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Altered microRNA expression in animal models 
of Huntington’s disease and potential therapeutic 
strategies

Bridget Martinez1, 2, Philip V. Peplow3, *

Abstract  
A review of recent animal models of Huntington’s disease showed many microRNAs 
had altered expression levels in the striatum and cerebral cortex, and which were 
mostly downregulated. Among the altered microRNAs were miR-9/9*, miR-29b, miR-
124a, miR-132, miR-128, miR-139, miR-122, miR-138, miR-23b, miR-135b, miR-
181 (all downregulated) and miR-448 (upregulated), and similar changes had been 
previously found in Huntington’s disease patients. In the animal cell studies, the altered 
microRNAs included miR-9, miR-9*, miR-135b, miR-222 (all downregulated) and miR-214 
(upregulated). In the animal models, overexpression of miR-155 and miR-196a caused a 
decrease in mutant huntingtin mRNA and protein level, lowered the mutant huntingtin 
aggregates in striatum and cortex, and improved performance in behavioral tests. 
Improved performance in behavioral tests also occurred with overexpression of miR-132 
and miR-124. In the animal cell models, overexpression of miR-22 increased the viability 
of rat primary cortical and striatal neurons infected with mutant huntingtin and decreased 
huntingtin -enriched foci of ≥ 2 µm. Also, overexpression of miR-22 enhanced the survival 
of rat primary striatal neurons treated with 3-nitropropionic acid. Exogenous expression 
of miR-214, miR-146a, miR-150, and miR-125b decreased endogenous expression of 
huntingtin mRNA and protein in HdhQ111/HdhQ111 cells. Further studies with animal models 
of Huntington’s disease are warranted to validate these findings and identify specific 
microRNAs whose overexpression inhibits the production of mutant huntingtin protein and 
other harmful processes and may provide a more effective means of treating Huntington’s 
disease in patients and slowing its progression.
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Introduction 
A genetic mutation of the huntingtin (HTT) gene causes 
Huntington’s disease (HD), with a cytosine-adenine-guanine 
trinucleotide (CAG, which encodes glutamine) expanded 
repeat at exon 1, leading to a polyglutamine (polyQ) 
expansion in the N-terminal regions of huntingtin (HTT) 
protein (Macdonald et al., 1993). Misfolding and aggregation 
of mutant huntingtin (mHTT) as well  as age-related 
neurodegeneration results from this polyQ expansion. CAG 
repeat lengths of 6–35 are found in unaffected individuals, 
while HD individuals have repeat lengths > 36 on one HTT 
allele, with CAG repeat length inversely correlated with 
the age of disease onset (Andrew et al., 1993; Orr and 
Zoghbi, 2007). HTT is converted from a neuroprotective to a 
neurotoxic protein by the polyQ expansion (Cattaneo et al., 
2005). HTT may be involved in neurodevelopment, regulation 
of apoptosis, control of brain-derived neurotrophic factor 
(BDNF) production, vesicular and mitochondrial transport, 
neuronal gene transcription, and synaptic transmission 
(Cattaneo et al., 2005; Zuccato et al., 2010). Despite HTT 
expression in neurons throughout the brain, GABAergic 
medium spiny striatal neurons (MSN) and cortical neurons 

are the most vulnerable in HD individuals (Fusco et al., 
1999). The progressive loss of cortical and striatal neurons 
causes cognitive defects, and motor control dysfunction 
including chorea (involuntary movements). However, there 
is wide variability in polyQ length, age of onset, and degree 
of symptoms (Cajavec et al., 2006). Most HD patients have 
expanded polyQ repeats of 38–55 glutamines and exhibit late-
onset neurological symptoms around 30–50 years of age, with 
death usually occurring within 15 years after disease onset 
(Melone et al., 2005). Longer expansions (> 55 CAG repeats) 
may result in juvenile-onset HD (only about 6% of all HD 
cases) (Harper, 1996; Quarrell et al., 2012).

HTT interacts with the essential transcriptional repressor 
REST (Repressor Element 1 Silencing Transcription Factor) 
in neurons (Zuccato et al., 2003; Ooi and Wood, 2007). In 
unaffected individuals, wild type HTT sequesters REST in 
the cytoplasm of neurons. However, in HD individuals, this 
interaction is inhibited by the polyQ expansion of mHTT, with 
abnormally high levels of REST accumulating in the nucleus 
of HD neurons and leading to increased transcriptional 
repression of REST target genes, including BDNF (Zuccato et 
al., 2007). Decreased survival of striatal neurons occurs due 
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to the lowered levels of BDNF. Several neuronal microRNAs 
(miRNAs) are regulated by REST (Conaco et al., 2006), and 
have altered expression levels in HD patients (Johnson et al., 
2008). Also, miR-9/miR-9* (miR-9-5p/miR-9-3p) regulates 
REST and CoREST and is downregulated in HD (Johnson et 
al., 2008; Packer et al., 2008). These findings suggest that 
dysregulation of neuronal miRNAs might be involved in HD 
pathogenesis. MiRNA dysregulation has been reported in HD 
patients, transgenic HD mice, and in in vitro experimental 
models (Packer et al., 2008; Marti et al., 2010; Gaughwin et 
al., 2011; Lee et al., 2011; Jin et al., 2012; Jovicic et al., 2013; 
Soldati et al., 2013).

A promising approach to delay the progression of HD is RNA 
interference (RNAi), as it can suppress the expression of mHTT 
at the post-transcriptional level (Boudreau et al., 2009; Drouet 
et al., 2009; Fiszer et al., 2011). MiRNA is one of the RNAi 
regulatory pathways and downregulates gene expression by 
binding to complementary sequences in the 3′ untranslated 
region (3′UTR) of target mRNAs, further inhibiting protein 
translation (Didiano and Hobert, 2008; Williams, 2008). 
MiRNAs were shown to be involved in neuronal development 
and several neurodegenerative processes (Iyengar et al., 2014; 
Singh et al., 2014). Furthermore, miRNAs can regulate disease 
progression in HD (Buckley et al., 2010; Cheng et al., 2013; 
Maciotta et al., 2013), and may be a promising therapeutic 
strategy. 

Experimental Models of Huntington’s Disease
In vivo animal models
Animal models that mimic the clinical and neurobiological 
symptoms of HD can be used to further investigate the 
molecular pathogenesis of HD. They can also be used in the 
development of therapeutic strategies for HD, and evaluating 
the efficacy and safety of potential new drugs. These models 
can be grouped into three main classes: mitochondrial toxin 
models, excitotoxic models, and genetic models (Saxena, 
2013; Chang et al., 2015; Kaur et al., 2017; Yang et al., 2020). 

Mitochondrial toxin models 
Mitochondrial toxins include 3-nitropropionic acid (3-NP) and 
malonic acid, and administering these compounds to both 
rats and primates causes striatal lesions that resemble clinical 
HD. They inhibit mitochondrial complex II enzyme (succinate 
dehydrogenase) and cause a reduction in ATP levels. 

Chronic administration of 3-NP causes prolonged energy 
deficiency by mitochondrial dysfunction and mimics all 
pathophysiological features of HD, including degeneration of 
GABAergic MSNs of striatum. In rats, 3-NP-induced lesions in 
the basal ganglia resulted in enhanced N-methyl-D-aspartate 
(NMDA) receptor binding, decreased ATP, calcium overload, 
excitotoxic events, and neuronal death. Production of reactive 
oxygen species (ROS) and oxidative stress are correlated with 
excitotoxic cell death. Rats are more sensitive than mice to 
3-NP treatment. As 3-NP readily crosses the blood-brain 
barrier, it can be systemically administered by subcutaneous 
osmotic pump and subcutaneous or intraperitoneal injection 
to rats, mice, and nonhuman primates.

Malonic acid does not cross the blood-brain barrier, but 
causes motor impairment and neuronal pathology similar to 
HD on intrastriatal administration to rodents. Malonic acid 
causes dose-dependent neurotoxicity, leading to neuronal 
depolarization and secondary excitotoxicity.

Excitotoxin models
Excitotoxicity is pathologic neurodegeneration caused by 
very high activation of non-NMDA and NMDA glutamate 
receptors and also voltage-dependent ion channels. Increases 
in intracellular Ca2+ concentration and Ca2+-activated enzymes 
such as proteases, phospholipases, and endonucleases 

further promote the degradation of various cell components 
and neuronal death. Excitotoxic agents include kainic acid and 
quinolinic acid which bind to non-NMDA and NMDA receptors, 
respectively, on striatal neurons. 

Kainic acid administration causes increased production of 
ROS, mitochondrial dysfunction, and neuronal apoptosis in 
many brain regions. Kainic acid induces abnormal behavioral 
events characterized by epileptiform seizures followed 
by neurodegeneration in specific brain regions including 
hippocampus, cortex, thalamus, and amygdala.

Quinolinic acid causes degeneration of GABAergic and 
substance P-containing neurons, with comparative sparing of 
NADPH-diaphorase and cholinergic neurons, which are found 
to be spared in HD. Quinolinic acid cannot cross the blood-
brain barrier and is, therefore, administered directly into the 
striatum. Quinolinic acid-induced excitotoxin lesions in the 
monkey comprise a nonhuman primate model that has the 
neurological and clinical features of HD.  

Advantages of the toxin models are the pronounced cell 
death in the striatal brain region; the symptoms produced are 
analogous to HD pathology; they enable a further investigation 
of various mechanisms involved in HD pathogenesis (e.g., ROS 
formation, protease activation etc.); they allow for examining 
neuroprotective and neurorestorative therapies for HD; they 
are easily established in research laboratories; and they are 
more economical compared to other models. Disadvantages 
are production or misfolding of mHTT does not occur; in 
these toxin models cell death occurs immediately and is not 
dependent on mHTT, whereas in clinical HD the beginning 
of cell death is progressive and onset age is inversely 
proportional to the number of CAG repeats.

Genetic models
These comprise transgenic models and knock-in models. 
Transgenic models include fragment models like R6/1, R6/2, 
and full-length models such as BACHD, YAC128. Knock-in 
models include Hdh/Q72-80 and CAG140.

Transgenic mouse models: RD/1 and R6/2 transgenic mouse 
models were developed in 1996, with RD/2 mice being the 
most extensively studied model of HD. They both express 
exon 1 of human HTT with about 115 and 150 CAG repeats, 
respectively, under the control of the human HTT promoter 
(Mangiarini et al., 1996). A severe phenotype develops in 
R6/2 mice, with motor deficits evident at 5–6 weeks and often 
do not survive more than 13 weeks. The onset of behavioral 
changes in R6/1 mice is generally delayed by several weeks, 
and the progression of the severity of symptoms is slower (Li 
et al., 2005). The early death and severe phenotype makes 
R6/2 mice a plausible model for juvenile-onset HD, and 
indicates the toxicity of the N-terminal fragment of mHTT 
with a large polyQ repeat (Li and Li, 1998; Tang et al., 2011). 
Nuclear inclusions and aggregates are consistently formed 
from transgenic N-terminal mHTT in R6/2 mice, and led to the 
finding of similar inclusions in the postmortem brains of HD 
patients (DiFiglia et al., 1997; Gutekunst et al., 1999; Schilling 
et al., 2007; Landles et al., 2010). R6/2 mice mimicked human 
HD pathology in many respects but showed no apoptotic 
neuronal death, which differed from the extensive neuronal 
loss observed in the striatum and cortex of HD patients 
(Turmaine et al., 2000). This may be due to the early death of 
R6/2 mice (Menalled and Chesselet, 2002). 

