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ABSTRACT 

 

Mutant mRNA and protein both contribute to the clinical manifestation of 

many repeat-associated neurodegenerative and neuromuscular disorders. The 

presence of nuclear RNA clusters is a feature shared amongst these diseases, 

such as C9ORF72/ALS and myotonic dystrophy 1/2 (DM1/2); however, this 

pathological hallmark has not been conclusively demonstrated in Huntington’s 

disease (HD) in vivo. Investigations into HD – caused by a CAG repeat 

expansion in exon 1 of the huntingtin (HTT) gene – have largely focused on toxic 

protein gain-of-function as a disease-causing feature, with fewer studies 

investigating the role of mutant HTT mRNA in pathology or pathogenesis.  

Here we report that in two HD mouse models, YAC128 and BACHD-97Q-

ΔN17, mutant HTT mRNA is preferentially retained in the nucleus in vivo. 

Furthermore, we observed the early, widespread formation of large mutant HTT 

mRNA clusters (approximately 0.6 to 5 µm3 in size) present in over 50-75% of 

striatal and cortical neurons. Affected cells were limited to one cluster at most. 

Endogenous wild-type mouse Htt or human HTT mRNA containing 31 or fewer 

repeats did not form clusters. Additionally, the aberrantly spliced N-terminal exon 

1-intron 1 RNA fragment, HTT1a, also formed clusters that fully co-localized with 

the mutant HTT mRNA clusters. These results suggest that multiple repeat-

containing transcripts can coalesce to form a single cluster in a given cell. 

Treating YAC128 mice with antisense oligonucleotides efficiently silenced 
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individual HTT mRNA foci but had limited impact on clusters. Our findings identify 

mutant HTT mRNA clustering as an early, robust molecular signature of HD, 

further supporting HD as a repeat expansion disease with suspected mRNA 

involvement. 
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CHAPTER I: INTRODUCTION 

 

HUNTINGTON’S DISEASE 

Inherited autosomal dominant neurological and neuromuscular diseases, 

like Huntington’s disease (HD), myotonic dystrophy, familial amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD), are characterized by a 

microsatellite expansion of nucleotide repeats. Huntington’s disease (HD) is one 

such disease characterized by movement disorders and cognitive decline and 

affects approximately 1:100,000 in populations of Western European origin. HD 

primarily causes degeneration in the striatum (caudate nucleus and putamen) 

with specific loss of medium spiny neurons, the primary neuronal population in 

the striatum (Reiner et al., 1988). Later in disease progression, other regions of 

the brain, such as the cortex, are also impaired. Beyond the brain, other features 

like skeletal muscle wasting and cardiac failure are also present (Carroll et al., 

2015; van der Burg et al., 2009). 

The huntingtin gene (HTT) encodes for a 350 kDa protein (HTT) that is 

ubiquitously expressed throughout the body (HD Consortium, 1993). Exon 1 of 

HTT contains a CAG repeat tract (polyglutamine or polyQ) with up to 35 CAG 

repeats in the wild-type HTT allele, whereas HD patients carry an allele with at 

least 40 CAG repeats. Age-of-onset of the disease is inversely correlated with 

the repeat length; the greater the number of CAG repeats, the earlier the age of 

onset and the stronger the disease severity (Figure 1.1) (Tabrizi et al., 2009). In 
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extreme cases (5-10% of all HD cases) where the CAG repeat length exceeds 

60, a special form of HD called juvenile HD can develop where symptoms appear 

before 20 years old. 

Onset of symptoms generally appear around midlife (depending on the 

CAG repeat length) and is characterized by psychiatric, cognitive, and motor 

symptoms. In general, chorea is usually prominent early while fine motor skills 

(rigidity, bradykinesia) are affected later. Median survival after motor onset is 18 

years (Ross et al., 2014). Cognitive impairment and/or dementia also appear 

during the later stages of HD. 

While CAG repeat length is the strongest determinant of age-of-onset, it 

only explains approximately 60-70%; environmental factors and genetic modifiers 

have also been discovered to affect the age-of-onset, as well as somatic 

instability (Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium, 

2015, 2019; Telenius et al., 1994; Wheeler et al., 1999; Wright et al., 2019). HD 

patients carrying homozygous mutant HTT alleles, which is extremely rare, 

generally have a similar age-of-onset but more severe disease progression 

compared to heterozygous HD patients with similar CAG repeat lengths (Squitieri 

et al., 2003). Although disease penetrance is clearly linked to CAG repeat length, 

the molecular mechanisms responsible for disease symptoms are not fully 

established. 
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Figure 1. 1: Age at onset (AO) of motor signs plotted against the expanded 

CAG-repeat length. 

Note that the typical adult-onset HD patient has around 42-50 CAG repeats and 

the variability in age at onset at this range. Each point represents a person (n = 

~1500 patients). Figure adapted from (Keum et al., 2016). 
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STRUCTURE 

HTT is a large, 350 kDa protein that does not have a singular cellular 

function; instead, it appears to be a multifunctional scaffolding protein involved in 

many different cellular processes. Its expression level is highest in the brain but 

is ubiquitously expressed throughout the body. In the brain, its expression is not 

limited to the regions that are most affected by HD (striatum and cortex) and is 

highly expressed in the striatum, cortex, hippocampus, and cerebellum (Marques 

Sousa and Humbert, 2013). Furthermore, HTT is required for embryonic 

development and its expression persists in adults (Barnat et al., 2020; Duyao et 

al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). 

Since HTT’s polyglutamine stretch is located in exon 1, most research 

efforts have focused on the protein’s N-terminal region due its potential role in 

toxicity and aggregation. HTT is mainly cytoplasmic owing to the nuclear export 

signal (NES) in its first 17 amino acids (N17), which is conserved in vertebrates 

(Zheng et al., 2013) and forms an alpha-helical structure. In the context of HTT 

containing 17 polyQ repeats (17Q), the 17Q region is flexible and can adopt 

several conformations including alpha helix, random coil and extended loop (Kim 

et al., 2009). N17 is immediately followed by a proline-rich domain (PRD) that 

also forms a proline-proline helix, which may be important for stabilizing the 

structure of the polyQ stretch and might influence the tendency of mutant HTT to 

aggregate. The N-terminus also contains a HEAT domain (huntingtin, elongation 

factor 3, protein phosphatase 2A, TOR1 [target of rapamycin 1]), which is a 
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series of degenerate sequences that are important for protein-protein interactions 

and is likely what gives the HTT protein the ability to form protein complexes 

(Takano and Gusella, 2002). Amazingly, the remaining portion of the protein – 66 

exons, amino acids 69 to 3144 (98% of the protein) – is not characterized as 

well. Bioinformatics analysis predicts that several clusters of HEAT repeats are 

also found in this remaining portion of HTT, which could then act as a scaffold for 

both intramolecular and intermolecular interactions (Palidwor et al., 2009). 

HTT is also susceptible to proteolysis and generating shorter fragments 

(Goldberg et al., 1996). The proteolytic sites are found in PEST domains (proline 

(P), glutamic acid (E), aspartic acid (D), serine (S), threonine (T)) that are usually 

found in disordered regions. Wild-type and mutant HTT are equally susceptible to 

proteolytic cleavage in vitro; however, the downstream effects of these fragments 

are still controversial. At least one report claims that mutant HTT is actually more 

resistant to proteolysis compared to wild-type (Dyer and McMurray, 2001), but 

most studies support the hypothesis that mutant HTT is cleaved and produces 

toxic N-terminal fragments (Davies et al., 1997; DiFiglia et al., 1997; Kim et al., 

2001; Mende-Mueller et al., 2001). C-terminal fragments may also be toxic by 

dysregulating dynamin 1 interactions (El-Daher et al., 2015). The potential toxic 

effects of the N-terminal proteolytic fragments and aggregates will be discussed 

in more detail later. 
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ENDOGENOUS FUNCTIONS 

Endocytosis, Endosomal Trafficking, Intracellular Transport, and Vesicle 

Recycling 

HTT has been implicated in several cellular processes including 

transcription, splicing, endosomal trafficking, autophagy, cell division, cell division 

and embryonic development (Harjes and Wanker, 2003). Most of these functions 

have been derived from yeast two-hybrid screening combined with affinity 

pulldown and mass spectrometry. From these studies, hundreds of HTT-

interacting proteins have been identified. The fact that HTT has so many binding 

partners and cellular functions is consistent with its structure serving as a 

molecular scaffold. 

HTT interacts with molecular machinery directly using dynein or indirectly 

through the Huntingtin-associated protein 1 (HAP1) for axonal transport (Colin et 

al., 2008; Engelender et al., 1997; Gauthier et al., 2004; Gunawardena et al., 

2003; Li et al., 2001; McGuire et al., 2006; Strehlow et al., 2007; Twelvetrees et 

al., 2010). A number of cargos has been identified based on observations that 

overexpression of wild-type HTT increases transport efficiency while silencing 

HTT reduces transport efficiency. Using these interactions, HTT transports a 

variety of vesicles containing, but not limited to, brain-derived neurotrophic factor 

(BDNF) (Gauthier et al., 2004), amyloid precursor protein (APP) (Her and 

Goldstein, 2008), and GABA receptor (Twelvetrees et al., 2010). Furthermore, 

synaptic precursor vesicles (Zala et al., 2013), autophagosomes (Wong and 
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Holzbaur, 2014), endosomes and lysosomes (Caviston et al., 2011) are also 

transported by HTT. While this list is certainly not exhaustive, it still provides a 

glimpse into one of HTT’s important functions for maintain cell homeostasis. 

HTT also interacts with many proteins involved in endocytosis, including 

HIP1 and HIP1R (HIP12) (Engqvist-Goldstein et al., 2001; Legendre-Guillemin et 

al., 2002; Waelter et al., 2001). These proteins are involved in clathrin-mediated 

endocytosis by supporting membrane invagination and assembling clathrin-

coated pits. HTT also interacts with and might be involved in dynamin 1 

activation, as evidenced by the observation that artificially proteolytically cleaving 

HTT lead to inactivation of dynamin 1, inhibited endocytosis and reduced 

transferrin uptake (El-Daher et al., 2015). This finding is also corroborated by 

other studies showing interactions between HTT and dynamin 1 (Kaltenbach et 

al., 2007; Moreira Sousa et al., 2013). HTT also interacts with HAP40 and Rab5 

to form a complex that is recruited onto early endosomes (Pal et al., 2006). 

After endocytosis, HTT may yet be part of a larger endosomal trafficking 

complex containing SH3GL3, endophilin-A3, endophilin-B1 and amphiphysin 

(Modregger et al., 2003; Sittler et al., 1998). Furthermore, HTT interacts with the 

GTPase Rab11 which is involved in vesicle recycling. In HTT-knockout 

embryonic stem cells, Rab11 attachment to membranes and its concomitant 

activity was reduced (Li et al., 2008). Likewise, in 3D MDCK cell culture, HTT 

knockdown resulted in reduced activation of Rab11 and impaired establishment 

of epithelial polarity (Elias et al., 2015). 
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A recent study also discovered a pro-viral function of HTT-interacting 

protein family members. The authors used the C. elegans-Orsay virus infection 

system and identified the C. elegans protein HTT-interacting protein-related 1 

(HIPR-1) as an essential host factor for Orsay virus infection (Jiang et al., 2020). 

Ablation of HIPR-1 caused a 10,000-fold reduction in viral RNA. Follow-up 

studies of its orthologs (HIP and HIP1R) in human cell culture experiments 

confirmed that it was also important for Coxsackie B3 virus infection, suggesting 

that HIP-family proteins have an evolutionary conserved role from nematodes to 

humans. 

 

Autophagy 

HTT has also been implicated to be involved in autophagy. In several HD 

models, mutant HTT activates the autophagy pathway via mTOR kinase (Kegel 

et al., 2000; Ravikumar et al., 2004); however, autophagosomes in these models 

have defective loading which leads to reduced capacity of cells to degrade 

aggregated proteins and organelles (Martin et al., 2014). This mechanism may 

occur through the HTT’s previously aforementioned scaffolding functions in 

relation to dynein, dynactin and HAP1 by regulating the anterograde transport of 

autophagosomes along axons (Wong and Holzbaur, 2014). Another possibility is 

that autophagy is selectively perturbed. HTT contains domains that are very 

similar to the yeast autophagy proteins Atg23, Vac8 and Atg11. Furthermore, 

HTT also contains 11 LC3-interacting repeats (LIRs), which are motifs that are 
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also found in the Atg-interacting family of proteins, including p62, that are 

important for linking cargos to LC3 and/or GABA-receptor-associated protein 

(GABARAP) (Ochaba et al., 2014). HTT’s interactions with p62 are critical for 

understanding how autophagy could be involved in HTT’s functions: HTT binds to 

p62 and facilitates recognition of ubiquitinylated proteins and thus loading into 

autophagosomes. Proteolytic C-terminal fragments may also dysregulate 

autophagy by interfering with HTT binding to Atg23 (Ochaba et al., 2014). To add 

another layer of complexity, how HTT regulates autophagy might be related to 

length of the polyQ stretch. In mice harboring HTT lacking any polyQ repeats, 

autophagy is upregulated and the lifespans are increased even longer than wild-

type mice (Zheng et al., 2010). 

 

Cell Division 

HTT expression is not only limited to terminally differentiated neurons. In 

dividing cells, HTT is localized at the spindle poles, mitotic spindles, and astral 

microtubules to help coordinate cell division by interacting with dynein and 

promoting the accumulation of NUMA and LGN (Godin et al., 2010; Gutekunst et 

al., 1995). This function is not limited to neurons and was found even in 

mammary gland cells (Elias et al., 2014). HTT, in complex with dynein, dynactin, 

NUMA and LGN, are required to generate pulling forces on astral microtubules 

for proper mitotic spindle positioning. Thus, loss of HTT function during mitosis 
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results in spindle misorientation. Furthermore, this function is evolutionarily 

conserved is present in flies (Godin et al., 2010). 

 

Ciliogenesis 

HTT is required for ciliogenesis and can be found at the base of the 

primary cilia in neurons, photoreceptor cilia and multiciliated cells (Haremaki et 

al., 2015; Keryer et al., 2011). During interphase, HTT associates with 

pericentriolar 1 protein (PCM1) and HAP1 near the centrosome in a microtubule-

dependent manner and mediates transport of proteins that required or 

ciliogenesis. In the absence of HTT, retrograde trafficking of PCM1 is impaired 

and the primary cilium is not formed. Likewise, in multiciliated cells such as 

ependymal cells in mouse or skin epithelial cells in Xenopus, ciliogenesis is 

reduced (Haremaki et al., 2015; Keryer et al., 2011). 

 

Transcription 

Although HTT is mostly cytoplasmic, it is also present in the nucleus. 

Transcriptional dysregulation has been observed in HD mouse models and post-

mortem human HD samples. A plethora of transcription factors that HTT binds to 

has been identified, including the cAMP response element, NeuroD, SP1, NF-kB, 

p53, CA150, TAFII130, NCOR, REST/NRSF, and CtBP (reviewed in (Valor, 

2015)). Based on these interactions, HTT can activate transcription factors, 

inhibit repressors, and vice versa, thereby producing a cellular effect. 
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Cell Survival 

The hypothesis that HTT is directly involved in survival and/or apoptosis is 

particularly relevant since the most striking neuropathological effect is massive 

neuronal atrophy in several brain regions. Earlier studies supported the idea that 

wild-type HTT expression has a protective effect by blocking activation of 

caspase-3 and caspase-9, which was shown in cell lines, primary cells, and mice 

(Ho et al., 2001; Leavitt et al., 2006; Rigamonti et al., 2001). Conversely, 

depletion of HTT made cells more susceptible to cell death (Zhang et al., 2006). 

Furthermore, HTT also affects cell survival via the cortico-striatal axis. The 

striatum does not produce its own BDNF and instead relies on BDNF delivered 

via said axis (Baquet et al., 2004). HTT promotes both the transcription and 

transport of BDNF to be released at the cortico-striatal synapse where they 

activate TrkB receptors and survival signaling (Gauthier et al., 2004; Liot et al., 

2013; Zuccato et al., 2001). Thus, HTT is important for the survival of striatal 

neurons, which are also the first to degenerate in HD. 

This pro-survival cortico-striatal circuit has been corroborated in a nice 

study looking at the effects of selectively silencing mHTT in specific neuronal 

populations in the mouse brain (Wang et al., 2014). Using a conditional 

transgenic mouse model of HD, the authors genetically reduced mHTT in either 

the cortex, striatum, or both. They found that cortical reduction of mHTT 

improved motor and behavioral deficits, but not neurodegeneration. Striatal 
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reduction of mHTT ameliorated striatal post-synaptic deficits, but not behavioral 

deficits. Simultaneous reduction of both cortical and striatal mHTT ameliorated all 

behavioral deficits as well as post-synaptic function. 

 

Development 

As previously mentioned, HTT is essential for embryonic development and 

deletion causes death in mice on day E7.5 (Bhide et al., 1996; Duyao et al., 

1995; Nasir et al., 1995; Zeitlin et al., 1995). Mice that express less than 50% of 

the normal HTT levels have masses of ectopic differentiated neurons in the 

striatum and die shortly after birth (White et al., 1997). Chimeric embryos (some 

cells lacking HTT and others having it) were viable and developed into adulthood; 

however, HTT-/- cells were underrepresented in the striatum, cortex and thalamus 

and thus are critical for normal brain development (Reiner et al., 2001). During 

embryonic cortical neurogenesis, HTT is required for proper neuronal 

differentiation of proliferating radial glial progenitors (RGPs) in the ventricular 

zone (VZ) due to HTT’s role in proper spindle orientation during mitosis (Godin et 

al., 2010). 

The previous studies were all done in mice early in HD research and the 

role of mHTT in development was left untouched for many years. However, this 

topic was revisited by a recent study that thoroughly corroborated these results in 

human fetuses (13 weeks gestation) carrying the HD mutation (Barnat et al., 

2020; Pfister and Aronin, 2020). The authors observed clear abnormalities in the 
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developing cortex including mislocazation of mHTT, defects in neuroprogenitor 

cell polarity and differentiation, and changes in cell cycle and progression. 

Although it is clear that HD has a neurodevelopmental component, it is still not 

clear how these prenatal abnormalities cause deterioration later in life. Do these 

defects cause a specific set of neurons (such as MSNs) to be vulnerable as the 

person ages? These questions are likely to be left unanswered since it would be 

incredibly difficult to perform a longitudinal analysis of these cells from birth to 

death. 

Beyond the nervous system, extra-embryonic tissues lacking HTT (yolk 

sac, amnion, allantois and chorion) were also found to be deprived of nutrients, 

specifically iron (Dragatsis et al., 1998). A later study confirmed this finding in 

zebrafish (Lumsden et al., 2007). Thus, HTT is also very important for early 

development even outside of the brain. 

 

Tissue Maintenance 

After embryonic development, HTT is also a regulator of tissue 

maintenance in certain tissues. For example, the mammary epithelium consists 

of two major layers of cells: the myoepithelial basal cells and the luminal cells 

surrounding the lumen. HTT is more highly expressed in luminal cells than in 

basal cells and further increases as differentiation occurs (Elias et al., 2015; Elias 

et al., 2014). Here, HTT is important for establishing apical polarity and when 

HTT is specifically deleted from luminal cells, ductal morphogenesis and lumen 
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formation are perturbed in mice. This finding was also confirmed in zebrafish 

where embryonic stem cells lacking or treated with morpholinos to knockdown 

HTT both showed aberrant distribution of the tight injunction protein zona 

occludens 1 (ZO1) because of altered N-cadherin-mediated adhesions (Lo Sardo 

et al., 2012). In a breast cancer mouse model, mammary tumor cells with lower 

levels of HTT also lost tight junctions and underwent more epithelial-to-

mesenchymal transitions compared to wild-type (Thion et al., 2015). Finally, HTT 

also affects metabolism and body weight, owing to its role as modulating IGF-1 

expression (Pouladi et al., 2010). 
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PATHOLOGY 

Gross Morphology at the Macroscopic Level 

The most striking pathological feature of Huntington’s disease is massive 

striatal degeneration (Figure 1.2, 1.3). Comparing postmortem HD brains to 

postmortem normal brains showed ~25% loss in cross-sectional area in the 

cerebral cortex, ~28% in the thalamus, 57% in the caudate nucleus and 64% loss 

in the putamen (de la Monte et al., 1988). Total brain weight loss is around 20% 

(normal mean = 1350 g, HD mean = 1067 g) (Vonsattel and DiFiglia, 1998). 

Vonsattel and colleagues developed a grading system (0-4) based on the 

severity of the pathology (Vonsattel et al., 1985). Grade 0 is assigned to 

confirmed HD carriers with no gross morphological differences compared to 

control brains and thus is usually used for pre-symptomatic HD patients who died 

from non-HD-related causes before significant neurodegeneration occurs (Rüb et 

al., 2015). Neuronal degeneration in other brain regions beyond the striatum, 

such as the cerebral cortex, is apparent at advanced stages (Vonsattel grades 3 

and 4). 

HD primarily affects medium spiny neurons (MSNs), which comprise at 

least 80-95% of the total neurons in the striatum (Reiner et al., 1988; Vonsattel 

and DiFiglia, 1998). Neuronal loss is progressive and eventually affects cortical 

neurons as well. MSNs can be further subdivided into two groups: D1-type MSNs 

in the direct pathway (expressing DRD1) and D2-type MSNs in the indirect 

pathway (expressing DRD2) which are classified by having either the D1-type or 
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D2-type dopamine receptor, respectively. Most MSNs have only one type of 

dopamine receptor, but a small subpopulation contain both receptors. D1 MSNs 

(direct pathway) are responsible for promoting associated behaviors while D2 

MSNs inhibit these behaviors. Importantly, these two types of MSNs are 

differentially affected by HD: D2 MSNs (indirect pathway) are lost in early stages 

of HD, which is characterized by uncontrolled chorea movements. Subsequently, 

in advanced stages of HD, D1 MSNs (direct pathway) are affected, resulting in 

bradykinesia (slow movement). 

Although the nervous system is clearly the most affected in HD, other 

organs are affected as well, which is not surprising since HTT is ubiquitously 

expressed throughout the body. Other examples of symptoms beyond the brain 

include cancers, muscle wasting and cardiac failure (Carroll et al., 2015; van der 

Burg et al., 2009). 
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Figure 1. 2: Atrophy of the cerebral lobes and subcortical regions in 

HD. 

(A) Lateral and (B) medial view of a normal human brain. (C) Lateral and (D) 

medial view of the same regions from a clinically diagnosed and genetically 

confirmed male HD patient brain (Vonsattel grade 4). Note the marked atrophy of 

the frontal (1), parietal (2), and temporal lobes (3) with widened sulci and 

narrowed gyri. Additionally, the occipital lobe of this patient is severely reduced 

(4). In the medial view, note the atrophy at the head of the caudate nucleus (5) 

and the thalamus (6). C, caudate nucleus; CC, corpus callosum; TH, thalamus. 

Figure adapted from (Rub et al., 2016). 
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Figure 1. 3: Striatal atrophy and loss of white matter in HD. 

(A) Coronal (frontal) section through the basal forebrain of a normal brain at the 

level of the accumbens nucleus (AC) with the caudate nucleus (C) and putamen 

(PU). (B) Coronal (frontal) section through the same region from a clinically 

diagnosed and genetically confirmed HD patient brain (Vonsattel grade 3 of 

striatal atrophy). Note the loss in the striatum, corpus callosum (CC) and the 

temporal lobe (*), as well as the widened lateral ventricle (1), reduction of the 

cerebral white matter (2), and flattened outline of the caudate nucleus. AC, 

accumbens nucleus; C, caudate nucleus; CC, corpus callosum; PU, putamen. 

