) and 5’-

ACCACCGTGATCATGAACTAAA-3’ (rev1), with a melting temperature of 55°C and an extension 

period of 90 seconds. PCR reaction with the primer set 2 consists of the primers 5’- 

TCGAACTCCTGACCTCTGGT-3’ (fwd2) and 5’-CTGCTGGAAGGACTTGAGGG-3’ (rev2), with a 

melting temperature of 65°C and an extension period of 60 seconds.  The LV-SpCas9 transgene 

was amplified with the primers 5’-AATGGAAGTAGCACGTCTCACTAG-3’ and 5’-

GTTGATCGGGTTCTCTTCGAAAAG-3’, with a melting temperature of 60°C and an extension 

period of 30 seconds (Merienne et al., 2017). The AAV-SpCas9 transgene was amplified with the 

primers 5’-TTTTTCGCAACGGGTTTGCC-3’ and 5’-AGAAGCTGTCGTCCACCTTG-3’, with a 

melting temperature of 65°C and an extension period of 25 seconds. The primers used to 

generate Sanger sequencing chromatograms for each sgRNA target site are described in the 

Table S4.3. 

 

Measurement of HTT exon 1 deletion 

For the semiquantification of HTT exon 1 deletion on agarose gel, HTT gene was amplified 

using the primer set 1. We measured the optical density of the different PCR bands on the agarose 

gel with fiji software. The optical density of each band was then normalized on the length of the 

amplicon. Finally, for each sample, the length-normalized optical density of the exon1-deleted 

amplicon was divided by the sum of length-normalized optical densities of the deleted and non-

deleted amplicons.  

The quantification of HTT exon 1 deletion using the intronic and FLOX assays was 

performed by digital PCR in QIAcuity 24-well Nanoplates with 8500 partitions (QIAcuity® digital 

PCR, Qiagen, Basel, Switzerland). The intronic assay is based on EvaGreen signal of amplified 

amplicons by the primers 5’-TCGCAGGATGCGAAGAGTTG-3’ and 5’-

GTTAAAAGAACCCCCGCCCT-3’. The FLOX assay is a Taqman-based assay to detect the 

amplification of the FLOX sequence in HU97/18 mice using the primers 5’-

GCGGGATCCATAACTTCGTA-3’ and 5’-ACTCGAAGGCCTTCATCAGC-3’ with the probe 5’-
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FAM-ATTAATCGAGGTCGACCGCC-BHQ1-3’. EvaGreen-intronic and FAM-FLOX signals were 

normalized on VIC signals generated by the amplification of the poly(rC)-binding protein 2 

(PCBP2) gene with the primers 5’-TTGTGTCTCCAGTCTGCTTG-3’ and 5’-

AGGTGGTGGTGGTGGTA-3’ (Christodoulou et al., 2016), and the probe 5’-VIC-

CCCTCTCCTGGCTCTAAATGTTGTGT-BHQ1-3’. Two different reactions were set up 

accordingly to the manufacturer’s instructions in a 12 µL volume with 42 ng of gDNA. The reaction 

amplifying the HTT intronic region contained 4 µL of 3x QIAcuity EvaGreen PCR master mix 

(Qiagen, Basel, Switzerland), 0.4 µM of each primer, and 3 units of EcoRI-HF restriction enzyme. 

The second reaction simultaneously amplifying the FLOX sequence and PCBP2 gene contained 

3 µL of 4x QIAcuity Probe PCR master mix (Qiagen, Basel, Switzerland), 0.8 µM of each primer, 

0.4 µM of each probe, and 3 units of EcoRI-HF restriction enzyme. Loaded plates were incubating 

10 minutes at RT for EcoRI-HF digestion followed by DNA amplification: initial denaturation at 

95°C for 2min, 40 amplification cycles at 95°C, 60°C and 72°C for 15 sec each, and a final step 

at 40°C for 5 min. Finally, data analysis was performed with the QIAcuity Software Suite 2.0.20 

(Qiagen, Basel, Switzerland). 

 

RNA expression analysis 

One thousand nanograms of RNA were first treated with RNase-free DNase (RQ1, 

Promega, Dubendorf, Switzerland) according to the manufacturer’s protocol to remove any trace 

of genomic DNA and diluted to 20 ng/μL. The cDNA was generated from 200 ng DNase treated-

RNA with the Superscript II (Thermo Fisher, Reinach, Switzerland) according to the 

manufacturer’s guidelines. Two sets of primers were used to evaluate HTT mRNA expression. 

One set was comprised by the primers 5’-AGTGATTGTTGCTATGGAGCGG-3’ and 5’-

GCTGCTGGTTGGACAGAAACTC-3’ (targeting HTT exon 64 and 65, respectively) (Cambon et 

al., 2017). The other set consists of the primers 5’-CTGCACCGACCAAAGAAAGAAC-3’ and 5’-

CATAGCGATGCCCAGAAGTTTC-3’ (targeting the HTT exon1/2 junction and exon 3, 

respectively) (Cambon et al., 2017) . As a reference gene quantification analysis, we amplified 

the peptidylprolyl isomerase B (PPIB) gene with the primers 5’-

TTCCATCGTGTAATCAAGGACTTC-3’ (targeting PPIB exon 3) and 5’-

GCTCACCGTAGATGCTCTTTC-3’ (targeting PPIB exon 4) (Kirschneck et al., 2017). Real-time 

quantitative PCR (RT-qPCR) was used to assess HTT expression in the clonal cell lines (Figure 

S4.2C) with the KAPA SYBR Fast qPCR master mix (Sigma-Aldrich, Buchs, Switzerland) 

according to the manufacturer’s protocol, using the Rotor gene (Qiagen, Basel, Switzerland) and 

the following cycle parameters: 95°C for 180 seconds, then 40 cycles of 95°C for 3 seconds, 60°C 

for 10 seconds. Digital PCR in QIAcuity 24-well Nanoplates with 8500 partitions (QIAcuity® digital 

PCR, Qiagen, Basel, Switzerland) was used to evaluate the impact of indels (Figure 4.1E) on 

HTT expression in transduced HEK293T cells. Each reaction was set up accordingly to the 

manufacturer’s instructions in a 12 µL volume containing 4µL of 3x QIAcuity EvaGreen PCR 
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master mix (Qiagen, Basel, Switzerland), 0.4 µM of HTT or PPIB forward and reverse primers 

and 40 ng of cDNA. Loaded plates were then subjected to the following temperature cycling: initial 

denaturation at 95°C for 2min, 40 amplification cycles at 95°C, 60°C and 72°C for 15 sec each, 

and a final step at 40°C for 5 min. Finally, data analysis was performed with the QIAcuity Software 

Suite 2.0.20 (Qiagen, Basel, Switzerland). 

 

Virtual western blot 

Protein concentration was assessed with a BCA kit (Thermo Fisher Scientific, Reinach, 

Switzerland) according to the recommended procedure. After dilution in 0.1x SB (ProteinSimple, 

Bio-Techne), 0.6 μg of total protein extract was size-separated with the Jess capillary-based 

immunoassay system. Samples were processed according to the manufacturer’s instructions, 

with the 66-440 kDa separation module (SM-W008). The primary anti-huntingtin antibody clone 

1HU-4C8 (MAB2166, Zug, Switzerland) (diluted 1/750) and the anti-vinculin antibody clone 3M13 

(ZRB1089, Merck, Nottingham, UK) (diluted 1/50) were used to target the HTT and vinculin 

proteins, respectively. Huntingtin and vinculin were then detected by chemiluminescence with the 

anti-rabbit-HRP conjugate (043-026, ProteinSimple, Bio-Techne AG, Zug Switzerland) diluted 

1/20 in the ready-to-use anti-mouse-HRP conjugate (DM-002, ProteinSimple, Bio-Techne AG, 

Zug, Switzerland). Compass software (version 6.1) was used for the analysis. Peaks were 

determined with the gaussian fit method and HTT and vinculin signals were used to calculate the 

HTT/vinculin ratios. 

 

Bioinformatic analysis 

Potential off-target sites were assessed with the Bioconductor package CRISPRseek (Zhu 

et al., 2014) with a maximum of mismatch set to 4. Off-targets with a score ≥1 was considered as 

potential off-target sites.  

 

Statistical methods 

For the statistical analyses, we tested the hypotheses of normally distributed data and 

equal variances to determine the most appropriate statistical test. Post-hoc analyses were 

performed with GraphPad Prism 9.1.0 software. ANOVA was used for comparisons of more than 

two groups and t-tests were used for comparisons between two groups. No specific method was 

used for sample randomization, sample-size estimation, or data inclusion/exclusion. All results 

are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.  
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4.1.6. Supplemental information 

 
Figure S4.1: Off-target analysis, related to Figure 4.1. (A) Bioinformatic analysis with CRISPRSeek 
package (Zhu et al., 2014) revealed potential off-target sites for the different sgRNAs. The analysis was 
conducted by searching for off-target sites with a maximum of 4 mismatches and the threshold for off-target 
cleavage score was set to 1 (≥ 1, range from 0 to 100). (B) Localization of the off-target sites in the human 
genome. 
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Figure S4.2: Deletion of HTT exon 1 in HEK293T clonal cell lines, related to Figure 4.2. Cells were 
transfected with plasmids encoding for SpCas9 and sgRNA combination (sgHTT8P_L/sgHTT4) and 
subsequently cloned in individual cell lines by dilution cloning. (A) After clone expansion, clonal lines were 
screened for HTT exon 1 deletion using the primer set 1. The upper fragment in the agarose gel results 
from the amplification of non-deleted HTT alleles (2732 bp) whereas lower fragments correspond to the 
amplification of exon 1-depleted HTT alleles. (B) Illustration of the predicted rearrangements occurred in 
the HTT alleles depleted of exon 1 based on Sanger sequencing. (C) HTT expression normalized to PPIB 
expression levels was evaluated by RT-qPCR in the non-treated HEK293T cells, HTT knockout clonal cell 
line carrying indels at the translational start site (Duarte et al., 2023 – in revision) and in the three selected 
clones II-H8, II-E5 and I-C12 (N=1, n=1). (D) Capillary-based immunoassay representative image and (E) 
quantification of HTT protein levels (4C8 antibody). The vinculin antibody was used as an internal standard 
for the quantitative analysis (N=1, n=1). 
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Figure S4.3: Optimization of the conditions for HD-NPCs transduction, related to Figure 4.4. (A) We 
evaluated whether another SpCas9 variant with improved nuclear localization (SpCas9-BPNLS) could 
enhance sgHTT1 editing efficiency. This SpCas9-BPNLS variant differs from the original SpCas9 construct 
(Mali et al., 2013) on the linker and nuclear localization signal (NLS). Original SpCas9 contains a SRAD 
linker and SV40-NLS whereas SpCas9-BPNLS bears a glycine-serine linker (Zhao et al., 2016) and the 
bipartite NLS (BPNLS) (Suzuki et al., 2016; Wu et al., 2009). (B) Proportion of indels measured by TIDE in 
transduced neuronal progenitor cells derived from HD patients (HD-NPCs) with different doses of LVs 
separately encoding for SpCas9 and sgHTT1 in a 1:1 ratio (200 ng, 300 ng or 400 ng) at 2 weeks post-
transduction. Results are presented as mean ± SD (N=1, n=2). 

 

 
Figure S4.4: Validation of separation of amplicons from wtHTT and mHTT for analysis of editing 
efficiency, related to Figure 4.4. Representative chromatograms of the sequencing of wild-type, mutant 
or both (bulk) HTT alleles showing different signals at the SNP rs2857935 site. 
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Figure S4.5: Single cut efficiency of the sgHTT6T, sgHTT8P_L, sgHTT8P_S and sgHTT4 in HD-NPCs, 
related to Figure 4.4. HD-NPCs were transduced with two LVs separately expressing the SpCas9 and the 
sgRNA targeting HTT gene (sgHT6T, sgHTT8P_L, sgHTT8P_S and sgHTT4). Cells transduced with LVs 
encoding for SpCas9 and mCherry were used as negative control. Gene editing outcomes were analyzed 
at 2 weeks post-transduction. Results are presented as mean ± SD (N=1, n=4). Statistics: one-way ANOVA 
and multiple-comparisons to control with Dunnet’s correction; ∗∗∗∗ :p<0.0001. 