Transgenic mice expressing different N-terminal mHTT 
fragments provided further proof that the N-terminal mutant 
HTT is toxic. N171-82Q transgenic mice express the first 
171 amino acids with 82 glutamines in the polyQ domain 
under the control of the mouse prion promoter and show 
progressive neurological phenotypes and early death, often 
occurring at 4–6 months of age (Schilling et al., 1999). Age-
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dependent formation of HTT aggregates in neuronal cells 
occurs in these mice, consistent with N-terminal mHTT having 
an altered conformation leading to protein aggregation (Perutz 
et al., 1994; Davies et al., 1997). 

Transgenic mice expressing full-length mHTT with expanded 
polyQ repeats provided further evidence indicating the 
toxicity of N-terminal mHTT. The most extensively studied of 
these HD mice are BACHD with 97 CAG/CAA mixed repeats 
and YAC128 with 128 CAG pure repeats in human HTT (Slow 
et al., 2003; Gray et al., 2008). BAC and YAC HD mice show 
selective atrophy in the striatum and cortex together with 
progressive motor deficits, thus exhibiting to some extent the 
regional selectivity of adult-onset HD. Differing from YAC128 
mice, BACHD mice express a higher level of HTT but show 
fewer aggregates. Body weight gain is a shared phenotype in 
human HTT genomic transgenic mice, which is not found in 
HD patients (Pouladi et al., 2010).

Although several transgenic mouse models of HD have 
been extensively studied, none of them show the robust 
neurodegeneration observed in the brains of HD patients. 
The aging process is quite different between small and large 
animals, and mHTT may accumulate or be cleared differently 
in the brains of different species, thereby contributing to 
different pathologies in rodents and large animals. Transgenic 
HD rhesus monkeys express exon 1 mHTT with 84Q under 
the control of the human ubiquitin promoter (Yang et al., 
2008). HD transgenic monkeys with 84Q die postnatally, and 
this early death is associated with the levels of mHTT (Yang 
et al., 2008). Some transgenic monkeys developed key HD 
features including dystonia, chorea, and seizure (Yang et al., 
2008), which have not been replicated in mouse models or 
other small animal models. Similar to the brains of HD mouse 
models and patients, HD monkey brains showed abundant 
HTT aggregates in neuronal nuclei and neuronal processes. 
As degeneration of axons and neuronal processes occurs in 
the absence of obvious cell body degeneration in transgenic 
HD monkeys (Wang et al., 2008) neuronal degeneration in HD 
may start from neuronal processes. 

Knock-in mouse models:  Knock-in (KI)  models with 
expanded CAG repeats or human mHTT exon 1 replacing the 
corresponding sequences in the endogenous murine HTT 
gene locus have been produced (Shelbourne et al., 1999; 
Wheeler et al., 2000; Lin et al., 2001; Menalled et al., 2003; 
Heng et al., 2008). Also a series of mHTT-KI models with 
increasing polyQ length repeats 111, 140, 150, and 175 are 
available (Wheeler et al., 1999; Lin et al., 2001; Menalled et 
al., 2003; Heng et al., 2007; Woodman et al., 2007; Heikkinen 
et al., 2012; Yang et al., 2020). Late-onset of phenotype and 
progressive but mild pathology were found in these HD KI 
mice (Shelbourne et al., 1999; Wheeler et al., 2000), and 
many behavioral abnormalities were similar to transgenic 
mouse models but much milder (Woodman et al., 2007). 
Although not developing phenotypes as severe as transgenic 
mice expressing N-terminal mHTT, HD KI mice show the 
preferential accumulation of mHTT in striatal neurons that 
are mostly affected in HD, which is an important pathological 
change seen in the brains of HD patients (Lin et al., 2000; 
Wheeler et al., 2000; Lin et al., 2001). 

In vitro animal cell models 
These models include striatal cell lines that express wild type 
and mutant HTT, and also induced pluripotent and neuronal 
stem cells (Nekrasov et al., 2016; Szlachcic et al., 2016, 2017).

STHdh cells
STHdh striatal cell lines were produced from a HD KI mouse 
embryo model (Trettle et al., 2000) carrying the Hdh gene 
(mouse HD gene homologue) with a chimeric exon 1 
(Menalled, 2005) and characterized by a mild behavioral 
phenotype and neuropathological features (Wheeler et al., 

2002). These cell lines are from striatal primordia (Trettle et 
al., 2000) and express wild type and mHTT at endogenous 
levels (Wheeler et al., 2000). Comparing immortalized striatal 
precursor cells from wild type mice (STHdhQ7/Q7 cells) to 
precursor cells derived from homozygous Hdh Q111 knock-in 
mice (STHdhQ111/Q111 cells) has led to differences in several HD-
associated cellular pathways being discovered or confirmed 
e.g., HTT involvement in calcium handling deficits and 
mitochondrial dysfunction (Gines et al., 2003a; Choo et al., 
2004; Milakovic and Johnson 2005; Seong et al., 2005; Oliveira 
et al., 2006) or effects on various signaling cascades (Gines 
et al., 2003b; Xifró et al., 2008; Ferrante et al., 2014). Studies 
with these cells have indicated that specific stress pathways 
including elevated level of p53 protein, endoplasmic reticulum 
stress response, and hypoxia may play important roles in HD 
(Trettel et al., 2000). Whereas REST is largely cytoplasmic in 
HdhQ7/Q7 cells, in HdhQ111/Q111 cells it is mainly nuclear, leading 
to repression of its target genes (Zuccato et al., 2007; Solidati 
et al., 2011). These cells have been shown to be ideal for 
analyzing the contribution of REST to gene expression changes 
in HD. Despite the undoubted usefulness and importance of 
the STHdh cell line model, differences have been reported in 
size (Milakovic and Johnson, 2005), shape (Reis et al., 2011) 
and proliferation rate (Singer et al., 2017), and might be 
confounding factors. This could make interpretation of study 
outcomes difficult due to introducing factors that cannot be 
properly controlled for.

iPSC and NSC cells
New cellular models include induced pluripotent and 
neuronal stem cells (iPSCs and NSCs, respectively) (Mattis and 
Svendsen, 2015; Zhang et al., 2016; Wiatr et al., 2018). The 
YAC128 and wild type iPSCs were generated from adult skin 
fibroblasts using a five-factor (Oct3/4, Sox2, Klf4, cMyc, Lin28) 
piggyBac transposon-based system (Yusa et al., 2009, 2011). 
NSCs have been derived from mouse iPSCs (Karanfil and 
Bagci-Onder, 2016). In addition, neural progenitor cells have 
been established from monkey iPSCs that can differentiate 
into GABAergic neurons in vitro (Cho et al., 2019). Similar 
molecular changes were observed in the iPSC stage in both 
YAC128 mouse and juvenile HD patient-derived cells (Szlachcic 
et al., 2015). These included decreased mitogen-activated 
protein kinase signaling activity, increased expression of the 
antioxidative protein superoxide dismutase 1 (SOD1), and 
decreased expression of the p53 protein which interacts with 
HTT and is involved in the above pathways (Szlachcic et al., 
2015). 

MicroRNAs in Animal Models of Huntington’s 
Disease
A PubMed search was performed for articles published during  
January 2008–June 2020 on levels of miRNA expression in in 
vivo and in vitro animal models of HD to determine which ones 
are dysregulated in HD. Also, these articles were examined for 
whether overexpression or suppression of specific miRNAs 
could alleviate HD and thereby serve as therapeutic targets. 
The steps involved in the review and its contents are shown 
(Figure 1). A total of 17 articles were found for the review of 
which 3 had performed both in vivo and in vitro studies, 10 
had carried out solely in vivo studies, and 4 had performed in 
vitro studies only.

In vivo animal studies
Spronck et al. (2019) performed intrastriatal injection of an 
adeno-associated virus expressing a miRNA targeting human 
HTT (AAV5-miHTT) at low, medium and high doses in both 
hemispheres of Q175 KI and wild type (WT) littermate male 
mice at 3 months of age. An engineered mmu-pre-miR-155 
scaffold had embedded miHTT sequences (Miniarikova et al., 
2016). Q175 KI and WT mice were injected with vehicle and 
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served as a control group. At 12 months after intrastriatal 
injection of AAV5-miHTT, a significant dose-dependent average 
decrease of mHTT protein of up to 39% in the striatum and 
up to 13% in the cortex of Q175 KI mice was found. Staining 
with an antibody specific for aggregated HTT (Gutekunst et 
al., 1999) indicated a decrease of mHTT aggregates in the 
striatum and cortex of Q175 KI mice treated with the high 
dose of AAV5-miHTT compared with vehicle-treated Q175 
KI mice. Treatment with AAV5-miHTT led to sustained HTT 
protein lowering and decreased aggregation in this mouse HD 
model. R6/2 mice were injected at 4 weeks of age with AAV5-
miHTT using the same procedure and doses as for the Q175 
KI mice. R6/2 mice began losing body weight around 10 weeks 
of age. Treatment with the high dose of AAV5-miHTT resulted 
in a significantly higher body weight in R6/2 mice compared 
with untreated R6/2 mice at 10, 11, 13, 15–19, and 21 weeks 
of age. Motor coordination on the rotarod was significantly 
improved in the high dose AAV5-miHTT group compared with 
vehicle-treated R6/2 mice. The median survival of R6/2 mice 
treated with a low dose was increased by 26.5 days, whereas 
R6/2 mice treated with the high dose had an increase of 29 
days (median survival 149 days) compared with untreated 
R6/2 mice (median survival 120 days). 

In a study by Langfelder et al. (2018), male mice of seven 
heterozygous KI lines expressing 20, 50, 80, 92, 111, 140, 
175 CAG repeats were crossed with female C57BL/6J mice. 
Guidelines for selecting animals included numbers of animals 
from the litters contributing to the experimental groups and 
a body weight > 11 g (female) and > 13 g (male) by 5 weeks 
of age. In the first phase of the study, four female and four 
male heterozygous mice from each Q20, Q89, Q92, Q111, 
Q140 and Q175 lines plus WT control littermates of Q20 
mice at age 2, 6 and 10 months were profiled using deep 
microRNA sequencing. The Q20 mice had a repeat length 
that approximated to the average human HTT repeat length 
and were considered controls. In the second phase, four 
female and four male animals from Q20, Q50, Q92 and Q140 
phenotypes at age 2, 6 and 10 months plus WT littermates of 
Q20 and Q50 lines were profiled. Pronounced age- and CAG-
length-dependent increases were observed in differentially 
expressed (DE) miRNAs in the striatum and to a lesser extent 
in the cortex, cerebellum, and hippocampus. At 2 months 
of age, a modest number of DE miRNAs were found across 
most of the tissues, but the observed differential expression 
of these miRNAs did not appear to be progressive with 
increasing CAG length. In contrast, in the 6- and 10-month 

Figure 1 ｜ Flow chart of article screening. 

striatum there was a relatively large number of DE miRNAs 
that increased with CAG length. This was especially noticeable 
in 10-month striatum, where there were no DE miRNAs in 
Q80, 2 in Q92, 34 in Q111, 58 in Q140, and 68 in Q175. In 
the cerebellum, significantly DE miRNAs were only detected 
in Q140 (13 at 10 months) and Q175 lines (1, 69, and 79 at 2, 
6 and 10 months, respectively). In the cortex, most of the DE 
miRNAs were found in Q175 samples (8 at 6 months and 33 
at 10 months): there were only a small number of DE miRNAs 
in lower CAG length samples (3 and 7 in Q40 and Q92 at 2 
months, 6 in Q92 at 6 months). In the hippocampus, most DE 
miRNAs were found in Q175 samples: 16 and 43 at 6 and 10 
months, respectively. The miR-212/miR-132 cluster and miR-
218 were downregulated in the striatum. There were only 
three miRNAs (miR-484, miR-212, and miR-6944) that were 
commonly dysregulated across all four brain regions. A single 
miRNA, miR-484 was differentially expressed (downregulated 
with increasing CAG length) across all tissues in the first phase 
of the study and striatum in the second phase and changed in 
the same direction with Q across all 9 data sets.  