Figure adapted from (Rub et al., 2016).  
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Molecular Changes at the Microscopic Level 

At the microscopic level, the pathological hallmark of HD is the presence 

of nuclear HTT aggregates (Figure 1.4) (DiFiglia et al., 1997). In this landmark 

study, the authors used two antibodies and probed postmortem juvenile HD and 

adult HD brains. Ab1 targeted amino acids (aa) 1-17, upstream of the 

polyglutamine repeats, while Ab585 targeted aa 585-725 in the middle of HTT. 

Ab1 detected nuclear aggregates in the striatum and cortex, although the 

prevalence in the cortex was much higher in juvenile HD (38-52% of total 

neurons) than the adult HD brains (3-6% of total neurons). In contrast, no 

aggregates were detected with Ab585 in any brain region, suggesting that the 

nuclear aggregates contain a cleaved N-terminal fragment that is not recognized 

by Ab585. Additional experiments confirmed that nuclear extracts did not contain 

full-length HTT protein (350 kDa), but rather a smaller 40 kDa fragment. Based 

on this, the tempting hypothesis is that the formation of nuclear aggregates is 

involved in HD pathogenesis. Neuronal dysfunction could arise from the 

aggregates interfering with cellular homeostasis, especially since HTT is 

implicated to be involved in so many different cellular processes, which then 

eventually cause the afflicted neuron to die. Shortly after these results were 

published, another study confirmed this phenomenon in the R6/2 mouse model, 

a mouse model overexpressing the 5′ end of the HTT gene containing 115-150 

CAG repeats, one of the first transgenic HD mouse models (Davies et al., 1997). 
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Although Vonsattel grade 0 brains exhibit no gross morphological 

abnormalities, closer inspection has revealed that these brains do show an 

increased density of oligodendrocytes as well as the presence of ubiquitinated 

nuclear aggregates using antibodies (Gomez-Tortosa et al., 2001). Importantly, 

while Vonsattel grade 0 brains appear normal morphologically, molecular 

signatures are already present, even before clinical manifestation. This suggests 

that pathological hallmarks arise early in life before symptoms and striatal 

atrophy appear. 
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Figure 1. 4: Mutant HTT aggregate immunostaining from a post-mortem 

juvenile HD patient. 

(A) Low magnification in the cortex showing the prevalence of the aggregates. 

(B, C) Cortical pyramidal neurons in the same patient. Nucleoli are unlabeled. 

Scale bars: A = 50 µm, B = 10 µm. Adapted from (DiFiglia et al., 1997). 
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Aggregates: Pathogenic or Protective? 

While nuclear protein aggregates are the classic pathological hallmark of 

HD, it is not yet fully understood if or how they are involved in pathogenesis 

(Davies et al., 1997; DiFiglia et al., 1997). After this initial discovery, it is very 

tempting to infer a causal relationship between the nuclear aggregates and 

disease progression. A simple hypothesis would be that toxicity is buffered by 

compensatory mechanisms that eventually yield to toxicity later in disease 

progression. However, delineating a pathological hallmark from a pathogenic 

feature is very difficult and determining whether a pathogenic or protective 

mechanism is a critically important distinction. Naturally, the population of 

surviving cells we observe and analyze might actually be the ones that are able 

to deal best with toxicity, and thus coping responses might be easier to observe 

than pathogenic mechanisms. Indeed, multiple follow-up studies revealed that 

aggregates were much more common in the cerebral cortex than in the striatum 

when cortical neuronal loss was low but striatal neuronal loss was significant 

(Gutekunst et al., 1999). Furthermore, among the neuronal populations in the 

striatum, aggregates were more common in interneurons rather than MSNs, 

implying that aggregate localization did not correlate with cell death (Kuemmerle 

et al., 1999). LIkewise, the frequency of aggregates is similar between neurons, 

astrocytes and glia in post-mortem HD brains, although aggregates tend to be 

slightly larger in neurons compared to the other cell types (Jansen et al., 2017). 
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Following this line of thought, there is evidence that the aggregates may 

even be protective (Arrasate and Finkbeiner, 2012; Arrasate et al., 2004; Miller et 

al., 2010; Saudou et al., 1998). Using a longitudinal approach to track individual 

neurons over time revealed that, in a primary striatal neuron HD model, diffuse 

forms of mutant HTT predicted neuronal death and aggregate formation actually 

reduced levels of diffuse mutant HTT within the cell. Cells with aggregates 

survived significantly longer than cells without aggregates. This model predicts 

that aggregate formation could actually be a cellular coping mechanism to 

sequester mutant HTT (Arrasate et al., 2004). 

While the precise function of nuclear aggregates is clearly the main 

pathological hallmark of HD, their role in pathogenesis is still not fully understood. 

The next section will describe the involvement of mutant HTT in specific cellular 

functions. 
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PATHOGENESIS AND MOLECULAR MECHANISM OF DISEASE  

Since HTT is involved in so many cellular functions, it is easy to imagine 

how mutant HTT could perturb any of these mechanisms and cause a disease 

state. With that said, the fact that HTT is involved in so many cellular functions 

has complicated research efforts to precisely define the molecular pathogenic 

mechanism underlying HD. The current prevailing theory is that HD is caused by 

toxic protein gain-of-function, but a few recent reports also claim that there may 

be a loss-of-function factor as well. It is important to remember that the relative 

contributions of any of the mechanisms below is not well-established. 

 

Transcriptional Dysregulation 

In HD, transcriptional dysregulation occurs before onset of symptoms. HD 

affects a large number of transcription factors and regularly DNA target 

sequences such as CREB-binding protein (CBP) and repressor element 1 

transcription factor (REST) (Steffan et al., 2000). Large-scale, multidimensional 

(different tissues, ages, and CAG repeat length) transcriptomic studies in the 

allelic series mouse model also identified CAG repeat length-dependent 

networks and transcriptional signatures (Langfelder et al., 2016). 

 

Inflammation 

Microglial activation has been demonstrated in HD patients both before 

(Tai et al., 2007) and after onset of symptoms (Pavese et al., 2006). Microglia 
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that express mutant HTT have been shown to have increased transcription of 

proinflammatory factors in a cell-autonomous manner (Crotti et al., 2014). 

Furthermore, increased levels of proinflammatory cytokines has been found in 

blood samples of HD patients (Bjorkqvist et al., 2008). 

 

Neuron-to-Neuron Transfer 

It has previously been suggested that HD pathogenesis proceeds in a cell-

autonomous manner; that is, only mutant cells exhibit the mutant phenotype and 

no information or toxic material is transferred between cells. However, two recent 

studies tested this hypothesis and showed that this is might not be true. 

In the first study, three different neural network models were developed, 

all consisting of human neurons integrated into a mutant mouse model either ex 

vivo or in vivo (Pecho-Vrieseling et al., 2014). In all three different neural network 

models, healthy human neurons showed changes in morphological changes as 

well as the presence of nuclear HTT aggregates. This mechanism was blocked 

with botulinum neurotoxins, suggesting that synaptic machinery may be involved. 

In another study, a different experimental therapeutic strategy was tested 

(Cicchetti et al., 2014). Here, the authors grafted fetal striatal tissue into the 

brains of advanced HD patients. Three patients died ~10 years later from 

reasons secondary to HD and then their brains were assayed for the presence of 

nuclear aggregates. Interestingly, mutant HTT aggregates were detectable in the 

grafted tissue, but they were present in the extracellular matrix, not intracellularly. 
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These results suggest that mutant HTT might be able to be transferred from cell 

to cell. 

 

Cytoskeleton Signaling and Vesicular Trafficking 

As previously described, HTT is involved with vesicular transport and 

recycling through its interactions with HAP1, HAP40, and dynein. Mutant HTT 

disrupts these interactions. Importantly, the corticostriatal transport of BDNF is 

impaired, which is critical for the health of striatal neurons (Gauthier et al., 2004). 

Furthermore, due to their physically large size, mutant HTT aggregates can 

physically block and impair normal intracellular transport (Li et al., 2003). 

 

Nuclear Pore Complex and Nucleocytoplasmic Transport 

Nucleocytoplasmic transport and nuclear membrane integrity both become 

impaired during the normal course of aging in the brain. In human HD and mouse 

HD brains, the nuclear pore complex showed similar defects (Grima et al., 2017). 

Nucleocytoplasmic transport of mRNA was also defective in several in vitro HD 

models. Likewise, another related study showed that nuclear integrity is 

compromised by mutant HTT (Gasset-Rosa et al., 2017). Both of these studies 

showed that mutant HTT accelerates erosion of cellular processes that are 

normally seen in age-related pathology. 

 

Mitochondrial Dysfunction 
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Oxidative stress and mitochondrial dysfunction have been implicated in 

HD pathology and pathogenesis, but the precise mechanism is still not known. 

Mutant HTT causes increased sensitivity to calcium-induced respiration, impaired 

PPAR-gamma signaling pathway activation, and reduced mitochondrial 

biogenesis (Jin and Johnson, 2010). In primary neurons from HD mouse models, 

in vivo, as well as HD patient fibroblasts, mitochondrial calcium loading in HD 

cells causes increased mitochondrial genomic DNA (mtDNA) damage due to 

excessive oxidant generation (Siddiqui et al., 2012; Wang et al., 2013).  

To gain further insight on how mHTT causes mitochondrial dysfunction, a 

recent study performed single nuclear RNA sequencing (snRNA-seq) and 

translating ribosome affinity purification (TRAP) to conduct transcriptomic 

analyses of striatal cell type-specific gene expression changes in human HD and 

mouse models of HD (Lee et al., 2020; Maiuri and Truant, 2020). The authors 

found that mitochondrial RNA, a potent immune system activator, was released 

from the cells. This causes a signaling cascade which then leads to activation of 

innate immune signaling by binding to PKR, an innate immune sensor, and 

concomitant vulnerability specific to MSNs. 

 

Excitotoxicity 

A seminal study by Schwarz and colleagues found that injection of 

quinolinic acid, an N-methyl-D-aspartate (NMDA) receptor agonist, into the 

striatum of mouse models recapitulates many aspects of the HD phenotype 
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(Schwarcz et al., 1983). The brain lesions caused by quinolinic acid result in 

marked depletions of both GABA and substance P (neuropeptide released by 

D1-type MSN), while somatostatin and neuropeptide Y neurons are spared (Beal 

et al., 1986). These studies demonstrated that the mechanism of selective striatal 

degeneration in HD might be similar to quinolinic acid’s mechanism of action. 

Several studies have also shown that alterations in glutamatergic signaling occur 

through perturbed glutamate release (Joshi et al., 2009), overactive glutamate 

receptors (Benn et al., 2007), decreased levels of glutamate transporters, and 

reduced glutamate uptake (Huang et al., 2010). HTT also regulates amyloid 

precursor protein (APP) transport in a HTT-phosphorylation-dependent manner. 

Although APP’s function is not fully understood, it is thought to contribute to 

synapse homeostasis. This pathway is downregulated in human HD samples and 

may also contribute to pathology or pathogenesis (Bruyere et al., 2020). 

 

Clearance of Mutant HTT 

The two major cellular pathways responsible for degradation of misfolded 

proteins are the ubiquitin-proteasome system (UPS) and autophagy. Globally 

perturbed UPS has been observed in HD mouse models and postmortem human 

HD tissue by mass spectrometry detection of Lys 11, Lys-48, and Lys-68-linked 

polyubiquitin chains (Bennett et al., 2007). 

Autophagy, the process responsible for clearing degraded cellular material 

in bulk, is defective in HD. Although autophagosomes are formed at normal or 
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even increased rates and are properly degraded in lysosomes, they fail to trap 

cytosolic cargo in their lumen in HD cells (Martinez-Vicente et al., 2010; Qi et al., 

2012). 

 

Repeat-associated Non-ATG (RAN) Translation 

Four homopolymeric expansion proteins (polyAla, polySer, polyLeu, and 

polyCys) accumulate in HD human brains and are most abundant in brain 

regions associated with neuronal loss including the striatum. Both sense and 

antisense RAN proteins were produced and accumulation and aggregation are 

CAG length-dependent (Banez-Coronel et al., 2015). RAN products were also 

found to be toxic in an in vitro model, but this finding has been challenged by 

another recent study claiming that detection of RAN products in the in vitro model 

is an artifact of overexpression. Furthermore, the authors did not detect toxicity 

from RAN translation in a knock-in mouse model (Yang et al., 2020b). 

 

Loss of Function 

While there is a plethora of evidence suggesting that toxic gains-of-

function are the primary drivers behind HD pathogenesis, dominant-negative 

loss-of-function is also a possibility (Paine, 2015). This is a critically important 

point because, if the former is true, this would allow for HTT-lowering as a 

potential therapeutic drug as a viable strategy (discussed later). A recent study 

deleted HTT (mouse huntingtin) from specific subpopulations of MSNs in mice 
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using the Cre-Lox system and found that HTT was required for motor regulation, 

synaptic development, cell health, and survival during aging (Burrus et al., 2020). 

These results are important for drug development because it implies that 

complete HTT silencing/knockout may be toxic; instead, mutant allele-specific or 

incomplete knockdown (e.g., siRNAs or ASOs) might be safer options than gene 

editing techniques (e.g., CRISPR). 

As previously discussed in the Development section, mHTT was also 

found to play a role in the developing fetus (Barnat et al., 2020; Pfister and 

Aronin, 2020; van der Plas et al., 2020). Mislocalization of mHTT protein caused 

defects in neuroprogenitor differentiation, endosomal trafficking, and cell cycle 

progression. This meticulous study provides strong evidence that HD is not just a 

neurodegenerative disorder but also has a neurodevelopment component. 

 

DNA Maintenance and Somatic Instability of CAG Repeat 

Somatic instability refers to the propensity of heterogeneity and mosaicism 

of CAG repeat length in different cells. This phenomenon was identified very 

early in HD research (Kennedy and Shelbourne, 2000; Telenius et al., 1994; 

Wheeler et al., 2007), but has recently come back into focus in part due to the 

phenotypic variation amongst HD mouse models and the methods used to 

generate them (described later), as well as technological advances in more 

accurate single-cell sequencing and throughput (Vijg and Dong, 2020). CAG 

repeat mosaicism is tissue-specific and is highest in the brain, especially in 
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regions most affected by HD (striatum and cortex, but not the cerebellum). 

Somatic instability was also easily detectable in sperm which would then be 

inherited by the offspring. 

Somatic instability can happen during DNA repair or replication. However, 

since neurons are terminally differentiated and their rate of cell division is 

extremely low – around 0.05% neurons per day or only one per 2000 neurons 

(Gonitel et al., 2008; Verheijen et al., 2018) – mosaicism arising during 

neurogenesis or DNA repair are much more likely to be greater contributing 

factors (Bae et al., 2018). The role of DNA repair machinery has also been 

implicated from several unbiased screens identifying genetic modifiers of HD. In 

HD mouse models, somatic instability was detectable at different levels based on 

the genetic backgrounds of the mouse (Lloret et al., 2006; Wheeler et al., 1999). 

Somatic instability was found to be a significant predictor of age-of-onset, 

with larger repeat length gains associated with early age-of-onset in humans 

(Swami et al., 2009). Importantly, this is independent of each individual’s 

constitutive CAG repeat length. In mice, suppressing somatic expansion delays 

the age-of-onset, further supporting somatic expansion as a disease modifier 

(Budworth et al., 2015). A recent study comprehensively profiled the somatic 

instability from CNS and peripheral tissues from eight post-mortem HD patients. 

Somatic instability was detected in all tissues at different levels with cortical and 

striatal regions having the greatest instability (Mouro Pinto et al., 2020). Of the 

peripheral tissues, liver had the greatest instability and was even higher than 
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some brain regions in some patients. Since the liver does not exhibit any obvious 

pathology in HD, these results suggest that 1) additional investigations into HD 

liver dysfunction may be warranted and 2) somatic instability alone may not be 

sufficient for HD-specific pathology. 

As previously mentioned, DNA repair also contributes to somatic instability 

in adult neurons. To that end, many enzymes in the DNA repair pathway have 

been implicated. Most of these enzymes are from the DNA mismatch repair 

family, including Mlh1, Mlh3, Ogg1, Fan1, and the Msh family (Flower et al., 

2019; Goold et al., 2019; Pinto et al., 2013). However, identifying these genes 

has significant challenges since loss of DNA repair causes pathology by itself 

(Budworth and McMurray, 2016). 

Another feature of HD that has become increasingly apparent is the 

uninterrupted CAG repeat length and its effect on age-of-onset. This is important 

because uninterrupted CAG length is necessary for somatic instability to occur 

and several HD mouse models that have been heavily studied contain 

interrupting CAA codons (which also codes for glutamine) and thus may be a 

confounding factor. In humans, the canonical allele contains an uninterrupted 

(CAG)n tract followed by (CAA-CAG)1 – CCG – CCA. In this example, the polyQ 

length is two Q longer than the true CAG length. In contrast, there is a minor 

allele where the CAA is lost ((CAG)n – CCG – CCG) so the polyQ length is the 

exact same length as the true CAG length. Conversely, there is another minor 

allele where the CAA-CAG is duplicated ((CAG)n – (CAA-CAG)2 – CCG – CCG) 
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so the polyQ length is four repeats longer than the true CAG length. The age-of-

onset of individuals carrying this allele had been mis-estimated due to this 

disparity. This study was performed in over 9000 HD individuals (Genetic 

Modifiers of Huntington’s Disease (GeM-HD) Consortium, 2015, 2019) and 

conclusively showed that uninterrupted CAG repeat length is a better predictor of 

age-of-onset, separate from polyQ length, and was confirmed in parallel by other 

labs and follow-up studies (Findlay Black et al., 2020; Wright et al., 2019). The 

large study performed by the GeM-HD Consortium also unbiasedly identified the 

same genes involved in DNA maintenance that had been previously implicated 

(MSH3, FAN1), further supporting the hypothesis that DNA maintenance and 

somatic instability are significant contributors to HD. 

Additional evidence supporting the role of DNA maintenance was found by 

genome-wide in vivo screening which identified several toxicity modifier genes, 

including several Nme genes and genes involved in methylation-dependent 

chromatin silencing and dopamine signaling (Wertz et al., 2020). 

 

Proteolysis and Generation of Mutant HTT Fragments Including HTT1a 

As previously described, the pathological hallmark of HD is the presence 

of nuclear N-terminal HTT fragments (DiFiglia et al., 1997). This evidence has led 

to the “toxic fragment hypothesis” that proteolytic cleavage of mutant HTT 

generates toxic N-terminal fragments containing the expanded polyQ tract, which 

contribute to cell death (Barbaro et al., 2015; Zuccato et al., 2010). HTT is 
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cleaved by multiple proteases including caspases, calpains, cathepsins, and 

matrix metalloproteases (Hughes and Jones, 2014). Furthermore, numerous 

studies from the Bates lab has shown that alternative splicing of HTT exon 1 can 

also produce N-terminal fragments that are polyadenylated and translated into 

protein (Neueder et al., 2018; Neueder et al., 2017; Papadopoulou et al., 2019; 

Sathasivam et al., 2013). 

Htt1a was first discovered in the Q150 knock-in mouse model which 

contains a human exon 1 (150 CAG) while the rest of the gene is mouse Htt 

(Sathasivam et al., 2013). Intron 1 of mouse Htt contains two polyadenylation 

cryptic polyadenylation at positions ~680 bp and ~1.2 kb. The authors originally 

proposed a model in which the expanded CAG tract binds more serine and 

arginine rich splicing factor 6 (SRSF6), which then sequesters U1 snRNP and 

causes perturbed 5′ spliceosome formation. Ultimately, the second cryptic 

polyadenylation site in intron 1 is used instead of the proper 5′ end of intron 1 

(Neueder et al., 2018). However, a follow-up study from the same lab revealed 

that Srsf6 does not modulate levels of Htt1a (Mason et al., 2020). First, a 

complete Srsf6 knockout mouse line was generated using the CRISPR/Cas9 

system. Homozygotes (Srsf6+/+) were embryonically lethal, so heterozygotes 

(Srsf6+/-) were used and 50% Srsf6 activity compared to wildtype. These mice 

were then crossed to Q175 HD mice (Q175::Srsf6+/-) and expression levels of 

Htt1a were measured using bDNA assay. Overexpression of Htt1a in Q175 mice 

was confirmed, but there was no reduction in Htt1a expression in Q175::Srsf6+/- 
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mice. To confirm this result, MEFs were isolated from all the mice and then 

transfected with siRNA to silence Srsf6. Again, Htt1a expression was not 

different between Q175 MEFs and Q175::Srsf6+/- MEFs. Thus, other splicing 

factors may be responsible for the aberrant splicing of Htt mRNA. 

A recent study also provided strong evidence regarding the potential 

pathogenic effect of the N-terminal fragments (Yang et al., 2020a). Using the 

CRISPR/Cas9 genome editing system in Q140 mice, the Htt gene was truncated 

at either exon 2 (KI-96 mouse) or exon 13 (KI-571 mouse). In all mice, N-terminal 

aggregates were still abundant in the striatum and cortex, but not cerebellum, 

hippocampus, or brain stem. Interestingly, the levels of nuclear aggregates were 

similar for Q140, KI-96, and KI-571 mice, suggesting that the rate of proteolytic 

cleavage of the full-length or truncated proteins is not a rate-limiting factor in 

nuclear aggregation. Importantly, the three mutant mice all showed similar 

behavioral deficiencies that were significantly different from WT during disease 

progression. The authors also report that the selective accumulation of 

aggregates in the striatum is caused by the age-dependent expression HspBP1, 

a striatum-enriched chaperone inhibitory protein. 

In humans, HTT1a RNA is also detectable in fibroblasts from juvenile HD 

patients as well as in the sensory motor cortex, hippocampus and cerebellum of 

post-mortem brains from HD individuals (Neueder et al., 2017). HTT1a 

expression is accompanied by a concomitant decrease in full-length, mutant HTT 

RNA expression, demonstrating that it is produced from aberrantly spliced 
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mutant HTT RNA but not the wild-type allele (the majority of HD patients are 

heterozygous for the mutant CAG-expanded allele) (Papadopoulou et al., 2019). 

Interestingly, using an antibody specific for HTT exon 1 protein, human 

HTT1a protein was not readily detectable in post-mortem HD brains. In Q175 

knock-in mice, HTT1a protein decreased during the course of disease 

progression (Neueder et al., 2017). Since HTT1a (human) and Htt1a (mouse) 

RNA were both readily detectable in their respective samples, the authors 

concluded that the propensity of HTT N-terminal fragment to aggregate causes it 

to be insoluble and thus be undetectable by immunoprecipitation. Furthermore, it 

is possible that the cells highly expressing HTT1a may be the ones dying and 

thus measurable expression levels in these bulk assays would decrease, or even 

be undetectable at advanced stages. 

It is also important to note that Htt1a (mouse, ~1.2 kb) is shorter than 

HTT1a (human, ~7.3 kb) (Neueder et al., 2017; Sathasivam et al., 2013). While 

the second cryptic polyadenylation site is used in mice, the sixth one is used in 

human. This distinction will again come up later when different mouse models 

are described (knock-in versus full-length human transgenic). 

 

RNA Toxicity 

While there is overwhelming evidence that toxic protein is the major 

contributing factor to HD pathogenesis, RNA toxicity may also be involved. It is 

also difficult to individually delineate the contributions from RNA versus protein 
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because of the close relationship between the two. One technique used to 

discriminate between RNA and protein contributions is to mutate the CAG 

repeats into CAA repeats, as a “negative control”, which would produce the same 

polyglutamine protein sequence but differ in their RNA sequence. Using this 

strategy, several RNA toxicity mechanisms have been proposed such as globally 

altered alternative splicing, the generation of small silencing RNAs, and abnormal 

subcellular localization (Marti, 2016). 