 

 
Figure S4.6: Validation of QIAcuity digital PCR-based assays for quantification of HTT exon 1 
deletion, related to Figures 4.5 and 4.6. (A) Schematic representation of the quantitative assays. The 
transgenic HU97/18 mice (Southwell et al., 2013) carries 8 copies of the human HTT transgenes (4 copies 
of mHTT and 4 copies of wtHTT) and no homolog mouse HTT gene (Duarte et al., 2023 – in revision). The 
mHTT transgene derived from the BACHD mice (Gray et al., 2008) contains 97 trinucleotide repeats (CAG-
CAA) coding for an expanded polyglutamine and a FLOX sequence at the 5’UTR. The wtHTT transgene 
derives from YAC18/18 (Hodgson et al., 1999) and carries 18 CAG repeats. The FLOX assay consists of 
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a TaqMan-based assay amplifying the sequence FLOX on the mHTT transgenes whereas the intronic 
assay consists of a EvaGreen-based assay amplifying an intronic sequence in both wtHTT and mHTT 
transgenes immediately upstream to the HTT exon 1. Amplification signals of both FLOX and intronic 
assays are then normalized to the amplification signals of a TaqMan-based assay targeting the poly(rC)-
binding protein 2 (PCBP2) gene (Christodoulou et al., 2016). The loss of PCBP2-normalized FLOX signals 
indicate that the exon 1 of the mHTT allele has been deleted.  An equal loss of PCBP2-normalized intronic 
and FLOX signals indicates deletion in both mHTT and wtHTT transgenes. In the case of specific mHTT 
exon 1 deletion, the loss of PCBP2-normalized FLOX signal is expected to be higher than the loss of signals 
from the intronic assay. (B-C) Wild-type mice do not carry human HTT transgenes but do carry the reference 
PCBP2 gene, and therefore it is possible to simulate the loss of the FLOX and human HTT intronic 
sequences by mixing gDNA from these two strains in different ratios. To validate the two assays, we mixed 
20 ng or 30 ng of gDNA from these two mice strains in increasing ratios and observed high correlation 
between expected and estimated amplification ratios using the (B) intronic assay (R2=0.985) and (C) FLOX 
assay (R2=0.999). These results validate the use of these assays for the quantification of HTT exon 1 
deletion. 

 

 

Figure S4.7: Validation of the AAV-KamiCas9 system for HTT exon 1 deletion in transfected 
HEK293T cells, related to Figures 4.5 and 4.6. (A) HEK293T cells were transfected with the AAV- 
constitutive or KamiCas9 systems (Duarte et al., 2023 – in revision) adapted for HTT exon 1 deletion, 
composed by 3 plasmids separately expressing SpCas9AAV, GFP, and sgHTT8P_L/sgHTT4 (constitutive) 
or sgHTT8P_L/sgHTT4/sgCas9AAV (KamiCas9). At 4 days-post transfection, HTT exon 1 deletion was 
evaluated by gel agarose semiquantitative analysis and by the QIAcuity digital PCR-based intronic assay. 
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(B) Representative images and (C) semiquantitative analysis of the agarose gels after amplification of HTT 
gene using the primer set 1. Results are presented as mean ± SD (N=1, n=4). Statistics: one-way ANOVA 
and multiple-comparisons between conditions with Tukey’s correction; ∗∗∗∗ :p<0.0001. (D) Quantification 
of the relative number of HTT exon 1 normalized to the number of PCBP2 alleles in control and treated 
samples. Results are presented as mean ± SD (N=1, n=4). Statistics: one-way ANOVA and multiple-
comparisons between conditions with Tukey’s correction; ∗∗ :p<0.01. (E) Editing efficiency of the sgCas9AAV 
quantified by TIDE. Results are presented as mean ± SD (N=1, n=3). 

 

Table S4.1: List of sgRNAs ordered as gene strands and cloned into pENTR221 plasmids.   

sgRNA name Gene strand sequence 

sgHTT25A 

 
GTTCTGTATGAGACCACAGATCTGACAGCAGAGAAACAGCTGTGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA  
 

sgHTT25G 
(mismatch) 

 
GTTCTGTATGAGACCACAGATCTGACAGCAGAGAAACAGCCGTGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA  
 

sgHTT6T 

 
ACAAGATCTCAGGGCTGTCCGGGTGAGTAGTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTG
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGATC
CAAGCTTACATAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGAT
CCAAGCTTACA  
 

sgHTT6C 
(mismatch) 

 
ACAAGATCTCAGGGCTGTCCGGGTGAGCAGTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTG
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGATC
CAAGCTTACATAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGAT
CCAAGCTTAC  
 

sgHTT10C 

 
GTTCTGTATGAGACCACAGATCTGGGGCTCAACGGAGAGGGGAGTTTTGAGCTAGAAATAGCAAG
TTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGG
ATCCAAGCTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGAT
CGGATCCAAGCTTCCA  
 

sgHTT10G 
(mismatch) 

 
GTTCTGTATGAGACCACAGATCTGGGGCTCAACGGAGAGCGGAGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA  
 

sgHTT2G 

 
GTTCTGTATGAGACCACAGATCTACCCGTCCCGGCAGCCCCCAGTTTTAGAGCTAGAAATAGCAA
GTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGG
ATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGA
TCGGATCCAAGCTTCCA  
 

sgHTT2A 
(mismatch) 

 
GTTCTGTATGAGACCACAGATCTACTCGTCCCGGCAGCCCCCAGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA  
 

sgHTT4 

 
GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGGTTTATATATCTTGTGGAAA
GGACGAAACACCGTGGATGACATAATGCTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCATAGCCATGGGCGGCCG
CTCTAGACACCGTGGATGACATAATGCTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCATAGCCATGGGCGGCCGC
TCTAGA 
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Table S4.2: List of sgRNAs ordered as oligonucleotides and cloned into pMK entry plasmids. The 
generated overhangs after oligonucleotide annealing are underlined. In some sgRNA, an extra guanine 
was added at the 5’ to facilitate U6-driven expression. The enzymes used for the cloning of the annealed 
oligos and position of the cassette in the universal pMK entry plasmid are indicated in the second column. 

sgRNA name 
Enzyme 

# cassette 
Forward oligo 

(5’ – 3’) 
Reverse oligo 

(5’ – 3’) 

sgHTT6T BsaI 
#1 CACCGCAGGGCTGTCCGGGTGAGTA 

 
AAACTACTCACCCGGACAGCCCTGC  
 

sgHTT6C 
(mismatch) 

BsaI 
#1 CACCGCAGGGCTGTCCGGGTGAGCA AAACTGCTCACCCGGACAGCCCTGC 

sgHTT8P_L BsaI 
#1 

 
CACCGCCCCGCTCCAGGCGTCGGCGG  
 

 
AAACCCGCCGACGCCTGGAGCGGGGC  
 

sgHTT8P_S BsaI 
#1 

 
CACCGCTCCAGGCGTCGGCGG  
 

 
AAACCCGCCGACGCCTGGAGC  
 

sgHTT2G BsaI 
#1 CACCGTGGGGGCTGCCGGGACGGGT  

 
AAACACCCGTCCCGGCAGCCCCCAC  
 

sgHTT4 SapI 
#2 ACCGTGGATGACATAATGCTTTT  

 
AACAAAAGCATTATGTCATCCAC  
 

sgCas9 
BsmBI 

#3 CCTCAATGGAGTACTTCTTGTCCA  AAACTGGACAAGAAGTACTCCATT  

sgCas9AAV 
BsmBI 

#3 CCTCGTCGCCGAAGAAAAAGCGCA AAACTGCGCTTTTTCTTCGGCGAC 

 

 
Table S4.3: List of primers used for Sanger sequencing and respective targeted sequencing sites. 

sgRNA target site Amplification primer set Sequencing primer Primer sequence (5’ – 3’) 

sgHTT25 Set 2 (fwd2/rev2) HTT25_seq / fwd2 TCGAACTCCTGACCTCTGGT 

sgHTT6 
sgHTT8P_L 
sgHTT8P_S 

Set 1 (fwd1/rev1) HTT6/8_seq GACTGCATGGTAAGGGAGGC 

sgHTT10 Set 1 (fwd1/rev1) HTT10_seq GCCCCCACGGCGCCTTGCGTCC 

sgHTT2 Set 1 (fwd1/rev1) HTT2_seq TGCTGCTGGAAGGACTTGAG 

sgHTT1 Set 1 (fwd1/rev1) HTT1_seq GCCTGTCCTGAATTCACCGA 

sgHTT4 Set 1 (fwd1/rev1) HTT4_seq TTGCTGTGTGAGGCAGAACCTGCGG 
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5. Conclusions and Future Perspectives 
 

 

Facilitating quantification of AAV transduction in the brain 

Gene therapy represents a great window of opportunity for the treatment of CNS 

disorders. One obstacle to the development of CNS gene therapies is the lack of automated 

workflows to facilitate evaluation of transduction efficiency in the brain. Single-cell RNA 

sequencing (scRNA-seq) has been used to estimate transduction efficiency in vivo (Brown et al., 

2021; Davidsson et al., 2019; Maturana et al., 2021). However, this methodology is expensive 

and it usually evaluates transduction efficiency on a brain subregion rather than in the whole brain 

tissue. The current approaches to evaluate transduction efficiency at the whole-brain level mainly 

rely on the quantification of the proportion of fluorescent cells on brain images upon delivery of a 

reporter transgene (Chan et al., 2017; Deverman et al., 2016; Hanlon et al., 2019; Smith et al., 

2021). These methods require the manual parcellation of each brain region, which can be time-

consuming. Semi-automatic co-registration of brain images to reference atlas has been used to 

speed evaluation of drug distribution across multiple brain areas (Lopes et al., 2022; Salinas et 

al., 2018). However, transduction efficiency cannot be deduced from distribution analysis due to 

differences in the cell density and composition among different brain regions. In here we explored 

3D and 2D semi-automated pipelines to facilitate the quantification of the number of transduced 

cells in multiple brain areas. We cross-validated the 3D and 2D quantitative workflows by 

demonstrating that both approaches yielded similar numbers of transduced cells. We then 

integrated information regarding cellular density and composition from the Blue Brain Cell Atlas 

(Erö et al., 2018) to calculate the proportion of transduced cells in each brain region. Finally, we 

showed that the proportion of transduced cells accurately predicted the extent of HTT inactivation. 

In summary, the quantitative workflows here presented represent valuable tools to assess AAV 

transduction efficiency across multiple brain regions and can be used to estimate therapeutic 

potential of CNS gene therapies. 

Nevertheless, we observed that quantification of fluorescent cells using the 3D workflow 

is more challenging in deep brain structures due to the lower resolution of LSFM-acquired 3D 

images. The use of microscopy techniques avoiding light scattering throughout the tissue to allow 

the capture of high-resolution images of deeper brain structures (Zhang et al., 2021) should be 

used in future applications to improve 3D-based quantification. In addition, the use of nuclear 

reporters will simplify detection of fluorescent cells by preventing interference signals from 

neuropil. Recently, a study evaluating liver transduction observed that the number of fluorescent 

hepatocytes was 4-fold lower than the number of hepatocytes carrying AAV-induced genome 

modifications (Lang et al., 2019). The authors reasoned that the quantification of fluorescent cells 

underestimates the absolute number of transduced cells because cells transiently expressing the 

reporter transgene and/or cells expressing low levels of the transgene are often below the 
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detection fluorescence threshold. Given the much more limited cellular turnover in the brain 

compared to the liver (Heinke et al., 2022), it is unlikely that transduced cells would escape 

fluorescence detection due to dilution of transgene expression during cell division. Contrary, we 

cannot discard the possibility that our quantitative workflows may fail to capture some transduced 

cells with lower reporter transgene expression. Nonetheless, the high correlation between the 

frequency of HTT editing events and proportion of fluorescent cells suggests that our 

fluorescence-based workflows accurately quantified the number of transduced cells. Altogether, 

this data suggests that the use of fluorescent reporters to estimate transduction efficiency can 

accurately quantify the number of transduced cells with low turnover capacity, but it might 

underestimate the number of transduced cells in replicative cells.  

 

Efficient KamiCas9-mediated HTT inactivation in the cortico-striatal neuronal circuitry 

affected in HD 

Among the therapeutic strategies aiming at lowering mHTT, gene editing using the 

CRISPR/Cas9 system offers the possibility to permanently inactivate the HTT gene. We and 

others have successfully used the CRISPR/Cas9 system to inactivate the HTT gene in the 

striatum of HD models (Ekman et al., 2019; Merienne et al., 2017; Monteys et al., 2017; Oikemus 

et al., 2022; Yan et al., 2023; Yang et al., 2017) resulting in the improvement of HD motor-like 

symptoms and lifespan. Despite these promising results, it still unknown whether the exclusive 

treatment of the striatum will be sufficient to induce therapeutic benefit in HD patients as cortical 

neurons are also highly affected at early stages of the disease (Aylward et al., 2013; Johnson et 

al., 2021). The targeting of both striatal and cortical neurons will likely improve therapeutic benefit. 