Reynolds et al. (2018) using qPCR showed that miR-34a-5p 
expression in the brain (cerebellum excluded) of R6/2 male 
mice with CAG repeat length of 144 was significantly lower 
compared to WT littermate mice at 5, 8 and 11 weeks of 
age, and the difference between R6/2 CAG144 and WT mice 
increased with age. A significant effect of the HD phenotype 
on Sirt1 mRNA expression was observed in brain tissue, with 
increased expression found in R6/2 CAG144 males regardless 
of age, consistent with miR-34a-mediated repression of SIRT1. 
Measurement of miR-34a-5p expression in brain tissue from 
early symptomatic (8-week-old) R6/2 female mice with 182 
CAG repeat length, an age when significant motor symptoms 
were present but no weight loss was yet seen, showed no 
statistically significant difference compared to WT mice. 
Likewise, in late-symptomatic (12-week-old) R6/2 CAG182 
mice, miR-34a-5p expression was not significantly different 
in either female or male mice compared to WT mice. Sirt1 
mRNA levels were significantly upregulated in 8-week-old 
R6/2 CAG182 female mice. However, Sirt1 mRNA expression 
in 12-week-old female and male R6/2 CAG182 mice did not 
differ significantly from WT littermates. SIRT1 protein levels 
were significantly increased in 8-week-old R6/2 CAG182 
females and in 12-week-old R6/2 CAG182 females and males. 

By RT-PCR, Fukuoka et al. (2018) showed the expression of 
miR-132 was significantly decreased in the striatum and 
cerebral cortex of 9-week-old R6/2 CAG124 male mice 
compared to WT male littermates. To determine the effect 
of supplying miR-132 to the brain and compensate for the 
decrease of miR-132 in R6/2 brains, constructed miR-132-
expression adeno-associated viruses (AAV9_miR-132) and 
negative control viruses (AAV9_miR-Neg) were introduced into 
the striatum of ~3 week-old R6/2 and WT mice, the age when 
the marked difference in miR-132 levels began to appear in 
the R6/2 mice. Following virus administration, miR-132 levels 
returned to normal levels in the striatum of AAV9_miR-132-
treated R6/2 mice. An increase in miR-132 was also detected 
in the cerebral cortex and midbrain of AAV9_miR-132-
treated R6/2 mice, probably due to diffusion of AAV9_miR-
132 viruses. Rotarod and open-field test showed a definite 
amelioration in AAV9_miR-132-treated R6/2 mice. Moreover, 
AAV9_miR-132-treated R6/2 mice had a significant increase in 
survival compared to AAV9_miR-Neg-treated R6/2 mice. Thus, 
miR-132 supplementation was successful in improving motor 
function of R6/2 mice and prolonging their life, and therefore 
in slowing down disease progression in R6/2 mice. MiR-132 
supplementation had little effect on the expression of mHTTs 
and their inclusion body formation in AAV9_miR-132-treated 
R6/2 mice. 

Lee et al. (2017) examined exosome delivery of miR-124 into 
the striatum of 6-week-old R6/2 mice. At 1 week later, the 
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exosome-miR-124 injected mice had slightly higher levels of 
miR-124 expression in the brain compared to the control (non-
treated) R6/2 mice, but not significantly different. However, 
the level of REST protein in the brain (the key target protein 
of miR-124) was significantly lower in the exosome-miR-124 
treated R6/2 mice than in control R6/2 mice. There was no 
difference in rotarod performance between the exosome-miR-
124-treated R6/2 mice and the control R6/2 mice at 7 weeks 
of age.

Her et al .  (2017) found no signif icant difference in 
the expression levels of synaptic proteins PSD95 and 
synaptophys in  between miR-196a transgenic  mice 
overexpressing miR-196a and non-transgenic mice, but 
VAMP1 was significantly increased in miR-196a transgenic 
mice compared to non-transgenic mice. Neuronal activity 
in the brains of these transgenic mice, determined by the 
detection of c-Fos (Zhang et al., 2002), showed miR-196a 
transgenic mice had significantly higher intensity of c-Fos 
signals in the brain. In addition, higher expression levels 
were found in miR-196a transgenic mice of calbindin D-28K, 
a marker related to neuronal activity and synaptic plasticity 
(Westerink et al., 2012). MiR-196a transgenic mice exhibited 
significantly greater abilities of learning and memory in the 
T-maze test but not in the novel object recognition test. There 
was a significant decrease of endogenous ran-binding protein 
10 (RANBP10) in miR-196a transgenic mice, suggesting that 
miR-196a could bind to 3′ UTR of RANBP10 to suppress 
the expression of RANBP10. Decreased total neurite length 
occurred in RANBP10 transgenic mice, and a greater trend 
of RANBP10 expression was evident in R6/2 transgenic mice 
(Mangiarini et al., 1996). 

Keeler et al. (2016) performed bilateral intrastriatal injection 
of AAV9-GFP-miRHtt at 6 or 12 weeks of age in homozygous 
Q140/Q140 knock-in mice. AAV9-GFP-miRHtt vector was 
engineered carrying GFP in tandem of an artificial miRNA 
against HTT embedded in the 3′ UTR of GFP. A miRNA miR-155 
(miRHtt) scaffold was embedded with the sequences targeting 
mouse HTT mRNA. At 6 months of age, the levels of mHTT 
mRNA in striatum were 40–50% lower in mice injected with 
AAV9-GFP-miRHtt vector at 6 or 12 weeks of age compared to 
control mice injected with AAV9-GFP. mHTT protein in mice 
injected with AAV9-GFP-miRHtt vector at 6 or 12 weeks of age 
was reduced by 40% and 25%, respectively, compared to 
control mice injected with AAV9-GFP. Using a branched DNA-
based in situ hybridization method to investigate decrease of 
striatal HTT at the cellular level, a marked shift was seen in 
the distribution of HTT mRNA foci in MSNs of mice injected 
with AAV9-GFP-miRHtt. The percentage of total MSNs with 
0–2 foci was significantly higher in the AAV9-GFP-miRHtt group 
compared to control groups; conversely, the percentage 
of MSNs with ≥ 5 foci was significantly lower in AAV9-GFP-
miRHtt group compared to controls. Treatment of Q140/
Q140 mice with AAV9-GFP-miRHtt increased the percentage 
of MSNs with no HTT mRNA foci to 14–20%, depending on 
the striatum region analyzed. No difference was found in 
Iba1 immunoreactivity in the striatum of AAV9-injected mice 
compared to non-injected controls, suggesting an absence 
of an inflammatory response. The mean striatal cross-
sectional area in AAV9-GFP-miRHtt mice at 12 weeks of age was 
decreased by 10% compared to non-injected controls.

Injection of miR-124 into the striatum of R6/2 mice 8 
weeks of age by Liu et al. (2015) was found to significantly 
improve rotarod test performance at 10 and 11 weeks of age 
compared to vehicle injection for control mice (N/C miRNA). 
There was no significant difference of weight loss between the 
miR-124 injected R6/2 mice and the N/C miRNA-injected R6/2 
mice. The expression levels of neuroprotective peroxisome 
proliferator-activated receptor gamma coactivator 1α and 
BDNF were increased and SRY-box transcription factor 9, the 
repressor of cell differentiation, was decreased in miR-124-

injected R6/2 mice compared with the N/C control-injected 
R6/2 mice. 

Kocerha et al. (2014) found a significant increase of mHTT 
aggregates in the frontal cortex of HD rhesus monkeys 
that were miscarried or delivered at full term compared to 
control animals. Caspase-3 positive cells were detected by 
immunostaining in the frontal cortex of HD4, HD7 and HD8 
monkeys, with significantly fewer positive cells observed in 
control monkey brains. An increased number of astrocytic 
positive cells with intense GFAP immunostaining was found 
in the frontal cortex of HD monkeys compared to control 
monkeys. Expression of GFAP protein was significantly 
increased in the frontal cortex of HD7 and HD8 compared 
to control monkeys. With miRNA array profiling, 11 miRNAs 
were significantly dysregulated in HD monkeys, 2 were 
upregulated and 9 were downregulated compared to controls. 
By qPCR analysis, miR-194 was significantly upregulated 
while miR-181c, miR-128a, and miR-133c were significantly 
downregulated in the brains of HD monkeys compared to 
control animals. 

Cheng et al. (2013) generated miR-196a transgenic mice 
via lentiviral transgenesis and by breeding with GFP-HTT 
(GHD) transgenic mice obtained four groups of mice: double 
transgenic mice (D-Tg) carrying mHTT and miR-196a, GHD 
transgenic mice, 196a transgenic mice, and WT mice. Lower 
expression levels of mHTT mRNA and protein were found 
in brain samples of D-Tg transgenic mice at 1 month of 
age compared to GHD transgenic mice, and there was a 
significantly higher expression of miR-196a in D-Tg transgenic 
mice compared to GHD transgenic mice. Brain samples from 
D-Tg and GHD transgenic mice at 1 and 12 months of age had 
an increase of aggregated mHTT in GHD mice at 12 months of 
age, whereas D-Tg mice had much fewer mHTT aggregates at 
1 and 12 months of age, implying that miR-196a inhibited the 
expression of mHTT in vivo. Severe pathological aggregates 
were observed in different brain regions, such as the cortex 
and striatum, in GHD transgenic mice at 12 months of age, 
whereas much fewer aggregates were seen in D-Tg transgenic 
mice. Comparable behavioral phenotypes were observed in 
the groups at 4 and 8 months of age; however, a worsening 
performance was observed in GHD mice at 12 months of 
age, whereas D-Tg mice had a similar performance to that of 
196a transgenic mice and WT mice. These studies indicated 
that miR-196a could improve molecular, pathological and 
behavioral phenotypes in vivo. 

Jin et al. (2012) used RT-PCR to determine miRNA levels in 
cerebral cortex and striatum samples of N171-82Q HD male 
mice. MiR-200a and miR-200c were significantly upregulated 
in the cortex and striatum of 12-week-old N171-82Q mice. 
The levels of miR-200a and miR-200c in the cortex and 
striatum of HD mice were significantly increased at the early 
stage of disease in 8- and 12-week-old N171-82Q mice, but 
did not differ at the later stage of disease in 18-week-old 
N171-82Q mice, compared to age-matched WT mice. The 
mRNAs encoding ATP2A2, ATCXN, and NRXN1 are shared 
targets for miR-200a and miR-200c. These downregulated 
target genes of miR-200a and miR-200c have been suggested 
to play important roles in synaptic function, axonal trafficking, 
neurotransmitter release, neurogenesis, and neuronal 
survival. It was suggested that upregulation of miR-200a and 
miR-200c might repress these genes involved in progressive 
neuronal dysfunction and neurodegeneration in HD. 