HTT has two isoforms that differ in the lengths of their 3′ UTRs. The short 

(10.3 kb) isoform is predominant in dividing cells, whereas the long (13.7 kb) 

isoform is predominant in non-dividing cells (Lin et al., 1993). A third mid-length 

isoform was also recently discovered (Romo et al., 2017). All three isoforms  

have different localizations, half-lives, polyA tail lengths, microRNA sites, and 

RNA-binding protein sites. Widespread changes in 3’ UTR isoform abundance 

were not limited to only HTT RNA and were detectable in many pathways that 

are dysfunctional in HD. Furthermore, globally deregulated splicing has been 

demonstrated HD mouse models and human HD samples (Lin et al., 2016; 

Schilling et al., 2019). In the study by Lin et al., 593 alternative splicing events 

were detected in HD brans compared to control brains (BA4 motor cortex).   

In human neuronal cells, mutant CAG-expanded HTT RNA have 

increased levels of small CAG repeat-containing RNAs (21 nt or fewer). These 

small RNAs are generated in a Dicer-dependent manner and their abundance 

and toxicity correlated with CAG expansion length. Toxicity was derived from 
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loading into Argonaute 2 (AGO2) which then silences the expression of 

complementary CTG-containing genes. Thus, aberrant activation of the RNA 

interference (RNAi) pathway may be linked to HD (Banez-Coronel et al., 2012). 

 

Nuclear RNA Foci 

A characteristic hallmark of other repeat-associated neurodegenerative 

diseases (e.g., C9ORF72-ALS/FTD, FXS, SCA) is the nuclear accumulation of 

mutated transcripts and the formation of aberrant nuclear mRNA inclusions 

(Todd and Paulson, 2010; Zhang and Ashizawa, 2017). This process may be 

facilitated by the presence of long repeat-based hairpins and might contribute to 

disease pathogenesis by altering cellular functions and intermolecular 

interactions (de Mezer et al., 2011; Jain and Vale, 2017; Krzyzosiak et al., 2012; 

Liu et al., 2017; Nalavade et al., 2013). The current prevailing hypothesis is that 

these RNA clusters form a “detention center” and sequester RBPs, thus 

depleting the available cellular pool of essential cellular factors, leading to toxicity 

(Conlon and Manley, 2017; Echeverria and Cooper, 2012; Mohan et al., 2014; 

Urbanek et al., 2016). 

For example, an unstable CTG repeat expansion in the DMPK gene 

causes myotonic dystrophy 1 (DM1) (Amack et al., 1999; Davis et al., 1997; 

Michel et al., 2015; Taneja et al., 1995), while a CCTG repeat expansion in the 

CNBP gene causes myotonic dystrophy 2 (DM2) (Liquori et al., 2001; Mankodi et 

al., 2000). In both diseases, mutant C(C)UG-expanded RNAs sequester the 
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muscleblind-like (MBNL) family of splicing factors, which results in inappropriate 

splicing for a wide variety genes, including themselves (Savkur et al., 2001; 

Sznajder et al., 2016; Sznajder et al., 2018). In ALS, the presence of nuclear 

RNA foci containing GGGGCC-repeats correlates with inflammation in an 

interferon-induced manner by activating the protein kinase R (PKR) stress 

pathway that enhances toxic peptide-dependent neurodegeneration (Cheng et 

al., 2018b; Green et al., 2017). These findings suggest that aberrant RNA 

processing is a shared feature among repeat-associated neurodegenerative 

diseases and can contribute to disease pathogenesis. 

Investigations into RNA foci formation in HD are limited to cellular models 

or patient fibroblasts rather than brains from either mouse models or HD patients. 

Our lab has shown that the nuclear fraction of wild-type Htt (mouse) and HTT 

(human) RNA were both found to be increased in cells of neuronal origin versus 

non-neuronal cell types (Didiot et al., 2018); however, mutant Htt or HTT were 

not investigated in this study. In SK-N-MC neuroblastoma cells, overexpression 

of CAG-expanded HTT containing 82 CAG repeats resulted in detection of CUG-

probe positive RNA foci that were retained in the nucleus due to impaired nuclear 

export (Sun et al., 2015). Similarly, in U2OS cells expressing an RNA fragment 

containing 47 CAG repeats fused to MS2 binding motifs, researchers detected 

nuclear, micron-sized, phase-separated spherical clusters caused by the RNA 

forming a template for multivalent base-pairing interactions (Jain and Vale, 

2017). Furthermore, nuclear foci were detected in HeLa cells expressing HTT 
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exon 1 containing 100 CAG repeats, but not 16 CAG repeats or 100 CAA repeats 

(Urbanek et al., 2016). While this thesis was being written, a recent study was 

published using single-molecule RNA FISH (Stellaris) specific for HTT RNA in 

human HD fibroblasts and neural progenitors derived from human iPSCs but did 

not detect the presence of HTT RNA clusters (Ciesiolka et al., 2020). It is 

possible that clusters only form in neurons due to their non-dividing nature. 

While previous studies provide initial evidence that the presence of CAG 

repeats may alter the intracellular localization of RNA fragments, the impact of 

repeat expansion on mutant HTT mRNA biology in the correct cell type in vivo 

using specific probes has not been investigated. To summarize, a single study 1) 

using single-molecule FISH specific for the target RNA, 2) looking at neuronal 

cell types, and 3) performed either in vivo or in situ (as opposed to in cells) has 

not been done before (Table 1.1).  
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Table 1. 1: Comparison of studies investigating the presence of RNA 

clusters in repeat-associated neurodegenerative or neuromuscular 

diseases with reported nuclear RNA clusters. 

While RNA clusters in HD have previously been reported, note how previous 

studies have mostly used FISH probes for CAG repeats rather than probes 

specific for HTT RNA. Furthermore, most studies have non-neuronal cell models. 

Disease Gene Repeat 

sequence 

Location Probe System 

(references) 

ALS/FTD C9ORF72 GGGGCC Intron FISH with (C4G2)4 

probe 

Human post-

mortem brain 

(DeJesus-

Hernandez et al., 

2011) 

 

FISH with (C4G2)2 

probe 

Human post-

mortem brain (Bajc 

Cesnik et al., 2019; 

Cooper-Knock et 

al., 2014) 

 

DM1 DMPK CTG 3′ UTR FISH with (CAG)5 

probe 

Human fetal tissue 

(Michel et al., 

2015) 

 

Single molecule FISH 

with DMPK-specific 

probe 

 

Human fibroblasts 

(Jain and Vale, 

2017) 
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DM2 CNBP 

(ZFN9) 

CCTG Intron FISH with (CAGG)n 

probe 

Human muscle 

tissue (Liquori et 

al., 2001) 

FXTAS FMR1 CGG 5′ UTR FISH with FMR1-

specific probe 

 

(Galloway and 

Nelson, 2009; 

Tassone et al., 

2004) 

 

HD HTT CAG Exon FISH with (CUG)20 

probe 

 

SK-N-MC cell line 

(Sun et al., 2015) 

 

FISH with (CTG)6-CA 

probe 

Human fibroblasts 

(de Mezer et al., 

2011; Urbanek et 

al., 2017; Urbanek 

et al., 2016) 

 

MS2-YFP system with 

RNA fragments 

containing at least 47x 

CAG repeats 

 

U2-OS cell line 

(Jain and Vale, 

2017) 

HTT-specific smFISH 

in HD patient 

fibroblasts and neural 

progenitors; did not 

detect clusters 

 

(Ciesiolka et al., 

2020) 

SCA SCA CAG/CTG Exon, 3′ 

UTR 

FISH with (CTG)6-CA 

probe 

Human fibroblasts 

(Urbanek et al., 

2016) 
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HUNTINGTON’S DISEASE MOUSE MODELS 

Unfortunately, there is no gold standard mouse model for studying HD 

since no mouse model fully capitulates the human disease (Vonsattel, 2008). In 

addition, many commonly used HD mouse models exhibit different phenotypes 

which further contributes to the confusion surrounding the precise molecular 

pathogenesis of the disease is not yet fully understood. (Blumenstock and 

Dudanova, 2020; Ehrnhoefer et al., 2009; Pouladi et al., 2013). These models 

are categorized by their CAG repeat length, level of expression, and whether 

they possess the full-length transgene or partial knock-in (Table 1.2). The polyQ 

allelic series knock-in mouse model contains human HTT exon 1 with various 

polyQ lengths up to Q175 at the endogenous mouse Htt locus (Lin et al., 2001; 

Menalled et al., 2012; Menalled et al., 2003; Shelbourne et al., 1999). Despite 

containing polyQ lengths that are considerably larger than those causing 

juvenile-onset HD in humans, these polyQ allelic knock-in mice generally have a 

mild phenotype that does not appear until one year of age (Alexandrov et al., 

2016; Langfelder et al., 2016). 

In contrast, mouse models containing the human HTT transgene on an 

artificial chromosome generally display a more severe phenotype. For instance, 

two mouse models that contain the human HTT transgene – BACHD-ΔN17-97Q 

(Gu et al., 2015) and YAC128 (Slow et al., 2003) – have a lower number of  

repeats (97 mixed CAA/CAG and 121 mostly pure CAG (longest uninterrupted 

CAG tract is ~82), respectively) compared to Q140 or Q175 exon 1 knock-in 
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mice, but exhibit a more severe phenotype in the first six months. This 

observation suggests that other promoter and regulatory elements of the HTT 

gene or HTT mRNA itself, not just the CAG/CAA repeat length, may be involved 

in pathogenesis. In addition, both BAC and YAC models maintain both alleles of 

the wild-type mouse Htt gene representing the dominant negative inheritance of 

HD and allow for detailed evaluation of both wild-type and mutant mRNA variants 

in the context of the same cell. 

Furthermore, it has been repeatedly observed that the strain of the mouse 

can have a major effect on its phenotype. In general, FVB/N mice are more 

susceptible to neurodegeneration compared to the C57BL/6 strain, a 

phenomenon which has been observed not only in HD, but also for other 

neurodegenerative diseases including Alzheimer’s disease and Parkinson’s 

disease. (Mohajeri et al., 2004; Pugh et al., 2004). In the context of HD, the most 

widely used YAC128 strain is from the FVB/N strain. Backcrossing these mice 

into the 129 and FVB/N strains showed that, while striatal degeneration and 

motor dysfunctions were penetrant in all three genetic backgrounds, the severity 

of the phenotypes differed. In order of disease phenotype severity, FVB/N mice 

were the most susceptible, 129 mice were in the middle, and C57BL/6 mice were 

the most resistant (Van Raamsdonk et al., 2007). Likewise, the HD allelic series 

mouse model is in the C57BL/6 strain which might partially explain its somewhat 

mild phenotype relative to its CAG expansion length. To show that the allelic 

series mice might have a more severe phenotype in the FVB/N strain, Q175 mice 
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were backcrossed into the FVB/N strain to create the Q175FDN strain (Southwell 

et al., 2016). These mice exhibit earlier onset and a greater variety and severity 

of HD-like phenotypes than the parent Q175 mice. Together, these studies argue 

for the existence of disease modifier genes which could impact the pathogenesis 

of HD. 
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Table 1. 2: Comparison of selected HD mouse models. 

Major differences between knock-in vs. transgenic mouse models. In general, 

allelic series mice exhibit mild phenotypes compared to transgenic mouse 

models. 

 
Q140, Q175 

(allelic series) 
BACHD-∆N17-97Q YAC128 

Background C57BL/6 
Mixed FVB/N and 

C57BL/6 
FVB/N 

Genetic construct 

Human exon 1 knock-

in at endogenous 

mouse Htt locus 

Full-length human 

transgene minus 17 N-

terminal amino acids 

(~240 kb total insert size, 

~20 kb upstream, ~50 kb 

downstream) 

Full-length 

human 

transgene (308 

kb insert size, 

24 kb upstream, 

116.8 kb 

downstream) 

Repeat length 140, 175 pure CAG 
97 mixed CAG/CAA (48 

CAG, 49 CAA) 
128 mostly CAG 

Longest pure CAG 

tract 
140, 175 2 80 

Control Q7, Q20 BACHD-∆N17-31Q YAC18 

Expression 

level/copy number 

1 (heterozygous) or 2 

(homozygous) 
~2-3 copies ~4 copies 

Somatic instability Yes (mostly striatum) No No 

Body weight No change Weight gain Weight gain 

Behavioral deficits ++ +++ ++ 

Aggregates and 

nuclear inclusions 

(age indicates 

when they are first 

detectable) 

+++ 

Q140: 4 months 

Q175: 4 months 

+ 

10 months 

++ 

12 months 
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Striatal and 

transcriptional 

dysregulation 

++++ + + 

Notes 

Somatic instability in 

these mice is very 

prominent and the 

repeat undergoes 

spontaneous 

expansion readily 

within a colony 

 

Q175 has been 

crossed to FVB/N 

strain which is more 

susceptible to 

neurodegeneration  

(Southwell et al., 

2016) 

Derived from BACHD 

mouse model (Gray et al., 

2008) 

 

∆N17 causes the protein 

to be more nuclear and 

exacerbates the severity of 

phenotype; parent BACHD 

mouse line did not have 

nuclear aggregates and 

thus was considered “HD-

like” 

YAC46 and 

YAC72 mice 

also exhibit a 

phenotype 

(Hodgson et al., 

1999) 

Primary references 
(Menalled et al., 2012; 

Menalled et al., 2003) 
(Gu et al., 2015) 

(Slow et al., 

2003) 

Follow-up studies 

and 

characterization 

(Alexandrov et al., 

2016; Carty et al., 

2015; Jacobsen et al., 

2011; Langfelder et 

al., 2016; Southwell et 

al., 2016) 

(Goodliffe et al., 2020) 

(Ghilan et al., 

2014; Pouladi et 

al., 2012) 
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CURRENT TREATMENT STRATEGIES FOR HD (HUNTINGTIN-LOWERING 

STRATEGIES) 

Symptomatic Treatment 

Symptomatic treatment has focused primarily on chorea and motor 

impairment using outcome measures derived from the Unified Huntington’s 

Disease Rating Scale (UHDRS). Tetrabenazine (TBZ) is an inhibitor of the 

vesicular monoamine transporter 2 (VMAT2) and the is the first drug that was 

FDA-approved for treating chorea and remains the only HD symptom with a 

formal therapeutic indication. TBZ was used in a 12-week randomized controlled 

trial (TETRA-HD) that saw a clinically significant reduction in chorea compared to 

placebo (adjusted decrease of 3.5 points using the UHDRS chorea subscore) 

(Savani and Login, 2007). Follow-up open-label studies also demonstrated the 

long-term safety of TBZ in HD patients (Frank, 2009). Furthermore, a deuterated 

version of TBZ, called deutetrabenazine (deuTBZ), was recently approved by the 

FDA. Compared to TBZ, deuTBZ has a longer half-life which results in less 

frequent daily dosing and potentially better tolerability than TBZ (Claassen et al., 

2017; Frank et al., 2017; Huntington Study et al., 2016; Rodrigues et al., 2017; 

Shao and Hewitt, 2010). The overnight switch from TBZ to deuTBZ was safe and 

well-tolerated in the ARC-HD open-label safety study (Frank et al., 2017). 

Valbenzine, another VMAT2 inhibitor, is under evaluation for the treatment of 

chorea (NCT04102579, KINECT-HD). 

 



51 
 

 

 
 

 

HTT-Lowering Strategies 

Unfortunately, there are currently no cures or treatments that slow disease 

progression of HD (Dash and Mestre, 2020; Estevez-Fraga et al., 2020; 

Langbehn and Hersch, 2020; Leavitt and Tabrizi, 2020; Marxreiter et al., 2020; 

Rodrigues and Wild, 2020). Although HTT is required for proper neuronal 

development and HTT knockout in mice is embryonically lethal (Nasir et al., 

1995), loss of HTT in adult mice appears to be well-tolerated with no major 

defects (Wang et al., 2016). Furthermore, a seminal paper by Yamamoto et. al 

showed that suppression of mutant Htt in HD mouse models could reverse 

neuropathology and motor deficits (Yamamoto et al., 2000). This study spurred 

an intense area of research and now HTT-lowering is accepted as a viable 

therapeutic paradigm for the treatment of HD (Dash and Mestre, 2020; Estevez-

Fraga et al., 2020; Leavitt and Tabrizi, 2020; Marxreiter et al., 2020; Rodrigues 

and Wild, 2020; Tabrizi et al., 2019a). 

In theory, targeting HTT at the DNA or RNA level, upstream of protein, 

would prevent the downstream pathogenic mechanism from occurring. DNA-

targeting strategies include removing the mutant gene from the genome itself and 

can be achieved using TALENs, ZFPs (Garriga-Canut et al., 2012; Zeitler et al., 

2019), or the CRISPR/Cas9 system. Recent technological advances allow highly-

efficient modulation of Htt (mouse, used in proof-of-concept studies) or HTT 

(human) expression at the RNA level by different mechanisms: ASOs (repeat-
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targeting (Rue et al., 2016) and non-repeat-targeting (Kordasiewicz et al., 2012; 

Stanek et al., 2013)), siRNA (Alterman et al., 2019; DiFiglia et al., 2007; Urbanek 

et al., 2017), artificial miRNA (Ciesiolka et al., 2020), and AAV-expressed small 

silencing RNAs (McBride et al., 2008; Stanek et al., 2014). Mutant HTT protein 

expression can be selectively modulated through small molecules that bind to the 

expanded polyQ repeats and target the protein to autophagosomes for 

degradation (Li et al., 2019). 

At the time of this writing, the most advanced clinical candidate is an ASO 

from Ionis Pharmaceuticals, tominersen (formerly known as IONIS-HTTRX or 

RG6042), which showed very promising phase 1/2 clinical trial results (Tabrizi et 

al., 2019b), was subsequently licensed to Roche, and is now in phase 3 clinical 

trials (https://clinicaltrials.gov/: NCT03842969 and NCT03761849, 

GENERATION-HD1). 

 

DNA-Targeting Strategies 

DNA-based approaches include inhibiting gene transcription or genome 

editing. This requires binding to DNA in a specific manner and modulating 

epigenetics, transcription factors, or cleavage via nucleases (Tabrizi et al., 

2019a). The three main systems are ZFPs, TALENs, and the CRISPR/Cas9 

system (Malankhanova et al., 2017). 

ZFPs are engineered to target the expanded CAG repeat of mutant HTT 

genes and can be coupled to transcription repressor or a nuclease effector 

https://clinicaltrials.gov/
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domain to cleave DNA (Mittelman et al., 2009). In HD, ZFPs have been used as 

transcription repressors and pre-clinical data has shown that ZFPs can reduce 

mutant HTT levels, HTT protein aggregates and reverse an HD-like phenotype in 

a mouse model (Garriga-Canut et al., 2012). Similar findings were also reported 

in patient fibroblasts and stem-cell-derived human neurons with high selectivity 

for the mutant HTT allele (Zeitler et al., 2019). Potential limitations of ZFPs are 

that they require a viral vector, they must be administrated via intracranial 

injection, as well as the fact that the production of exogenous proteins that can 

trigger an immune response (Wild and Tabrizi, 2017). 

Like ZFPs, TALENs also bind to a target DNA sequence and can be 

coupled with transcription repressors or a nuclease. However, the TALEN DNA 

recognition domain is based on an amino acid repeat sequence that binds to a 

specific target sequence (Malankhanova et al., 2017). Only a single pre-clinical 

study has been conducted in HD-patient derived fibroblasts and there are no 

TALENs in clinical trials (Fink et al., 2016). 

Compared to ZFPs and TALENs, CRISPR/Cas9 is much newer and is still 

in the early stages of therapeutic development in general. This system uses an 

RNA-guided nuclease (Cas9 protein) that cleaves a specific target DNA 

sequence (Malankhanova et al., 2017). This technology can be used to excise 

the mutant HTT gene altogether and replace it with the wild type allele, repress 

expression of the mutant allele through the insertion of a missense mutation, or 
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reduce transcription of the HTT gene in a non-allele specific manner, for 

example, through epigenetic regulation (Tabrizi et al., 2019a). 

DNA-targeting strategies are appealing since they target the most 

proximal target in the mutant HTT pathway and would potentially suppress any 

potential pathological species produced by the mutant HTT allele. Although 

extremely powerful, the CRISPR/Cas9 system runs the risk of off-target effects 

and other irreversible changes in other genes. 

 

RNA-Targeting Strategies 

RNA-targeting oligonucleotides comprise the largest group of potential 

drugs for the treatment of HD (Table 1.3). These oligonucleotides can be divided 

into two groups: ASOs and siRNAs/miRNAs/shRNAs. ASOs are single-stranded 

oligonucleotides ranging between 16-22 nt. They hybridize with their 

complementary RNA and either alter transcript processing or promote cleavage 

via RNase-H primarily in the nucleus. In contrast, siRNAs, miRNAs, and shRNAs, 

which are typically 19-23 nt in length, cleave their complementary target RNA via 

AGO2, primarily in the cytoplasm, as part of the evolutionary conserved RNAi 

pathway. 

Both non-allele-specific (Rue et al., 2016) and allele-specific (Carroll et al., 

2011; Gagnon et al., 2010; Pfister et al., 2018; Rue et al., 2016; Skotte et al., 

2014) ASOs have been extensively studied both for the purpose of pre-clinical 

development as well as interrogating the pathogenic mechanism of HD. 
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Furthermore, comprehensive pre-clinical studies have laid the foundation for 

ASOs as serious clinical candidates (Kordasiewicz et al., 2012; Southwell et al., 

2014; Stanek et al., 2013). The most promising clinical candidate, tominersen, 

was developed by Ionis Pharmaceuticals as a chemically stabilized 20-nt ASO 

and was also the first to be tested in a clinical trial. In pre-clinical studies in 

animal models, tominersen demonstrated up to 80% mutant HTT mRNA 

silencing, 60% mutant HTT protein silencing, and partial rescue of the HD 

phenotype. This work prompted the IONIS-HTTRx study which was the first-in-

human clinical trial and assessed safety, tolerability, pharmacokinetics, and 

pharmacodynamics of multiple ascending doses of tominersen up to 120 mg with 

four monthly intrathecal administrations to 46 patients with early manifest HD 

(Tabrizi et al., 2019b). In CSF and plasma samples, there was a dose-dependent 

mean reduction of ~40% in CSF mutant HTT concentration at the two highest 

doses of 90 to 120 mg. Extrapolating these data to the brain corresponds to a 55-

85% reduction in cortical mutant HTT and a 20-50% reduction in caudate mutant 

HTT. This effect persisted over a 2-month follow-up period and there were no 

significant safety concerns or dose-limiting toxicity. Furthermore, post-hoc 

analyses suggested a correlation between a reduction in mutant HTT in the CSF 

and an improvement in a composite UHDRS score. A phase III study with more 

than 800 patients to investigate tominersen as a disease-modifying therapy is 

currently underway (https://clinicaltrials.gov/: NCT03761849, GENERATION-

HD1). 

https://clinicaltrials.gov/
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With ASOs, allele-specificity is achieved by targeting individual SNPs in 

the mutant HTT gene (Ostergaard et al., 2013). It is estimated that about three-

fourths of the patient population with HD carry SNPs that are targetable (Pfister 

et al., 2009). Wave Life Sciences currently has two ASOs in phase II clinical trials 

using this strategy: PRECISION-HD1 (WVE-120101) and PRECISION-HD2 

(WVE-120102). Preliminary results from the PRECISION-HD2 study did not raise 

any immediate safety concerns and reported a mean reduction of 12.4% in 

mutant HTT protein in CSF compared to placebo. This modest decrease lead to 

the addition of another arm with a higher dose. The results of these studies are 

expected by the end of 2020 and a phase III study is already planned. By their 

nature, ASO-mediated silencing is transient and will require repeated 

administration of ASOs, which is a challenge for any ASO drug. Based on 

modeling from the IONIS-HTTRx study, the frequency of administration is 

expected to be around two to four months (Tabrizi et al., 2019b). 