Nevertheless, the targeting of multiple brain regions is challenging. Yan and colleagues recently 

demonstrated that the intravenous administration of an AAV2/9 expressing two sgRNAs targeting 

the exon 1 of the human mHTT transgene reduced HTT protein levels in several brain areas in a 

KI minipig HD model (Yan et al., 2023). However, such results were achieved with the injection 

of high doses of AAVs in neonatal piglets before the full establishment of the BBB. While this 

strategy may be compatible with the treatment of newborn HD carriers, its application at adult 

stages will be limited by the diminished brain transduction due to difficulties to transpose the BBB. 

Moreover, high systemic AAV doses increase the risk for potential toxic effects in peripheral 

tissues, especially in the liver. Therefore, despite its invasiveness, intracranial delivery is still the 

most efficient administration route to transduce brain cells. Nonetheless, a drawback of this 

delivery method is that it usually restricts transgene expression to the injected areas. To maximize 

therapeutic efficacy for HD, we reasoned to combine the retrograde transport properties of the 

AAV2.retro (Tervo et al., 2016) with the broad striatal diffusion of the AAV2/rh.10 (Cearley & 

Wolfe, 2006; Gao et al., 2004) to simultaneously inactivate the HTT gene in both CPNs and SPNs 

upon intrastriatal injection. Additionally, HTT inactivation in the striatum has been previously 
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achieved by constitutively expressing the Cas9 nuclease (Ekman et al., 2019; Monteys et al., 

2017; Oikemus et al., 2022; Yan et al., 2023; Yang et al., 2017), increasing the likelihood for the 

occurrence of off-target events and immunogenic responses. Here, we show that the transient 

AAV-KamiCas9 system simultaneously delivered by the AAV2/rh.10 and AAV2.retro efficiently 

inactivates the HTT gene in both striatal and cortical neurons. In summary, we propose a safer 

gene editing strategy based on the transient SpCas9 expression maximized to inactivate the HTT 

gene in the corticostriatal network affected in HD. 

Despite the complexity of the approach (based on 6 AAVs), our results suggest that the 

HTT gene was successfully edited in nearly all transduced cells. This is in agreement with a recent 

report demonstrating that multiple AAV vectors expressing for different transgenes can efficiently 

co-express in the same cells in the brain (Maturana et al., 2021). Nevertheless, we acknowledge 

that the simplification of this strategy to fewer AAV components would likely improve cell targeting 

and facilitate clinical translation. The use of smaller orthologue Cas9 nucleases would allow the 

package of both nuclease and sgRNAs in the same vector. In addition, the development of new 

AAV variants with combined diffusion and retrograde transport properties will allow the efficient 

targeting of both SPNs and CPNs using a single AAV serotype. Recently, Lin and colleagues 

developed the AAV2/9-retro, which can retrogradely transduce projection neurons with an 

efficiency comparable to AAV2.retro while retaining AAV2/9 diffusion properties (Lin et al., 2020). 

This new AAV variant could be a valuable alternative for the maximal targeting of the 

corticostriatal network affected in HD. 

 

Limited in vivo efficiency to selectively inactivate mHTT through exon 1 deletion 

The potential deleterious effects of reducing both wtHTT and mHTT are still not fully elucidated 

in the context of the disease. Therefore, alternative strategies are under development to 

specifically inactivate the mHTT allele by targeting SNPs associated to the expanded CAG. One 

of the approaches consists of the specific excision of the mHTT exon 1 (Fang et al., 2023; 

Monteys et al., 2017; Shin et al., 2016, 2022a). Nevertheless, these studies reporting mHTT exon 

1 deletion in vitro and in vivo HD models have merely relied on the amplification of exon 1-deleted 

mHTT alleles to demonstrate strategy feasibility, without providing any absolute quantitative 

measures. Likewise, similar dual sgRNA deletion strategies have been proposed for other CNS 

disorders with no reports available regarding their efficiency (Piao et al., 2022). Given the ultimate 

goal for clinical application, it is critical to accurately assess the efficacy of these dual sgRNA-

based strategies to determine therapeutic potential. Therefore, here we developed digital PCR-

based assays to accurately quantify the frequency of HTT exon 1 deletion events. We observed 

that deletion events were frequent in vitro, but extremely rare in the striatum of HU97/18 (less 

than 5% in the transduced areas) and HU18/18 mice (data not shown). These results are 

supported by other two studies in SCA1 and DMD mouse models, which demonstrated that most 

of the gene editing outcomes induced by dual sgRNA-based approaches in vivo do not 
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correspond to the intended deletions. Additionally, the clinical trial testing a pair of sgRNAs to 

remove or invert the IVS26 mutation in the CEP290 gene for the treatment of LCA10 has recently 

paused enrollment due to disappointing efficacy. In summary, our results do not support the 

application of dual sgRNA-based deletion strategies for the in vivo treatment of HD and other 

CNS disorders. In addition, we highlight that the current methodologies based on agarose gel 

analysis of PCR amplicons containing the intended modifications greatly overestimate the 

frequency of such gene editing events. For instance, Yan and colleagues recently reported the 

Cas9-mediated replacement of expanded CAG repeats in a KI minipig HD model (Yan et al., 

2023). However, this claim was solely based on the positive amplification of the expected replaced 

fragment. Moreover, not only HTT alleles containing the corrected number of CAG repeats were 

poorly amplified beforehand indicating poor efficiency, but also only 15-20% of the cloned PCR 

fragments contained the intended modification. Overall, we pretend to encourage the scientific 

community to adopt more quantitative methods when analyzing such complex gene editing events 

to avoid misleading conclusions concerning the applicability of such therapeutic strategies in vivo. 

An alternative CRISPR/Cas9-mediated strategy  to selectively silence the mHTT allele is the 

specific degradation of the mHTT transcript by NMD (Oikemus et al., 2022; Shin et al., 2022c). 

Contrarily to deletion strategies, NMD-mediated approaches require only one sgRNA targeting 

the exonic sequences of mHTT allele to induce frameshift mutations which generate downstream 

premature stop codons. Nonetheless, a disadvantage of NMD-based strategies compared to 

exon 1 deletion strategies is non-targeting of the short transcript HTT1a, which is translated into 

highly toxic exon 1 mHTT truncated forms (Neueder et al., 2017; Sathasivam et al., 2013). 

Oikemus and coworkers selected the PAS rs362331 to demonstrate mHTT allele-specific NMD 

in HU97/18 mice (Oikemus et al., 2022) based on previous estimations of patient eligibility 

provided by Pfister et al. (40-46%) (Pfister et al., 2009). In contrast, Shin and colleagues estimated 

that 1,3% and 20,4% of European HD subjects are eligible for allele-specific NMD-mediated 

strategies targeting of the PAS rs362331 and rs363099, respectively (Shin et al., 2022c). Both 

studies provided important proof-of-concept insights regarding the applicability of allele-specific 

NMD-mediated approaches for HD. However, the inconsistent estimation of the proportion of HD 

patients eligible for strategies targeting the variant rs362331 highlight the urgent need to generate 

a consensus regarding patient eligibility for allele-specific strategies. 
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Central nervous system (CNS) disorders have a social and economic burden on
modern societies, and the development of effective therapies is urgently required. Gene
editing may prevent or cure a disease by inducing genetic changes at endogenous
loci. Genome editing includes not only the insertion, deletion or replacement of
nucleotides, but also the modulation of gene expression and epigenetic editing.
Emerging technologies based on ZFs, TALEs, and CRISPR/Cas systems have extended
the boundaries of genome manipulation and promoted genome editing approaches
to the level of promising strategies for counteracting genetic diseases. The parallel
development of efficient delivery systems has also increased our access to the CNS. In
this review, we describe the various tools available for genome editing and summarize
in vivo preclinical studies of CNS genome editing, whilst considering current limitations
and alternative approaches to overcome some bottlenecks.

Keywords: CNS, genome editing, ZFs, TALEs, CRISPR/Cas

INTRODUCTION

Neurological disorders are the principal cause of disability and the second leading cause of death
worldwide (Feigin et al., 2019). Central nervous system (CNS) diseases include diverse infections
(meningitis and encephalitis), vascular disorders (stroke and other hemorrhages), structural (brain
or spinal injury), functional (epilepsy and migraines) and neurodegenerative (Alzheimer’s and
Parkinson’s disease) conditions. With steady increases in the size and age of the world population,
the prevalence of these diseases is likely to increase, and they have thus become a priority area of
research. The age-standardized frequencies of neurological diseases have declined, but the number
of people a�ected worldwide has continued to increase. The continual aging of the population is,
thus, outstripping our ability to counteract these disorders (Feigin et al., 2019).

The development of therapeutic strategies for CNS disorders is challenging, given the
considerable diversity of cells involved, the extreme complexity of the neural circuits and
associated functions, poor tissue regeneration and our incomplete understanding of the underlying
pathological processes. Pharmacological e�cacy depends on our ability to take all of these factors
into account. For some disorders, such as traumatic and neurodegenerative conditions, the timing
of treatment may also be important, with therapeutic success decreasing as neurodegeneration
progresses. Moreover, the blood–brain barrier (BBB) limits the di�usion of most molecules
delivered by conventional methods. Consequently, the doses of drugs delivered systemically often
have to be increased to ensure that therapeutic concentrations are reached in the CNS, which may
lead to toxicity.
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As a result of these challenges, approval rates are much lower
for CNS-targeting drugs than for drugs targeting other parts of
the body (Kesselheim et al., 2015; Gribko� and Kaczmarek, 2017).
This has led to a revision of CNS drug development guidelines
and to the implementation of innovative and e�cient therapeutic
models. One particular treatment strategy, gene therapy, has
progressed remarkably over the last 15 years. It involves the
introduction of recombinant nucleic acids into the patient’s cells,
to fight or prevent a disease (Klug et al., 2012). Two di�erent
therapeutic approaches can be used: ex vivo and in vivo. Ex vivo
gene therapy entails: (1) the collection of cells from the patient,
(2) the culture and modification of these cells in vitro and (3) the
transplantation of the modified cells back into the recipient. The
in vivo approach involves modification of cells directly in the
individual. One of the major advantages of gene therapy is that
it can be used to modify most biological pathways through the
targeting of the underlying genes. It can halt or reverse disease
progression by targeting the underlying pathogenic processes,
whereas conventional medicine often focuses on symptom relief.
In addition, stable transgene expression or permanent genome
modification may make it possible to treat disorders in a
single administration.

The most straightforward application of gene therapy is the
treatment of monogenic disorders. A classical approach to the
treatment of diseases caused by loss-of-function (LOF)mutations
is based on the replacement of the defective gene with the
wild-type (WT) cDNA. The treatment of familial lipoprotein
lipase deficiency (LPLD) with Glybera (a rAAV1 encoding
the lipoprotein lipase variant LPLS447X; Ylä-Herttuala, 2012),
a rare form of inherited blindness with Luxturna (a rAAV2
encoding a normal copy of the retinal pigment epithelium-
specific 65 kDa protein; Russell et al., 2017), and spinal
muscular atrophy (SMA) with Zolgensma (a rAAV9 encoding
the survival motor neuron 1 protein; Hoy, 2019) provide
examples of approved products. The treatment of autosomal
dominant disorders caused by gain-of-function (GOF)mutations
generally involves decreasing the levels of mutant mRNA by
RNA interference (RNAi) or with antisense oligonucleotides
(ASO). An example is provided by mipomersen, an ASO
targeting the apolipoprotein B mRNA, which can be used to treat
homozygous familial hypercholesterolemia (Hair et al., 2013).
Gene therapy products have been also developed to combat genes
in which the pathological mutation alters transcript splicing.
Examples include eteplirsen for Duchenne muscular dystrophy
(DMD) (Syed, 2016) and nusinersen (Spinraza R�) for SMA (Hoy,
2017). These products deliver nucleic acids targeting the mutant
primary transcripts, and modify the splicing of these transcripts
into non-pathogenic isoforms. Finally, gene-based therapeutic
approaches have also been successfully used for the treatment
of polygenic diseases, such as cancer and infectious diseases
(Shahryari et al., 2019). In such cases, the strategies developed
target one of the identified pathogenic genes (LOF or GOF) or
deliver transgenes encoding factors with protective functions.

Gene replacement approaches have been successfully applied
to some disorders, but (1) the size of the transgene may be limited
by the delivery system, (2) this approach is usually restricted to
the expression of a single gene isoform and (3) the lack of a

transgene chromatin signature often results in non-physiological
levels of expression (Khabou et al., 2018). Conversely, gene
silencing with RNAi/ASO (1) does not completely knockout
the pathological gene, and a total knockout may be essential
for highly damaging genes, (2) its therapeutic e�cacy depend
on the turnover of the targeted transcript and (3) may require
continuous drug administration to maintain the therapeutic
benefit (Sledz and Williams, 2005).