Using RT-PCR, Lee et al. (2011) showed that nine miRNAs were 
commonly downregulated in striatum of YAC128-12months 
and R6/2-10weeks mice: miR-22, miR-29c, miR-128, miR-132, 
miR-138, miR-218, miR-222, miR-344, miR-674*. No miRNAs 
were commonly downregulated in YAC128-5months and R6/2 
mice. However, four miRNAs miR-34b-3p, miR-207, miR-448, 
miR-669c were commonly upregulated in YAC128-5months 
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and R6/2 mice, and one miRNA miR-18a* was upregulated 
in both YAC128-5months and YAC128-12months mice. No 
miRNA was commonly upregulated in both YAC128-12months 
and R6/2 mice. In male Lewis rats 12 weeks of age treated 
with 3NP via a subcutaneous Alzet osmotic minipump, there 
were fewer miRNAs that changed during the 3NP-induced 
striatal degeneration than in the transgenic mice. Three 
miRNAs miR-200a, miR-200b, and miR-429 were commonly 
upregulated in the 3NP-Day3 and 3NP-Day5 groups, with the 
levels being highest in the 3NP-D3 group. One miRNA miR-349 
was upregulated in 3NP-D1 and 3NP-D5 groups. Two miRNAs 
miR-181 and miR-96 were commonly downregulated in the 
3NP-D1 and 3NP-D3 groups. No miRNAs were commonly 
downregulated or upregulated among YAC128-12months 
mice, R6/2 mice, and 3NP-D5 rats. 

Using qPCR, Johnson et al. (2008) examined the levels of seven 
REST target miRNAs in the cortex of R6/2 mice at 12 weeks 
of age, and found four had significantly reduced expression, 
miR-29a, miR-124a, miR-132, and miR-135b. There were 
similar differences in miRNA expression in the hippocampus 
of the same animals. Among these dysregulated miRNAs were 
the important neuronal-specific miRNAs miR-124a and miR-
132. To confirm the observed dysregulation of miRNAs in 
R6/2 brain and to investigate downstream effects of this, the 
levels of five target mRNAs of the dysregulated miRNAs were 
measured in the same R6/2 cortex samples. The target mRNAs 
were Atp6v0e, Vamp3, Plod3, Ctdsp1, and Itgb1. All of these 
five mRNAs had increased levels in R6/2 cortex, of which four 
were statistically significant. These findings were consistent 
with the observed decrease in miR-124a levels in R6/2 cortex.

In vitro animal cell studies
Her et al. (2017) examined mouse primary cortical neurons 
transfected with miR-196a-DsRed that carried the precursor 
has-miR-196a-2 under control of a human ubiquitin promoter 
and a RFP gene, and observed significantly more branches 
and greater neurite length in miR-196a neurons. In N2a 
mouse neuroblastoma cells overexpressing miR-196a there 
was an increased velocity of intracellular transport during 
anterograde but not retrograde transport compared to that of 
DsRed control. The expression level of endogenous RANBP10 
was significantly decreased in miR-196a transfected cells. 
Significantly less branches and shorter neurite outgrowth in 
N2a cells and primary neurons resulted from overexpression 
of RANBP10-DsRed. The transport velocity during retrograde 
but not anterograde transport was significantly decreased by 
RANBP10. Cotransfecting miR-196a-GFP with RANBP10-DsRed 
into N2a cells showed that RANBP10 significantly blocked 
the function of miR-196a on total neurite length but not on 
branch numbers, suggesting RANBP10 was a critical regulator 
of miR-196a on neuronal morphology. 

In an earlier study by Fu et al. (2015), total neurite outgrowth 
was significantly shorter in mouse neuroblastoma N2a cells 
transfected with HTT84Q (HD group) compared to cells 
transfected with HTT19Q group (control group), suggesting 
less neurite outgrowth under the HD conditions. Transfection 
with miR-196a significantly enhanced neurite outgrowth 
compared to the miR-NC transfection control group. N2a 
cells transfected with HTT84Q+miR-196a had significantly 
increased neurite outgrowth compared to cells transfected 
with HTT84Q+miR-NC. 

Soldati et al. (2013) investigated whether abnormal repression 
of miRNAs in the presence of mHTT was due to increased 
levels of nuclear REST. Twenty mouse miRNAs with a known 
REST binding site within 100 kb, 9 mouse miRNAs with no 
known REST binding site but were downregulated in HD, and 
the mouse homologues of 12 human miRNAs with a REST 
binding site within 100 kb and were dysregulated in HD, were 
selected. Comparing the expression of these 41 miRNAs in 

Hdh109/109 cells relative to Hdh7/7 cells by RT-PCR showed that 
15 were expressed at significantly lower levels: miR-9, miR-
9*, miR-23b, miR-124, miR-132, miR-133a, miR-135b, miR-
135b*, miR-139, miR-212, miR-222, miR-344, miR-153, miR-
455, miR-137. Twelve of these miRNAs were significantly 
increased following REST knock-down: miR-9, miR-9*, miR-
23b, miR-124, miR-132, miR-135b, miR-135b*, miR-212, miR-
222, miR-153, miR-455, miR-137. Three of these upregulated 
miRNAs, miR-137, miR-153, and miR-455, were mouse 
homologues of human miRNAs with predicted REST binding 
sites 1859 bp, 7735 bp, and 859 bp from their transcriptional 
start sites, respectively. These three putative sites were tested 
for REST occupancy. Greater levels of REST occupancy were 
found at miR-137 and miR-153 in Hdh109/109 cells compared 
to Hdh7/7 cells, which was significantly decreased following 
REST knock-down, suggesting that REST was a direct regulator 
of these miRNAs in HD. This study showed that many of 
the dysregulated miRNAs in HD were directly repressed by 
increased levels of REST. 

In a study by Jovicic et al. (2013), rat primary cortical and 
striatal neurons were infected with lentiviruses encoding 
the first 171 amino acids of WT or mHTT (HTT171-18Q 
vs. HTT171-82Q). The viability of both striatal and cortical 
neurons was significantly decreased by HTT171-82Q, but 
significantly restored by miR-22 overexpression. In parallel 
cultures immunostained with anti-HTT antibodies, the number 
of HTT-enriched foci of ≥ 2 µm was lowered by miR-22. Also, 
striatal neurons were treated with 3-NP for 48 hours with 
miR-22 overexpression versus a control comprising neuronal 
cells without miRNA overexpression. Although the miR-22-
expressing vector modestly decreased neuronal viability 
(NeuN-positive cell count) compared to the non-treated 
control, reflecting toxicity of the lentiviral vector application, 
miR-22 overexpression significantly increased the survival of 
3-NP treated neurons. Long-term culture of cortical neurons 
> 5 weeks (aging model) caused a significant decrease in the 
number of neurons, and long-term neuronal survival was 
significantly increased by miR-22 expression. Inhibition of 
mitogen-activated protein kinase 14/p38 activity was one 
of the neuroprotective capabilities of miR-22. Activation of 
effector caspases occurred in HTT171-82Q and 3-NP model, 
and was significantly inhibited by overexpression of miR-
22. 	

By RT-PCR, Sinha et al. (2011) observed that the expression of 
miR-150, miR-146a and miR-125b was decreased while that of 
miR-214 was increased in STHdhQ111/HdhQ111 cells compared to 
STHdhQ7/HdhQ7 cells. Expression of exogenous miR-214, miR-
146a, miR-150 and miR-125b downregulated the endogenous 
expression of HTT mRNA and protein. In an earlier study, 
Sinha et al. (2010) showed by RT-PCR that the expression of 
miR-9, miR-9*, miR-100, miR-125b, miR-135a, miR-135b, 
miR-138, miR-146a, miR-150, miR-181c, miR-190, miR-218, 
miR-221, miR-222, miR-338-3p was significantly decreased, 
whereas the expression of miR-145, miR-199-5p, miR-199-
3p, miR-148a, miR-127-3p, miR-200a, miR-205, miR-214, miR-
335-5p was significantly increased, in STHdhQ111/HdhQ111 cells 
compared to STHdhQ7/HdhQ7 cells. Expression of miR-299-5p, 
miR-323-3p, miR-154 was found only in STHdhQ111 /HdhQ111  
cells. 

Johnson et al. (2008) found that REST function was decreased 
by infecting HdhQ7/Q7 cells with a recombinant adenovirus 
expressing a dominant-negative REST construct. By a modified 
RT-PCR assay and comparison with control adenoviral 
treated cells, miR-29a, miR-29b-1, miR-132, miR-135b were 
significantly upregulated upon loss of REST function.

Discussion
Studies with animal and cell models of HD have indicated that 
proteolysis of full-length HTT produces a number of small 
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N-terminal HTT fragments that are misfolded into aggregates 
in axons and neurites (Yang and Chan, 2011; Chang et al., 
2015). Behavioral symptoms in HD are preceded by various 
molecular changes, including deregulation of gene expression 
(Augood et al., 1997a,b) and histone modifications (Gray, 
2011). Understanding the deregulation of gene expression 
may indicate potential therapeutic strategies to inhibit the 
disease process in HD.

Clearance of the mHTT is the target of several potential 
disease-modifying therapies for HD (Ross et al., 2014). HTT-
lowering strategies such as antisense oligonucleotides 
(ASOs), RNAi, ribozymes, DNA enzymes, and genome-editing 
approaches (Aronin and DiFiglia, 2014) have been investigated 
by various groups. Binding of molecules to HTT mRNA to 
block translation into the toxic HTT protein may be a possible 
strategy for HTT lowering. MiRNAs are endogenous, single-
stranded, noncoding RNA molecules, typically 22 nucleotides 
in length that negatively regulate gene expression. By binding 
to complementary sequences in the 3′-untranslated regions 
(3′-UTR) of target mRNAs, miRNAs induce mRNA degradation 
(Bagga et al., 2005) or inhibit translation (He and Hannon, 
2004; Meister, 2007). They are involved in basic cellular 
processes such as proliferation, differentiation, apoptosis, 
and cell cycle regulation (Mens and Ghanbari, 2018). MiRNAs 
may have a key role in neuronal development as well as in 
the pathogenesis of neurodegenerative disorders (Bilen et 
al., 2006; Conrad et al., 2006; Kim et al., 2007; Trivedi and 
Ramakrishna, 2009). While a large number of studies have 
examined mRNA expression as markers of HD in postmortem 
human brains as well as in mouse models, comparatively little 
is known about changes in miRNA expression in HD patients or 
animal models. MiRNAs have been examined in several small 
studies performed on postmortem human tissue (Marti et al., 
2010). Certain miRNAs could bind to HTT mRNA and inhibit its 
translation by the endogenous RNAi machinery (see Boudreau 
et al., 2011).

In the present review of in vivo animal studies, dysregulation 
of miRNAs was reported in brain tissues, principally striatum 
and cerebral cortex, of several different HD animal models. A 
large number of miRNAs were downregulated whereas only a 
small number were upregulated (Table 1). Among the miRNAs 
found to be downregulated in two or more of the studies were 
miR-132, miR-181, miR-128, miR-29, and the upregulated 
miRNAs included miR-200a. In the in vitro animal cell studies, 
the downregulated miRNAs in two of the studies included miR-
9, miR-9*, miR-135b, miR-222 while the upregulated miRNAs 
included miR-214 (Table 1). The downregulated miRNAs that 
were common in both the in vivo and in vitro studies included 
miR-132, miR-181c, miR-133, miR-138, miR-218, miR-222, 
miR-344, while the upregulated miRNAs included miR-200a. 
Furthermore, in the in vivo animal models, overexpression of 
miR-155 and miR-196a caused a decrease in mHTT at mRNA 
and protein level, lowered the mHTT aggregates in striatum 
and cortex, and improved the performance in behavioral 
tests. In addition, miR-155 overexpression resulted in a gain of 
body weight in R6/2 mice at > 10 weeks of age and increased 
life prolongation. Improved performance in behavioral tests 
was also found with overexpression of miR-132 and miR-
124 (Table 2). Interestingly, in the in vitro animal cell models, 
overexpression of miR-196a resulted in increased neurite 
outgrowth in mouse primary cortical neurons and N2a 
neuroblastoma cells, with increased velocity of anterograde 
intracellular transport in the latter. Overexpression of miR-
22 increased the viability of rat primary cortical and striatal 
neurons infected with mHTT and decreased HTT foci ≥ 2 µm. 
Also, increased survival of rat primary striatal neurons treated 
with 3-NP occurred with overexpression of miR-22. HdhQ111/
HdhQ111 cells overexpressing miR-214, miR-146a, miR-150, or 
miR-125b had decreased HTT mRNA and protein level (Table 3).