RNAi-mediated silencing strategies include siRNAs, shRNAs, and 

miRNAs and silence their target mRNA via the AGO2/RISC pathway (Aguiar et 

al., 2017; Alterman et al., 2019; Ciesiolka et al., 2020; DiFiglia et al., 2007; Fiszer 

et al., 2016; Keeler et al., 2016; McBride et al., 2008; Stanek et al., 2014). Their 

primary site of action is the cytoplasm and is thus slightly downstream compared 

to ASOs, although nuclear RNAi has been reported (Gagnon et al., 2014; 

Kalantari et al., 2016). RNAi-based strategies must overcome reduced CNS 

permeability and require chemical modification, encapsulation in lipid 



57 
 

 

 
 

nanoparticles, or packaging into viral vectors (Keiser et al., 2016; Khvorova and 

Watts, 2017). In general, viral vectors have been favored in HD which allow for 

single-dose intracranial injection to expand the expression of the RNAi-acting 

molecule long-term to other cells distal from the site of injection (Miniarikova et 

al., 2016). Using AAV-siRNAs delivered to the striatum, putamen or cerebral 

ventricles, mutant HTT aggregation was reduced and HD phenotypes were 

improved in YAC128 mice (Stanek et al., 2014). 

uniQure’s AAV5-miRNA AMT-130 is currently the only RNAi-based 

treatment in clinical trials (https://clinicaltrials.gov/: NCT04120493). AMT-130 is 

administered using an MRI-guided convention-enhanced delivery system for a 

single bilateral caudate and putaminal administration. The first two patients, out 

of a total of 26, were dosed in June 2020. The aims of this study are to evaluate 

the concentration of AMT-130 concentration in the brain and CSF. 

One RNAi-based treatment in late stage pre-clinical research is the non-

allele-specific AAV VY-HTT01 from Voyager Therapeutics, which has shown the 

ability to lower HTT mRNA after intracranial administration in non-human 

primates. A follow-up study using MRI-guided delivery of VY-HTT01 into the 

putamen and thalamus resulted in widespread distribution with robust silencing of 

both HTT RNA and protein. VY-HTT01 is expected to enter clinical trials soon 

(ESGCT 27th Annual Congress, 2019). 

Other RNAi-based treatments are still in pre-clinical research and will 

require further evaluation. The ideal drug would have systemic delivery and be 

https://clinicaltrials.gov/
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able to cross the blood-brain barrier which would circumvent the need for multiple 

injections directly into a patient’s brain. An AAV9-RNAi strategy has also been 

used to specifically silence mutant HTT expression in multiple regions of the 

brain as well as peripheral tissues (Dufour et al., 2014; Foust et al., 2009). 

Beyond viral vectors, a chemically modified, divalent siRNA scaffold showed 

potent, durable silencing with good distribution in the brain of mice and non-

human primates after a single intrathecal injection (Alterman et al., 2019).  
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Table 1. 3: Advanced RNA-targeting clinical candidates for the treatment of 

HD.  

Comparison of RNA-targeting treatments currently in late-stage pre-clinical 

research, an active clinical trial, or recently completed clinical trial. 

Name 

(Sponsor) 

Type Delivery method Allele-

specific 

or non-

allele 

specific 

Clinical trial Results 

Tominersen/ 

RG6042/ 

Ionis-HTTRx 

(Roche) 

ASO Intrathecal Non-

allele-

specific 

Phase Ia/2 

NCT02519036 

GENERATION 

HD1 

First-in-

human 

study, safe 

and well-

tolerated 

(Tabrizi et 

al., 2019b) 

Tominersen/ 

RG6042/ 

Ionis-HTTRx 

(Roche) 

ASO Intrathecal Non-

allele-

specific 

Phase Ia/2 

NCT03761849 

GENERATION 

HD1 

Ongoing, 

recruitment 

concluded 

WVE-120101 

WVE-120102 

(Wave) 

ASO Intrathecal Mutant 

allele-

specific 

Phase Ib/2a 

NCT03225833 

NCT03225846 

Safe and 

mean 

reduction of 

12.4% in 

CSF 

AMT-130 

(uniQure) 

AAV-

miRNA 

Intracranial Non-

allele-

specific 

NCT04120493 First two 

patients 

injected in 

June 2020 
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VY-HTT01 

(Voyager) 

AAV-

miRNA 

Intracranial Non-

allele-

specific 

Late-stage pre-

clinical 

 

ALN-HTT 

(Alnylam) 

siRNA Implantable pump 

for intracranial 

infusion system 

Not 

known 

Late-stage pre-

clinical 
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HTT-Modulating Strategies 

Another approach to mitigate the toxic effects of mutant HTT is to promote 

clearance or inhibit aggregation of the HTT protein. PBT2 and selisistat were 

both tested in clinical trials but halted due to negative results. PBT2 is an 8-

hydroxyquinoline transition metal ligand that acts as a cellular chaperone. 

Although pre-clinical studies demonstrated a reduction of HTT aggregates in a 

mouse model (Cherny et al., 2012), the clinical trial was tested for an 

improvement in cognition. A phase II clinical trial was negative for improved 

cognitive score and the FDA also issued a partial clinical hold due to safety 

concerns, thereby halting all clinical development of PBT2. Selisistat is a 

selective silent information regulator T1 inhibitor postulated to promote clearance 

of mutant HTT protein (Smith et al., 2014). Two double-blind RCTs were 

conducted to assess the safety and efficacy of selisistat on motor disability, and 

cognition but no clinically relevant changes in the UHDRS were found after a 12-

week treatment. 

Although not in clinical trials, an autophagosome-tethering small molecule 

was recently described that demonstrated allele-specific lowering of mutant HTT 

protein (Li et al., 2019). Thousands of small molecules were screened for their 

ability to both bind to expanded polyQ tracts as well as LC3 and targeted the 

mutant protein for degradation in autophagosomes and four were identified. This 

proof-of-concept study was done in HD mouse models. 
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Immunomodulation 

Finally, another growing area of interest is the possibility of modulating the 

immune response and other inflammatory mechanisms that may be secondary to 

the main pathogenic mechanisms of HD, but still contribute to further 

neurodegeneration (Table 1.4) (Crotti et al., 2014; Faideau et al., 2010; Liddelow 

et al., 2017; Sapp et al., 2001; Silvestroni et al., 2009). Laquinimod is an oral 

synthetic derivative of linomide repurposed from multiple sclerosis was evaluated 

in a phase II placebo-controlled randomized clinical trial (RCT) (LEGATO-HD) 

study. Despite the reduced rate of caudate atrophy, the results were negative for 

a change in the total motor score of the Unified Huntington's Disease Rating 

Scale (UHDRS) (Reilmann et al., 2019). SEMA4D is a transmembrane signaling 

protein that leads to activation of microglia and disruption of the BBB by 

interacting with neuroinflammation processes (Okuno et al., 2010). Vaccinex has 

developed a monoclonal antibody to SEMA4D (VX15/2503) and is currently 

being evaluated in the SIGNAL phase II RCT to assess the effect on delaying the 

onset of clinical HD or the progression of clinical symptoms and signs in early 

HD. Preliminary data suggest that VX15/2503 may cause lesser reduction of 

atrophy and metabolic activity in the brain, but the complete results are not yet 

available (http://clinicaltrials.gov/: NCT02481674). 

 

  

http://clinicaltrials.gov/
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Table 1. 4: Advanced HTT-modulating and immunomodulating clinical 

candidates for the treatment of HD. 

HTT-modulating and immunomodulating treatments currently in or recently 

completed clinical trials. 

Name Mechanism of 

action 

Name of 

study 

Clinicaltrials.gov 

identifier 

Phase Results 

PBT2 Metal-protein 

attenuating 

compound 

Reach2HD NCT01590888 II Completed, 

negative for 

efficacy 

Selisistat Sirtuin-1 inhibition Paddington NCT01485952 

NCT01521585 

I 

II 

Completed, 

negative for 

efficacy 

SEMA4D Monoclonal 

antibody 

SIGNAL NCT02481674 II Ongoing, not 

recruiting 

Laquinimod Nf-kb inhibition 

Cytokine release 

LEGATO-

HD 

NCT02215616 II Completed, 

negative for 

efficacy 
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Summary of Current HD Treatment Strategies 

Basic research investigating the mechanism of HD pathogenesis has led 

to the current therapeutic landscape in which there are many different strategies 

to decrease levels of mutant HTT (either RNA or protein) expression. Although 

no disease-modifying treatments for HD are currently available, recent 

technological advancements have put such treatments within reach. Currently, 

the best candidate is the non-allele-specific ASO tominersen, but even if the 

results are negative, researchers will inevitably find more effective treatments 

with less invasive routes of administration. 

An important outstanding question related to HTT-lowering therapies is 

whether or not allele specificity is required for safety. So far, the clinical data are 

inconclusive. Pre-clinical studies in animal models has shown that partial 

suppression of HTT seems to be tolerated in adult mice (Wang et al., 2016)and 

rhesus macaques (Grondin et al., 2012). It is important to note that both ASO- 

and RNAi-based therapeutics target RNA and thus do not completely silence all 

HTT expression, which could be advantageous if HTT expression is essential. 

Short-term safety data from the IONIS-HTTRx study (non-allele-specific ASO) did 

not raise any safety concerns (Tabrizi et al., 2019b). Furthermore, non-allele-

specific therapeutics have the advantage of potentially being applicable to all 

patients with HD.  
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OBJECTIVE 

The pathogenic mechanism of HD is not yet fully understood. While there 

is an abundance of evidence supporting the toxic protein gain-of-function 

hypothesis, there is emerging evidence of the role of nucleic acids. Recent 

studies have discovered a genetic correlation with uninterrupted CAG repeat 

length, (Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium, 2015, 

2019), altered splicing (Lin et al., 2016; Sathasivam et al., 2013; Schilling et al., 

2019), perturbed gene regulation (Banez-Coronel et al., 2012; Romo et al., 2017) 

and neuron-specific increase in nuclear mRNA localization (Didiot et al., 2018). In 

addition, overexpression of CAG-containing RNA fragments in cells shows 

evidence of nuclear foci and cluster formation, indicating that CAG repeats have 

an impact on RNA structure (de Mezer et al., 2011; Jain and Vale, 2017; Sun et 

al., 2015; Urbanek et al., 2017; Urbanek et al., 2016). This phenomenon of 

nuclear-associated repeat RNA foci is a typical hallmark of repeat-associated 

neurodegenerative and neuromuscular disorders such C9ORF72 ALS/FTD, 

DM1, and SCA. While previous work has shown the presence of nuclear HTT 

RNA foci in HD, these studies were done in non-neuronal cells or cellular models 

using probes targeting CAG repeats rather than HTT-specific probes.  

The goal of this dissertation is to extend these findings and further support 

HD as a repeat-associated neurodegenerative disorders characterize by repeat-

driven nuclear mRNA clustering in HD models in vivo. Using branched 

fluorescence in situ hybridization (FISH) technology, we previously demonstrated 
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that in cells of neuronal origin, a significant fraction of wild-type HTT mRNA is 

localized in the nucleus in vitro and in vivo (Didiot et al., 2018). Another major 

advantage of this approach is the use of probes specific for HTT RNA, whereas 

all other previous studies used FISH probes targeting CAG repeats tract and thus 

could have off-target specificity for other CAG-repeat-containing RNA. Here, 

using a similar strategy, we investigated the impact of repeat expansion on HTT 

mRNA subcellular localization in BACHD-97Q-ΔN17 mice and YAC128 mice. We 

observed an increase in mutant HTT mRNA retention that correlates with repeat 

length. Our most striking observation was the detection of widespread nuclear 

mRNA clusters (around 0.6-5 µm3), which were over four-fold larger than typical 

RNA foci measured by FISH, in both HD mouse models. The majority of striatal 

and cortical neurons contained a single nuclear cluster, which is detectable as 

early as one month of age, thus representing an early molecular signature of HD. 

The nuclear clusters were highly specific to mutant HTT mRNA and were not 

observed in controls or other tissues. Antisense oligonucleotides (ASOs) 

achieved efficient silencing of individual wild-type Htt mRNA and mutant HTT 

mRNA foci but had limited effect on mutant HTT RNA clusters. Furthermore, we 

investigated the contribution of the aberrantly spliced exon 1-intron 1 fragment 

HTT1a to these clusters and found that HTT1a also clustered with HTT RNA in 

YAC128 mice. Our findings highlight a molecular feature of HD neuropathology 

that is strongly linked to repeat expansion and might be resistant to 

oligonucleotide-based treatment strategies currently under clinical evaluation.  
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CHAPTER II: Mutant Huntingtin mRNA Forms 

Clusters That Are Resistant to Oligonucleotide-

Based Silencing in Vivo 

 

SUMMARY 

Mutant mRNA and protein both contribute to the clinical manifestation of 

many repeat-associated neurodegenerative and neuromuscular disorders. The 

presence of nuclear RNA clusters is a feature shared amongst these diseases, 

such as C9ORF72/ALS and myotonic dystrophy 1/2 (DM1/2); however, this 

pathological hallmark has not been conclusively demonstrated in Huntington’s 

disease (HD) in vivo. Investigations into Huntington’s disease – caused by a 

CAG repeat expansion in exon 1 of the huntingtin (HTT) gene – have largely 

focused on toxic protein gain-of-function as a disease-causing feature, with fewer 

studies investigating the role of mutant HTT mRNA in pathology or pathogenesis.  

Here we report that in two HD mouse models, YAC128 and BACHD-97Q-

ΔN17, mutant HTT mRNA is preferentially retained in the nucleus in vivo. 

Furthermore, we observed the early, widespread formation of large mutant HTT 

mRNA clusters (approximately 0.6 to 5 µm3 in size) present in over 50-75% of 

striatal and cortical neurons. Affected cells were limited to one cluster at most. 

Endogenous wild-type mouse Htt or human HTT mRNA containing 31 or fewer 

repeats did not form clusters. Additionally, the aberrantly spliced N-terminal exon 
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1-intron 1 RNA fragment, HTT1a, also formed clusters that fully co-localized with 

the mutant HTT mRNA clusters. These results suggest that multiple repeat-

containing transcripts can coalesce to form a single cluster in a given cell. 

Treating YAC128 mice with antisense oligonucleotides efficiently silenced 

individual HTT mRNA foci but had limited impact on clusters. Our findings identify 

mutant HTT mRNA clustering as an early, robust molecular signature of HD, 

further supporting HD as a repeat expansion disease with suspected mRNA 

involvement. 
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INTRODUCTION 

Inherited autosomal dominant neurological and neuromuscular diseases, 

like Huntington’s disease (HD), myotonic dystrophy, familial amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD), are characterized by a 

microsatellite expansion of nucleotide repeats. HD is caused by a CAG 

(polyglutamine or polyQ) repeat expansion within exon 1 of the huntingtin (HTT) 

gene (DeJesus-Hernandez et al., 2011; HD Consortium, 1993; Mankodi et al., 

2000; Taneja et al., 1995; Wojciechowska and Krzyzosiak, 2011). Although both 

wild-type and mutant HTT are expressed ubiquitously in the body, HD primarily 

affects the brain, where initial neuronal degeneration affects the striatum and 

cortex. Clinical manifestations, including movement disorders, psychiatric 

symptoms, and cognitive impairments, arise when CAG repeats exceed 39. In 

general, the greater the number of CAG repeats, the earlier the age of onset and 

the stronger the disease severity (Tabrizi et al., 2009). Although disease 

penetrance is clearly linked to CAG repeat length, the molecular mechanisms 

responsible for disease symptoms are not fully established. 

There are multiple studies investigating HD mechanisms that have 

discovered the role of mutant HTT protein in the formation of cellular aggregates 

(DiFiglia et al., 1997), production of aberrantly spliced, toxic N-terminal fragments 

(Neueder et al., 2018; Neueder et al., 2017; Papadopoulou et al., 2019; 

Sathasivam et al., 2013), disruption of nuclear integrity (Gasset-Rosa et al., 

2017), clogging of nucleocytoplasmic transport (Grima et al., 2017), interference 
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with synaptic connectivity and survival in striatal projections (Burrus et al., 2020) 

and many other neuronal functions (Bates et al., 2015; Saudou and Humbert, 

2016). Early work showed that loss of HTT is embryonically lethal in mice by 

disrupting early embryonic neurodevelopment (Bhide et al., 1996; Duyao et al., 

1995; Gutekunst et al., 1995; Zeitlin et al., 1995) and a recent study corroborated 

this in the developing human fetus (Barnat et al., 2020; Pfister and Aronin, 2020). 

While the role of mutant HTT protein in HD has been demonstrated, less is 

known about the role of mutant repeat-expanded Hs HTT mRNA (mHTT) in HD 

pathology or pathogenesis. 

A characteristic hallmark of other repeated-associated neurodegenerative 

diseases (e.g., FTD and ALS) is nuclear accumulation of mutated transcripts and 

the formation of aberrant nuclear mRNA inclusions (Todd and Paulson, 2010), 

which may be facilitated by the presence of long repeat-based hairpins (de 

Mezer et al., 2011; Krzyzosiak et al., 2012). In SK-N-MC neuroblastoma cells, 

overexpressed mHTT (82 CAG repeats) fragments resulted in detection of CUG-

probe positive RNA foci that were retained in the nucleus due to impaired nuclear 

export (Sun et al., 2015). Similarly, in U-2OS cells expressing an RNA fragment 

containing 47 CAG repeats fused to MS2 binding motifs, researchers detected 

nuclear, micron-sized, phase-separated spherical clusters because the RNA 

formed a template for multivalent base-pairing interactions (Jain and Vale, 2017). 

Furthermore, nuclear foci were detected in HeLa cells expressing HTT exon 1 

containing 100 CAG repeats, but not 16 CAG repeats or 100 CAA repeats 



71 
 

 

 
 

(Urbanek et al., 2016). While these studies provide initial evidence that the 

presence of CAG repeats may alter the intracellular localization of RNA 

fragments, the impact of repeat expansion on mutant HTT mRNA biology in vivo 

has never been investigated. 

Numerous HD mouse models have been developed. These models are 

categorized by their CAG repeat length, level of expression, and whether they 

possess full-length vs. truncated human HTT knock-in. The polyQ allelic series of 

knock-in mice contain human HTT exon 1 with various polyQ lengths up to Q175 

at the endogenous mouse Htt locus (Lin et al., 2001; Menalled et al., 2012; 

Menalled et al., 2003; Shelbourne et al., 1999). Despite containing polyQ lengths 

that are considerably larger than those causing juvenile-onset HD in humans, 

these polyQ allelic knock-in mice generally have a mild phenotype that does not 

appear until one year of age (Alexandrov et al., 2016; Langfelder et al., 2016). 

In contrast, mouse models containing the human HTT transgene on an 

artificial chromosome generally display a more severe phenotype. For instance, 

two mouse models that contain the human expanded HTT transgene – BACHD-

ΔN17-97Q (Gray et al., 2008; Gu et al., 2015) and YAC128 (Slow et al., 2003) – 

have a lower number of  repeats (97 mixed CAA/CAG and 121 mostly pure CAG 

(82 uninterrupted CAG), respectively) compared to Q140 or Q175 exon 1 knock-

in mice, but exhibit a more overt phenotype in the first six months (Table 2.1). 

This observation suggests that other promoter and regulatory elements of the 

HTT gene or HTT mRNA itself, not just the CAG/CAA repeat length, may be 
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involved in pathogenesis. In addition, both BAC and YAC models maintain the 

wild-type mouse huntingtin gene representing the dominant negative inheritance 

of HD and allow for detailed evaluation of both wild-type and mutant mRNA 

variants in the context of the same cell. Thus, the BAC and YAC mouse models 

are suited for looking at the potential contribution from HTT mRNA to disease 

progression. 

Using branched fluorescence in situ hybridization (FISH) technology, we 

previously demonstrated that in cells of neuronal origin, a significant fraction of 

wild-type HTT mRNA is localized in the nucleus in vitro and in vivo (Didiot et al., 

2018; Wang et al., 2012). Here, using a similar approach, we investigated the 

impact of repeat expansion on mHTT mRNA subcellular localization in YAC128 

and BACHD-97Q-ΔN17 mice and HD patient fibroblasts. In all three models, we 

observed an increase in nuclear mHTT mRNA retention that correlates with 

repeat length. Our most striking observation was the detection of widespread 

nuclear mRNA clusters (around 0.6-5 µm3), which were five-fold larger than 

typical RNA foci measured by FISH, in both HD mouse models. The majority of 

striatal and cortical neurons contained one nuclear cluster, which is detectable as 

early as one month of age, thus representing an early molecular signature of HD 

pathology. The nuclear clusters were highly specific to mHTT neuronal mRNA 

and were not observed in controls or other tissues. Antisense oligonucleotides 

(ASOs) achieved efficient silencing of individual wild-type Htt mRNA and mHTT 

mRNA foci but had limited effect on mHTT clusters. Furthermore, the aberrantly 



73 
 

 

 
 

spliced N-terminal exon 1-intron 1 transcript Hs HTT1a also formed clusters that 

co-localized with Hs HTT clusters in humanized transgenic mice, but no clusters 

were detected in Q140 and Q175 allelic series knock-in mice, suggesting that 

sequence differences between the human HTT and mouse Htt genes may result 

in different pathology at the RNA level. Our findings reveal a new molecular 

feature of HD neuropathology that is strongly linked to neuronal repeat expansion 

and might be resistant to oligonucleotide-based treatment strategies currently 

under clinical evaluation. 
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RESULTS 

Experimental system for multiplex evaluation of wild-type Htt and mutant 

HTT mRNA subcellular localization in brain slices  

To investigate the impact of expanded CAG repeats on spatial (striatum 

vs. cortex) and temporal (age) HTT mRNA localization, we selected BACHD-

N17-97Q (referred to as B97-N17 hereafter) (Gray et al., 2008; Gu et al., 

2015) and YAC128 (Slow et al., 2003) mice as experimental models. B97-N17 

express the endogenous wild-type mouse Htt mRNA (7 CAG) and the human 

HTT transgene containing a mixed CAG/CAA tract. Furthermore, the first 17 

amino acids are deleted, resulting in increased nuclear localization of the HTT 

protein and acceleration of HD pathology (Gu et al., 2015). YAC128 also express 

the wild-type mouse Htt mRNA with the full-length human HTT transgene 

containing a mostly pure CAG tract (82 uninterrupted CAG repeats). These 

models allow for the evaluation of both mRNAs (wild-type and mutant) in the 

context of the same cell and enable the assessment of the impact of expanded 

repeats on intracellular localization. For controls we used wild-type mice (carrying 

only endogenous wild-type mouse Htt) and B31-N17 mice, which contain 

endogenous mouse Htt as well as the same human HTT transgene as B97-N17 

mice but with 31 repeats instead of 97 (Gu et al., 2015). To evaluate the potential 

impact of age on mRNA localization, 3 mice (male and female) were evaluated at 

different ages: wild-type (1, 3, 6 and 9 months), B97-∆N17 (1, 3, 6 and 9 

months), B31-N17 mice (3 and 9 months) and YAC128 (3 and 8 months old). 
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For all models, the time points are both before and after presentation of 

behavioral abnormalities (around 6-7 months of age). 