Genome editing has emerged as a complementary gene
therapy strategy. It operates at native DNA loci, and can
be used for the complete inactivation of a toxic gene, gene
repair or regulation of an endogenous gene (Doudna, 2020).
Genome editing tools have been available for 30 years, but their
limited e�cacy, complex production and the lack of e�cient
delivery vehicles have delayed their clinical application. Over
the last decade, more sophisticated and precise editing tools
have rendered genome engineering not only promising for gene-
based therapeutic approaches, but also useful as a technique for
basic biology, genetic diagnosis and drug discovery purposes
(Doudna, 2020; Li et al., 2020; Sandoval et al., 2020; Wertz
et al., 2020). Indeed, therapeutic genome editing is no longer a
concept for the distant future, and several ex vivo and in vivo
therapeutic approaches are currently undergoing clinical testing
for the treatment of various diseases (Schacker and Seimetz, 2019;
Li et al., 2020). In this review, we describe the various genome
editing tools available and summarize some of the preclinical
studies of in vivo CNS genome editing published to date, while
discussing current limitations and alternative approaches to
overcome some of the bottlenecks.

DNA-BINDING PLATFORMS

Editing platforms have two key features essential for the
specific and e�cient modification of target sequences within
the genome: (1) a DNA-binding domain recognizing a unique
target sequence and (2) an e�ector element for inducing
precise genetic/epigenetic modifications. The genome editing
tools currently available are based on three major DNA-binding
platforms: zinc fingers (ZFs), transcription-activator like e�ectors
(TALEs), and clustered regularly interspaced short palindromic
repeats (CRISPR/Cas).

Zinc fingers are eukaryotic DNA-binding domains consisting
of two anti-parallel b-sheets and one a-helix, the residue
composition of which specifies binding to particular triplets
(Miller et al., 1985; Pavletich and Pabo, 1991). Merging six ZFs,
is su�cient to create larger DNA-recognition domains targeting
unique sequences (18 base pairs) in eukaryotic genomes (Urnov
et al., 2010). The construction of extensive libraries of ZFs has
made it possible to engineer zinc finger proteins (ZFPs) targeting
almost any sequence desired.

Transcription-activator like e�ectors were first discovered in
Xanthomonas, a plant-pathogenic bacterium (Bonas et al., 1989;
Boch and Bonas, 2010). These proteins bind the DNA via a
central region containing an array of 33- to 35-amino acid motifs.
The amino-acid sequences of arrays are similar except for two
positions, conferring nucleotide-binding specificity. Unlike ZFs,
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in which each domain recognizes a specific trinucleotide, each
TALE array recognizes a single nucleotide.

CRISPR/Cas are the most recently developed tools for genome
engineering. They are based on an RNA-guided nuclease, the
DNA-binding properties of which are easily modulated by a
short RNA sequence (Fineran and Charpentier, 2012;Wiedenheft
et al., 2012). They are involved in bacterial adaptable immunity
and can be grouped into two main classes according to the
complexity of the nuclease e�ector (Makarova et al., 2015, 2020).
Class 1 systems (types I, III, and IV) involve a large complex
of several e�ector proteins, whereas class 2 systems (types II,
V, and VI) use a single Cas protein to mediate the recognition
and cleavage of foreign nucleic acids. Class 2 systems are the
most widely used for genome editing, because of their simple
structure. Type II and type V CRISPR/Cas ribonucleoprotein
complexes recognize specific DNA sequences through RNA-
DNA base pairing. Cas binding and interference are determined
by the spacer sequence (⇠20 bp) of the single guide RNA
(sgRNA), and the protospacer adjacent motif (PAM) on the
target DNA. The spacer is complementary to the target sequence
and the PAM is a short DNA motif immediately adjacent to
the target region. Cas9 (type II) and Cas12a (type V) have
been extensively explored for genome editing (Jinek et al.,
2012; Cong et al., 2013; Mali et al., 2013; Zetsche et al.,
2015). Cas9 requires a 30 PAM to the target sequence, whereas
Cas12a recognizes a 50 PAM on the non-targeted strand. Cas9
induces PAM-proximal blunt double-strand breaks (DSBs) and
Cas12a creates PAM-distal staggered DSBs. PAM requirements
make it impossible for a single CRISPR/Cas system to target
all genomic sequences, but the use of di�erent Cas9 and
Cas12a orthologs with di�erent PAM specifications has greatly
expanded targeting capabilities (Cebrian-Serrano and Davies,
2017). In addition, Cas9 proteins have been engineered to
accept di�erent and less restrictive PAMs, although sometimes
compromising the specificity (Hu et al., 2018; Walton et al.,
2020). By contrast, other groups have restricted Cas9 binding
parameters to increase specificity, which however reduce the
editing e�ciency (Kleinstiver et al., 2016; Kocak et al., 2019). The
major advantage of CRISPR/Cas-based tools over ZFs and TALEs
for genome editing is the ease of engineering of the DNA-binding
domain to recognize unique sequences. The DNA-binding
specificity of ZFs and TALEs is dependent on protein-DNA
interactions and the targeting of particular sequences therefore
requires protein design. The genome-targeting specificity of
CRISPR/Cas is provided by the sgRNAs, which are simpler and
less expensive to design.

FUSING DNA-BINDING DOMAINS TO
EFFECTOR DOMAINS: GENOME
EDITING APPROACHES

Genome editing can be grouped into four approaches, depending
on the e�ector domains used (Table 1). The DNA sequence can
be permanently altered by gene editing or base editing, whereas a
transient or stable modification of DNA function/expression can
be achieved with gene regulation or epigenetic editing.

Gene Editing
The e�ector domain of gene editing platforms is a nuclease that
induces DSBs at the target DNA sequence (Doudna, 2020; Li et al.,
2020). Cas proteins possess intrinsic nuclease activity, whereas
ZF nucleases (ZFNs) and TALE nucleases (TALENs) have been
engineered by fusing the catalytic domain of the FokI nuclease
to ZFs and TALEs, respectively (Figure 1A). FokI is a bipartite
endonuclease that must dimerize to cleave the target sequence
(Vanamee et al., 2001). ZFNs and TALENs therefore have
two fused FokI domains binding opposite strands of adjacent
sequences in reverse orientations, to promote FokI dimerization
and genome restriction (Figure 1A). Spatial orientation and
module spacing requirements decrease the probability of o�-
target cutting events. Site-specific DNA cleavage activates cellular
DNA repair pathways, which then delete, insert or replace
nucleotide sequences (Yeh et al., 2019). The two main DNA
repair pathways for DSBs are the non-homologous end-joining
(NHEJ) and homology-directed repair (HDR) pathways. NHEJ
is error-prone, often introducing small insertions or deletions
(indels), whereas HDR uses homologous sequences as a template,
to ensure the correct repair of damaged DNA (Figure 1B).
The NHEJ pathway is frequently used to inactivate toxic genes
(Figure 1B). The introduction of indels at the 50 end of the target
gene results in frameshift mutations, generating premature stop
codons. Other applications include the disruption of aberrant
splicing sites or the deletion of large fragments of DNA through
the creation of two DSBs in the same chromosome (Figure 1B).
By contrast, the accuracy of the HDR pathway allows precise
nucleotide insertions, deletions or substitutions at the target
site (Figure 1B). This is achieved by using double- or single-
stranded DNA templates containing the intended modification,
flanked by homologous sequences. HDR can, thus, be used to
correct both GOF and LOF mutations, for gene repair. HDR
can also be exploited as an alternative approach to classical gene
replacement, to improve control over the copy number of the
gene of interest and to prevent insertional mutagenesis due to
the random integration of viral vectors. HDR-mediated gene
replacement involves the site-specific insertion of full transgenes
(cDNA) at “safe harbor” locations, defined as sites within the
genome at which the addition of sequences does not interfere
with the neighboring genes and results in safe robust transgene
expression (Figure 1B).

HDR-mediated gene editing is a promising approach for
therapeutic applications, but it is generally less e�cient than
NHEJ and mostly restricted to the G2 and S phases of the
cell cycle (Yeh et al., 2019). This imposes additional challenges
for the application of HDR-based editing to post-mitotic cells
and, therefore, to CNS disorders. Nishiyama and colleagues
reported a high e�ciency of HDR in the mouse brain (Nishiyama
et al., 2017), but most groups have struggled to achieve such
success with this approach. Several groups have proposed
NHEJ-like strategies to overcome this limitation through
precise gene editing in non-replicative cells by microhomology-
mediated end-joining (MMEJ) (Yao et al., 2017b), homology-
independent targeted integration (HITI) (Suzuki et al., 2016), and
microhomology-dependent targeted integration (MITI) (Li et al.,
2019). Other groups have explored HDR-like mechanisms, such
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TABLE 1 | Comparison of the different genome editing approaches.

Editing approaches Advantages Disadvantages

Gene editing Efficient
Permanent
All possible modifications: insertion, deletion and substitution

Off-target cleavage
Chromosomal instability
Target sequence restriction (PAM for CRISPR; 5’-T for TALENs)
NHEJ is heterogeneous
HDR is inefficient (especially in post-mitotic cells)

Base editing Permanent
No need to induce DSBs
Few or no indels

Off-target at both DNA and RNA level
Bystander base editing
Target sequence restriction (PAM)
Efficiency is low
Only substitutions are possible

Transcriptional
regulation

Physiological expression level
Low off-target effects
Cell reprogramming

Efficacy depends on the level of gene expression
Large genomic areas can be affected
Most modifications are not permanent

Epigenetic editing Long-term modification
Cell reprogramming

Lack of information on epigenetic marks for some targeted genes
May affect large genomic regions
Simultaneous modification of several epigenetic marks may be
necessary

as homology-mediated end joining (HMEJ) (Yao et al., 2017a)
and single homology arm donor-mediated intron-targeting
integration (SATI) (Suzuki et al., 2019). These techniques have
yielded significantly higher rates of gene insertion in post-
mitotic cells, although the mechanisms involved are not fully
understood. Other groups have suggested approaches in which
HDR repair is promoted by fusing the Cas9 nuclease to factors
involved in the regulation of NHEJ/HDR pathways. For instance,
p53-binding protein 1 (53BP1), which plays a major role in
balancing NHEJ/HDR ratio, promotes DSB repair via the NHEJ
pathway by preventing the DNA end resection required for
HDR (Bunting et al., 2010). Cas9 fused to a dominant-negative
53BP1 enhances HDR and inhibits NHEJ in a target-specific
manner, without modifying cellular DNA repair mechanisms
overall (Jayavaradhan et al., 2019). E�orts have also been made
to improve HDR by fusing Cas9 to RecA (RAD51 in eukaryotes),
which plays a key role in homologous recombination (Cai et al.,
2019; Kurihara et al., 2020), or by altering the conformational
checkpoints for Cas9 binding to DNA (Kato-Inui et al., 2018).

No product for therapeutic gene editing has yet been
approved, but the first clinical trials based on this technology have
demonstrated the safety of this approach (Schacker and Seimetz,
2019). However, as gene editing permanently modifies the DNA,
several biosafety concerns have been raised concerning the
induction of o�-target DSBs and increases in genomic instability
(Mills et al., 2003). Unlike DSBs, DNA single-strand breaks
(SSBs) are common events under physiological conditions, and
are less harmful than DSBs (Caldecott, 2008). Nickases were
developed by mutating one of the catalytic sites of Cas9 (nCas9),
such that only one strand of the DNA is cut (Doudna, 2020)
(Figure 1A). Paired nickases targeting nearby sequences on
opposing strands can create specific DSBs, while decreasing the
chances of producing o�-target DSBs (Dabrowska et al., 2018; Ge
and Hunter, 2019). The use of SSBs and ssDNA repair templates
to insert specific sequences has been explored as an alternative
to DSB-mediated HDR (Rees et al., 2019). Nickase variants
have improved the HDR:indel ratio, but, overall, this approach
remains less e�cient than DSB-mediated recombination.