Previous studies had reported downregulation of specific 
miRNAs in the postmortem cortex/striatum of human HD 
patients such as miR-9/9*, miR-29b, miR-124a (Packer et al., 
2008), miR-132 (Johnson et al., 2008), miR-128, miR-139, and 
miR-122 (Marti et al., 2010) which correlate with the findings 
in the reviewed animal studies. There were inconsistencies 
in the findings of the human studies as miR-29b was also 
reported to be upregulated in HD patients (Johnson et al., 
2008). In a more recent study of differentially expressed 
miRNAs in the prefrontal cortex of human HD patients, 
downregulated miRNAs included miR-138, miR-132-3p, miR-
23b, miR-135b, miR-181 and upregulated miRNAs included 
miR-448 (Hoss et al., 2015) which are in agreement with the 
animal studies. However, miR-29a was upregulated (Hoss 
et al., 2015) whereas it was downregulated in the animal 
studies. The function of many of these miRNAs in HD remains 
to be elucidated. However, a decrease of miR-132 has been 
shown to increase its target p250GAP, encoding a member of 
the group of GTPase-activating proteins that inhibit neurite 
outgrowth, resulting in HD progression (Vo et al., 2005; 
Johnson et al., 2008).

At present there is no cure for HD and the only medication 
approved by the U.S. FDA, tetrabenazine or deutetrabenazine, 
is for the treatment of chorea in HD patients. Tominersen 
(RG6042) is an ASO that binds to the mHTT mRNA, targeting 
it for degradation, and can be administered via an intrathecal 
catheter in HD patients. A Phase 1/2 study has been 
performed in patients with early stage HD who were treated 
with tominersen or placebo for 13 weeks, and showed 
significant reductions in mHTT protein in the cerebrospinal 
fluid of tominersen-treated patients with a favorable safety 
and tolerability profile (Tabrizi et al., 2019; Rocha et al., 2020). 
It is now being investigated in a Phase 3 GENERATION HD1 
study (ClinicalTrials.gov). A miRNA-based therapy may also 
provide a way of reducing mHTT protein in patients with HD. 
One possibility might be to use a single or combination of 
two or three of the miRNAs found to reduce mHTT mRNA 
and protein in the animal model studies e.g., chosen from 
miR-155, miR196a, miR-22, miR-214, miR-146a, miR-150, 
miR-125b. Moreover, administration of miR-124 could have 
a beneficial effect as it decreased REST protein expression. A 
Phase 1/2 clinical trial is underway to test AMT-130 delivered 
directly to the brain of patients with HD. AMT-130 consists 
of an AAV5 vector carrying an artificial miRNA specifically 
tailored to silence the HHT gene and inhibit the production 
of mHTT protein. The miHTT sequences were embedded 
in the engineered hsa-pre-miR-451a scaffold (Caron et al., 
2020). In June 2020, it was announced the first two patients 
had been treated, one patient with AMT-130 and one patient 
who received the imitation surgery (http://uniqure.com/gene-
therapy/huntingtons-disease.php).

From a clinical viewpoint, a main disadvantage of ASOs and 
small interfering RNAs is the repeated dosing of patients, 
whereas AAV-mediated gene therapy (which includes RNA-
based gene silencing) involves a one-time dosing strategy. 
Technological improvements have enabled ASO doses to 
be less frequent than in the past e.g., with nusinersen, a 
recently approved ASO as a treatment for spinal muscular 
atrophy, a patient would receive three intrathecal doses yearly 
and would be continued for life. By contrast, AVXS-101, a 
gene therapy treatment for spinal muscular atrophy type 1, 
has a therapeutic effect for up to 24 months after a single 
intravenous injection of an AAV9 vector (Mendell et al., 2017). 
The five adverse effects reported with AVXS-101 therapy 
consisted of asymptomatic liver enzyme elevations, and have 
been observed with other gene therapy trials (Nathwani et 
al., 2011, 2014). AAVs have proven to be safe in both animal 
and human studies (Colella et al., 2018). Intrathecal delivery 
of an AAV10 vector harboring a SOD1-targeting artificial 
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Table 1 ｜ Dysregulated microRNAs in in vivo and in vitro animal models of Huntington’s disease

References
Animal/cell 
model Age Sample

MiRNA analysis 
method Upregulation of miRNAs Downregulation of miRNAs

In vivo animal models
Langfelder et al. 
(2018)

KI male mice 
different CAG 
repeat lengths 

6, 10 mon Striatum Deep microRNA 
sequencing

miR-484

Reynolds et al. 
(2018) 

R6/2 CAG144 
male mice

5, 8, 11 wk Brain (cerebellum 
excluded)

qPCR miR-34a-5p

Fukuoka et al. 
(2018)

R6/2 CAG124 
male mice

9 wk Cerebral cortex, 
striatum

RT-PCR miR-132

Kocerha et al. 
(2014) 

HD rhesus 
monkeys 

Miscarried or 
delivered at full 
term

miRNA array miR-194 miR-181c, miR-128a, miR-133c

Jin et al. (2012) N171-82Q mice 8, 12 wk Cortex, RT-PCR miR-200a, miR-200c
striatum 

Lee et al. (2011) YAC-128 mice 12 mon Striatum RT-PCR miR-22, miR-29c, miR-128, 
miR-132, miR-138, miR-218, 
miR-222, miR-344, miR-674*

R6/2 mice 10 wk

Lee et al. (2011) YAC-128 mice 5 mon Striatum RT-PCR miR-34b-3p, miR-207, miR-448, 
miR-669cR6/2 mice 10 wk

Lee et al. (2011) YAC-128 mice 5 mon Striatum RT-PCR miR-18a*
YAC-128 mice 12 mon miR-18a*

Lee et al. (2011) 3-NP-Lewis rats 
male

12 wk Striatum RT-PCR miR-181, miR-96

1 d, 3 d
1 d, 5 d miR-349
3 d, 5 d miR-200a, miR-200b, miR-429

Johnson et al. 
(2008)

R6/2 mice 12 wk Cortex, 
hippocampus

qPCR miR-29a, miR-124a, miR-132, 
miR-135b

In vitro animal models
Soldati et al. 
(2013)

Striatal Hdh109/109 
cells

RT-PCR miR-9, miR-9*, miR-23b, 
miR-124, miR-132, miR-133a, 
miR-135b, miR-135b*, miR-139, 
miR-212, miR-222, miR-344, 
miR-153, miR-455, miR-137

Sinha et al. (2011) Striatal Hdh109/109 
cells

RT-PCR miR-214 miR-150, miR-146a, miR-125b

Sinha et al. (2010) Striatal Hdh109/109 
cells

RT-PCR miR-145, miR-199-5p, miR-
199-3p, miR-148a, miR-127-3p, 
miR-200a, miR-205, miR-214, 
miR-335-5p

miR-9, miR-9*, miR-100, 
miR-125b, miR-135a, miR-135b, 
miR-138, miR-146a, miR-150, 
miR-181c, miR-190, miR-218, 
miR-221, miR-222, miR-338-3p

miR-299-5p, miR-323-3p, 
miR-154 detected only in 
Hdh109/109 cells

3-NP: 3-Nitropropionic acid; CAG: cytosine-adenine-guanine trinucleotide; d: day(s); KI: knock-in; miRNA: microRNA; qPCR: quantitative polymerase chain 
reaction; RT-PCT: real-time polymerase chain reaction; wk: weeks. 

Table 2 ｜ Alterations in in vivo animal models of Huntington’s disease following overexpression of specific microRNAs

References Animal model
Overexpression 
of microRNA

Decreased 
mutant HTT 
protein/mRNA

Decreased 
mutant HTT 
aggregates

Decreased 
REST 
protein

Gain of body 
weight 

Improved 
neurological 
performance

Increased life 
prolongation

Spronck et al. (2019) Q175 KI mice male miR-155 √ HTT protein at 
12 mon

√
striatum, cortex

Spronck et al. (2019) R6/2 mice miR-155 √ at >10 wk 
of age

√
Rotarod test

√

Fukuoka et al. (2018) R6/2 mice miR-132 little effect √
Rotarod test,  
open field test

√

Lee et al. (2017) R6/2 mice miR-124 √ Not changed
Her et al. (2017) Transgenic mice miR-196a √

T-maze test
Keeler et al. (2016) Q140/Q140 KI mice miR-155 √ HTT mRNA
Liu et al. (2015) R6/2 mice miR-124 X √ 

Rotarod test
Cheng et al. (2013) Double transgenic 

mice 
miR-196a √ HTT protein 

and mRNA
√ √

√ Indicates this was found in the animal models; X indicates this did not occur in the animal models. HTT: huntingtin; KI: knock-in.
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mRNA was found to be a safe and effective means of silencing 
SOD1 expression throughout the spinal cord in nonhuman 
primates (Borel et al., 2016, 2018). AAV vectors harboring a 
HTT-targeting artificial mRNA could be trialed in marmosets 
as a therapeutic procedure for HD. Transgenic marmosets 
expressing expanded CAG repeats have been successfully 
produced which recapitulated the common characteristics 
of human patients with polyQ disease, with no symptoms 
at birth but exhibiting progressive motor impairment within 
several months after the disease onset at 3–4 months of age 
(Tomioka et al., 2017). Methods for the design of artificial 
miRNAs against a target of choice, cloning these miRNAs 
into an AAV-based vector, and rapidly screening for highly 
efficient artificial miRNAs have been described recently (Borel 
and Mueller, 2019). Peripheral immune responses to AAV 
capsid are a major concern in clinical trials, as initiation or 
reactivation of a T cell response to AAV capsid as well as high 
titre of neutralizing antibodies can prevent AAV transduction 
and vector readministration. In the study involving intrathecal 
delivery of an AAV10 vector harboring a SOD1-targeting 
artificial mRNA in macaques, a cellular immune response was 
present in some animals that was transient and did not persist 
a few months after gene transfer. A neutralizing antibody 
response to AAV10 occurred after intrathecal delivery and did 
not correlate with the cellular immune response (Borel et al., 
2018). 

In conclusion, animal models of HD show many of the changes 
in miRNA expression that have been reported in the striatum 
and cortex of HD patients. They have proven to be useful in 
testing possible therapies for HD such as tominersen (RG6042) 
and AMT-130 e.g., RG6042 was shown to delay disease 
progression and reverse disease symptoms in mouse models 
of HD (Huntington’s Disease News, 2019), while AMT-130 was 
shown to preserve cognitive function in a humanized mouse 
model of HD (Caron et al., 2020). This review underlies the 
importance and need for further studies with animal models 
of HD especially nonhuman primates, specifically testing AAV 
vectors carrying miRNAs to inhibit the production of mHTT 
protein and provide a more effective means of treating HD 
and slowing its progression.