To look at the intracellular localization of HTT mRNA variants in cortex 

and striatum, we used the highly-sensitive and -specific RNAscope FISH 

technology (Wang et al., 2012). RNAscope was previously used by our lab to 

show that wild-type Htt mRNA preferentially localizes to the nucleus in cells of 

neuronal origin (Didiot et al., 2018). Figure 2.1 shows the design of species-

specific probes targeting human HTT and wild-type mouse Htt mRNAs. Mouse 

Hprt was used as a housekeeping control (Didiot et al., 2018). To count the 

number of mRNA foci per cell and determine intracellular distribution (nucleus vs. 

cytoplasm), we quantified RNA foci in three dimensions throughout the volume of 

each cell (see Methods, Figure 2.2) with more than 100 randomly selected cells 

analyzed in the striatum and cortex per group (Figure 2.1E). The background co-

localization between wild-type mouse Htt and human mHTT was minimal and did 

not exceed 10% in 3-month-old B97-∆N17 striatum (Figure 2.3A, 2.3B), 

confirming the ability of multiplexed FISH to selectively detect wild-type and 

repeat-expanded mRNA expression at single-cell resolution. 
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Figure 2. 1: Experimental system for multiplex evaluation of wild-type Htt 

and Hs HTT mRNA subcellular localization in brain slices. 

(A-D) Scheme of dual-color FISH probe sets targeting: mouse (Mm) Htt mRNA in 

exons 27 to 35 (red), human (Hs) HTT mRNA (mHTT) in exons 29 to 36 (green) 

and mouse (Mm) mouse Hprt mRNA in exons 1 to 9 (magenta) in (A) YAC128, 

(B) B97-N17, (C) B31-N17 and (D) wild-type mice. (E) Simplified experimental 

workflow depicting the striatum (str) and cortex (ctx) regions analyzed for 

subsequent image analysis. 
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Figure 2. 2: Image processing for quantification of nuclear vs. cytoplasmic 

foci and volumes. 

(A) Maximum Z projection of a raw image stack (see Methods for image 

acquisition details). Image analysis was performed in 3D. For simplicity, only one 

RNAscope probe is shown (Hs HTT, green), but all RNAscope channels were 

processed identically. (B) Three individual planes of the image stack shown side-

by-side as a comparison. (C) (Left) DAPI channel convolved with a Gaussian blur 

(σ = 10 pixels) and then (right) thresholded using the “Default” method in ImageJ 

v1.53c (stack histogram enabled). The resulting nucleus is outlined with a white 

dashed line and overlayed in all subsequent steps. (D) Difference of Gaussians 

filter (σ1 = 2 pixels, σ2 = 4 pixels) on the green RNAscope channel in (B). Yellow 

circle is outlining a cluster. (E) Thresholded image of (D) using the minimum 

intensity value calculated from either the Otsu threshold or a manual threshold 

(250 intensity). (F) 3D Objects Counter of (E) (minimum size = 25 voxels) with 

different colors representing discrete, contiguous objects that were detected. (G) 

Overlay of (F) with the nuclear mask in (C) to determine nuclear or cytoplasmic 

localization of RNAscope foci. 
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Repeat expansion increases mHTT mRNA nuclear retention in cortex and 

striatum in HD mouse models  

Mouse brains were sliced stereotactically and ~100 cells per region were 

randomly selected and analyzed individually in 3D. Similar to previously reported 

data (Didiot et al., 2018), significant cell-to-cell variability in both wild-type Htt and 

mutant HTT neuronal expression was detected, with the number of Htt/HTT 

mRNA foci ranging from 0 (no mRNA foci present) to over 30 per cell (Figure 

2.3). 

With the exception of one-month old wild-type mice, the cumulative levels 

of wild-type mouse Htt mRNA expression in all animals (wild-type, B97-ΔN17 and 

YAC128) stayed consistent over time, with a median of ~15-20 foci per cell and 

similar nuclear vs. cytoplasmic distribution (~50%, 8-10 nuclear vs 7-10 

cytoplasmic foci per cell) (Figure 2.3B, 2.3C). There was a slight increase in the 

nuclear retention of wild-type Htt observed in YAC128 (~40-45% in WT mice vs. 

~50-60% in YAC128 mice, but the degree of increase was lower than with the 

mutant mRNA (~60-75%). This indicates that mutant HTT transgene expression 

minimally alters the expression level or localization of wild-type Htt mRNA. 

We observed increased nuclear localization (up to 75%) of human mHTT 

mRNA in both HD models at all ages analyzed (Figures 2.4B, 2.7B). Single cell 

resolution uncovered variations in the subcellular localization patterns of HTT 

mRNA, suggesting that the molecular mechanism behind the observed nuclear 

retention might differ between different HD models. In B97-ΔN17, mutant mRNA 
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showed a significant reduction in the number of cytoplasmic foci (median = 2-4 

vs. 7-11, P < 0.0001), while the number of nuclear foci stayed consistent (median 

of 7-10 for both wild-type mouse Htt and human mHTT) (Figure 2.3B), 

cumulatively resulting in ~75% nuclear localization for mHTT.  In contrast, 

nuclear enrichment in YAC128 mice was the result of the increase in the number 

of mutant HTT mRNA nuclear foci (median = 19-23 vs. 11-13 nuclear foci per 

cell, P < 0.0001), while the number of cytoplasmic foci stayed constant (median = 

10-11 for both wild-type mouse Htt and human mHTT) (Figure 2.3C), translating 

into a similar ~75% nuclear localization for mHTT. Using a combination of high-

resolution, single cell techniques is essential to uncover molecular variations that 

might be contributing to phenotypic outcomes, which could otherwise be missed 

when performing only gross tissue analysis. 

Increased nuclear retention was specific to mHTT mRNA and was not 

seen with the housekeeping gene Hprt, suggesting that this observation is not a 

global phenomenon, but rather specific for certain mRNAs (Figures 2.5, 2.8, 2.9, 

2.10). These results support the hypothesis that repeat expansion leads to 

further nuclear enrichment of neuronal HTT mRNA localization in vivo, defining a 

new molecular hallmark of HD at the RNA level. 
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Figure 2. 3: Validation of Mm Htt and Hs HTT mRNAs detection by 

multiplexed dual-color FISH labeling. 

(A) Co-localization of Hs HTT (green) and Mm Htt (red) RNA in the nucleus 

(black bars) and cytoplasm (white bars). The overlap was calculated between 

different probe sets using ImageJ (n = 20 images; mean ± SEM). (B) FISH 

detection of Mm Htt (red) and Hs HTT (green) mRNAs in 3-month-old B97-∆N17 

striatum. Nuclei labeled with Hoechst (blue). Representative images are 

maximum Z-projections. Scale bar, 5 μm. (C-D) Scatter plots representing the 

absolute quantification of Mm Htt (red) and Hs HTT (green) mRNA foci in the 

nucleus and the cytoplasm in (C) wild-type (WT), B97-N17 mice and (D) 

YAC128 mice (n = ~100 cells pooled from 3 mice; ns = not significant, * P < 0.05, 

** P< 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA, Bonferroni’s multiple 

comparisons test). 
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Figure 2. 4: Repeat expansion increases nuclear retention of mutant Hs 

HTT mRNA and forms clusters in YAC128 mouse striatum and cortex. 

(A) Mm Htt (red) and Hs HTT (green) mRNAs detected in YAC128 mouse 

striatum and cortex by FISH. Nuclei labeled with Hoechst (blue). Scale bar, 5 µm. 

(B) Percentage of nuclear Mm Htt and Hs HTT mRNAs in wild-type (WT) and 

YAC128 mice at 3 and 8 months old (n = ~100 cells per brain region pooled from 

3 mice). (C) Scatter plot showing the volume of individual mRNA foci or cluster 

(see Methods for how volume was calculated). (D) Cumulative frequency 

distribution plot of RNA foci volume. Yellow shaded area represents the cut-off 

for a cluster, which is defined to be at least 0.6 um3. Thick line represents the 

mean. (E) Percentage of cells containing Mm Htt or Hs HTT mRNA clusters in 

YAC128 mouse striatum and cortex (n = ~100 cells per brain region pooled from 

3 mice, each point represents a mouse). For all panels, ns = not significant, ** P 

< 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA, Bonferroni’s multiple 

comparisons test. 
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Figure 2. 5: Mm Hprt mRNA is mostly cytoplasmic and does not form 

clusters in YAC128 striatum and cortex. 

(A) Mm Hprt (magenta) mRNA in YAC128 mouse striatum and cortex detected 

by FISH. Nuclei labeled with Hoechst (blue). Representative images of maximum 

Z-projections. Scale bar, 5 µm. (B) Percentage of cells containing Mm Hprt 

mRNA clusters. Each point represents a mouse (n = ~100 cells pooled from 3 

mice). (C) Scatter plots representing the volume (µm3) of individual foci at 3 and 

8 months in the striatum and cortex. Each dot represents an individual foci (n = 

~100 cells pooled from 3 mice). (D) Nuclear percentage of Mm Hprt mRNA foci 

(mean + SD, n =3 biological replicates). (E) Scatter plots quantifying the number 

of nuclear and cytoplasmic foci per cell. Solid line represents the linear 

regression (n = ~100 cells pooled from 3 mice). 
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Widespread repeat-dependent nuclear mHTT mRNA clustering occurs in 

YAC128 and B97-N17 HD mouse models 

We have previously reported that wild-type HTT mRNA is preferentially 

localized to the nucleus and that this phenomenon is only observed in cells of 

neuronal origin (Didiot et al., 2018). In this study, we originally focused on 

evaluating the impact of CAG (YAC128) or CAG/CAA (B97-∆N17) repeat 

expansion on HTT mRNA nuclear vs. cytoplasmic localization and discovered 

further nuclear enrichment. While using RNAscope to visualize subcellular HTT 

mRNA in YAC128 and B97-ΔN17 mouse brains, we observed that mHTT RNA 

cluster in a distinct population of extremely large foci (Figure 2.4A, 2.7A). The 

observed clusters were easy to detect, localized in the nucleus, present in the 

majority of striatal and cortical neurons, and were limited to a maximum of one 

per cell. Figure 2.6 shows a collection of randomly selected neuronal images to 

clearly illustrate that mRNA clustering is a widespread, easily observable 

phenomenon. Taking into account the multiple reports of the presence of mRNA 

nuclear clusters in other repeat-driven neurodegenerative disorders (Liu et al., 

2017; Nalavade et al., 2013; Todd and Paulson, 2010; Wojciechowska and 

Krzyzosiak, 2011), we decided to evaluate this phenomenon further. 

Using standard image processing techniques (see Methods) (Bolte and 

Cordelieres, 2006; Otsu, 1979) in ImageJ (Schindelin et al., 2012; Schneider et 

al., 2012), we calculated the volumes of the detected clusters. Normal foci 

volume, indicative of a single mRNA transcript, was ~0.15 µm3 (ranging from 
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0.05-0.3 µm3), whereas clusters ranged from 0.6 µm3 up to nearly 5 µm3 in size. 

For automated quantification, we used a formal cutoff of 0.6 µm3 for definition of 

a cluster. In addition to volumetric cutoffs, the fluorescent intensities of individual 

pixels were significantly higher in clusters compared to foci (using 16-bit images 

with a maximum intensity of 216 = 65535; 6,000-25,000 in foci and 30,000-60,000 

in clusters). To ensure accuracy in volume estimates, the percentage of 

saturated pixels in each image was less than 0.01%, which usually falls within 

the centroids of the clusters. The presence of saturated signal could slightly 

overestimate the volumetric calculations; thus, the values shown here represent 

the upper bounds of the volumes. 

First, we evaluated HTT mRNA localization in YAC128 mice at 3 and 8 

months of age, which contain a long CAG expansion (82 uninterrupted CAG 

repeats). Hs HTT clusters up to nearly 5 µm3 were detected whereas Mm Htt did 

not form clusters (Figure 2.4C). There was no statistically significant difference in 

foci/cluster volume comparing 3- and 8-month-old mice in either the striatum or 

the cortex. Plotting a cumulative frequency distribution reveals a clear shift in the 

volumes of Hs HTT RNA vs. Mm Htt RNA (Figure 2.4D). Hs HTT clusters were 

present in 92% and 62% of striatal neurons of 3- and 8-month-old mice, 

respectively. Although only having 3 mice per group precludes any statistical 

conclusions, it is possible that the decrease in the striatum of older mice could be 

due to cluster-containing cells dying during the course of the disease. In the 

cortex, 96% and 95% of cortical neurons contained Hs HTT clusters at 3- and 8-
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months-old, respectively. In contrast, no Mm Htt clusters were detected at 

appreciable levels (i.e., above background) in any of the mice analyzed.  

Next, we analyzed the presence of Hs HTT clusters in B97-ΔN17 mice, 

which contain a mixed CAG/CAA repeat tract instead of a pure CAG tract. In this 

mouse model, the first symptoms start to appear around 6 months of age. To 

evaluate the impact of age on cluster formation, we evaluated the striatum 

(Figure 2.7) and cortex (Figure 2.9) of B97-N17 mice at 1, 3, 6, and 9 months 

of age. Approximately 50% of neurons contained at least one cluster per nucleus 

as early as one month in both striatum and cortex. This molecular event is 

observed at all ages and the percentage of neurons containing a cluster and the 

size of the clusters is consistent at all time points tested (Figure 2.7C, 2.9C). 

Thus, similar to YAC128 mice, the appearance of RNA clusters occurs prior to 

the typical onset age of overt behavioral symptoms and biochemical readouts 

(i.e., HD protein aggregates) (Gu et al., 2015; Slow et al., 2003). 

Compared to YAC128 mice, Hs HTT clusters in B97-∆N17 mice were both 

less frequent (62-96% in YAC128 mice vs. 54-81% in B97-∆N17 mice) and 

smaller in size compared to YAC128 mice (up to ~5 um3 in YAC128 mice vs. ~2 

um3 in B97-∆N17 mice). Since clusters potentially arise from multivalent CG 

base-pairing interactions, the presence of the interrupting CAA repeat in B97-

∆N17 mice could be responsible for these differences (Jain and Vale, 2017); in 

contrast, YAC128’s Hs HTT transgene contains an uninterrupted 82 CAG repeat 

tract. Furthermore, these differences could also be due to the overall repeat 
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length itself, the 51-nucleotide deletion (17 amino acids) in HTT exon 1 of B97-

ΔN17 mice, or higher nuclear expression of mHTT in YAC128 (19-23 nuclear 

mRNA foci) vs B97-ΔN17 (7-10 nuclear mRNA foci) (Figure 2.3C, 2.3D). A 

previous study has also described several marked differences between the 

YAC128 mouse and B97-ΔN17’s parent mouse model, the BACHD mouse 

(Pouladi et al., 2012). 

For all cluster-positive cells, only a single cluster was observed which 

appears to be nuclear. Automated image analysis did detect a very small 

percentage of cells (less than 5%) containing cytoplasmic clusters, but this was 

likely due to intrinsic error in nuclear segmentation analysis; upon visual 

examination, close to 100% of clusters were nuclear. This phenomenon was 

limited to neurons (confirmed by testing a FISH probe for Rbfox3, the mRNA for 

the neuronal protein marker NeuN), and no clusters were detected in the liver or 

muscle of B97-ΔN17 mice (Figure 2.9F). Since HD primarily affects neurons, the 

lack of clusters in peripheral organs provides additional indication of 

neuropathology and potential disease relevance rather than a globally observed 

phenomenon. 

No clustering was observed with wild-type mouse Htt mRNA (Figure 2.4E, 

2.7E, 2.9D) and the housekeeping gene Hprt (Figure 2.5B, 2.8E, 2.10D) in both 

wild-type and HD mice at all ages, indicating that this phenomenon is driven by 

presence of the repeats. Automatic counting detected background levels of 

clusters (~5% or less in all in animals across all ages, which is significantly lower 
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than the prevalence of human mHTT mRNA clusters). To confirm that the 

clusters are caused by the repeat expansion rather than the presence of the 

transgene itself, we also analyzed B31-N17 mice which contain both the 

endogenous wild-type mouse Htt, and full-length, non-expanded human HTT 

transgene (31 CAG repeats). In this mouse model, Hs HTT, Mm Htt, and Mm 

Hprt clusters were not detected levels (Figure 2.10D), confirming that repeat 

expansion, rather than the expression of the transgene itself, is driving the 

observed RNA clustering. 
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Figure 2. 6: Mutant Hs HTT, but not wild-type Mm Htt, clusters are easily 

detectable in YAC128 (3 months old) striatum. Related to Figure 2, 3, and 6. 

Wild-type Mm Htt and mutant Hs HTT (green) were detected in YAC128 (3 

months old) mouse striatum. A random panel of images is shown for (A) ASONTC-

treated mice and (B) ASOHTT-treated mice. Representative images are maximum 

Z-projections through the nucleus spaced 0.5 µm apart. Nuclei stained with DAPI 

(blue). Scale bar, 5 µm. 
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Figure 2. 7: Repeat expansion increases nuclear retention of mutant Hs 

HTT mRNA and forms clusters in B97-ΔN17 mouse striatum. 

(A) Mm Htt (red) and Hs HTT (green) mRNAs detected in B97-ΔN17 mouse 

striatum by FISH. Nuclei labeled with Hoechst (blue). Scale bar, 5 µm. (B) 

Percentage of nuclear Mm Htt and Hs HTT mRNAs in wild-type (WT) and 

YAC128 mice at 1, 3, 6, and 9 months old (n = ~100 cells per brain region pooled 

from 3 mice). (C) Scatter plot showing the volume of individual mRNA foci or 

cluster (see Methods for how volume was calculated). (D) Cumulative frequency 

distribution plot of RNA foci volume. Yellow shaded area represents the cut-off 

for a cluster, which is defined to be at least 0.6 um3. Thick line represents the 

mean. (E) Percentage of cells containing Mm Htt or Hs HTT mRNA clusters in 

B97-N17 mouse striatum (n = ~100 cells per brain region pooled from 3 mice, 

each point represents a mouse). For all panels, ns = not significant, ** P < 0.01, 

*** P < 0.001, **** P < 0.0001, one-way ANOVA, Bonferroni’s multiple 

comparisons test. 

 

 

  



97 
 

 

 
 

  



98 
 

 

 
 

Figure 2. 8: Mm Hprt mRNA is mostly cytoplasmic and does not form 

clusters in B97-N17 mouse striatum. 

(A) Mm Hprt mRNA (magenta) detected in the striatum of wild-type (WT) and 

B97-N17 mice by FISH. Nuclei labeled with Hoechst (blue). Representative 

images of maximum Z-projections. Scale bar, 5 µm. (B) Percentage of nuclear 

Hprt mRNA in wild-type (WT) and B97-N17 mice at 1, 3, 6 and 9 months (n = 

~100 cells pooled from 3 mice). (C) Scatter plot showing the volume of individual 

mRNA foci or cluster (see Methods for how volume was calculated). (D) 

Cumulative frequency distribution plot of RNA foci volume. Yellow shaded area 

represents the cut-off for a cluster, which is defined to be at least 0.6 um3. Thick 

line represents the mean. (E) Percentage of cells containing Mm Hprt mRNA 

clusters in WT and B97-N17 mouse striatum (n = ~100 cells per brain region 

pooled from 3 mice, each point represents a mouse). For all panels, ns = not 

significant, ** P < 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA, 

Bonferroni’s multiple comparisons test.  
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Figure 2. 9: Repeat-expanded HTT mRNA forms nuclear clusters in B97-

N17 mouse cortex. 

(A) Hs HTT (green), Mm Htt (red) and Mm Hprt (magenta) mRNAs detected in 

wild-type (WT, upper panel) and B97-N17 (lower panel) mouse cortex by FISH. 

Nuclei labeled with Hoechst (blue). Representative images of maximum Z-

projections through the nucleus. Scale bar, 5 µm. (B) Scatter plot showing the 

volume of individual mRNA foci or cluster (see Methods for how volume was 

calculated). (C) Cumulative frequency distribution plot of RNA foci volume. 

Yellow shaded area represents the cut-off for a cluster, which is defined to be at 

least 0.6 um3. M = months old. Thick line represents the mean. (D, E) 

Percentage of cells containing Mm Htt, Hs HTT or Mm Hprt mRNA clusters in WT 

and B97-N17 mouse cortex (n = ~100 cells per brain region pooled from 2-3 

mice, each point represents a mouse). For all panels, ns = not significant, ** P < 

0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA, Bonferroni’s multiple 

comparisons test. (F) Hs HTT (green) and Mm Htt (red) mRNAs detected in B97-

N17 mouse muscle and liver by FISH. Nuclei labeled with Hoechst (blue). 

Representative images of maximum Z-projections. Scale bar, 5 µm. 
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Figure 2. 10: Nuclear and cytoplasmic distribution of wild-type Mm Htt (7 

CAG), Hs HTT (31 CAG) and Mm Hprt in B31-N17 (4 months old) mouse 

striatum and cortex. 

(A) FISH performed on B31-∆N17 (4 months old) mouse striatum and cortex. 

Nuclei stained with Hoechst (blue). Representative images are maximum Z 

projections through the nucleus region spaced 0.5 µm apart. Scale bar, 5 µm. (B, 

C) Nuclear and cytoplasmic distribution of mouse Htt, human HTT and mouse 

Hprt in (B) striatum and (C) cortex. Each point represents a single cell. Line 

represents linear regression of each mRNA. (D) Percentage of cells containing 

mRNA clusters in B31-∆N17 mouse striatum and cortex (n = ~100 cells per brain 

region pooled from 3 mice, each point represents a mouse). 
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The aberrantly spliced N-terminal HTT fragment, Hs HTT1a, forms clusters 

with Hs HTT RNA 

To further characterize the Hs HTT clusters and interrogate what other 

RNA or protein components may be involved, we decided to look at the 

aberrantly spliced HTT exon 1-intron 1 fragment (HTT1a in human, Htt1a in 

mouse) discovered by the Bates lab (Sathasivam et al., 2013). Htt1a is produced 

by aberrant splicing at the exon 1-intron 1 junction where a cryptic polyA site in 

intron 1 is spliced instead of the 5′ splice site at the beginning of intron 1. The 

length of the included intron 1 fragment is ~1.2 kb in the mouse Htt gene. Htt1a 

produces an N-terminal protein fragment of HTT that is potential toxic and has 

been extensively studied in knock-in HD mouse models (Neueder et al., 2018; 

Neueder et al., 2017; Papadopoulou et al., 2019; Sathasivam et al., 2013); 

however, investigations into Hs HTT1a in transgenic humanized mouse models 

is lacking. Importantly, the sequence of intron 1 is mouse vs. human is not well-

conserved and recent data has shown that the length of the intron 1 inclusion in 

the context of the human HTT gene is ~7.3kb – much longer than its mouse 

counterpart – which may cause other effects (Figure 2.11A) (Sathasivam et al., 

2013). However, detection of Hs HTT1a RNA by qPCR as well the translated 

protein product in post-mortem HD brains has been challenging due to massive 

cell death in the affected areas of interest of the brain (Neueder et al., 2017). 

To this end, we investigated the subcellular localization of Hs HTT1a and 

whether it plays a role in cluster formation using our single-molecule FISH assay. 
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We decided to use YAC128 mice (3 months old) since clusters were more 

prominent in this model compared to B97-∆N17 mice. First, to confirm its length, 

probes were designed to both the 5′ and 3′ ends of HTT1a’s intron 1 inclusion 

(Figure 2.11A). In YAC128 mice mouse striatum, complete co-localization 

between these two probes (Figure 2.11B) was observed, confirming that these 

probes are hybridizing to the same RNA transcript. Furthermore, similar to full-

length Hs HTT RNA, Hs HTT1a also formed clusters in addition to discrete foci, 

although the number of foci was much fewer compared to Hs HTT (Figure 

2.11C). Quantitative analysis of 82 cells confirmed that Hs HTT1a and Hs HTT 

clusters co-localized to a high degree (>90%) whereas foci did not (~10%) 

(Figure 2.11D). These results support the theory that a single cluster can form 

per cell that has contains different RNA transcripts. To further support the 

hypothesis that this phenomenon is specific for Hs HTT1a and not any other 

intronic sequence in HTT, we also tested a probe for HTT intron 66 (Hs HTT i66) 

and confirmed that Hs HTT i66 does not form clusters (Figure 2.11E). 