BASE EDITING

DNA base editing can be used to modify single nucleotides
without the need to introduce DSBs, reducing the risk of creating
o�-target indels (Rees and Liu, 2018; Molla and Yang, 2019).
Base editing could potentially be used to correct pathogenic point
mutations, the most common type of human genetic disorders
(Landrum et al., 2016). DNA base editors have been generated
by fusing catalysis-deficient Cas9 (dCas9) or nCas9 to deaminase
enzymes, which convert specific nucleotides (Komor et al., 2016;
Nishida et al., 2016; Gaudelli et al., 2017) (Figure 2A). These tools
make use of the sgRNA/Cas-mediated R-loop structure to target
the transient ssDNA with cytosine or adenosine deaminases.
Cytosine base editors (CBEs) convert cytosine into uracil
(C!U), which has similar base-pairing properties to thymine
(T). The U is then converted to T via DNA repair mechanisms
based on base excision repair (BER) or mismatch repair (MMR),
resulting in the conversion of C·G into T·A base pairs. The first
generation of CBEs (BE1) was developed by fusing dCas9 to the
apolipoprotein B mRNA-editing enzyme, catalytic polypeptide 1
(APOBEC1) (Komor et al., 2016). This tool converted cytosine
nucleotides in the test tube, but not in eukaryotic cells. The
authors rapidly realized that the poor cytosine conversion in
cells might be due to intrinsic U:G mismatch repair mechanisms.
Uracil is one of the most common non-canonical bases in
DNA and its removal by DNA repair mechanisms is important,
to prevent mutagenesis. Uracil removal is initiated by uracil
DNA glycolase (UDG), which excises the uracil and triggers the
conversion of U:G into C:G base pairs by BER. Consequently,
the second generation of CBEs (BE2) were fused to a uracil
DNA glycosylase inhibitor (UGI), to prevent uracil base excision
repair, considerably improving cytosine editing. Attempts were
then made, in the third generation of CBEs (BE3) to favor
the incorporation of the modified nucleotide through the
use of nCas9 rather than dCas9, to induce a “nick” in the
unedited strand, thereby favoring the correction of the non-
edited nucleotides by the DNA mismatch repair machinery.
This resulted in higher cytosine conversion e�ciencies, but also
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FIGURE 1 | Gene editing tools and therapeutic approaches. (A) Gene editing tools are based on TALEs, ZFs and CRISPR/Cas platforms. Site-specific TALENs and
ZFNs consist of two modules of TALEs and ZFs fused to the FokI nuclease. Both modules recognize adjacent sequences in opposite strands to promote the
dimerization of FokI and sequence cleavage in a staggered fashion. In contrast, CRISPR/Cas systems hold intrinsic nuclease activity. Cas nucleases or Cas nickases
are explored to produce either DSBs or SSBs in the targeted sequence, respectively. Alternatively, paired nickases targeting adjacent sequences in opposite strands
generate staggered DSBs. (B) Gene editing therapeutic approaches rely on the intrinsic DNA repair mechanisms NHEJ and HDR after generation of DSBs. Gene
disruption by NHEJ involves the introduction of indels after generation of DSBs at the coding region of a pathogenic gene, resulting in the formation of a premature
stop codon. Gene correction by NHEJ implicates the targeting of the non-coding region of a pathogenic gene. It includes the removal of deleterious exons by the
simultaneous cleavage in both upstream and downstream intronic regions and/or disruption of splicing regulation sites. Both gene repair and gene insertion by HDR
involve the use of donor templates containing intended sequences flanked by homology arms. In the first case, the template is targeted to the pathogenic gene and
contains the corrected sequence allowing gene restoration. In contrast, gene insertion by HDR targets safe harbor locations in the genome to introduce therapeutic
transgene expression cassettes.
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FIGURE 2 | Base editing tools and therapeutic approaches. (A) Base editors consist of Cas nickases fused to cytosine (CBEs) or adenine ssDNA deaminases
(ABEs). CBEs are fused to either AID or APOBEC1 (pink), which convert C into U, whereas ABEs are fused to an evolved TadA (TadA*) followed by a wild-type TadA
fusion (brown), which convert A into I. The consequent G:U and T:I mismatches are then corrected by the cellular DNA repair mechanisms. To favor the correction of
the non-edited nucleotides by the DNA mismatch repair machinery, the nickase introduces a “nick” in the unedited strand. The correction of the non-edited strand
results in a final conversion of C:G into T:A base pairs and A:T into G:C base pairs by CBEs and ABEs, respectively. CBEs are usually fused to the UGI to prevent the
rapid removal of uracil by BER (blue). (B) Base editing therapeutic approaches include the repair of pathogenic genes by correcting point mutations or the
inactivation of toxic genes by generating a premature stop codon.

increased the frequency of indel events. Indel formation in this
context probably results from the creation of two adjacent DNA
nicks on opposite strands (by nCas9 on the unedited strand
and by BER enzymes on the edited strand), leading to the
generation and NHEJ-mediated processing of transient DSBs.
For this reason, a fourth generation of CBEs was generated by
fusing nCas9 to two UGIs (BE4) and/or to the bacteriophage
Mu-derived Gam (BE4-GAM), which binds to DSBs and protects
them from degradation (Komor et al., 2017). The BE4 editors
underwent further improvement, based on the modification of
nuclear localization signals, codon optimization and deaminase
reconstruction (BE4max) (Koblan et al., 2018). In parallel, CBEs
were generated with an ortholog of activation-induced cytidine
deaminase A (AID) from sea lamprey (PmCDA1) rather than
APOBEC1 (Nishida et al., 2016). CDA1-nCas9-UGI had editing

rates similar to those of APOBEC1-nCas9-UGI, but achieved
through periodic decreases in incubation temperature to 25�C,
the optimal temperature for PmCDA1. An extended toolbox of
DNA CBEs is now available. These editors di�er in terms of
their Cas proteins (Cas9 or Cas12a), nuclease activity (dCas or
nCas), cytosine deaminase (APOBEC1 or CDA1), number of
UGIs, nuclear localization signals and the linker sizes between
domains (Rees and Liu, 2018; Molla and Yang, 2019).

Adenine base editors (ABEs) transform adenine into ionosine
(A!I), which is then converted to guanine (G), resulting in
the conversion of A·T into G·C base pairs (Figure 2A). ABEs
were generated based on the tRNA adenine deaminase (TadA)
of Escherichia coli (Gaudelli et al., 2017). After several rounds
of development, it was established that the fusion of nCas9
to an evolved TadA (TadA⇤) followed by a wild-type TadA
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resulted in the most e�cient ABE (ABE 7.10). The DNA repair
mechanisms for removing ionosine from the DNA are less
e�cient than those for removing uracil, and these tools were,
therefore, able to induce high levels of adenine conversion
without the need for ionosine repair inhibitors. Consequently,
indel events were much less frequent (barely detectable) than
in untreated samples. As for BE4max, the e�ciency of ABE7.10
was also increased by the development of ABEmax (Koblan
et al., 2018). The TadA⇤-TadA e�ector domain was fused to
several Cas9 variants, recognizing di�erent PAMs, to increase
the breadth of targeting possible for ABEs (Rees and Liu, 2018;
Molla and Yang, 2019).

Base editing is dependent on DNA mismatch repair
rather than homologous recombination. It therefore constitutes
an alternative approach to HDR-mediated gene editing for
correcting point mutations in post-mitotic cells. CBEs and ABEs
have been used to correct both LOF and GOF pathogenic point
mutations implicated in various diseases (Komor et al., 2016;
Gaudelli et al., 2017; Liang et al., 2017; Koblan et al., 2018;
Zeng et al., 2018) (Figure 2B). In vivo base editing applications
have been described for hypercholesterolemia (Chadwick et al.,
2017; Rossidis et al., 2018), hearing loss (Yeh et al., 2018,
2020), hereditary tyrosinemia type 1 (Rossidis et al., 2018),
phenylketonuria (Villiger et al., 2018), DMD (Ryu et al., 2018)
and amyotrophic lateral sclerosis (ALS) (Lim et al., 2020).
Another therapeutic strategy involves the generation of a
premature stop codon for gene inactivation, as an alternative to
NHEJ-mediated gene editing (Billon et al., 2017; Kuscu et al.,
2017) (Figure 2B).

Base editing is a promising therapeutic strategy, but it is
subject to limitations in terms of the purity of the edited products,
bystander base editing and distal o�-target activity. Product
purity is defined as the ratio of intended to unintended editing
events at the targeted site. Uracil is more prone to repair by
base excision repair mechanisms, so product purity is lower for
CBEs than for ABEs. This translates into a higher rate of C
to non-T nucleotide conversion and indel events than of A to
non-G conversions and indels generated by ABEs. Bystander
base editing also lowers product purity by modifying base pairs
adjacent to the targeted nucleotide. Bystander editing of adjacent
Cs or As can be counteracted by employing base editors with
narrow editing windows, although some such editors are less
e�cient. For distal o�-target editing, CBEs have been shown to
generate more o�-target mutations than ABEs (Lee H.K. et al.,
2018; Zuo et al., 2019). Base editors have been shown to induce
unintended modifications in both DNA and RNA. Indeed, a
recent report demonstrated substantial levels of o�-target editing
in RNA, for both CBEs and ABEs (Zhou et al., 2019). Distal o�-
target editing may result from non-specific Cas protein binding
to DNA and RNA or random contacts between the deaminase
domains and RNA or ssDNA during DNA replication and
transcription (Rees and Liu, 2018; Molla and Yang, 2019). Cas-
dependent o�-target editing has been reduced by the use of
high-fidelity Cas variants, and other types of o�-target editing
can be limited by altering the intrinsic DNA and RNA a�nity of
deaminase domains.

Genome Regulation
Genome regulation o�ers additional therapeutic options through
the modulation of gene expression at native loci. Gene
expression is regulated by multiple factors, including both cis
and trans elements, ultimately leading to the recruitment of
RNA polymerases to promoter regions. Genome expression is
also regulated by epigenetic marks, which determine chromatin
accessibility state and comprise multiple elements, including the
three-dimensional architecture of the DNA and histone or DNA
modifications (Holtzman and Gersbach, 2018). An extensive
list of possible histone modifications, including acetylation,
methylation and phosphorylation, has been described, and all
these processes can be altered to modulate gene expression
(Holtzman and Gersbach, 2018). Epigenetic modifications,
particularly for histone tails and DNA methylation status, have
provided insight into the role of such changes in gene regulation
and their contribution to disease. For instance, cytosine
methylation (5C-methylcytosine) at CpG dinucleotides is usually
enriched in silenced promoters (Weber et al., 2007; Kundaje
et al., 2015) and has been implicated in genomic imprinting
(Laan et al., 1999), whereas H3K9 acetylation is associated
with active promoters (Ernst et al., 2011). For the alteration or
restoration of gene expression profiles, ZFs, TALEs, and dCas
proteins have been fused to sca�old transcriptional modulators or
epigenetic modifiers (Figure 3A). Genome regulation strategies
can be used to upregulate or repress gene expression by two
di�erent approaches: (1) transcriptional modulation through the
recruitment of transcription factors and chromatin remodelers
and (2) epigenome editing through the direct modification of
epigenetic marks.

Transcriptional activation has been achieved through the
tethering of ZFs, TALEs, and dCas9 to several copies of
herpes simplex virus protein 16 (VP16), the transactivating
domain of the NF-kB p65 subunit (p65), heat shock factor
1 (HSF1) and Epstein–Barr virus R transactivator (RTA)
(Figure 3B). The targeting of multiple copies of transactivating
domains to promoter regions was rapidly shown to have a
synergistic activation e�ect. This led to the development of dCas-
based second-generation activators, which can target multiple
transactivating domains to a single locus. Chavez and coworkers
evaluated the potency of several dCas9 activators in di�erent
cell lines and showed that the synergistic activator mediator
(SAM) (Konermann et al., 2015), SUperNova Tagging (SunTag)
(Tanenbaum et al., 2014) and the tripartite VP64-p65-RTA (VPR)
(Chavez et al., 2015) systems were the most e�cient at inducing
gene activation (Chavez et al., 2016). These systems have been
adapted to activate genes in vivo (Chew et al., 2016; Liao et al.,
2017; Moreno et al., 2018; Zhou et al., 2018; Breinig et al.,
2019; Savell et al., 2019; Zhan et al., 2019). Gene expression
profiles can also be altered to reprogram cells to di�erentiate
into particular cell types. Liao and coworkers reprogrammed
hepatic cells into pancreatic-like beta cells, by activating the
Pdx1 (Liao et al., 2017). They also improved DMD symptoms
by activating the Utrn gene. Savell and coworkers demonstrated
robust Fosb activation in several regions of the brain in vivo
(Savell et al., 2019). Similarly, Zhou et al. demonstrated the
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in vivo genetic reprogramming of neurons in mouse brain
by simultaneously activating the expression of Ascl1, Neurog2,
and Neurod1 (Zhou et al., 2018). Breinig and coworkers recently
altered the sgRNA length of a Cas12a-VPR variant to induce
either gene activation or knockout in vivo (Breinig et al., 2019).
This work has added an additional degree of complexity to these
systems, allowing not only the targeting of multiple genes, but
also a larger range of modifications. Artificial transcriptional
repressors have also been generated by fusing the Kruppel-
associated box protein (KRAB) domain to the DNA-binding
platforms (Bailus et al., 2016; Zeitler et al., 2019) (Figure 3B).
KRAB is a sca�old protein involved in recruiting KAP1/TIF1b
corepressor complexes, which in turn recruit DNA methylases
or histone modifier factors (Kim et al., 1996; Ying et al., 2015).
The e�ects of KRAB on gene repression can be permanent or
reversible, depending on developmental stage (Ying et al., 2015).