Author contributions: All authors approved the final version of the paper.
Conflicts of interest: The authors declare no conflicts of interest. 
Financial support: None.
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication. 
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 

are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropriate 
credit is given and the new creations are licensed under the identical 
terms.

References
Andrew SE, Goldberg YP, Kremer B, Telenius H, Theilmann J, Adam S, Starr E, Squitieri F, 	

Lin B, Kalchman MA (1993) The relationship between trinucleotide (CAG) repeat 	
length and clinical features of Huntington’s disease. Nat Genet 4:398-403. 

Aronin N, DiFiglia M (2014) Huntingtin-lowering strategies in Huntington’s disease: 	
antisense oligonucleotides, small RNAs, and gene editing. Mov Disord 29:1455-1461.

Augood SJ, Faull RL, Emson PC (1997a) Dopamine D1 and D2 receptor gene expression in 	
the striatum in Huntington’s disease. Ann Neurol 42:215-221.

Augood SJ, Westmore K, Emson PC (1997b) Phenotypic characterization of neurotensin 	
messenger RNA-expressing cells in the neuroleptic-treated rat striatum: a detailed 
cellular co-expression study. Neuroscience 76:763-774.

Bagga S, Bracht J, Hunter S, Massirer K, Holtz J, Eachus R, Pasquinelli AE (2005) 	
Regulation by let-7 and lin-4 miRNAs results in target mRNA degradation. Cell 
122:553-563.

Bilen J, Liu N, Bonini NM (2006) A new role for microRNA pathways: modulation of 	
degeneration induced by pathogenic human disease proteins. Cell Cycle 5:2835-2838. 

Borel F, Gernoux G, Cardozo B, Metterville JP, Toro Cabrera GC, Song L, Su Q, Gao GP, 	
Elmallah MK, Brown RH Jr, Mueller C (2016) Therapeutic rAAVrh10 mediated SOD1 	
silencing in adult SOD1(G93A) mice and nonhuman primates. Hum Gene Ther 27:19-
31.

Borel F, Gernoux G, Sun H, Stock R, Blackwood M, Brown RH Jr, Mueller C (2018) Safe 	
and effective superoxide dismutase 1 silencing using artificial microRNA in macaques. 
Sci Transl Med 10:eaau6414.

Borel F, Mueller C (2019) Design of AAV vectors for delivery of RNAi. Methods Mol Biol 
1950:3-18.

Boudreau RL, McBride JL, Martins I, Shen S, Xing Y, Carter BJ, Davidson BL (2009) 	
Nonallele-specific silencing of mutant and wild-type huntingtin demonstrates 
therapeutic efficacy in Huntington’s disease mice. Mol Ther 17:1053-1063. 

Boudreau RL, Rodríguez-Lebrón E, Davidson BL (2011) RNAi medicine for the brain: 	
progresses and challenges. Hum Mol Genet 20:R21-27.

Buckley NJ, Johnson R, Zuccato C, Bithell A, Cattaneo E (2010) The role of REST in 	
transcriptional and epigenetic dysregulation in Huntington’s disease. Neurobiol Dis 
39:28-39.

Cajavec B, Herzel H, Bernard S (2006) Death of neuronal clusters contributes to variance 
of age at onset in Huntington’s disease. Neurogenetics 7:21-25.

Caron NS, Southwell AL, Brouwers CC, Cengio LD, Xie Y, Black HF, Anderson LM, Ko S, 	
Zhu X, van Deventer SJ, Evers MM, Konstantinova P, Hayden MR (2020) Potent and 	
sustained huntingtin lowering via AAV5 encoding miRNA preserves striatal volume and 
cognitive function in a humanized mouse model of Huntington disease. Nucleic Acids 
48:36-54.

Cattaneo E, Zuccato C, Tartari M (2005) Normal huntingtin function: an alternative 
approach to Huntington’s disease. Nat Rev Neurosci 6:919-930.

Chang R, Liu X, Li S, Li XJ (2015) Transgenic animal models for study of the pathogenesis 	
of Huntington’s disease and therapy. Drug Des Devel Ther 9:2179-2188. 

Cheng PH, Li CL, Chang YF, Tsai SJ, Lai YY, Chan AW, Chen CM, Yang SH (2013) miR-	
196a ameliorates phenotypes of Huntington disease in cell, transgenic mouse, and 
induced pluripotent stem cell models. Am J Hum Genet 93:306-312. 

Cho IK, Hunter CE, Ye S, Pongos AL, Chan AWS (2019) Combination of stem cell and gene 	
therapy ameliorates symptoms in Huntington’s disease mice. NPJ Regen Med 4:7.

Choo YS, Johnson GV, MacDonald M, Detloff PJ, Lesort M (2004) Mutant huntingtin 	
directly increases susceptibility of mitochondria to the calcium-induced permeability 	
transition and cytochrome c release. Hum Mol Genet 13:1407-1420. 

Table 3 ｜ Alterations in in vitro animal cell models of Huntington’s disease following overexpression of specific microRNAs

References Animal cell model
Overexpression of 
microRNA

Increased 
viability of 
neurons

Increased 
survival of 
neurons Decreased HTT

Increased 
neurite 
outgrowth

Increased velocity 
of intracellular 
transport

Decreased 
expression of 
RANBP10

Her et al. (2017) Primary cortical 
neurons mouse

miR-196a √

Her et al. (2017) N2a neuroblastoma 
cells mouse

miR-196a √
In antero- grade 
transport

√

Fu et al. (2015) N2a neuroblastoma 
cells mouse

miR-196a √

Jovicic et al. 
(2013)

Primary cortical/striatal 
neurons rat infected 
with mutant HTT

miR-22 √ √
HTT foci ≥ 2 µm

Jovicic et al. 
(2013)

Primary striatal neurons 
rat treated with 3-NP

miR-22 √

Sinha et al. 
(2011)

HdhQ111/HdhQ111 cells miR-214, miR-146a, 
miR-150, miR-125b

√
HTT mRNA and 
protein 

√ Indicates this was found in the animal cell models. 3-NP: 3-Nitropropionic acid; HTT: huntingtin; RANBP10: ran-binding protein 10.



2168  ｜NEURAL REGENERATION RESEARCH｜Vol 16｜No. 11｜November 2021

Review
ClinicalTrials.gov, https://clinicaltrials.gov/ct2/show/NCT03761849. Accessed 7 August 

2020.
Colella P, Ronzitti G, Mingozzi F (2017) Emerging issues in AAV-mediated in vivo gene 	

therapy. Mol Ther Methods Clin Dev 8:87-104.
Conaco C, Otto S, Han J-J, Mandel G (2006) Reciprocal actions of REST and a microRNA 	

promote neuronal identity. Proc Natl Acad Sci U S A 103:2422-2427. 
Conrad R, Barrier M, Ford LP (2006) Role of miRNA and miRNA processing factors in 	

development and disease. Birth Defects Res C Embryo Today 78:107-117. 
Davies SW, Turmaine M, Cozens BA, DiFiglia M, Sharp AH, Ross CA, Scherzinger E, 	

Wanker EE, Mangiarini L, Bates GP (1997) Formation of neuronal intranuclear 
inclusions underlies the neurological dysfunction in mice transgenic for the HD 
mutation. Cell 90:537-548.

Didiano D, Hobert O (2008) Molecular architecture of a miRNA-regulates 3’ UTR. RNA 	
14:1297-1317.

DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP, Vonsattel JP, Aronin N (1997) 	
Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites 
in brain. Science 277:1990-1993. 

Drouet V, Perrin V, Hassig R, Dufour N, Auregan G, Alves S, Bonvento G, Brouillet E, 	
Luthi-Carter R, Hantraye P, Déglon N (2009) Sustained effects of nonallele-specific 	
Huntingtin silencing. Ann Neurol 65:276-285. 

Ferrante A, Martire A, Pepponi R, Varani K, Vincenzi F, Ferraro L, Beggiato S, Tebano MT, 	
Popoli P (2014) Expression, pharmacology and functional activity of adenosine A1 	
receptors in genetic models of Huntington’s disease. Neurobiol Dis 71:193-204. 

Fiszer A, Mykowska A, Krzyzosiak WJ (2011) Inhibition of mutant huntingtin expression by 	
RNA duplex targeting expanded CAG repeats. Nucleic Acids Res 39:5578-5585.

Fu MH, Li CL, Lin HL, Tsai SJ, Lai YY, Chang YF, Cheng PH, Chen CM, Yang SH (2015) 	
The potential regulatory mechanisms of miR-196a in Huntington’s disease through 	
bioinformatic analyses. PLoS One 10:e0137637.

Fukuoka M, Takahashi M, Fujita H, Chiyo T, Popiel HA, Watanabe S, Furuya H, Murata M, 	
Wada K, Okada T, Nagai Y, Hohjoh H (2018) Supplemental treatment for Huntington’s 	
disease with miR-132 that is deficient in Huntington’s disease brain. Mol Ther Nucleic 	
Acids 11:79-90.

Fusco FR, Chen Q, Lamoreaux WJ, Figueredo-Cardenas G, Jiao Y, Coffman JA, Surmeier 	
DJ, Honig MG, Carlock LR, Reiner A (1999) Cellular localization of hungtingtin in 
striatal and cortical neurons in rats: lack of correlation with neuronal vulnerability in 
Huntington’s disease. J Neurosci 19:1189-1202.

Gaughwin PM, Ciesla M, Lahiri N, Tabrizi SJ, Brundin P, Björkqvist M (2011) Hsa-miR-34b 	
is a plasma-stable microRNA that is elevated in pre-manifest Huntington’s disease. 
Hum Mol Genet 20:2225-2237. 

Gines S, Seong IS, Fossale E, Ivanova E, Trettel F, Gusella JF, Wheeler VC, Persichetti F, 	
MacDonald ME (2003a) Specific progressive cAMP reduction implicates energy deficit 
in presymptomatic Huntington’s disease knock-in mice. Hum Mol Genet 12:497-508. 

Gines S, Ivanova E, Seong IS, Saura CA, MacDonald ME (2003b) Enhanced Akt signaling is 	
an early pro-survival response that reflects N-methyl-D-aspartate receptor activation 
in Huntington’s disease knock-in striatal cells. J Biol Chem 278:50514-50522.

Gray M, Shirasaki DI, Cepeda C, André VM, Wilburn B, Lu XH, Tao J, Yamazaki I, Li SH, 	
Sun YE, Li XJ, Levine MS, Yang XW (2008) Full-length human mutant huntingtin with a 	
stable polyglutamine repeat can elicit progressive and selective neuropathogenesis in 	
BACHD mice. J Neurosci 28:6182-6195. 

Gray SG (2011) Targeting Huntington’s disease through histone deacetylases. Clin 	
Epigenetics 2:257-277.

Gutekunst CA, Li SH, Yi H, Mulroy JS, Kuemmerle S, Jones R, Rye D, Ferrante RJ, Hersch 	
SM, Li XJ (1999) Nuclear and neuropil aggregates in Huntington’s disease: relationship 
to neuropathology. J Neurosci 19:2522-2534.

Harper PS (1996) Huntington’s Disease. 2nd edition, Saunders, London: Bailliere Tindall. 
He L, Hannon GJ (2004) MicroRNAs: small RNAs with a big role in gene regulation. Nat 	

Rev Genet 5:522-531
Heikkinen T, Lehtimäki K, Vartiainen N, Puoliväli J, Hendricks SJ, Glaser JR, Bradaia A, 

Wadel K, Touller C, Kontkanen O, Yrjänheikki JM, Buisson B, Howland D, Beaumont 
V, Munoz-Sanjuan I, Park LC (2012) Characterization of neurophysiological and 
behavioral changes, MRI brain volumetry and 1H MRS in zQ175 knock-in mouse 
model of 	Huntington’s disease. PLoS One 7:e50717. 