We then performed similar image analysis as before to quantify the 

nuclear fraction, nuclear and cytoplasmic foci per cell, foci/cluster volume, and 

cumulative frequency distribution of Hs HTT1a and Hs HTT i66. Although Hs 

HTT1a was mostly nuclear (medians = 93% and 89% for striatum and cortex, 

respectively), it was present in the cytoplasm as well. Conversely, Hs HTT i66 

was completely nuclear (100% in the striatum and cortex), which is typical for an 

intron-containing RNA (Figure 2.11F). Furthermore, when we directly quantified 
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the number of nuclear and cytoplasmic RNA foci, cell-to-cell variation was again 

very high: >98% of cells contained at least 1 Hs HTT1a nuclear foci and more 

than 19% of cells had at least 10 nuclear foci (Figure 2.11G). Nearly half the 

cells contained at least 1 cytoplasmic Hs HTT1a foci, which further supports 

previously published reports that this transcript is aberrantly spliced and 

processed as a mature mRNA that reaches the cytoplasm (Sathasivam et al., 

2013). 

Conversely, Hs HTT i66 was completely nuclear. The number of nuclear 

Hs HTT i66 foci ranged from 0-4 (Figure 2.11G) which agrees with a previous 

study reporting that YAC128 mice carry 3-4 copies of the full-length Hs HTT 

transgene (Pouladi et al., 2012). Thus, these RNA foci may mark active 

transcription sites where Hs HTT is actively being transcribed but not yet fully 

spliced. 
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Figure 2. 11: Hs HTT1a, the aberrantly spliced exon 1-intron 1 fragment, is 

present in the cytoplasm and forms clusters that co-localize with Hs HTT 

clusters 

(A) Gene diagram showing the differences in length between Hs HTT1a and Mm 

Htt1a. Green and red circles indicate regions where FISH probes were designed. 

(B, D) Confocal microscope images of YAC128 mouse striatum (3 months old) 

detected by FISH. DAPI, blue. Scale bar, 5 µm. (C) Venn diagram depicting the 

co-localization of individual foci vs. clusters. (E) Nuclear fraction of Hs HTT1a 

and Hs HTT i66 mRNA in striatum and cortex. Each point represents a cell (n = 

~300 cells pooled from 3 mice per brain region). (F) Heatmap of the number of 

nuclear and cytoplasmic RNA foci detected per individual cell by FISH. Each 

column adds up to 1. (G) Scatter plot showing the volume of individual mRNA 

foci or cluster (see Methods for how volume was calculated). (H) Cumulative 

frequency distribution plot of RNA foci volume. Yellow shaded area represents 

the cut-off for a cluster, which is defined to be at least 0.6 um3. Thick line 

represents the mean. (I) Percentage of cells containing Hs HTT1a or Hs HTT i66 

mRNA clusters in YAC128 mouse striatum and cortex (n = ~300 cells per brain 

region pooled from 3 mice, each point represents a mouse). For all panels, ns = 

not significant, ** P < 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA, 

Bonferroni’s multiple comparisons test. 

  



108 
 

 

 
 

Clusters co-localize with Hs HTT i66 RNA but not with paraspeckle markers 

While Hs HTT i66 itself did not form clusters, Hs HTT i66 foci often co-

localized with Hs HTT/Hs HTT1a clusters (Figure 2.12A). We quantified this co-

localization and found that 97% of Hs HTT clusters co-localized with Hs HTT i66 

foci (Figure 2.12A). Since Hs HTT i66 marks pre-mRNA that is yet to be spliced, 

it is possible that the clusters are actually forming on the chromosomal locations 

of the transgenes. Furthermore, in YAC128 mice, it has been reported that all 

four copies of the Hs HTT transgene integrated at the same site (Pouladi et al., 

2012), which is a common occurrence for artificial chromosomes (Giraldo and 

Montoliu, 2001). This might explain why we were able to detect, at most, four Hs 

HTT i66 RNA foci per cell (Figure 2.11G). Furthermore, since these foci are 

generally in proximity to each other, simultaneous transcription of nearby Hs HTT 

transgenes might nucleate the formation of a cluster by multivalent CG base-

pairing interactions (Jain and Vale, 2017). Together, these results explain why in 

each individual cell, only one cluster can form at most. 

To gain further insight into the potential role of transcription and splicing in 

the formation of clusters, we decided to investigate the subcellular localization of 

splicing factors. In other CAG repeat expansion disorders, multiple proteins have 

been implicated in assisting in the formation of RNA clusters, including the 

paraspeckle marker SC35 (Jain and Vale, 2017; Urbanek et al., 2016). 

Paraspeckles are dynamic interchromatin structures that are highly active in 

transcription and splicing (Galganski et al., 2017; Spector and Lamond, 2011). 
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Furthermore, these structures contain the lncRNA Neat1, which forms the 

scaffold for other ribonucleoproteins and RNAs to associate with (Bond and Fox, 

2009; Clemson et al., 2009). Using a combination of FISH and 

immunofluorescence, we evaluated the subcellular localization of SC35 (protein) 

and Mm Neat1 (RNA) in comparison with Hs HTT clusters in 3-month-old 

YAC128 mice. Although previous studies have reported co-localization of 

expanded CAG-repeat-containing RNAs and SC35 (Jain and Vale, 2017; 

Urbanek et al., 2016), we did not any co-localization between Hs HTT clusters 

and SC35 (Figure 2.12B). Likewise, we did not observe any co-localization 

between Hs HTT clusters and Mm Neat1. Based on our images, we saw a 

bimodal distribution for Mm Neat1 expression: Mm Neat1 is highly-expressed in 

some cells and lowly-expressed in others, with few to no cells in between. 

Indeed, a recent study also reported similar observations that high Neat1-

expressing cells are non-neuronal cells while low-expressing cells are neuronal 

cells (Kukharsky et al., 2020). Since cells that are highly expressing Hs HTT (or 

Mm Htt) are neuronal cells (Didiot et al., 2018), thus the population of cells 

containing clusters and cells highly expressing Mm Neat1 do not overlap (Figure 

2.12B). 
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Figure 2. 12: Nuclear Hs HTT mRNA clusters do not co-localize with the 

paraspeckle markers Mm Neat1 (lncRNA) or SC-35 (protein). 

Combined immunofluorescence and RNA FISH was performed in WT and 

YAC128 mouse brain (3 months old). Cells highly expressing the paraspeckle 

marker Mm Neat1 were not the same population of cells highly expressing Hs 

HTT and containing clusters. 
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ASOs efficiently silence wild-type Htt and mHTT mRNA foci but not nuclear 

mRNA clusters 

Although there are currently no available treatments that slow or prevent 

HD progression, advances in oligonucleotide therapeutics (e.g., siRNAs and 

ASOs) have put effective treatments within reach (Alterman et al., 2019; Fiszer 

and Krzyzosiak, 2014; Keiser et al., 2016; Leavitt and Tabrizi, 2020; Pfister et al., 

2018; Rodrigues and Wild, 2020; Tabrizi et al., 2019b), including a promising 

clinical trial from Ionis Pharmaceuticals using ASOs, which prevent the 

expression of disease-causing proteins by inducing nuclear RNA degradation 

through ribonuclease H1 (RNase H1) (Tabrizi et al., 2019b). However, no 

previous reports have used ASOs targeting HTT in cells of neuronal origin in vivo 

(CAG-targeting ASOs were used instead) and analyzed the presence of nuclear 

RNA foci in a single study (Ciesiolka et al., 2020; Rue et al., 2016; Urbanek et al., 

2017). Thus, we sought to determine whether the number of mutant HTT RNA 

foci and clusters could be reduced using ASOs targeting HTT in vivo. 

We have previously reported that nuclear HTT mRNA is more resistant to 

oligonucleotide treatment compared to cytoplasmic mRNA, but ASOs can silence 

nuclear mRNA more effectively than siRNAs and thus were selected for this 

study (Didiot et al., 2018). To evaluate the ability of ASOs to silence differentially 

localized HTT mRNAs and mRNA clusters in HD mice, we used ASOs targeting 

exons 23-24 in both mouse Htt (mRNA position 3168) and human HTT (mRNA 

position 3203) (Hung et al., 2015) (Figure 2.13). YAC128 mice were chosen 
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since clusters were more pronounced in these mice compared to the B97-ΔN17 

mice. Three-month old YAC128 mice were injected with 40 µg ASONTC (non-

targeting control) and ASOHTT in the right striatum (n = 3 animals/group) (Figure 

2.13A). Wild-type mouse Htt and human HTT RNA localization and clusters were 

evaluated by RNAscope three weeks after injection in 100-200 randomly 

selected cells per group (Figure 2.13B). Consistent with previously reported data 

in wild-type animals (Didiot et al., 2018), ASOHTT efficiently silenced individual 

cytoplasmic wild-type and mHTT mRNA foci (~80% in striatum and ~60-80% in 

cortex, P < 0.0001 compared to ASONTC-treated mice). However, nuclear Hs HTT 

foci reduction was less pronounced, with 52% and 30% reduction observed in the 

striatum (Figure 2.13C) and cortex (Figure 2.13D), respectively (P < 0.0001 

compared to compared to ASONTC-treated mice). Although both individual wild-

type Mm Htt and mutant Hs HTT mRNA foci (less than 0.6 µm3
 volume) were 

efficiently silenced, the impact on the presence of Hs HTT clusters in the majority 

of cells (n > 108 cells per group) was minimal (Figure 2.13E). In the striatum, 

76% of cells were cluster-positive in the ASONTC group compared to 63% in the 

ASOHTT group (P = 0.0297, Fisher’s exact test). In the cortex, 76% of cells were 

cluster-positive in the ASONTC mice compared to 70% in the ASOHTT mice (P = 

0.2630, Fisher’s exact test). The reduced level of silencing in the cortex 

compared to the striatum is likely due to ASOs being less concentrated since the 

ASOs were injected into the striatum. While reduction in mRNA foci was 

statistically significant in both the striatum and cortex, the difference in cluster-
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positive cells between control and treated groups is much less than the 

difference in overall silencing of HTT mRNA (P < 0.0001). These data suggest 

that Hs HTT nuclear clusters are resistant to oligonucleotide-mediated silencing 

at the time point tested (3 weeks post-treatment). 
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Figure 2. 13: ASOs efficiently silence wild-type Mm Htt and Hs HTT mRNA 

foci but not nuclear clusters 

(A) ASONTC and ASOHTT (40 µg in 2 µl; n = 3 animals per group) were 

administered by unilateral intra-striatal bolus microinjection in 3 month-old 

YAC128 mice and euthanized three weeks later for analysis. Schematic diagram 

of sagittal and coronal sections through the mouse striatum at the site of 

injection. The striatal region selected to acquire the images (red box) is indicated. 

(B) FISH detection of Mm Htt (red) and Hs HTT (green) mRNAs in striatum (left) 

and cortex (right). Nuclei labeled with Hoechst (blue). Representative images are 

maximum Z-projections through the nuclear region spaced 0.5 µm apart. Scale 

bar, 5 µm. (C, D) Quantification of Hs HTT and Mm Htt mRNA foci silencing in 

striatum (C) and cortex (D). N = nucleus, C = cytoplasm (n = 100-200 cells 

analyzed per brain region per group pooled from 3 mice, * P < 0.05, ** P< 0.01, 

*** P < 0.001, **** P < 0.0001, one-way ANOVA, Bonferroni’s multiple 

comparisons test). (E) Quantification of mRNA cluster silencing in striatum and 

cortex (P value calculated using Fisher’s exact test). ASO, antisense 

oligonucleotide; NTC, non-targeting control.  
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DISCUSSION 

We performed detailed, single cell analysis of the impact of repeat 

expansion on huntingtin mRNA intracellular localization using two HD mouse 

models. We revealed not only increased nuclear retention of mHTT mRNA foci 

(individual mRNA transcripts), but also, the widespread presence of nuclear 

clusters (multiple mRNAs in proximity) in the majority of striatal and cortical 

neurons. Distinct from individual foci by their increased size, clusters are only 

observed in the context of expanded repeats in 50-75% of striatal and cortical 

neurons as early as 1-3 month of ages. Furthermore, while individual mRNA foci 

were efficiently silenced by ASOs, clusters were partially resistant to ASO-

mediated silencing. 

Nuclear RNA foci might contribute to disease pathogenesis by altering 

cellular functions and intermolecular interactions (Jain and Vale, 2017; 

Krzyzosiak et al., 2012; Liu et al., 2017; Nalavade et al., 2013). An unstable CTG 

repeat expansion in the DMPK gene causes myotonic dystrophy 1 (DM1) (Amack 

et al., 1999; Davis et al., 1997; Michel et al., 2015; Taneja et al., 1995), while a 

CCTG repeat expansion in the CNBP gene causes myotonic dystrophy 2 (DM2) 

(Liquori et al., 2001; Mankodi et al., 2000). In both diseases, mutant C(C)UG-

expanded RNAs sequester the muscleblind-like family of splicing factors, which 

results in inappropriate splicing for a variety of genes (Savkur et al., 2001; 

Sznajder et al., 2016; Sznajder et al., 2018). In ALS, the presence of nuclear 

RNA foci containing GGGGCC-repeats correlates with inflammation in an 
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interferon-induced manner by activating the protein kinase R (PKR) stress 

pathway that enhances toxic peptide-dependent neurodegeneration (Cheng et 

al., 2018b; Green et al., 2017). Recent evidence has also shown that 

nuclear/cytoplasmic retention of mRNA s a tightly regulated cellular process that 

can be perturbed in disease (Bahar Halpern et al., 2015; Battich et al., 2015; Hurt 

and Silver, 2008; Liu et al., 2016). These findings suggest that aberrant RNA 

processing is a shared feature among repeat-associated neurodegenerative 

diseases and may be involved in disease pathology. We further extend these 

findings to HD. 

In addition to the contribution from mutant HTT protein, there is emerging 

evidence of the role of nucleic acids. Recent studies have discovered genetic 

correlation with uninterrupted CAG repeat length, (Genetic Modifiers of 

Huntington’s Disease (GeM-HD) Consortium, 2015, 2019), altered splicing (Lin et 

al., 2016; Sathasivam et al., 2013; Schilling et al., 2019), perturbed gene 

regulation (Banez-Coronel et al., 2012; Romo et al., 2017) and neuron-specific 

increase in nuclear mRNA localization (Didiot et al., 2018). In addition, 

overexpression of CAG-containing RNA fragments in cells shows evidence of 

nuclear foci and cluster formation, indicating that CAG repeats might have an 

impact on RNA structure (de Mezer et al., 2011; Jain and Vale, 2017; Sun et al., 

2015; Urbanek et al., 2016). In all cases, the formation of nuclear-associated 

repeat mRNA foci is a typical hallmark of repeat-associated neurodegenerative 

disorders. Furthermore, nuclear RNA clusters containing DMPK mRNA has been 
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reported in DM1 patient fibroblasts, but this phenomenon has not yet been 

described in HD. Using high resolution FISH, we extend these findings that 

further support HD as a repeat-associated neurodegenerative disorder 

characterized by repeat-driven nuclear mRNA clustering. 

Since mutant HTT protein aggregates have been shown to disrupt 

nucleocytoplasmic transport by partially sequestering components of the nuclear 

pore complex, it is possible that mutant HTT mRNA can act in a similar manner 

(Gasset-Rosa et al., 2017; Grima et al., 2017). In contrast, while these clusters 

might be involved in disease progression by sequestering other RNAs, proteins, 

or cellular factors necessary for healthy homeostasis, another possibility is that 

they serve a protective function. At the protein level, Finkbeiner and colleagues 

have shown that HTT protein aggregates help the neuron cope with toxic HTT 

protein (Arrasate and Finkbeiner, 2012; Arrasate et al., 2004). It is possible that 

RNA clusters could provide protection against pathogenesis by sequestering 

mHTT mRNA in the nucleus and could prevent translation of toxic, mutant HTT 

protein. 

The presence of nuclear mRNA clusters was observed at the earliest time 

point tested (1 month for B97-ΔN17 mice and 3 months for YAC128 mice), 

representing an early, robust molecular signature of HD, preceding any major 

transcriptomic, biochemical, or behavioral changes. This is an intriguing finding 

given that HD is an age-related disorder, with age of onset correlating to the 

number of CAG repeats. Furthermore, the presence of Hs HTT1a RNA in the 
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cytoplasm might allow the cell to produce potentially toxic N-terminal HTT 

fragments (Sathasivam et al., 2013). Likewise, these RNAs could also serve as 

templates for RAN translation (Banez-Coronel et al., 2015), although the actual 

contribution from this mechanism to disease pathology is currently unclear (Yang 

et al., 2020b). 

Our data show that there is never more than a single cluster per cell, and 

that this cluster often co-localizes with Hs HTT i66, which marks an unspliced 

pre-mRNA (Figure 2.12A). Furthermore, it is well-established that a single site of 

integration is often used even when multiple copies of a transgene are integrated 

(Giraldo and Montoliu, 2001; Heintz, 2001), which is the case for YAC128 mice 

(Pouladi et al., 2012). Thus, the observation that clusters form in the proximity of 

nascent pre-mRNA may suggest a possible mechanism whereby, in each cell, a 

single cluster is formed by a combination of actively transcribing Hs HTT and Hs 

HTT1a RNA directly at the genomic location on the chromosome. In this 

scenario, nascent RNAs would theoretically be in proximity of each other to form 

multivalent GC base-pairing interactions and possibly nucleate an RNA cluster 

(Jain and Vale, 2017). 

Contrary to previous published results, we were not able to detect co-

localization between Hs HTT RNA clusters and paraspeckle markers. Previous 

studies used cells overexpressing 47x CAG RNA (Jain and Vale, 2017) or used 

FISH probes detecting CAG repeats (Urbanek et al., 2016), not Hs HTT RNA 

directly, so it is possible that other RNA clusters form near paraspeckles but not 
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Hs HTT specifically. Furthermore, non-neuronal cell types were used and we 

have previously demonstrated that Hs HTT behaves differently (e.g., subcellular 

localization) in neuronal cells (Didiot et al., 2018). Finally, it is possible that both 

mouse Neat1 and SC35 do not recognize or associate with human-derived RNA, 

although it is unlikely since Neat1 and paraspeckles are both functionally 

conserved in mammals (Cornelis et al., 2016). 

While mRNA clusters where highly abundant in the neurons, they were not 

detectable in liver and muscle tissues (Figure 2.9F), indicating that post-mitotic 

differentiation status, or other factors only present in a living brain, might be 

essential for this biological process to occur (Sathasivam et al., 1999). Given that 

HTT is ubiquitously expressed throughout the body, yet HD preferentially affects 

the brain, these results further guide the neuronal cell-type selectivity of this 

phenomenon toward potential clinical significance. 

HTT-lowering is accepted as a viable therapeutic paradigm for treatment 

of HD (Leavitt and Tabrizi, 2020; Marxreiter et al., 2020; Rodrigues and Wild, 

2020). Recent technological advances allow highly-efficient modulation of 

huntingtin expression by different mechanisms: ASOs (repeat-targeting (Rue et 

al., 2016) and non-repeat-targeting (Kordasiewicz et al., 2012; Stanek et al., 

2013)), siRNA (Alterman et al., 2019; DiFiglia et al., 2007; Urbanek et al., 2017), 

AAV-expressed small silencing RNAs (McBride et al., 2008; Stanek et al., 2014), 

gene expression modulation through TALENs (Garriga-Canut et al., 2012) and 

small molecules (Li et al., 2019). An ASO  from Ionis Pharmaceuticals, IONIS-
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HTTRX, showed promising phase 1/2 clinical trial results (Tabrizi et al., 2019b), 

was subsequently licensed to Roche, and is now in phase 3 clinical trials 

(NCT03842969 and NCT03761849). 

Given that ASOs have shown the best activity in targeting nuclear mRNA 

(Didiot et al., 2018; Liang et al., 2017), we decided to use ASOs in this study. We 

found that nuclear mHTT mRNA localized in clusters were resistant to ASO-

mediated silencing, which could be related to increased mRNA cluster stability or 

decreased mRNA accessibility. It remains unclear whether the nuclear mHTT 

clusters persist as a stable entity containing RNA that do not leave the nucleus or 

if their formation is transient, allowing the export of mHTT mRNA to the 

cytoplasm after participation in cluster formation. If clusters are dynamic, it is 

possible that a higher dose or treatment for a longer period with oligonucleotides 

could have an effect on foci and clustered mRNA. While clinical significance of 

mutant HTT mRNA nuclear clustering is unclear, different therapeutic 

approaches might affect their prevalence to a different degree and are worthy of 

further evaluation. Thus, additional work is needed to evaluate the underlying 

molecular mechanisms involved in mHTT mRNA nuclear retention and 

clustering, explore the impact of this phenomenon on cellular fate and survival, 

and to delineate the relative contribution of mutant mRNA and HTT protein to 

HD. 
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METHODS 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the Lead Contact, Anastasia Khvorova 

(Anastasia.Khvorova@umassmed.edu). 

 

EXPERIMENTAL MODEL AND SUBJECT AND DETAILS 

Mice and ethic statements 

Wild-type FVB female mice and B97-N17, B31-N17 (Gu et al., 2015) and 

YAC128 (Slow et al., 2003) heterozygous FVB male mice were obtained from 

The Jackson Laboratory. All animals were maintained with a maximum of five to 

a cage in a specific pathogen-free facility under standard conditions with access 

to food and water ad libitum at the University of Massachusetts Medical School 

(UMMS). B97-N17, B31-N17 and YAC128 male mice were bred with wild-type 

female mice resulting in mixed wild-type and heterozygous litters weaned from 

their mothers between 18 to 21 days of age. Genotyping was performed by PCR 

using DNA extracted from ear punches taken at the time of wean. All procedures 

were completed in accordance with the National Institutes of Health Guideline for 

Laboratory Animals (including the timed pregnant mice used to obtain primary 

neurons) and were approved by the University of Massachusetts Medical School 

IACUC (Protocol #A2411). 

 

mailto:Anastasia.Khvorova@umassmed.edu
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Mouse tissue collection and sectioning 

Mice were euthanized according to our institutional IAUCUC protocol (#A2411). 

At each time point, mice were deeply anesthetized with tribromoethanol and 

perfused intracardially with 20 mL 1X PBS buffer. Tissues were dissected out 

and placed (brain eye bulbs facing upwards) in disposable cryomold 

(Polysciences Inc. #18986-1), and frozen in O.C.T. embedding medium (Tissue-

Tek #4583) in a dry ice/methanol bath. Brains were stored in -80°C until use and 

transferred overnight at -20°C prior sectioning. Brains were sliced into 20 μm 

brain sections using a cryostat (temperatures: sample holder -13°C, blade -12°C) 

(ThermoFisher CryoStar NX70) and mounted on superfrost slides (Fisher 

#1255015). Slides were stored at -80°C until further experiments. 

 

Human primary cells and brain samples 

Adult dermal fibroblasts from healthy control were acquired from the Coriell 

Institute for Medical Research. Therefore, in regard to deidentified skin 

fibroblasts samples, we do not have access to the master list to reidentify 

subjects. This activity is not considered to meet federal definitions under the 

jurisdiction of an institutional review board and is thus exempt from the definition 

of human subject.  