Unlike the recruitment of activating or repressing
complexes/factors, epigenetic editing can modify epigenetic
marks by targeting specific enzymes. Epigenetic activation
has been achieved through site-specific DNA methylation by
the DNA demethylase 10–11 translocation methylcytosine
dioxygenase 1 (TET1) (Maeder et al., 2013; Choudhury et al.,
2016a; Liu et al., 2016; Xu et al., 2016) or with enzymes promoting
activating histone signatures, such as the histone acetylase core
subunit p300 (Hilton et al., 2015) and histone methyltransferases
(Cano-Rodriguez et al., 2016) (Figures 3C,D). For instance,
Liu and coworkers described the in vivo demethylation of a
methylation-sensitive Snrpn-GFP cassette in transgenic mice
(Liu et al., 2016). Heterozygous mice carrying a paternal copy
of the transgene do not express GFP, due to the methylated
status of this copy of the gene. The authors reported the
targeted active demethylation of the transgenic cassette and a
70% activation of GFP expression after lentiviral injections
of dCas9-Tet1 into the brain. Rather than active DNA
demethylation, Hilton et al. demonstrated that the fusion
of p300 to the three DNA-binding platforms activated the
expression of multiple endogenous genes (ilrn1, oct4, and
myod1) through histone acetylation (Hilton et al., 2015). Finally,
epigenetic repression has been achieved through direct DNA
methylation (Bernstein et al., 2015), histone deacetylation
(Kwon et al., 2017), and histone demethylation (Kearns et al.,
2015) (Figures 3C,D).

GENOME EDITING FOR CNS
DISORDERS

Alzheimer’s Disease
Alzheimer’s disease (AD) is the main cause of dementia, a�ecting
millions of people worldwide (Winblad et al., 2016; Dos Santos
Picanco et al., 2018). One of the hallmarks of AD is the presence
of scattered extracellular senile plaques, due to the accumulation
of amyloid-b (Ab) in the brain. Ab is a secondary metabolite
generated by the processing of amyloid precursor protein (APP)
by b-secretase 1 (BACE1). Alternatively, APP may be processed
via a non-amyloidogenic pathway involving a-secretases,
leading to the generation of neuroprotective products

(Richter et al., 2018). In a study of the treatment of a familial
form of AD caused by the Swedish mutation of APP (APPsw),
CRISPR-mediated NHEJ was used to inactivate the mutant
APP (György et al., 2018). This can be achieved by designing
sgRNAs targeting single nucleotide polymorphisms (SNPs) in
the target sequence of the sgRNA (mismatch-based selectivity)
or in the PAM (PAM-based selectivity). György and coworkers
detected 1.3% indels in the APPsw allele after the hippocampal
injection of a mismatch-based selective CRISPR/Cas9 system
split into two AAV9 vectors (because of the limited capacity
of AAV vectors of ⇠4.8 kb) in Tg2576 mice (György et al.,
2018). By contrast, Sun and coworkers used a non-allele selective
CRISPR-mediated NHEJ strategy to push APP processing toward
the non-amyloidogenic pathway (Sun et al., 2019). Based on
evidence suggesting that deletion of the C-terminus of APP can
mitigate Ab generation (Koo and Squazzo, 1994) and reduce
APP interactions with the BACE-1 enzyme (Das et al., 2016),
the authors used CRISPR to generate C-terminally truncated
APP, thereby circumventing the amyloidogenic processing of
APP (Sun et al., 2019). In this study, APP truncation in WT
and heterozygous APP-London human iPSC-derived neurons
increased the production of the neuroprotective sAPPa and
reduced the secretion of Ab40/42 and the sAPPb fragment. For
in vivo studies in adult mice, the CRISPR-APP system was split
into two AAV9 vectors and delivered to the dentate gyrus of WT
mouse brains. The injection of CRISPR-APP led to a halving
of full-length APP levels relative to both controls not receiving
injections and controls receiving control vector injections. No
additional in vivo tests were performed to evaluate treatment
e�cacy in the context of AD (György et al., 2018; Sun et al., 2019),
but these therapeutic strategies targeting the C-terminal part of
APP are of interest because the aim was to attenuate pathological
properties (Ab generation) while potentially maintaining other
physiological functions of APP. Another approach, developed by
Park and coworkers, uses CRISPR-Cas9-loaded nanocomplexes
targeting BACE1 in the 5XFAD and APP transgenic mouse
models to reduce the generation of Ab and improve AD
symptoms (Park et al., 2019). Four weeks after CRISPR injection
into the CA3 hippocampal region of 5XFAD mice, 45% of
target sequences contained indels, and a 34% decrease in Bace1
expression was observed, revealing this method to be more
e�cient than the use of chemical BACE1 inhibitors. They
also observed a decrease in Ab plaque accumulation by a
factor of more than two, together with a significant rescue of
associative learning (fear conditioning test) and spatial working
memory (Morris water maze) in the treated 5XFAD mice. These
molecular and behavioral improvements were maintained for up
to 12 weeks. O�-target evaluation by whole-genome sequencing
(WGS), whole-exome sequencing (WES), Digenome-sequencing
(Digenome-seq) and deep sequencing identified a few o�-target
mutations and small-scale chromosomal rearrangements.

Bustos and coworkers investigated the potential of epigenome
editing for AD by targeting the dlg4 gene, encoding the PSD95
protein (Bustos et al., 2017). PSD95 is a sca�olding protein
present at the excitatory post-synaptic density, and is involved
in the regulation and organization of post-synaptic synapses
(Elias and Nicoll, 2007). Abnormal PSD95 expression has been
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FIGURE 3 | Transcriptional regulators, epigenetic modifiers, and therapeutic approaches. (A) Gene expression regulation tools are generated by fusing TALEs, ZFs
or dCas proteins to scaffold transcriptional modulators or to epigenetic modifiers (B) Therapeutic approaches by transcriptional regulation. Transcriptional activation
or repression is explored to upregulate therapeutic genes or to downregulate deleterious genes, respectively. Transcriptional activators are targeted at the promoter
region whereas transcriptional repressors are usually targeted downstream to the transcription starting site to further block the RNA polymerase activity.
(C) Therapeutic approaches through histone modification. Histone (de)acetylases and (de)methylases are the most common employed enzymes to modify histone
marks and the epigenetic activation or inhibition effect of such modifications is frequently context-specific. (D) Therapeutic approaches by editing the DNA
methylation state. Epigenetic editors based on DNA demethylases are used to activate gene expression whereas the ones based on DNA methylases result in gene
expression inhibition.
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described not only in AD, but also in other neurological
disorders, such as Huntington’s disease (HD) and schizophrenia.
The authors developed and validated in vitro several ZF-based
epigenome modifiers targeting the proximal promoter region of
dlg4/PSD95 for the activation or repression of PSD95 expression
(Bustos et al., 2017). They demonstrated that alterations in
expression were specifically associated with histonemodifications
rather than other changes, such as CpG methylation in DNA.
The fusion of zinc fingers to the histone methyltransferase
G9a (PSD95-6ZF-G9a) induced gene repression associated with
an increase in the di- and tri-methylation of H3K9, whereas
PSD95-6ZF-VP64 gene activation was coupled to H3 activation,
probably through the recruitment of histone acetylases by
the VP64 domain. PSD95-6ZF-VP64 was also shown to have
neuroprotective e�ects. AbPPswe/PS-1 mice receiving AAV-
PSD95-6ZF-VP64 injections into the hippocampus had higher
levels of PSD95 expression and displayed a rescue of memory and
spatial learning performances to normal aged-matched levels.

Parkinson’s Disease
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, a�ecting 2–3% of people under
the age of 65 years (Poewe et al., 2017). PD patients display
motor movement dysfunction, but also cognitive impairment,
depression and dementia. At the cellular and molecular levels,
PD is characterized by a striatal dopamine deficiency due to
progressive neuronal loss in the substantia nigra, and by the
formation of intracellular aggregates containing a-synuclein.
Dopamine loss and basal ganglia circuitry disruption are well-
defined features in PD, but this disease is extremely complex and
driven by diverse molecular and neurophysiological mechanisms.

Several gene-based therapies for PD have been proposed,
including the targeting of a-synuclein, cellular oxidation and
the autophagy-lysosomal pathway (Poewe et al., 2017). Genome
editing for PD has mostly been used for disease modeling in vitro
(Safari et al., 2019). For instance, Kantor and coworkers induced
the hypermethylation of CpG islands in SNCA intron 1 in
iPS-derived dopaminergic progenitor neurons, through lentiviral
transduction with a dCas9-DNMT3A system (Kantor et al.,
2018). They observed a ⇠ 25% decrease in a-synuclein protein
levels and the rescue of mitochondrial-associated superoxide
production and cell viability. They observed no overall change in
the methylation status of the treated cells, identifying the dCas9-
DNMT3A-mediated targeting of SNCA as a promising approach
for PD treatment. Another potential therapeutic target is glial cell
line-derived neurotrophic factor (GDNF), which has been shown
to have neuroprotective e�ects and to improve Parkinsonian
symptoms (Kordower et al., 2000; Tenenbaum and Humbert-
Claude, 2017). Laganiere and colleagues used a ZF-p65 fusion to
upregulate the expression of endogenous GDNF in a 6-OHDA
rat model of Parkinson’s disease (Laganiere et al., 2010). They
observed an increase in the number of TH-positive fibers in
both the medial forebrain bundle and the substantia nigra after
7 weeks of AAV2-rGDNF-ZFP infusion (Laganiere et al., 2010).
The rGDNF-ZFP-treated group performed better in the corridor
test, the cylinder test and the drug-induced rotational test than
the GFP-treated control. This study yielded promising results,

but a clinical trial based on the direct infusion of GDNF into the
putamen resulted in no significant improvement of Parkinson’s
disease symptoms (Lang et al., 2006; Whone et al., 2019), raising
questions about therapeutic e�cacy of GDNF.

Huntington’s Disease
Huntington’s disease (HD) is a neurodegenerative disorder
caused by an inherited dominant CAG trinucleotide expansion
mutation on the HTT gene. In vivo genome editing strategies for
HD have explored NHEJ-mediated gene inactivation (Merienne
et al., 2017; Monteys et al., 2017; Yang et al., 2017) and the
transcriptional repression of HTT (Zeitler et al., 2019). Yang
et al. used two separate AAVs expressing SpCas9 and two
sgRNAs targeting the flanking regions of the CAG repeat in
a non–allele-specific manner in the HD140Q-KI mouse model
(Yang et al., 2017). The injection of neuron-specific AAV-
Cas9-HTT resulted in the e�cient transduction of medium
spiny neurons, significantly decreasing the accumulation of both
mutant (mHTT) and WT HTT in the striatum of 9-month-old
homozygous and heterozygous HD140Q-KI mice. The treated
heterozygous mice performed better in the rotarod, beam and
grip strength tests. Although no deleterious e�ects of depleting
both mutant HTT copies from homozygous HD140Q-KI mice
were detected (Yang et al., 2017), it still remains a matter of
debate whether disruption of the normal physiological functions
of WT HTT lead to harmful e�ects at adult stages (Liu and
Zeitlin, 2017). With this in mind, Monteys and coworkers
designed a PAM-based strategy targeting a SNP for specific
inactivation of the mutant HTT allele (Monteys et al., 2017).
They demonstrated the allele selectivity of the chosen sgRNAs
in vitro in fibroblasts from human HD patients and showed
e�cient HTT exon-1-targeted deletion following the injection
of allele-selective AAV1 CRISPR-HTT into BACHD transgenic
mice. This treatment halved the levels of human mHTT mRNA
in the striatum. However, it should be noted that heterozygous
BACHD transgenic mice have about five tandem copies of
the human mHTT gene and two copies of the endogenous
mouse WT gene (Gray et al., 2008). In these studies, the
spCas9 was constitutively expressed. The stable and permanent
expression of nucleases eventually leads to higher levels of
on-targeting editing, but it also increases the occurrence of
o�-target events and immunogenic responses. We have tried
to overcome this problem by developing the self-inactivating
KamiCas9 system, for transient Cas9 expression (Merienne
et al., 2017). This system is based on a lentiviral vector with
a larger cloning capacity than AAV. It is composed of the
Cas9 nuclease, a sgRNA targeting HTT and a second sgRNA
targeting the translation start site of the Cas9 nuclease. High
on-target e�ciency and inactivation of the Cas9 nuclease over
time are ensured by the use of a strong PolIII promoter (H1) to
drive the sgHTT and a weak PolIII promoter (7sk) to drive the
sgCas9. We demonstrated high levels of exogenous hHTT-82Q
(20–35%) and Cas9 (⇠40%) editing following the injection of
LV-KamiCas9 and hHTT-82Q into mouse striatum.Western blot
analysis of striatal samples from mice receiving LV-KamiCas9
injections revealed an almost-complete absence of the Cas9
protein after 2 months.
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Garriga-Canut et al. (2012) attempted to design a CAG
copy number-dependent ZF-based transcription repressor
exclusively targeting the mHTT allele. This first tool established
the proof-of-principle for HTT repression in vivo, decreasing
mHTT mRNA levels by about 30% in the brains of R2/6
mice receiving AAV1-ZF-Kox1 injections. Despite the
achievement of selective repression in vivo, the mutant
allele in R6/2 mice contains 115–160 repeats, a number
not consistent with the degree of CAG expansion in most
HD patients. Zeitler and coworkers recently generated a
second-generation ZF-KRAB that preferentially recognizes
pathogenic CAG repeats, and demonstrated highly significant
mHTT suppression with wild-type allele preservation in
patient derived-iPSCs (Zeitler et al., 2019). They observed
beneficial behavioral e�ects in R6/2 mice for 7 weeks after the
intrastriatal injection of AAV-ZF-KRAB, and demonstrated
the absence of inflammation or adverse e�ects of long-term
expression in mouse brain.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis is a neurodegenerative disease
caused by the progressive neurodegeneration of both upper and
lower motor neurons (Rowland and Shneider, 2001). Muscle
atrophy begins in adult patients with ALS and progresses to
total paralysis and, eventually, death. Approximately 2% of ALS
cases result from a dominant mutation of the SOD1 gene. Gaj
et al. (2017) mitigated ALS symptoms and improved the survival
of a mouse model of ALS, G93A-SOD1 mice, containing 25
copies of the human mutant SOD1, by disrupting the human
SOD1 gene with the Staphylococcus aureus Cas9 (SaCas9).
The CRISPR system was packaged into a single AAV9 variant
(double-tyrosine mutant) shown to enhance gene transfer to
the CNS (Petrs-Silva et al., 2009; Dalkara et al., 2012). The
authors demonstrated e�cient neuronal transduction of the
ventral horn of the spinal cord, with up to 74% of motor
neurons expressing the nuclease, after systemic injections in
neonatal transgenic mice (Gaj et al., 2017). Western blot analysis
revealed a 2.5- to 3-fold decrease in mutant SOD1 protein
levels, but sequencing data showed that only a small fraction
of the total human SOD1 transgenes had been edited (0.2–
0.4%). This discrepancy may reflect the large numbers of glial
cells in the gray matter of the spinal cord, which were not
e�ciently transduced, or di�erences in SOD1 expression in
transduced and non-transduced regions of the spinal cord.
Regardless of this divergence, the onset of disease in animals
treated with SaCas9-SOD1 was delayed by 33 days, and survival
was 28–30 days longer than in the control. In age-matched
mice, the editing of SOD1 improved rotarod performance,
prevented weight loss and reduced muscular atrophy. The
treatment was unable to slow the progression of the disease
after its onset, but end-stage tissue analysis in SaCas9-SOD1-
treated mice revealed the presence of ⇠50% more motor
neurons. SOD1 inclusion bodies were observed in astrocytes,
suggesting that glial cell targeting might be required to slow
the progression of the disease, since these cells have been
shown to play a role in disease progression (Boillée et al., 2006;
Yamanaka et al., 2008).