Heng MY, Tallaksen-Greene SJ, Detloff PJ, Albin RL (2007) Longitudinal evaluation of the 	
Hdh(CAG)150 knock-in murine model of Huntington’s disease. J Neurosci 27:8989-
8998. 

Heng MY, Detloff PJ, Albin RL (2008) Rodent genetic models of Huntington disease. 	
Neurobiol Dis 32:1-9. 

Her LS, Mao SH, Chang CY, Cheng PH, Chang YF, Yang HI, Chen CM, Yang SH (2017) 	
miR-196a enhances neuronal morphology through suppressing  RANBP10 to provide 	
neuroprotection in Huntington’s disease. Theranostics 7:2452-2462.

Hoss AG, Labadorf A, Latourelle JC, Kartha VK, Hadzi TC, Gusella JF, MacDonald ME, 	
Chen JF, Akbarian S, Weng Z, Vonsattel JP, Myers RH (2015) miR-10b-5p expression 
in Huntington’s disease brain relates to age of onset and the extent of striatal 
involvement. BMC Medical Genomics 8:10.

Huntington’s Disease News (2019) Investigational RG6042 lowers mutant Huntingtin 
protein in early-stage patients, phase 1/2 data show. Available at: https://
huntingtonsdiseasenews.com/2019/06/04/inionis-httrx-decreases-mutant-huntingtin-
protein-early-stage-huntingtons/. Accessed August 7, 2020.

Iyengar BR, Choudhary A, Sarangdhar MA, Venkatesh KV, Gadgil CJ, Pillai B (2014) Non-	
coding RNA interact to regulate neuronal development and function. Front Cell 
Neurosci 8:47.

Jin J, Cheng Y, Zhang Y, Wood W, Peng Q, Hutchison E, Mattson MP, Becker KG, Duan 
W (2012) Interrogation of brain miRNA and  mRNA expression profiles reveals a 
molecular regulatory network that is perturbed by mutant huntingtin. J Neurochem 
123:477-490.

Johnson R, Zuccato C, Belyaev ND, Guest DJ, Cattaneo E, Buckley NJ (2008) A microRNA-	
based gene dysregulation pathway in Huntington’s disease. Neurobiol Dis 29:438-445.

Jovicic A, Zaldivar Jolissaint JF, Moser R, Silva Santos Mde F, Luthi-Carter R (2013) 	
MicroRNA-22 (miR-22) overexpression is neuroprotective via general anti-apoptotic 	
effects and may target specific Huntington’s disease-related mechanisms. PLoS One 	
8:e54222. 

Karanfil I, Bagci-Onder T (2016) Derivation of neural stem cells from mouse induced 	
pluripotent stem cells. Methods Mol Biol 1357:329-338.

Kaur N, Jamwal S, Gill HK, Bansal PK (2017) Animal models of Huntington’s disease. 
In: Animal models of neurological disorders (Kumar P, Deshmukh R, eds), pp43-57. 
Gateway East: Springer Nature Singapore Pte Ltd.

Keeler AM, Sapp E, Chase K, Sottosanti E, Danielson E, Pfister E, Stoica L, DiFiglia M, 	
Aronin N, Sena-Esteves M (2016) Cellular analysis of silencing the Huntington’s disease 
gene using AAV9 mediated delivery of artificial micro RNA into the striatum of Q140/
Q140 mice. J Huntingtons Dis 5:239-248.

Kim J, Inoue K, Ishii J, Vanti WB, Voronov SV, Murchison E, Hannon G, Abeliovich A (2007) 
A microRNA feedback circuit in midbrain dopamine neurons. Science 317:1220-1224.

Kocerha J, Xu Y, Prucha MS, Zhao D, Chan AW (2014) microRNA-128a dysregulation in 	
transgenic Huntington’s disease monkeys. Mol Brain 7:46.

Landles C, Sathasivam K, Weiss A, Woodman B, Moffitt H, Finkbeiner S, Sun B, Gafni J, 	
Ellerby LM, Trottier Y, Richards WG, Osmand A, Paganetti P, Bates GP (2010) 	
Proteolysis of mutant huntingtin produces an exon 1 fragment that accumulates as an 	
aggregated protein in neuronal nuclei in Huntington disease. J Biol Chem 285:8808-
8823. 

Langfelder P, Gao F, Wang N, Howland D, Kwak S, Vogt TF, Aaronson JS, Rosinski J, Coppola 
G, Horvath S, Yang XW (2018) MicroRNA signatures of endogenous huntingtin CAG 
repeat expansion in mice. PLoS One 13:e0190550.

Lee ST, Chu K, Im WS, Yoon HJ, Im JY, Park JE, Park KH, Jung KH, Lee SK, Kim M, Roh 	
JK (2011) Altered microRNA regulation in Huntington’s disease models. Exp Neurol 
227:172-179. 

Lee ST, Im W, Ban JJ, Lee M, Jung KH, Lee SK, Chu K, Kim M (2017) Exosome based 	
delivery of miR-124 in a Huntington’s disease model. J Mov Disord 10:45-52.

Li JY, Popovic N, Brundin P (2005) The use of the R6 transgenic mouse models of 	
Huntington’s disease in attempts to develop novel therapeutic strategies. NeuroRx 
2:447-464.

Li SH, Li XJ (1998) Aggregation of N-terminal huntingtin is dependent on the length of its 	
glutamine repeats. Hum Mol Genet 7:777-782.

Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, Ren S, Li XJ, 	
Albin RL, Detloff PJ (2001) Neurological abnormalities in a knock-in mouse model of 	
Huntington’s disease. Hum Mol Genet 10:137-144. 

Lin H, Li SH, Johnston H, Shelbourne PF, Li XJ (2000) Amino-terminal fragments of mutant 	
huntingtin show selective accumulation in striatal neurons and synaptic toxicity. Nat 
Genet 25:385-389,

Liu T, Im W, Mook-Jung I, Kim M (2015) MicroRNA-124 slows down the progression of 	
Huntington’s disease by promoting neurogenesis in the striatum. Neural Reg Res 
10:786-791.

Macdonald ME, Ambrose CM, Duyao MP, Myers RH, Lin C, Srinidhi L, Barnes G, Taylor 	
SA, James M, Groot N et al. (1993) A novel gene containing a trinucleotide repeat that 
is expanded and unstable on Huntington’s disease chromosomes. Cell 72:971-983.

Maciotta S, Meregalli M, Torrente Y (2013) The involvement of microRNAs in 	
neurodegenerative diseases. Front Cell Neurosci 7:265. 

Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, Lawton M, 	
Trottier Y, Lehrach H, Davies SW, Bates GP (1996) Exon 1 of the HD gene with an 	
expanded CAG repeat is sufficient to cause a progressive neurological phenotype in 	
transgenic mice. Cell 87:493-506.

Marti E, Pantano L, Bañez-Coronel M, Llorens F, Miñones-Moyano E, Porta S, Sumoy L, 	
Ferrer I, Estivill X (2010) A myriad of miRNA variants in control and Huntington’s 	
disease brain regions detected by massively parallel sequencing. Nucleic Acids Res 
38:7219-7235. 

Mattis VB, Svendsen CN (2017) Modeling Huntington’s disease with patient-derived 	
neurons. Brain Res 1656:76-87. 

Meister G (2007) miRNAs get an early start on translational silencing. Cell 131: 25-28.
Melone MA, Jori FP, Peluso G (2005) Huntington’s disease: new frontiers for molecular 

and cell therapy. Curr Drug Targets 6:43-56.
Menalled LB, Chesselet MF (2002) Mouse models of Huntington’s disease. Trends 

Pharmacol Sci 23:32-39.
Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF (2003) Time course of early 

motor and neuropathological anomalies in a knock-in mouse model of Huntington’s 
disease with 149 CAG repeats. J Comp Neurol 465:11-26.

Menalled LB (2005) Knock-in mouse models of Huntington’s disease. NeuroRx 2:465-470.
Mendell J, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW, Lowes L, Alfano L, 

Berry K, Church K, Kissel JT, Nagendran S, L’Italien J, Sproule DM, Wells C, Cardenas JA, 
Heitzer MD, Kaspar A, Corcoran S, Braun L, et al (2011) Single-dose gene-replacement 
therapy for spinal muscular atrophy. N Eng J Med 377:1713-1722.

Mens MM, Ghanbari M (2018) Cell cycle regulation of stem cells by microRNAs. Stem 
Cell Rev Rep 14:309-322.

Milakovic T, Johnson GV (2005) Mitochondrial respiration and ATP production are 
significantly impaired in striatal cells expressing mutant huntingtin. J Biol Chem 
280:30773-30782.

Miniarikova J, Zanella I, Huseinovic A, van der Zon T, Hanemaaijer E, Martier R, Koornneef 	
A, Southwell AL, Hayden MR, van Deventer SJ, Petry H, Konstantinova P (2016) Design, 	
characterization, and lead selection of therapeutic miRNAs targeting huntingtin for 	
development of gene therapy for Huntington’s disease. Mol Ther Nucleic Acids 5:e297.

Nathwani AC, Tuddenham EG, Rangarajan S, Rosales C, McIntosh J, Linch DC, Chowdary 
P, Riddell A, Pie AJ, Harrington C, O’Beirne J, Smith K, Pasi J, Glader B, Rustagi P, Ng CY, 
Kay MA, Zhou J, Spence Y, Morton CL, et al. (2011) Adenovirus-associated virus vector-
mediated gene transfer in hemophilia B. N Eng J Med 365:2357-2365.

Nathwani AC, Reiss UM, Tuddenham EG, Rosales C, Chowdary P, McIntosh J, Peruta MD 	
et al. (2014) Long-term safety and efficacy of factor IX gene therapy in hemophilia B. 
N Eng J Med 371:1994-2004

Nekrasov ED, Vigont VA, Klyushnikov SA, Lebedeva OS, Vassina EM, Bogomazova AN, 	
Chestkov IV, Semashko TA, Kiseleva E, Suldina LA, Bobrovsky PA, Zimina OA, 	
Ryazantseva MA, Skopin AY, Illarioshkin SN, Kaznacheyeva EV, Lagarkova MA, 	
Kiselev SL. (2016) Manifestation of Huntington’s disease pathology in human induced 	
pluripotent stem cell-derived neurons. Mol Neurodegener 11:27.



NEURAL REGENERATION RESEARCH｜Vol 16｜No. 11｜November 2021｜2169

Oliveira JM, Chen S, Almeida S, Riley R, Gonçalves J, Oliveira CR, Hayden MR, Nicholls 	
DG, Ellerby LM, Rego AC (2006) Mitochondrial-dependent Ca2+ handling in 	
Huntington’s disease striatal cells: effect of histone deacetylase inhibitors. J Neurosci 	
26:11174-11186. 

Ooi L, Wood IC (2007) Chromatin crosstalk in development and disease: lessons from 
REST. Nat Rev Genet 8:544-554.

Orr HT, Zoghbi HY (2007) Trinucleotide repeat disorders. Annu Rev Neurosci 30: 575-621.
Packer AN, Xing Y, Harper SQ, Jones L, Davidson BL (2008) The bifunctional microRNA 	

miR-9/miR-9* regulates REST and COREST and is downregulated in Huntington’s 	
disease. J Neurosci 28:14341-14346.