 

Human primary fibroblasts genotyping 
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To determine the number of CAG repeats in the primary fibroblasts isolated from 

patients with HD, we used the PrimeSTAR GXL DNA polymerase (Takara 

#R050A) which allows DNA amplification of GC-rich templates. The reaction 

mixture included: water for a final volume of 50 µl, 10 µl 5x GXL buffer, 100 ng of 

template DNA, 10 ng of forward and reverse primers, 4 µl of dNTP mix, 1 µl of 

PrimeSTAR GXL polymerase. Primer sequences are: Htt Exon1-R 

CGGCTGAGGCAGCAGCGGCT and Exon1-F FAM 

GCCTCCGGGGACTGCCGTGC (Integrated DNA Technologies). The PCR 

conditions were: 98C for 1min, [98C for 10 sec, 68C for 30 sec] for 34 cycles, 

68C for 10 min and 4C using a C1000 Thermal Cycler (Bio-Rad). To evaluate 

the success of the PCR amplification and estimate the number of CAG repeats 

for each cell line, the final PCR products were run on 3% agarose gel and 

visualized by staining with ethidium bromide (Sigma #1510). The exact number 

of CAG repeats were determined by analyzing PCR products using capillary 

electrophoresis (University of Arizona Genetics Core). 

 

Cell culture 

The human primary fibroblasts were maintained in MEM (Gibco #11095) 

supplemented with 15% fetal bovine serum, 2% EAA (Gibco #11130), 2% NEAA 

(Gibco #11140), 1% vitamins (Gibco #11120), 100 U/ml Penicillin/Streptomycin 

and pH7.4 and grown at 37°C and 5% CO2. Cells were split every 3-4 days. For 

FISH, cells were plated at 2.5x105 cells per dish on 35 mm glass bottom dishes 
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(MatTek #P35G-1.5-10-C) pre-coated for one hour with poly-L-lysine (Sigma 

#P4707). Unless stated otherwise, the FISH procedure was performed at 2 days 

post-plating. 

 

METHOD DETAILS 

Conversion of fibroblasts into fibroblast-derived neurons 

The trans-differentiation of human primary fibroblasts into fibroblast-derived 

neurons was performed following the detailed protocol developed by (Richner et 

al., 2015; Tang et al., 2013). Briefly, the lentiviral cocktail of rtTA, pTight-9-124-

BclxL, CTIP2, MYT1L, DLX1 and DLX2 was added to fibroblasts for 16 hours. 

Cells were washed in PBS and cultured in fibroblasts medium (FM) containing 

1 μg/mL doxycycline (DOX). At post-induction day (PID) 3, cells were cultured in 

FM containing 3 μg/mL puromycin, 3 μg/mL blasticidin and DOX. At PID 5 cells 

were replated onto sterile 24-wells glass-bottom plates (MatTek #P24G-1.5-10-F) 

pre-coated with polyornithine, fibronectin and laminin and cultured in FM + DOX. 

On PID 6, FM was replaced by Reprogramming Neuronal Medium (RNM): 

NbActiv4 (Brainbits #Nb4-500) with 200 μM dibutyl cyclic AMP, 1 mM valproic 

acid, 10 ng/mL BDNF, 10 ng/mL NT-3 and 1 μM retinoic acid, supplemented with 

DOX. Half-volume medium changes with RNM were performed every 4 days with 

addition of DOX every 2 days thereafter until PID 30–35. Addition of puromycin 

and blasticidin was terminated after PID 14. 
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Oligonucleotides 

Sequences and chemical modification patterns of the ASOs are described in 

Table 2.2: LNA GapmeR ASOs, designed by IONIS Pharmaceuticals (Hung et 

al., 2015), were purchased from Exiqon. 

 

Animal stereotaxic injections of oligonucleotides 

All mice used were adult FVB/NJ YAC128, 12 weeks old at the time of the 

injection. Prior to injection, mice were deeply anesthetized with 1.2% Avertin 

(Sigma #T48402). 4 nmol ASONTC or ASOHTT (n = 3 mice per treatment group), 

diluted at 2 nmol/µl in 25 mM Mg buffer, were administered by direct bolus 

microinjection into the right striatum by stereotaxic placement; coordinates 

(relative to bregma) were +1.0 mm anterio-posterior, +2.0 mm medio-lateral, and 

+3.0 mm dorso-ventral. All injection surgeries were performed using sterile 

surgical techniques and were accomplished using standard rodent stereotaxic 

instrument and an automated microinjection syringe pump (Digital Mouse 

Stereotaxic Frame; World Precision Instrument #504926). Mice were euthanized 

4 weeks post-injection and brains were harvested. 

 

Fluorescence in Situ Hybridization (FISH) 

FISH allows to perform single-cell detection of transcripts in situ and accurately 

quantify and report the relative levels of mRNA expression. B97-N17, B31-

N17 and YAC128 mouse models express both wild-type mouse Htt mRNA and 
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mutant human HTT mRNA. We compared the expression level of HTT mRNA 

with the expression level of wild-type Mm Htt mRNA and the housekeeping Hprt 

mRNA.  

 

Sample preparation 

Cultured adherent cells were prepared as described by manufacturer’s protocol. 

Briefly, cells were fixed in 10% formalin for 20-30 min at 4°C and washed three 

times in PBS. Cells were dehydrated by sequential incubation in 50%, 70% and 

100% ethanol for 1 min and incubated at least overnight and up to 6 months in 

100% ethanol at -20°C. The day of FISH experiment, cells were re-hydrated by 

sequential incubation in 70% and 50% ethanol for 1 min followed by incubation in 

PBS for 10 min. Cells were incubated for 10 min in protease solution (Pretreat III) 

at room temperature. Cells were washed twice in PBS and processed for FISH.  

 

Brain sections obtained on a cryostat were prepared as described by the 

manufacturer protocol for fresh frozen tissue (ACDBio #320513). Briefly, sections 

were fixed in 10% formalin for 15-20 min at 4°C and washed three times in PBS. 

Sections were dehydrated by sequential incubation in 50%, 70% and 100% 

ethanol for 5 min at room temperature and air-dried for 5 min at room 

temperature. During this time the hydrophobic barrier around the sections can be 

drawn. Sections were incubated for 20-30 min in protease solution (Pre-
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treatment IV) at room temperature. Sections were washed twice in PBS and 

processed for FISH. 

 

FISH was performed using the RNAscope® Fluorescent Multiplex kit (ACDBio 

#320850) following the manufacturer’s instruction (ACDBio #320293). Prior any 

experiment, we ensured that the probes were prewarmed at 40°C and cooled to 

room temperature to dissolve any crystal formed in the probe solution during 

storage at 4°C. Following sample preparation, samples were incubated with the 

target probe in the HybEZ oven at 40°C for 2 hours. The signal was amplified 

by incubation with the pre-amp, amp and label probes for 30 min each at 40°C. 

Between each incubation, samples were incubated in wash buffer twice for 2 min 

at room temperature. Following signal amplification, sample nuclei were stained 

with DAPI solution for 1 min (1 µg/ml final concentration in PBS), mounted in 

ProLong Gold antifade medium (ThermoFisher #P36930) and dried at room 

temperature overnight. See Table 2.3 for list of RNAscope probes and catalog 

numbers. 

 

Immunofluorescence 

For experiments co-stained with both RNA FISH and immunofluorescence, the 

standard immunofluorescence protocol was performed after the last RNAscope 

step but before counterstaining with DAPI. Briefly, brain sections were incubated 

for 1 hour in blocking solution (2% Normal goat serum, 0.01% Triton-X in PBS) at 
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room temperature. Slides were washed 3 times for 5 minutes in PBS. Brain 

sections were incubated in primary antibodies diluted in blocking solution (mouse 

anti-SC35 1:1000 (Abcam ab11826)) overnight at room temperature. Slides were 

washed 3 times for 5 minutes in PBS and incubated for 1 hour at room 

temperature in secondary antibodies (goat anti-mouse IgG AF488 (Abcam 

ab150117)) diluted in blocking solution. Slides were washed 3 times for 5 

minutes in PBS, stained with DAPI (1 µg/ml in PBS for 10 min at room 

temperature), washed with PBS again, and then mounted in ProLong Gold 

antifade medium and dried at room temperature overnight. 

 

Microscopy 

Two confocal microscopes were used to acquire images. First, images were 

acquired with a CSU10B Spinning Disk Confocal System scan head (Solamere 

Technology Group) mounted on a TE-200E2 inverted microscope (Nikon) with a 

100x Plan APO oil-immersion objective and a Coolsnap HQ2 camera (Roper 

Technologies). 16-bit image stacks were acquired using Micro-Manager v1.4.19 

by imaging 15 µm z-stacks (step size = 0.5 µm) through the tissue sections. Field 

of view dimensions were approximately 33.89 µm2 (512 pixels2) with voxel size 

0.0662 x 0.0662 x 0.5 µm3. Image acquisition order was as follows: x, y, channel, 

z. Image acquisition settings were kept consistent for all experiments and 

empirically determined using the manufacturer’s 3plex positive control probeset 

(ACDBio #320881) and 3plex negative control probeset (ACDBio #320871): 350 
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nm laser, 200 ms integration; 488 nm laser, 500 ms; 543 nm laser, 500 ms; gain 

500 for all channels. Images were processed using ImageJ v1.53c (Schindelin et 

al., 2012; Schneider et al., 2012). All image quantification was performed using 

images acquired from this microscope. 

 

Second, a Leica SP8 LIGHTNING laser scanning confocal microscope equipped 

with a HC PL APO CS2 63x/1.40 OIL objective and Diode 405, OPSL 488, OPSL 

552, Diode 638 laser lines was used to acquire images on the manufacturer’s 

LAS X 3.5.5.19976 software. A PMT detector was used for the 405 channel and 

HyD detectors were used for all other channels. Each channel was acquired 

sequentially with excitation lasers (at 1% intensity for all channels) and emission 

ranges as follows (all in nm): 405 (410-488), 488 (493-719), 552 (559-629), 638 

(658-789). Zoom (ranging from 1-2.5) and voxel size (ranging from xy = 40-50 

nm; z: 300-500 nm) varied between images. Samples were mounted with 

ProLong Glass (RI = 1.518) and Leica Immersion Oil (RI = 1.51) was used. 

Images were processed using the LIGHTNING deconvolution package with 

default settings for Prolong Glass mounting media. All images acquired on this 

microscope were used for qualitative assessment and never quantitatively 

analyzed. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
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Statistics 

No statistical methods were performed to predetermine sample sizes. Data 

analyses were performed using GraphPad Prism 8.4.3 software (GraphPad 

Software, LLC). The D'Agostino-Pearson omnibus normality test was used on the 

raw data and residuals to test for normality and confirm that nuclear fraction data 

(e.g., Figure 2.4B) and foci volume data (e.g., Figure 2.4C) are not normally 

distributed. Thus, the Kruskal-Wallis one-way ANOVA (non-parametric) followed 

by Dunn’s multiple comparisons test was used. For each sample group, at least 

100 individual cells were analyzed. The statistical test used is also reported in the 

figure legends as well as the level of statistical significance, which is denoted by 

asterisks (∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ∗∗∗∗, P < 0.0001). 

 

Image processing 

Image processing of RNAscope images was performed with ImageJ (v1.53c) 

using a macro written in-house (accessible at 

https://github.com/socheataly/imagej) (Figure 2.2, Table 2.4). First, nuclei were 

segmented by convolving the Hoechst 33342 or DAPI signal with a Gaussian blur 

(σ = 10 pixels), “Default” thresholding algorithm (stack histogram enabled) to 

generate a binary mask of the nucleus in 3D. RNAscope puncta detection was 

performed by first using a difference of Gaussians filter (σ1 = 2 pixel, σ2 = 4 

pixels) followed by thresholding using the Otsu algorithm (stack histogram 

enabled) (Otsu, 1979) or a manual threshold (250 intensity), whichever value 

https://github.com/socheataly/imagej
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was smaller. Setting a minimum threshold value was necessary in order to 

correctly threshold images with no RNAscope foci. Next, the 3D Objects Counter 

plugin (Bolte and Cordelieres, 2006) was used to define these puncta as 3D 

objects and quantify their volumes (minimum size = 25 voxels). RNAscope foci 

were assigned to the nucleus if it overlapped with the nuclear mask; otherwise, 

the foci were assigned to the cytoplasm. Nuclear fraction was calculated in 

individual cells using the following equation: (nuclear foci) / (nuclear foci + 

cytoplasmic foci). As previously described, the total number of objects varies 

widely from cell to cell (Didiot et al., 2018). 

 

Clusters were defined as RNAscope puncta with volumes of at least 0.6 um3 

(corresponding to 274 voxels), which is approximately four times the median 

volume of a typical RNAscope foci as measured on our system. Parameters were 

kept consistent between all sample groups and were determined by using the 

manufacturer’s 3plex positive control and 3plex negative control probesets such 

that no processed RNAscope signal was detectable in the 3plex negative control 

sample (see “Microscopy” section). 

 

To quantify co-localization, RNAscope images were processed as described 

above and then separate channels were compared using the “Image Calculator > 

‘AND’” function in ImageJ v1.53c. The resulting image was processed with the 

3D Objects Counter Plugin and foci were considered to be co-localized if the 
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resulting objects were at least 25 voxels in volume, which is the same cutoff used 

to detect RNAscope foci. 
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Table 2. 1: Summary of HD mouse models. 

Comparison of commonly used HD mouse models. 

HD 

Model 

Model 

Type 

Human 

region 

inserted 

Repeat 

length 

Age of 

Phenotype 

Other 

notable 

features 

Citation 

BACHD-

ΔN17-

97Q 

Transgene Full CAG-

expanded 

HTT 

transgene 

97 mixed 

CAG/CAA 

~6 months BACHD-

ΔN17-31Q 

(control); 

51 

nucleotide 

deletion in 

N-terminal 

(Gray et al., 

2008; Gu et 

al., 2015) 

YAC128 Transgene Full CAG-

expanded 

HTT 

transgene 

128 mostly 

pure CAG (82 

uninterrupted) 

~6 months  (Slow et al., 

2003) 

polyQ 

Allelic 

series 

Knock-in HTT exon 

1 

20-175 1 year Somatic 

instability 

(Alexandrov 

et al., 2016; 

Langfelder 

et al., 2016; 

Menalled et 

al., 2003) 
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Table 2. 2: Table of ASO sequences and modifications used in this study. 

Table describing ASO sequences and modifications used in this study. # = 

phosphorothioate; + = locked nucleic acid (LNA). 

Name Sequence 5′-3′ Reference 

ASONTC +A#+A#+C#A#C#G#T#C#T#A#T#A#C#+G#+C  

ASOHTT #+A#+G#+C#A#T#C#C#A#A#A#T#G#T#+G#+A#G 

(Didiot et al., 

2018; Hung et 

al., 2015) 
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Table 2. 3: RNAscope probes used in this study. 

List of RNAscope FISH probes and catalog numbers used in this study.  

Species Target RNA ACDBio product # 

Mouse Htt 473001 

Mouse Htt1a 575581 

Mouse Htt i1 mid 499501 

Mouse Hprt 312951 

Mouse Neat1 440351 

Human HTT (full-length) 420231 

Human HTT1a (5′ of intron 1) 561431 

Human HTT1a (3′ of intron 1) 561441 

Human HTT i66 (intron 66) 493761 
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Table 2. 4: ImageJ macros used for image analysis. 

List of ImageJ macros used for image processing in this study. 

Macro URL 

RNAscope macro to count nuclear and 

cytoplasmic foci and measure volumes 

https://github.com/socheataly/imagej/blob/main/

RNAscope_nuc_cyto_counter_v3b.ijm 
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CONCLUSIONS 

 

SUMMARY 

A common feature shared amongst repeat-associated disorders is the 

presence of nuclear RNA clusters. Previous studies investigating this 

phenomenon identified nuclear RNA clusters in the context of HD as well but 

were performed in artificial systems and/or using probes not specific for HTT 

mRNA. Here we used single-molecule FISH in transgenic humanized mouse 

models and detected the presence of HTT RNA clusters throughout the majority 

of striatal and cortical neurons. The physiological relevance of these clusters 

should be addressed in future studies, especially since ASOs are a promising 

clinical candidate for silencing mutant HTT RNA to treat HD. 
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Figure 3. 1: Proposed model of HTT RNA cluster formation, pathology, and 

pathogenesis. 

RNA clusters containing mutant HTT RNA nucleate at active transcription sites. 

These repeat-expanded RNAs sequester RBPs, removing them from the 

available cellular pool and thus disrupt downstream RNA processing such as 

splicing. HTT itself is aberrantly spliced to produce HTT1a, which also 

participates in cluster formation. Globally disrupted splicing can result in the 

translation of altered protein isoforms and lead to neurotoxicity. This entire 

process is exacerbated by somatic instability, which acts as a positive feedback 

loop and expands the CAG repeat tract in the HTT gene over time and further 

increases the rate of HTT1a production. 
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Based on my thesis work, I propose the following model (Figure 3.1). 

RNA clusters nucleate at active HTT transcription sites within the nucleus. Due to 

the expanded CAG repeats in the mutant HTT RNA, RBPs are sequestered 

within these phase-separated clusters which disrupts downstream RNA 

processing, including splicing (Jain and Vale, 2017). Recent analysis in post-

mortem HD brains have found globally dysregulated transcriptomes compared to 

control brains (Lin et al., 2016). Aberrant splicing events include skipped exons, 

alternative 5′ or 3′ splice sites, and retained introns. This dysfunction causes the 

aberrant splicing of the HTT gene itself to produce HTT1a, an RNA containing 

complete exon 1 and partial intron 1 inclusion (Sathasivam et al., 2013), which 

also participates in the formation of RNA clusters. Furthermore, HTT1a itself can 

be translated into potentially pathogenic N-terminal protein fragments (Neueder 

et al., 2017; Yang et al., 2020a). 

Given the abundance of nuclear RNAs, it is somewhat surprising that an 

overabundance of mutant HTT RNA could sequester enough RBPs to disrupt the 

cellular homeostasis. To investigate this, Schilling et al. identified HTT RBPs by 

mass spectrometry using mutant HTT RNA with varying CAG lengths as bait 

(Schilling et al., 2019). Thirty six proteins were found to bind to HTT RNA in a 

length-dependent manner (longer CAG repeat lengths resulted in more protein 

pulled down), most of which were splicing factors. One such splicing factor, 

PRPF8, was tested in subsequent experiments since it regulates the splicing of 

CREB1 and had previously been linked to HD. In a fly HD model, overexpression 
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of Prp8, the fly homolog, rescued the HD phenotype. In post-mortem human 

brains, CREB1 intron retention was nearly 4-fold higher in HD brains compared 

to control brains. This study nicely established a proof-of-concept on how HTT-

specific RBPs can affect downstream processing of other RNAs in several HD 

models. 

Furthermore, both potentially pathogenic mechanisms described above 

are propagated by somatic instability which expands the CAG repeat length in 

the HTT gene over time and acts as a positive feedback loop. Somatic instability 

causes mosaicism and has recently become appreciated as a driver of not only 

HD, but other repeat-associated disorders as well (Vijg and Dong, 2020). In 

addition to longer CAG repeats sequestering more RBPs, HTT1a expression is 

increased since the rate of aberrant splicing is CAG length-dependent, which 

leads to more toxicity (Neueder et al., 2018). 

At the molecular level, recent work demonstrated that a pure, odd number 

of CAG repeats is prone to “DNA slippage” whereby the CG hairpins formed 

during DNA replication are somewhat unstable and “slip” back and forth (Xu et 

al., 2020). Conversely, either an even number of pure CAG repeats (since there 

is no “CAG overhang” to cause a slip) or an interrupting CAA codon stabilizes the 

hairpin structure and slippage is less likely to occur. This hypothesis is supported 

by the fact that HD patients and HD allelic series mouse models, which both 

have pure CAG repeat tracts, display somatic instability. Conversely, YAC128 

and B97-∆N17 mice do not exhibit somatic instability yet are generally accepted 
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as HD models (Table 2.1). However, somatic instability is not likely to be 

necessary or sufficient on its own when the initial CAG repeat length is already 

long enough, as seen in YAC128 mice, B97-∆N17 mice, or juvenile-onset HD; 

the process of actively expanding CAG repeats itself does not cause toxicity, but 

rather the downstream mutant RNA and protein are responsible. 

Over the past two years, at least four groups independently showed that 

somatic instability has a significant role in determining the age-of-onset in 

individuals with 36-39 CAG repeats (incomplete penetrance) (Wright et al., 

2020). The canonical HTT allele contains a CAA-CAG right after the CAG repeat 

tract. However, some individuals have lost this interrupting CAA sequence and 

others have duplicated it to form (CAA-CAG)2. Regardless of the polyglutamine 

(polyQ) length, the most important driver in the age-of-onset was the length of 

the uninterrupted CAG sequence since longer, uninterrupted CAG tracts increase 

the propensity of somatic expansion and would eventually result in an earlier 

age-of-onset. Together, these studies highlighted the role of nucleic acids and 

essentially proved that HD should not solely be considered as a polyglutamine 

expansion disease. 

In many ways, RNA clusters are very similar to intranuclear aggregates, 

the pathological hallmark of HD. Despite the discovery in intranuclear aggregates 

in 1997 and years of intense research, their definitive role has not yet been 

defined (Davies et al., 1997; DiFiglia et al., 1997). This discrepancy is due to an 

ongoing challenge in the field to delineate the relative contribution of observed 
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pathological abnormalities to disease pathogenesis. Intuitively, one might 

immediately associate clusters with pathogenesis, but there is evidence showing 

that they might even be protective (Arrasate and Finkbeiner, 2012; Arrasate et 

al., 2004). In a similar manner, it would be challenging to prove whether RNA 

clusters are pathological or pathogenic. One strategy might be to somehow 

prevent the formation of clusters as early as possible in an HD mouse model and 

compare the phenotype vs. an untreated mouse. HD pathogenesis is clearly 

multifaceted, and these two hypotheses are not necessarily mutually exclusive. It 

may be that RNA clusters are just one of many players in a complex disease.  

Another outstanding question in the HD field is why there such a 

discrepancy between mouse models. Specifically, numerous phenotypic 

differences have been documented between transgenic humanized mice 

(YAC128 and BACHD, which contain the full-length HTT transgene plus 

upstream and downstream regulatory elements) vs. allelic series knock-in mice 

(Q140, Q175, etc., which contain a CAG-expanded exon 1 allele while the rest of 

the gene is the endogenous mouse Htt) (Ehrnhoefer et al., 2009; Pouladi et al., 

2013). It is tricky to directly compare any of these models since they are 

distinguished by many other features besides the repeat lengths: expression 

levels of the mutant huntingtin gene, genetic background, and repeat 

composition (pure CAG vs. mixed CAG/CAA). Allelic series mice express mutant 

Htt at endogenous levels while transgenic mice overexpress mutant HTT to some 

degree. In our hands, we observe many more Hs HTT foci than Mm Htt foci, so 
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we believe there is some degree of overexpression. Furthermore, YAC128 mice 

harbor four copies of the Hs HTT transgene, so it follows that there would be 

greater expression (Pouladi et al., 2012). In general, transgenic mice present 

symptoms earlier (~6-8 months) than allelic series mice (after 1 year old for Q140 

mice and around ~6-9 months for Q175 mice) even though their repeat lengths 

are shorter. However, allelic series mice usually present with a much higher 

degree of striatal aggregates compared to transgenic mice. Although we have 

demonstrated the presence of mutant HTT RNA clusters in two HD mouse 

models with varying levels of Hs HTT expression, overexpression is a potential 

caveat. 