Angelman Syndrome
Angelman syndrome is a neurological disorder caused by a
genetic UBE3A deficiency resulting in intellectual disability,
ataxia and seizures (Laan et al., 1999). The paternal Ube3a allele
is specifically silenced by a brain-specific antisense transcript
(Ube3a-ATS). LOF mutations in the maternal allele therefore
lead to UBE3A deficiency. Bailus and coworkers developed
a ZF-KRAB repressor targeting the transcription start site of
Ube3a-ATS (Snurf/Snrpn promoter), to overcome the paternal
imprinting of the Ube3a gene (Bailus et al., 2016). The systemic
injection of TAT-S1-linked UBE3a-6ZF-KRAB repressor partially
rescued Ube3a expression levels in the hippocampus and
cerebellum of a mouse model of Angelman syndrome. However,
this therapeutic approach may require multiple treatments,
because the repressor function of the KRAB domain has been
shown to be transient (Gilbert et al., 2014; Ying et al., 2015).

MECP2 Duplication Syndrome
MECP2 encodes a nuclear protein involved in the transcriptional
and post-transcriptional regulation of many genes (Cheng and
Qiu, 2014). Duplication or triplication of Xq28 leads to MECP2
GOF mutations mostly a�ecting boys (Ramocki et al., 2009).
This syndrome is characterized by intellectual disability, poor
speech development, motor dysfunction and anxiety. Yu and
coworkers reported that the normalization of MeCP2 levels in
the medial prefrontal cortex of adult MECP2 transgenic mice
through CRISPR/Cas9-mediated NHEJ can reverse the social
recognition deficit (Yu et al., 2020). The CRISPR system was
packaged into two AAV particles (SpCas9 + sgRNA), which were
stereotaxically injected into the mouse brain. Immunostaining
and western blotting 6 weeks after treatment showed that MeCP2
protein levels had almost halved. Despite improvements in social
recognition behavior, the treatment had no e�ect on locomotor
activity, or heightened anxiety-like behaviors, suggesting that
di�erent brain areas or neural circuits may contribute to the
diverse aspects of the syndrome.

Fragile X Syndrome
Fragile X syndrome (FXS) is the most common single-gene
form of autism spectrum disorders (ASDs), for which there
is currently no e�ective treatment (Kaplan and McCracken,
2012). It is caused by a trinucleotide CGG repeat expansion
in the 50 UTR of the fragile X mental retardation 1 (FMR1)
gene, encoding the fragile X mental retardation protein (FMRP)
(Dölen and Bear, 2008; Persico and Napolioni, 2013). This
mutation inactivates the gene, due to hypermethylation of the
expanded repeats and heterochromatin formation. Excessive
mGluR5 signaling has been observed not only in FXS, but also in
other ASDs (Silverman et al., 2012). Lee and coworkers explored
the CRISPR-mediated disruption of metabotropic glutamate
receptor 5 (mGluR5) as a mean of counteracting FXS by
delivering RNPs SpCas9 or Cas12a targeting the mGluR5 to
the striatum of Fmr1-knockout mice (a mouse model of FXS)
(Lee B. et al., 2018). The editing tool was delivered with CRISPR-
gold technology, which combines gold nanoparticles conjugated
with oligonucleotides and the endosomal disruptive polymer
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PAsp(DET), for the transfer of RNPs into cells by endocytosis
(Lee et al., 2017). The indel frequency was 14.6%, and a 40–50%
decrease in mGluR5 mRNA and protein levels was observed.
In addition, behavioral analysis revealed that mGluR5-CRISPR-
Gold rescued the excessive digging and exaggerated repetitive
jumping behaviors of treated mice.

Traumatic CNS Injury
Traumatic CNS injuries and stroke are very common causes
of disability, and the treatments currently available are very
limited. CNS trauma involves an initial mechanical injury, which
is followed by a cascade of molecular and cellular phenomena,
ultimately leading to neuronal death by apoptosis. Genome
editing therapy strategies have focused on VEGF, which is a
neuroprotective factor that favors endothelial cell proliferation
and blood vessel formation (Shweiki et al., 1992). These studies
used engineered ZFs targeting the proximal promoter of VEGF
fused to the transactivating domain of the NF-kB p65 subunit.
Michael Fehlings’s laboratory has demonstrated an increase in
the number of blood vessels and angiogenesis, a decrease in
neurodegeneration and an improvement of behavioral outcomes
in a rat model of SCI following the intraspinal microinjection
of AdV-ZFP-VEGF and AAV2-ZFP-VEGF activators (Liu et al.,
2010). The timing of treatment for traumatic damage is an
important parameter for clinical application. Beneficial e�ects
have been shown following the administration of AdV-ZFP-
VEGF 24 h after injury (Figley et al., 2014). In addition,
Siddiq et al. (2012) used the unilateral fluid percussion injury
model in rats to demonstrate the neuroprotective and angiogenic
e�ects of ZFP-VEGF delivery to the cortex or hippocampus by
intracerebral injection. Treatment did not improve performance
in the Morris water maze or balance beam latency experiments
relative to control, but the treated group performed significantly
better than controls in the rotarod test.

GM2-Gangliosidoses
GM2-gangliosidoses are autosomal recessive disorders caused
by the deficiency of a lysosomal enzyme, b-hexosaminidase,
resulting in the accumulation of GM2 gangliosides. Biallelic
LOF mutations of the Hex a-subunit (HEXA) or Hex b-subunit
(HEXB) genes lead to Tay-Sachs disease and Sandho� disease,
respectively. Ou and coworkers recently used a cross-correction
strategy based on liver-targeted HDR-mediated CRISPR editing
to restore the function of b-hexosaminidase in the brain, in a
Sandho� mouse model (Ou et al., 2020). They injected a dual
AAV system consisting of AAV8-SaCas9 and AAV8-HEXM-
sgRNA targeting the albumin safe harbor locus into neonatal
Sandho� mice, to introduce, via HDR, the coding sequence of a
modified human Hex µ subunit (HEXM) able to process GM2
gangliosides (Karumuthil-Melethil et al., 2016). Four months
after the systemic delivery of this sequence, levels of MUGS
and MUG activity in the brain were significantly higher than
those in untreated Sandho� mice. Mice receiving the AAV8-
HEXM-sgRNA alone displayed no such increase in MUGS and
MUG activities, indicating an absence of HEXM expression from
the episomal donor template vector. In addition, treated mice
performed better in the rotarod test and one in three mice

had lower levels of neuronal lysosomal accumulation, indicating
that hepatocyte editing can lead to neurological improvements.
Indeed, the HEXM variant has been reported to improve
gangliosidosis in both the Sandho� and Tay-Sachs models
(Karumuthil-Melethil et al., 2016; Osmon et al., 2016), suggesting
that this strategy may provide protection against both disorders.

Hearing Loss Disorders (DFNA36 and
DFNB7/11)
About 20% of the 100 or so alleles associated with deafness
result from GOF mutations (Müller and Barr-Gillespie, 2015).
DFNA36 is a progressive hearing loss disease caused by dominant
mutations of the tmc1 gene, leading to the neurodegeneration
of sensory hair cells. This disease is of particular interest due
to the existence of an orthologous mouse mutation, Beethoven
(Bth), which also causes hearing loss in mice (Zhao et al., 2014).
Two recent reports described the use in vivo of allele-specific
CRISPR-mediated NHEJ as a therapeutic strategy for DFNA36
(Gao et al., 2018; György et al., 2019). Gao and coworkers
used SpCas9 together with a sgRNA matching the mutant allele,
but not the WT allele, to knockout the mutant allele (Gao
et al., 2018). They delivered RNP complexes bound to cationic
lipids and, even though the targeting of the mutant allele was
highly selective (96% of mutant/WT), the frequency of indels
was low (1.8%). Nevertheless, the treatment was su�ciently
e�ective to promote hair cell survival, particularly for inner
hair cells (IHCs), and to improve cochlear function significantly
between the frequencies of 8 and 23 kHz (Gao et al., 2018).
However, at 8 weeks, an analysis of cochlear function in treated
Tmc1Bth/ + mice revealed less evident improvements relative
to the control, suggesting that higher levels of mutant gene
inactivation might be required to stop neurodegeneration, or that
the small proportion of WT alleles inactivated might neutralize
the benefits of mutant knockout over time. This strategy resulted
in allele-specific editing, but PAM-based strategies are generally
more selective, as demonstrated by György and coworkers
(György et al., 2019). They used the SaCas9-KKH variant to
edit the mutant allele in a PAM selective manner (György et al.,
2019). The SaCas9-KKH/sgRNA treatment via AAV-Anc80L65
was more selective that the treatment used in the previous study,
with no detectable indels in the WT allele and a frequency of
2.2% indels for the mutant allele. At the age of 6 months, SaCas9-
KKH/sgRNA-treated mice had significantly higher survival rates
for both inner hairy cells and outer hair cells (OHCs), with
normal hair bundle morphology in all cochlea, except for the
OHCs in the basal region, which were absent. The authors
also demonstrated the stable maintenance of low thresholds
of auditory brainstem responses for up to 40 weeks. Finally,
GUIDESeq analysis detected no genome-wide o�-target events
in Tmc1WT/WT fibroblasts, further highlighting the potential
interest of AAV-SaCas9-KKH-sgTmc as a therapeutic strategy for
DFNA36 hearing loss.

DNFA36 results from GOF mutations of the tmc1 gene,
whereas LOF mutations in both tmc1 alleles result in the
autosomal recessive congenital DFNB7/B11 hearing loss
disorder. Gene disruption approaches are not suitable for
the treatment of DFNB7/B11. Yeh and coworkers explored
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TABLE 2 | Preclinical studies of genome editing for CNS pathologies.