To help address this issue and reconcile phenotypic inconsistencies in all 

the different HD mouse models, William Yang’s lab (UCLA) has been developing 

a new BAC-CAG mouse model that has a single copy of full-length Hs HTT 

carrying a pure ~120 CAG repeat tract (unpublished). This model has the pros of 

the transgenic and knock-in mouse models: the full human gene (plus upstream 

and downstream regulatory elements) with a pure CAG tract at endogenous 

expression levels (single copy). it would be very interesting to see if clusters are 

present once this mouse model is published and becomes available for other 

researchers. 
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WHAT IS THE PHYSIOLOGICAL RELEVANCE OF INCREASED NUCLEAR 

RETENTION OF MUTANT HS HTT RNA? 

Nuclear retention of mRNA has recently been recognized as a tightly 

regulated cellular process that is critical for healthy homeostasis. While some 

RNAs, such as long non-cording RNAs (lncRNAs), are enriched in the nucleus, 

most mRNAs are enriched in the cytoplasm. One reason that this characteristic 

has been overlooked is due to technical limitations; analyzing cells at the 

population level may fail to detect shifts in nuclear vs. cytoplasmic fraction due to 

enormous cell-to-cell variability. Thus, high-throughput, single-cell cell techniques 

were necessary to detect these differences (Bahar Halpern et al., 2015; Battich 

et al., 2015; Chen et al., 2015; Gilbertson et al., 2018; Liu et al., 2016; Lubelsky 

and Ulitsky, 2018; Turner-Bridger et al., 2018). In the context of HTT, our group 

found that HTT RNA is enriched in the nuclear fraction in cells of neuronal origin 

(Didiot et al., 2018). We extend these findings and report that this nuclear 

enrichment is further increased in transgenic HD mouse models, a phenomenon 

that another group has independently reported in cell lines overexpressing 

mutant HTT RNA as well (Sun et al., 2015). While it is not yet fully understood 

how perturbed nuclear enrichment is relevant in HD, it might just be further 

evidence that failure to export these mRNAs to the cytoplasm could result in 

cluster formation and eventually sequestration of RBPs. 

 

HOW ARE MUTANT HS HTT RNA CLUSTERS FORMED? 
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What is the cellular mechanism underlying formation of mutant HTT RNA 

clusters? Are other proteins or RNA involved? Based on our mouse data, we 

were able to detect widespread clusters in both mouse models tested. The 

prevalence and size of clusters in B97-∆N17 mice were smaller compared to 

YAC128 mice, likely due to the mixed CAG-CAA repeat tract whereas YAC128 

carry a mostly pure CAG repeat tract. Since clusters are thought to form from 

multivalent CG base-pairing interactions, an interrupting CAA codon could 

partially interfere with the formation of clusters (Jain and Vale, 2017). This 

suggests that other proteins might be necessary for clusters to form in vivo. 

In YAC128 mice, we found that Hs HTT clusters co-localize with nascent 

HTT pre-mRNA. Furthermore, as previously mentioned, paraspeckles have been 

shown to co-localize with CAG-repeat-containing clusters (Jain and Vale, 2017; 

Urbanek et al., 2016). Paraspeckles are highly dynamic, interchromatin 

structures that are active in transcription and splicing. This intriguing hypothesis 

would also align with the theory that RNA clusters sequester nuclear RBPs since 

paraspeckles themselves are highly diverse in RNA and protein content (An et 

al., 2018). To this end, we designed a probe for Mm Neat1, the canonical lncRNA 

that forms the scaffold on which paraspeckles form (Bond and Fox, 2009; 

Clemson et al., 2009). However, we were unable to detect co-localization 

between Hs HTT RNA clusters and Mm Neat1. Our microscopy images clearly 

showed a bimodal distribution of cells expressing Mm Neat1: glial cells highly 

express Mm Neat1 while neuronal cells express low levels of Mm Neat1, an 
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observation that was also independently reported by another group (Kukharsky 

et al., 2020). Moreover, we also observed that Hs HTT and Mm Htt are both 

highly expressed by neuronal cells and lowly expressed by non-neuronal cells in 

the current work and our previously published study (Didiot et al., 2018). Based 

on our data, the cells containing clusters, which require high expression of Hs 

HTT, are distinct from cells that highly express paraspeckles. Interestingly, 

NEAT1 itself has been reported to be upregulated in polyglutamine repeat 

expansion diseases, such as HD, in post-mortem HD brains (Cheng et al., 

2018a). This study also found that this upregulation has a protective effect 

against HD-related toxicity in mouse models. 

Although we were unable to detect co-localization of mutant HTT RNA 

clusters and paraspeckle markers, we did find that nearly 100% of clusters co-

localized with Hs HTT i66. In our experiments, we used a FISH probe for Hs HTT 

i66, targeting a distal intronic region of the HTT gene, as a negative control to 

show that clusters are specific for full-length HTT RNA and the aberrantly spliced 

Hs HTT1a fragment, but not other regions of the gene. In YAC mouse models, it 

is common for all copies of the transgene to integrate at the same chromosomal 

site (Giraldo and Montoliu, 2001). It has been reported that YAC128 mice carry 

four copies of the mutant Hs HTT transgene (Pouladi et al., 2012) and this is 

supported by our images since we were able to detect up to four Hs HTT i66 foci 

per cell, which were always in proximity of each other. Thus, our finding that 

clusters often co-localize with Hs HTT i66, a proxy for nascent pre-mRNA that is 
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not spliced yet, raises the possibility that clusters are formed when multiple 

copies of the gene are being simultaneously transcribed. In this scenario, 

multiple, nearby transcripts could have the propensity to form a cluster via 

multivalent CG base-pairing interactions (Jain and Vale, 2017). Since we used a 

probe for Hs HTT i66 RNA as a proxy to mark the chromosomal locations of the 

transgenes, a relatively simple experiment to reinforce this hypothesis would be 

to test a DNA FISH probe for the same coding region. 

Furthermore, CAG repeat expansion diseases often display aberrant 

transcriptional regulation due to disrupted function of histone-modifying 

complexes as well as the mutant HTT protein interacting with chromatin-related 

factors (Cohen-Carmon and Meshorer, 2012; Massey and Jones, 2018). In 

addition, somatic instability is another well-documented abnormality of HD 

(Verheijen et al., 2018; Wheeler et al., 1999; Wheeler et al., 2007). Taken 

together, it is possible that mutant HTT RNA clusters contribute to these 

phenomena by sterically blocking accessibility of normal DNA- and chromatin-

related proteins to the gene. It would be very interesting to perform co-staining 

with immunofluorescence and RNA FISH to see if there is co-localization. 

 

WHERE ARE MUTANT HTT RNA CLUSTERS LOCALIZED WITHIN THE CELL? 

If the above hypothesis that HTT RNA clusters are formed next to the 

physical location of the gene itself is true, a corollary would be that the clusters 

are nuclear. Although we believe that the RNA clusters are nuclear by comparing 
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the RNAscope signal with the Hoechst 33342 or DAPI DNA stains, our data are 

not completely conclusive. Another possibility is that the RNA clusters are stuck 

in the perinuclear space (Lin and Hoelz, 2019). Indeed, impairment of both the 

nuclear envelope and the nuclear pore complex have recently been described in 

HD (Gasset-Rosa et al., 2017; Grima et al., 2017; Veldman and Yang, 2017). 

Disruption or clogging of the nucleocytoplasmic transport pathways could lead to 

neurotoxicity. To this end, it might be possible to co-stain with a nuclear envelope 

marker, such as lamin B1, or nuclear pore complex markers to segment the 

nucleus with more certainty than Hoechst 33342 or DAPI. Alternatively, cryo-EM 

could potentially be used pinpoint the subcellular localization with orders of 

magnitude better resolution than light microscopy. 

Another reason that this question is important is because of the possibility 

of RAN translation. Previous reports have detected RAN products (polyAla, 

polySer, polyLeu, and polyCys) in post-mortem HD brains (Banez-Coronel et al., 

2015). RAN proteins were expressed in a repeat-length-dependent manner and 

were detectable in brain regions most affected by HD. While the authors showed 

that RAN products were toxic in a cellular model, another group recently 

published a study claiming that RAN products are not toxic in a knock-in mouse 

model (Yang et al., 2020b). 

Recent unpublished work from Ankur Jain’s lab has expanded on his 

previous biophysical work characterizing RNA clusters (Jain and Vale, 2017). 

Using live cell imaging, his lab has now shown that in U2OS cells overexpressing 
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240x CAG RNA, the RNA is first exported from the nucleus to the cytoplasm as 

foci (individual transcripts) and is initially soluble, but eventually form clusters in 

the perinuclear space as the concentration of this RNA increases in the 

cytoplasm. These clusters are so large that they even deform the nuclear 

envelope itself. Additionally, cytoplasmic RNA was found to undergo RAN 

translation and were toxic to the cells. It would be interesting to see if this 

phenomenon persists in neuronal cells in vivo. 

 

ARE MUTANT HTT RNA CLUSTERS TOXIC? 

The current prevailing hypothesis for RNA toxicity is that the healthy 

homeostasis of nuclear RBPs is compromised due to sequestration by 

microsatellite repeat expansions in RNA clusters. Thus, RBPs are removed from 

the available cellular pool, resulting in globally disrupting downstream RNA 

processing such as splicing, transport, and stability (reviewed in (Liu et al., 2017; 

Marti, 2016; Nussbacher et al., 2019)). Ultimately, these deleterious changes 

may cause the cell to die. In the context of HD, CAG-repeat-containing RNA 

clusters (not specific for HTT RNA) were found to co-localize with the splicing 

factor MBNL1 in HD patient fibroblasts (de Mezer et al., 2011; Mykowska et al., 

2011). Recent studies have also detected co-localization between these RNA 

clusters and the paraspeckle marker protein SC35 (Jain and Vale, 2017; 

Urbanek et al., 2016); however, it is again worth noting that these studies did not 

use a probe specific for HTT RNA and were not looking at neuronal cells. 
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The two major technical advances in our study over previous work is the 

use of single-molecule probes specific for HTT RNA as well as the use animal 

models. Both of these factors are critical since using a probe specific for CAG 

repeats may not be specific for HTT RNA and neurons are the primary cell type 

affected in HD. 

Proving that the mutant HTT RNA clusters are toxic is very challenging 

since a longitudinal study tracking individual cluster-containing neurons in vivo is 

not a feasible approach. As previously mentioned, we were not able to detect co-

localization between Hs HTT RNA clusters and paraspeckle markers, which was 

a somewhat surprising result. Since Hs HTT1a is known to be produced by 

aberrant splicing, we expected that paraspeckle markers would co-localize with 

Hs HTT1a. Likewise, we were unable to get quality images for brain sections co-

stained with RNA FISH and immunofluorescence due to our FISH protocol 

requiring a harsh protease step. This issue prevented us from testing a plethora 

of antibodies for other putative markers that may co-localize with the clusters. 

However, these results do not eliminate the possibly of other factors we have not 

tested yet associating with the clusters. To this end, non-imaging techniques may 

be necessary to answer this question. One possible would be to identify other 

associated factors (proteins, RNA) by pulldown, mass spec, and sequencing. A 

biotinylated oligo could be designed for either full-length Hs HTT or Hs HTT1a 

mRNA which could be used as bait. This information might shed some light on 
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the potential function of the clusters and whether or not they could be toxic, 

depending on the associated factors. 

In our work, we did not look at the cerebellum of the mice. Although 

somewhat controversial, the cerebellum appears to be relatively spared in HD 

compared to atrophy observed in the striatum and cortex. Cerebellar atrophy is 

only reported in about 15-20% of HD cases in the literature with slightly higher 

frequency in juvenile-onset HD (Latimer et al., 2017; Rub et al., 2013). It would 

be interesting to check if mutant HTT RNA clusters are present in the HD mouse 

cerebellum to see if clusters are widespread throughout the brain or limited to the 

primary regions affected. 

Another interesting aspect to investigate is whether D1 and D2 MSNs are 

differentially affected. Striatal MSNs are made up of two populations which are 

distinguished by having different subtypes of dopamine receptors: DRD1 

(dopamine receptor D1) and DRD2 (dopamine receptor D2). They each comprise 

roughly equal halves of the total population of MSNs, although there is a small 

percentage of cells (less than 10%) that contain both receptors. D1 MSNs are 

part of the direct pathway, contain substance P peptides, and excite the basal 

ganglia output structure and ultimately promote motor movements. Conversely, 

D2 MSNs are part of the indirect pathway, contain the peptide enkephalin, inhibit 

associated behaviors. During the course of disease progression, D1 and D2 

MSNs are not equally lost: D2 MSNs (indirect pathway) are lost early and in the 

middle of the disease progression, which causes chorea (involuntary 
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movements). D1 MSNs (direct pathway) are lost later in the disease, which 

causes bradykinesia (slowness and rigid movements). Together, this pattern is 

thought to lead to the biphasic trajectory of HD (Goodliffe et al., 2020; Goodliffe 

et al., 2018; Keller et al., 2018; Reiner et al., 1988; Sapp et al., 1995). 

Using RNAscope, it is possible to distinguish D1 and D2 MSNs by using 

probes for Drd1 and Drd2 to mark the two dopamine receptor subtypes. It would 

be very interesting to these probes and look for clusters at different stages of the 

disease in YAC128 mice. For example, 3-month-old mice could be used for the 

pre-symptomatic stage, ~6-9 months for early/middle, and 1 year or older for 

advanced stages. 

 

ARE MUTANT HTT RNA CLUSTERS PRESENT IN THE HUMAN BRAIN? 

While we have shown that clusters are widespread throughout the 

striatum and cortex of two transgenic HD mouse models, the most important 

question still remains: are mutant HTT RNA clusters are present in human HD 

brain? At the time of this writing, we had obtained two batches of post-mortem 

HD patient brains from the Coriell Institute as well as the Sadri-Vakili lab 

(Massachusetts General Hospital). We performed our standard RNAscope FISH 

assay and unfortunately there were extremely high levels of autofluorescence in 

every sample that precluded any meaningful qualitative or quantitative analysis. 

The autofluorescence is caused by lipofuscin, which is a lipid deposit that is 

thought to increase with age in the brain and is a well-known issue with aged 
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brain samples (Jakel et al., 2019; Jolly et al., 2019; Moreno-Garcia et al., 2018; 

Rocco et al., 2017). While autofluorescence quenching reagents exist, I did not 

have a chance to fully validate them yet. Another option would be to optically 

clear the brain tissue (Richardson and Lichtman, 2015; Ueda et al., 2020). One 

particularly promising technique is CLARITY, which locks biomolecules into place 

by linking them to an acryl-based hydrogel (Chung et al., 2013). This process 

also removes lipids, and the remaining intact organs are still compatible with 

antibody staining and FISH. 

Instead of fluorescence microscopy, another option would be to use the 

chromogenic version of RNAscope assay to circumvent the autofluorescence 

issue altogether. Assuming that the chromogenic assay works, it would be 

extremely interesting to see if mutant HTT RNA clusters are present in human 

HD brain. I suspect that they will be present, although much less prominent in 

both volume as well as percentage of cells affected, for the following reasons. 

First, the typical HD patient has a CAG tract of 40-50 repeats – far fewer 

than the number of repeats in the transgenic mouse models used (e.g., ~82 

repeats in YAC128 mice). Likewise, it does appear that YAC128 do overexpress 

Hs HTT at around 1.5- to 2-fold the endogenous Mm Htt level, which would also 

cause the clusters in this mouse model to be larger (Pouladi et al., 2012; Slow et 

al., 2003; Van Raamsdonk et al., 2007), since the clusters are likely formed due 

to multivalent CG base-pairing interactions (Jain and Vale, 2017). 
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Second, there has already been some work looking at the expression of 

Hs HTT1a in post-mortem HD brains from the Bates group (Neueder et al., 

2017). Using qPCR, the authors were not able to detect significantly higher 

expression of Hs HTT1a in the cerebellum, sensory motor cortex, or 

hippocampus of post-mortem HD brains compared to control brains. However, as 

with all analysis from post-mortem HD brains, it is difficult to know if this is due to 

the fact that the affected cells have already died during disease progression and 

thus the analysis is biased towards unaffected cells. 

Furthermore, in our work, we have shown that, depending on the mouse 

model, mutant HTT RNA clusters are present in at least 50% of striatal and 

cortical neurons. In contrast, intranuclear protein aggregates are only detectable 

in ~5-10% (at most) of striatal and cortical neurons in post-mortem adult-onset 

HD brains (DiFiglia et al., 1997; Gutekunst et al., 1999; Jansen et al., 2017; 

Maat-Schieman et al., 1999). In contrast, nuclear aggregates are detectable in 

nearly 100% of cortical neurons in R6/2 mice, a mouse model in which only 

mutant exon 1 of HTT is overexpressed (containing 110-150 CAG repeats) 

(Figure 3.2) (Mangiarini et al., 1996; Vonsattel, 2008). This drastic difference is 

again possibly due to timing: post-mortem human samples are taken from 

patients who have died from HD, whereas the mouse brain samples in our study 

were taken from animals that are either pre-symptomatic or in the middle of the 

disease progression. Although the presence of HTT protein aggregates has been 

shown in pre-symptomatic HD brain, quantifiable data are limited due to difficulty 
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in obtaining pre-symptomatic HD brain samples (i.e., confirmed HD patients who 

die from non-HD related causes before significant neurodegeneration occurs) 

(Gomez-Tortosa et al., 2001; Rüb et al., 2015). This is yet another confounding 

factor that must be kept in mind when comparing data from animal models with 

data from post-mortem HD patients. 

Furthermore, when analyzing the striatum from post-mortem HD brains, it 

is unclear whether any observations are the cause or result of the disease. 

Again, timing is important; at death, nearly all of the neurons in the striatum are 

already lost, making any interpretations of the data difficult. To this end, a recent 

study analyzed the transcriptomes of the intact striatum from two pre-

symptomatic HD brains vs. BA9 (Brodmann area 9 of the cerebral cortex) from 

symptomatic HD patients (Agus et al., 2019). They found that the transcriptional 

profiles from these two regions of the brain were highly similar and both different 

from control BA9. These results suggest that future studies analyzing post-

mortem HD brains may also want to include the BA9 region as a surrogate tissue 

for the striatum and could provide insight on the pathology and/or pathogenesis 

of the disease. 

Unfortunately, making the case for causality is a very difficult and there is 

no absolute, definitive method to prove that the RNA clusters are pathogenic. 

What if RNA clusters are not detectable in adult-onset HD brains with 40-50 CAG 

repeats, which is much shorter than the lengths in the B97-∆N17 and YAC128 

mouse models? In this situation, I think this makes the case for looking at 
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juvenile-onset HD brains (>60 CAG repeats) even stronger (Quarrell et al., 2013). 

As previously discussed, HD pathogenesis is very complex and perhaps RNA 

clusters alone are not sufficient to manifest HD but can contribute to disease 

progression under a specific set of circumstances. Perhaps it is not an all-or-

nothing situation, but in the presence of RNA clusters, the disease progresses 

faster, or the age-of-onset is earlier, as seen in juvenile-onset HD. 
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Figure 3. 2: Differences in the prevalence of nuclear aggregates in human 

HD brain vs. HD mouse models. 

(a) Smear of Brodmann area (BA) 8 from a 54-year-old patient with HD 

(Vonsattel grade 4). Three cells with nuclear aggregates are shown. Overall, 

about 5-10% of cortical neurons contain nuclear aggregates. (b) Frontal cortex of 

an R6/2 mouse that are transgenic for the 5′ end of the human HTT gene 

carrying 115–150 CAG repeats. Nearly 100% of all cortical neurons contain 

nuclear aggregates. Scale bar, 6 µm. Figure adapted from (Vonsattel, 2008).  
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WHAT ARE THE THERAPEUTIC IMPLICATIONS FOR RNA CLUSTERS IN 

REPEAT-ASSOCIATED DISORDERS? 

Another important finding in our work is that mutant HTT RNA clusters 

were partially resistant to ASO-mediated mediated silencing in vivo. This is 

especially relevant since an ASO developed by Ionis and Roche is currently in 

Phase III clinical trials and is the leading candidate for a potential disease-

slowing treatment for HD (Kordasiewicz et al., 2012; Leavitt and Tabrizi, 2020; 

Tabrizi et al., 2019b). In our experiment, we were only able to test one non-allele-

specific ASO at a single dose (Hung et al., 2015). It would be very interesting to 

expand on this in two ways. First, if a higher dose would be able to silence 

clusters. The effects here would be obvious: perhaps simply a higher 

concentration of ASO is necessary to impact the prevalence of clusters. Second, 

if different ASO sequences would make a difference. Here, we only tested a 

single ASO sequence that is complementary to both mouse Htt and human HTT 

around exons 22-24. ASOs hybridize to their complementary RNA and RNase-H 

is recruited to cleave the RNA strand, which produces two cleavage products, a 

5′ end and a 3′ end. These fragments are quickly degraded by intracellular 

exonucleases such as XRN1 (Crooke, 2017; Lima et al., 2016). Since the ASO 

we used still leaves a 5′ end containing the CAG repeats, it is possible that this 

RNA fragment could still persist long enough to participate in the formation of 

clusters, or if a particular CAG-containing RNA is already in the cluster, then 

perhaps it is not accessible to exonucleases. Thus, it would be very interesting to 
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test an ASO targeting the CAG repeats themselves. However, it is also possible 

that CAG-targeting ASOs might not be able to hybridize with their targets either 

since the CAG repeats from multiple transcripts would already be bound together 

inside the cluster in the first place. 

In other repeat-associated neurodegenerative and neuromuscular 

disorders, the presence of RNA clusters has been shown in the appropriate 

tissue of interest (brain for C9ORF72/ALS, muscle for DM1 and DM2) (Zhang 

and Ashizawa, 2017). Furthermore, in vivo experiments have confirmed co-

localization of the RNA clusters and splicing factors such as MBNL1. However, in 

the case of HD, a few studies have shown co-localization between HTT RNA 

clusters and splicing factors (MBNL1, SC35), but these studies did not use HTT-

specific probes or were not performed in the brain (de Mezer et al., 2011; 

Mykowska et al., 2011). We have shown in our data that the metabolism of HTT 

RNA is different in neuronal cells vs. non-neuronal cells (Didiot et al., 2018). 

Thus, the presence of bona fide RNA clusters in the HD brain is still not known. 

A key difference between HD and the aforementioned diseases is the 

nature of the repeat: HD is caused by a CAG repeat expansion in an exon 

whereas C9ORF72, DM1, and DM2 are caused by different repeats (GGGGCC, 

CTG, and CCTG, respectively) in either intronic regions or the 3′ UTR of the 

affected genes (reviewed in (Rohilla and Gagnon, 2017)). To this end, a better 

comparison for HD would be dentatorubral-pallidoluysian atrophy (DRPLA, CAG 

expansion in exon 5 of the ATN1 gene) and SCA1/2/3/6/7/17 (CAG expansion in 
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an exon of the ATXN family of genes) (Zhang and Ashizawa, 2017). Interestingly, 

RNA clusters have not been confirmed in the correct tissue type in vivo for these 

diseases other. Thus, while RNA clusters may be a shared feature amongst 

repeat-associated disease, perhaps the mechanism underlying their formation 

and toxicity (potentially caused by sequestration of RBPs) is more specific to 

each disease. As we continue to research these diseases and reveal new 

information, perhaps HD, DRPLA, and SCA1/2/3/6/7/17 may become known as a 

subfamily of “CAG-opathies” with more specific shared features. To this end, 

there is still so much more to learn! 
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