Editing
approach

Disease Gene Model Editing tool Delivery Selectivity Target efficiency
(indels/expression)

Behavioral
improvements

Publication

NHEJ MECP2
duplication
syndrome

Mecp2 MECP2-TG
mouse

SpCas9 AAV-split system Non-selective 50% reduction MECP2
protein

Improvements in
social recognition

Yu et al., 2020

Fragile X
syndrome

mGluR5 Fmr1 knockout
mouse

SpCas9 CRISPR-Gold
RNP complexes

Non-selective 14.6% indels
40–50% reduction
mGluR5 mRNA and
protein

Rescued the
excessive digging
and repetitive
jumping

Lee B. et al., 2018

Alzheimer’s
disease

Bace1 5XFAD and
APP-KI mouse

SpCas9 Amphiphilic
RNP complexes

Non-selective 45% indels
34% reduction Bace1
mRNA

Behavioral
improvements

Park et al., 2019

APP WT mouse SpCas9 AAV9-split system Non-selective 50% reduction
full-lenght APP protein

No data Sun et al., 2019

APP-SW Tg2576 mouse SpCas9 AAV9-split system Mismatch-
based

1.3% indels (APPsw
alleles)

No data György et al.,
2018

DFNA36 (hearing
loss)

Tmc1 Beethoven
mouse (Bth/wt)

SpCas9 Cationic
lipid-mediated
RNP complexes

Mismatch-
based

1.8% indels (mutant
alleles)

Protection of the
acoustic behavioral
reflexes

Gao et al., 2018

Tmc1 Beethoven
mouse (Bth/wt)

SaCas9-KKH AAV-Anc80L65 PAM-based 2.2% indels (mutant
alleles)

Stable maintenance
of auditory brainstem
responses

György et al.,
2019

ALS SOD1 G93A-SOD1
mouse

SaCas9 AAV9 Non-selective 0.2–0.4% indels
65% reduction SOD1
protein

Improved survival,
motor deficits and
muscular strenght

Gaj et al., 2017

Huntington’s
disease

HTT HD140Q-KI
mouse

SpCas9 AAV-split system Non-selective 10–80% reduction HTT
protein

Improved motor
deficits

Yang et al., 2017

HTT BacHD mouse SpCas9 AAV1-split system PAM-based 50% reduction mHTT
mRNA

No data Monteys et al.,
2017

HTT LV-hHTT-82Q
mouse

SpCas9
(self-inactivating)

LV-split system Non-selective 30% HTT indels
(exogenous)

No data Merienne et al.,
2017

LCA10 CEP290 CEP290 IVS26-KI
mouse and
monkeys

SaCas9 AAV5 Non-selective 21.4% and 27.9%
indels

No data Maeder et al.,
2019

HDR Sandhoff and
Tay–Sachs
diseases

ALB Sandhoff mouse SaCas9 +
dsTemplate-HEXM

AAV8 Non-selective 144- and 17-fold
increase MUGS and
MUG activities (indirect)

Improved motor
deficits (totarod test)

Ou et al., 2020

Retinitis
pigmentosa

Pde6b Rodless (rd1)
mouse

SpCas9 + RecA-
MS2 + sgRNA-
MS2
loops + ssTemplate

Plasmid
electroporation

Non-selective 2% gene correction Partial rescue of the
pupillary light reflexes

Cai et al., 2019

Base editing DFNB7/B11
(hearing loss)

Tmc1 Tmc1
(Y182C/Y182C)
mouse

SpCas9-based
AID-BE4max

AAV-Anc80L65-
split
system

Non-selective 2.3% gene correction Improved auditory
brainstem responses

Yeh et al., 2020
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the use of a base editing strategy to correct the tmc1 alleles
in Tmc1Y182C/Y182C mice (Yeh et al., 2020). They reported
2.3% base editing in a bulk organ of Corti at P14 after the
injection of a dual AAV system encoding AID-BE into the inner
ear at P1. Tmc1 is expressed only in hair cells. The authors
therefore analyzed base editing at the RNA level, to improve the
quantification of editing in these cells. They observed ⇠ 50%
editing in the cDNA, but these results must be interpreted with
caution because they may not reflect the editing at the DNA level.
The treatment of mice resulted in the preservation of hair bundle
morphology and a restoration of the mechanotransduction
current in the sensory hair cells. There were 46% more hair cells
in the treated mice 4 weeks after injection, with a progressive
decrease in cell numbers thereafter, until 6 weeks. The decrease
in cell survival was followed by a decline in hearing function,
suggesting that more e�cient base editing is required to prevent
the degeneration of hair cells over time.

Retinitis Pigmentosa
Retinitis pigmentosa (RP) is an inherited disorder and the
most common cause of progressive vision loss (Kalloniatis and
Fletcher, 2004). It is defined by an initial progressive loss of rod
photoreceptors, followed by cone photoreceptor degeneration.
One form of RP results from a biallelic LOF mutation in the
PDE6B gene, introducing a premature stop codon. Cai et al.
used HDR-mediated CRISPR editing to correct the mutation
(Cai et al., 2019). In this study, the authors developed an
improved CRISPR system for HDR (Cas9/RecA) consisting of
a sgRNA with MS2 aptamers for the recruitment of MS2-RecA
fusion proteins to the target site to promote recombination
between the cleavage site and a ssDNA donor template. The
potential of this tool to repair the PDE6B gene was evaluated
by electroporating the retinas of WT and rd1 mice with four
plasmids (SpCas9+ sgRNA-MS2apt+MS2-RecA+ ssTemplate)
at P0. A 2% restoration of PDE6BWT protein levels was observed
in Cas9/RecA-treated mice, whereas no wild-type PDE6B
protein was detected in Cas9-treated mice (SpCas9 + sgRNA-
MS2apt + ssTemplate), indicating that Cas9/RecA enhances
HDR e�ciency. Cas/RecA treatment at P0 rescued both rod
and cone photoreceptors, but the degree of rescue was 1.8-
and 1.6-fold lower, respectively, when mice were treated at P3,
suggesting that the loss of photoreceptor proliferation had a
negative e�ect on HDR-mediated correction. In addition, an
analysis of visual function and pupillary light reflexes revealed
that Cas9/RecA partially rescued the pupillary light reflexes of rd1
mice, demonstrating beneficial e�ects of treatment.

Leber Congenital Amaurosis Type 10
Leber congenital amaurosis type 10 (LCA10) is an autosomal
recessive condition causing early blindness in infancy (Stone,
2007; Stone et al., 2017). It is defined by LOF mutations of
both CEP290 alleles. The IVS26 point mutation creating a new
splice donor site is the most frequent defect. It alters transcript
splicing and generates a premature stop codon in the processed
mRNA. Maeder and coworkers recently reported an exhaustive
drug dosing study of the use of AAV5-SaCas9-mediated NHEJ
to correct the IVS26-driven aberrant CEP290 splicing in
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retina photoreceptor cells (EDIT-101) (Maeder et al., 2019). The
proposed strategy induced a cleavage on either side of the
mutation, with a pair of sgRNAs used to delete or invert the
fragment containing the IVS26 mutation. The authors evaluated
the kinetics and dose response of the editing system in the
retina of CEP290 IVS26-KI mice and cynomolgus monkeys, in
which maximum editing rates of 21.4 and 27.9%, respectively,
were obtained. They also demonstrated ocular tolerability in
all animals, except those without immunosuppression regimens,
which displayed mild inflammation. This report resulted in
the first approved preclinical study of CNS genome editing
for clinical trial continuation in humans (NCT03872479).
The cep290 cDNA is ⇠7.5 kb long, a size well-beyond the
capacity of the AAV vectors used for gene replacement. This
approach demonstrates the therapeutic potential of gene repair
for counteracting CNS disorders without the need to provide
exogenous WT transgenes.

FUTURE PERSPECTIVES IN GENOME
EDITING FOR CNS DISORDERS

The field of genome editing is rapidly evolving and there is now a
broad genome editing toolbox that can be used for therapeutic
purposes. The e�cacy of genome-editing therapies for CNS
disorders will depend on the choice of the most appropriate
tool to tackle the genetic defect and the type and magnitude of
editing required for therapeutic benefit. In addition, the types of
cells and CNS areas to be edited should be taken into account.
Local genome editing may be su�cient for some disorders, but
others may require the editing of large areas. For instance, eye
disorders are more accessible due to their peripheral localization
and the relatively small area targeted, whereas the neuronal
damage in AD covers large brain regions (Dos Santos Picanco
et al., 2018). It is, therefore, crucial to select the most suitable
delivery vehicle according to the editing tool used and the target
area. The delivery of genome editing tools is probably one of
the major limiting steps when targeting the CNS. Viral-mediated
delivery by lentiviral (LV) and AAV vectors is the approach most
frequently used to date, due to their high e�ciency to transfer
genetic material into cells (Spencer et al., 2020). LV have a large
loading capacity but integrate into the host genome, potentially
leading to insertional mutagenesis, whereas AAVs mostly persist
as an extrachromosomal episome but have a limited cloning
capacity. The generation of non-integrative lentiviral vectors
(Shaw et al., 2017) and the use of dual AAV delivery systems
(Yang et al., 2017; György et al., 2018; Sun et al., 2019) are two
alternatives for overcoming these problems. Viral tropism has
also been used to target specific cell types and to increase the
area of transduction by either viral neuronal retrograde transport
or through the use of serotypes with wide di�usion properties
(Lykken et al., 2018). Local intraparenchymal injections are the
most common delivery method for circumventing the BBB,
but some AAV serotypes have been shown to cross the BBB
after systemic delivery (Choudhury et al., 2016b; Chan et al.,
2017; Hudry et al., 2018). Non-viral vehicles are generally less
e�cient than viral vectors, but the development of non-viral

delivery methods for the CNS is an intense field of research and
may open up new possibilities for treatment in the near future
(Wang and Huang, 2019).

The immunogenicity induced by genome editing tools is
another topic of concern due to potential inflammatory responses
(Shim et al., 2017). For instance, the injection of non-host-
matched, but not host-matched ZFNs, into the mouse brain
resulted in microglial activation and mild neuronal death
(Agustín-Pavón et al., 2016). Similarly, CRISPR/Cas9 was shown
to induce the both cellular and humoral immune responses
in mouse models (Mehta and Merkel, 2020). Immunogenicity
can be minimized by transient expression. Transient expression
strategies have been mainly developed for CRISPR/Cas-based
tools either through the delivery of RNPs or ON/OFF expression
systems. These include self-inactivation systems (Merienne et al.,
2017; Li et al., 2018) and the use of drug inducible promoters,
such as the doxycycline (dox)-induced Tet or the Tamoxifen-
dependent Cre promoters (Zhang et al., 2019). However, the
optimization of self-inactivation kinetics and the requirement
of additional molecules to regulate promoters will delay the
translation of these strategies to the clinic. Additionally, these
strategies will be only suitable if the transient expression of the
tool is su�cient to achieve therapeutic benefit.

Transient systems have also been developed to decrease o�-
target modifications. We showed that o�-target events were
reduced with the KamiCas9 compared to the constitutively
expressed Cas9 (Merienne et al., 2017). Other groups have
engineered Cas9 binding properties to increase specificity and
attenuate o�-target editing (Cebrian-Serrano and Davies, 2017;
Hu et al., 2018; Kocak et al., 2019). Similarly, base editors and
transcriptional/epigenetic editors also present o�-target e�ects.
For instance, base editors induce o�-targets at both DNA and
RNA levels (Zhou et al., 2019) whereas the KRAB domain has
been shown to a�ect long chromosomal regions (Groner et al.,
2010). There is thus the need for the development of highly
specific editing systems to minimize safety concerns and ease
their clinical application.

Finally, on-target events should also be properly characterized.
Gene editing generates chimeric outcomes by introducing
heterogeneous indels. For instance, the CRISPR/Cas9 targeting of
the HTT translation starting site followed by NHEJ may generate
truncated proteins with polyserine or polyalanine expansions,
which have been shown to play a role in the disease (Berger et al.,
2006). Furthermore, when attempting HDR-based strategies,
NHEJ and HDR are competing pathways, and DSBs may be
repaired by both mechanisms in the presence of a repair template
(Weisheit et al., 2020). Likewise, bystander editing during base
editing may give rise to unintended edited products which might
even intensify the pathological processes. In addition, genome
editing events may also be neutralized by intrinsic compensatory
mechanisms, reducing the therapeutic e�ects (Smits et al., 2019).

In this review, we have focused on examples of in vivo
therapies for CNS disorders (Table 2), but extensive e�orts
have been conducted to improve genome editing strategies. Two
examples are the recently proposed prime editing approach
(Anzalone et al., 2019) and the usage of transposases for
genome engineering, which may become alternative options
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for the treatment of CNS disorders in the near future
(Anzalone et al., 2020; Doudna, 2020). In summary, it is
acknowledged that multiple aspects require further improvement
to establish CNS genome-editing therapies but the field is
advancing at an astonishing pace, bringing us closer every day
to possible clinical applications.
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