Perutz MF, Johnson T, Suzuki M, Finch JT (1994) Glutamine repeats as polar zippers: 
their possible role in inherited neurodegenerative diseases. Proc Natl Acad Sci U S A 
91:5355-5358. 

Pharmacy Times (2017) FDA Approves Treatment for Huntington’s Disease-Related 
Chorea. Available at: https://www.pharmacytimes.com/news/fda-approves-
treatment-for-huntingtons-diseaserelated-chorea. Accessed January 20, 2021.

Pouladi MA, Xie Y, Skotte NH, Ehrnhoefer DE, Graham RK, Kim JE, Bissada N, Yang XW, 	
Paganetti P, Friedlander RM, Leavitt BR, Hayden MR (2010) Full-length huntingtin 
levels modulate body weight by influencing insulin-like growth factor 1 expression. 
Hum Mol Genet 19:1528-1538.

Quarrell O, O’Donovan KL, Bandmann O, Strong M (2012) The prevalence of juvenile 	
Huntington’s disease: a review of the literature and meta-analysis. PLoS Curr 
4:e4f8606b742ef3.

Reis SA, Thompson MN, Lee JM, Fossale E, Kim HH, Liao JK, Moskowitz MA, Shaw SY, 	
Dong L, Haggarty SJ, MacDonald ME, Seong IS (2011) Striatal neurons expressing full-	
length mutant huntingtin exhibit decreased N-cadherin and altered neuritogenesis. 
Hum Mol Genet 20:2344-2355.

Reynolds RH, Petersen MH, Willert CW, Heinrich M, Nymann N, Dall M, Treebak JT, 	
Björkqvist M, Silahtaroglu A, Hasholt L, Nørremølle A (2018) Perturbations in the 	
p53/miR-34a/SIRT1 pathway in the R6/2 Huntington’s disease model. Mol Cell 
Neurosci 88:118-129.

Rocha NP, Colpo GD, Teixeira AL, Stimming EF (2020) Clinical trials for Huntington disease. 
Available at: https://practicalneurology.com/articles/2020-june/clinical-trials-for-
huntington-disease. Accessed August 7, 2020. 

Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH, Scahill RI, Leavitt BR, 
Stout JC, Paulsen JS, Reilmann R, Unschuld PG, Wexler A, Margolis RL, Tabrizi SJ (2014) 
Huntington’s disease: natural history, biomarkers and prospects for therapeutics. Nat 
Rev Neurol 10:204-216.

Saxena M (2013) Huntington’s disease animal models. Mater Methods 3:205. 
Schilling G, Becher MW, Sharp AH, Jinnah HA, Duan K, Kotzuk JA, Slunt HH, Ratovitski 	

T, Cooper JK, Jenkins NA, Copeland NG, Price DL, Ross CA, Borchelt DR (1999) 	
Intranuclear inclusions and neuritic aggregates in transgenic mice expressing a mutant 
N-terminal fragment of huntingtin. Hum Mol Genet 8:397-407.

Schilling G, Klevytska A, Tebbenkamp AT, Juenemann K, Cooper J, Gonzales V, Slunt H, 	
Poirer M, Ross CA, Borchelt DR (2007) Characterization of huntingtin pathologic 	
fragments in human Huntington disease, transgenic mice, and cell models. J 
Neuropathol Exp Neurol 66:313-320. 

Seong IS, Ivanova E, Lee JM, Choo YS, Fossale E, Anderson M, Gusella JF, Laramie JM, 	
Myers RH, Lesort M, MacDonald ME (2005) HD CAG repeat implicates a dominant 	
property of huntingtin in mitochondrial energy metabolism. Hum Mol Genet 14:2871-	
2880. 

Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L, Lewandoski M, Ennis M, 	
Ramirez L, Li Z, Iannicola C, Littman DR, Myers RM (1999) A Huntington’s disease 	
CAG expansion at the murine Hdh locus is unstable and associated with behavioural 	
abnormalities in mice. Hum Mol Genet 8:763-774. 

Singer E, Walter C, Weber JJ, Krahl AC, Mau-Holzmann UA, Rischert N, Riess O, 	
Clemensson LE, Nguyen HP (2017) Reduced cell size, chromosomal aberration and 	
altered proliferation rates are characteristics and confounding factors in the STHdh 
cell model of Huntington disease. Sci Rep 7:16880.

Singh T, Jauhari A, Pandey A, Singh P, Pant AB, Parmar D, Yadav S (2014) Regulatory 	
triangle of neurodegeneration, adult neurogenesis and  microRNAs. CNS Neurol 
Disord Drug Targets 13, 96-103.

Sinha M, Ghose J, Das E, Bhattarcharyya NP (2010) Altered microRNAs in 	
STHdh(Q111)/Hdh(Q111) cells: miR-146a targets TBP. Biochem Biophys Res Commun 	
396:742-747.

Sinha M, Ghose J, Bhattarcharyya NP (2011) Micro RNA-214, -150, -146a and -125b target 	
Huntingtin gene. RNA Biology 8:1005-1021.

Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK, Deng Y, Oh R, Bissada N, 	
Hossain SM, Yang YZ, Li XJ, Simpson EM, Gutekunst CA, Leavitt BR, Hayden MR 	
(2003) Selective striatal neuronal loss in a YAC128 mouse model of Huntington 
disease. Hum Mol Genet 12:1555-1567.

Solidati C, Bithell A, Conforti P, Cattaneo E, Buckley NJ (2011) Rescue of gene expression 	
by modified REST decoy oligonucleotides in a cellular model of Huntington’s disease. J 	
Neurochem 116:415-425.

Soldati C, Bithell A, Johnston C, Wong KY, Stanton LW, Buckley NJ (2013) Dysregulation 	
of REST-regulated coding and non-coding RNAs in a cellular model of Huntington’s 	
disease. J Neurochem 124:418-430. 

Spronck EA, Brouwers CC, Vallès A, de Haan M, Petry H, van Deventer SJ, Konstantinova 	
P, Evers MM (2019) AAV5-miHTT gene therapy demonstrates sustained huntingtin 	
lowering and functional improvement in Huntington disease mouse models. Mol Ther 	
Methods Clin Dev 13:334-343.

Szlachcic WJ, Switonski PM, Krzyzosiak WJ, Figlerowicz M, Figiel M (2015) Huntington 	
disease iPSCs show early molecular changes in intracellular signaling, the expression 
of oxidative stress proteins and the p53 pathway. Dis Model Mech 8:1047-1057.

Szlachcic WJ, Wiatr K, Trzeciak M, Figlerowicz M, Figiel M (2017) The generation of 	
mouse and human Huntington disease iPS cells suitable for in vitro studies on 
Huntingtin function. Front Mol Neurosci 10:253.

Tabrizi SJ, Leavitt BR, Landwehrmeyer GB, Wild EJ, Saft C, Barker RA, Blair NF, Craufurd 	
D, Priller J, Rickards H, Rosser A, Kordasiewicz HB, Czech C, Swayze EE, Norris DA, 	
Baumann T, Gerlach I, Schobel SA, Paz E, Smith AV, Bennett CF, Lane RM (2019) 	
Targeting huntingtin expression in patients with Huntington’s disease. N Eng J Med 	
380:2307-2316. 

Tang B, Seredenina T, Coppola G, Kuhn A, Geschwind DH, Luthi-Carter R, Thomas EA 	
(2011) Gene expression profiling of R6/2 transgenic mice with different CAG repeat 	
lengths reveals genes associated with disease onset and progression in Huntington’s 	
disease. Neurobiol Dis 42:459-467. 

Tomioka I, shibashi H, Minakawa EN, Motohashi HH, Takayama O, Saito Y, Popiel HA, 
Puentes S, Owari K, Nakatani T, Nogami N, Yamamoto K, Noguchi S, Yonekawa T, 
Tanaka Y, Fujita N, Suzuki H, Kikuchi H, Aizawa S, Nagano S, Yamada D, Nishino I, 
Ichinohe N, Wada K, Kohsaka S, Nagai Y, Seki K (2017) Transgenic monkey model of the 
polyglutamine diseases recapitulating progressive neurological symptoms. eNeuro 4: 
ENEURO.0250-16.2017

Trettle F, Rigamonti D, Hilditch-Maguire P, Wheeler VC, Sharp AH, Persichetti F, Cattaneo 	
E, MacDonald ME (2000) Dominant phenotypes produced by the HD mutation in 	
STHdh(Q111) striatal cells. Hum Mol Genet 9:2799-2809.

Trivedi S, Ramakrishna G (2009) miRNA and neurons. Int J Neurosci 119:1195-2016.
Turmaine M, Raza A, Mahal A, Mangiarini L, Bates GP, Davies SW (2000) Nonapoptotic 	

neurodegeneration in a transgenic mouse model of Huntington’s disease. Proc Natl 
Acad Sci U S A 97:8093-8097.

uniQure Huntington’s Disease (2020) Silencing the mutant huntingtin gene: AMT-
130 for Huntington’s Disease (HD). Available at: http://uniqure.com/gene-therapy/
huntingtons-disease.php. Accessed August 7, 2020.

Vo N, Klein ME, Varlamova O, Keller DM, Yamamoto T, Goodman RH, Impey S (2005) A 	
cAMP-response element binding protein-induced microRNA regulates neuronal 	
morphogenesis. Proc Natl Acad Sci U S A 102:16426-16431.

Wang CE, Tydlacka S, Orr AL, Yang SH, Graham RK, Hayden MR, Li S, Chan AW, Li XJ 	
(2008) Accumulation of N-terminal mutant huntingtin in mouse and monkey models 	
implicated as a pathogenic mechanism in Huntington’s disease. Hum Mol Genet 
17:2738-	2751.

Westerink RH, Beekwilder JP, Wadman WJ (2012) Differential alterations of synaptic 	
plasticity in dentate gyrus and CA1 hippocampal area of Calbindin-D28K knockout 
mice. Brain Res 1450:1-10.

Wheeler VC, Auerbach W, White JK, Srinidhi J, Auerbach A, Ryan A, Duyao MP, Vrbanac 	
V, Weaver M, Gusella JF, Joyner AL, MacDonald ME (1999) Length-dependent gametic 	
CAG repeat instability in the Huntington’s disease knock-in mouse. Hum Mol Genet 	
8:115-122.

Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M, Li XJ, Li SH, Yi H, Vonsattel 	
JP, Gusella JF, Hersch S, Auerbach W, Joyner AL, MacDonald ME (2000) Long 	
glutamine tracts cause nuclear localization of a novel form of huntingtin in medium 
spiny striatal neurons in HdhQ92 and HdhQ111 knock-in mice. Hum Mol Genet 9:503-
513. 

Wheeler VC, Gutekunst CA, Vrbanac V, Lebel LA, Schilling G, Hersch S, Friedlander RM, 	
Gusella JF, Vonsattel JP, Borchelt DR, MacDonald ME (2002) Early phenotypes that 	
presage late-onset neurodegenerative disease allow testing of modifiers in Hdh CAG 	
knock-in mice. Hum Mol Genet 11:633-640.

Wiatr K, Szlachcic WJ, Trzeciak M, Figlerowicz M, Figiel M (2018) Huntington disease 
as a neurodevelopmental disorder and early signs of the disease in stem cells. Mol 
Neurobiol 55:3351-3371.

Williams AE (2008) Functional aspects of animal microRNAs. Cell Mol Life Sci 65:545-562. 
Woodman B, Butler R, Landles C, Lupton MK, Tse J, Hockly E, Moffitt H, Sathasivam K, 

Bates GP (2007) The Hdh(Q150/Q150) knock-in mouse model of HD and the R6/2 
exon 1 model develop comparable and widespread phenotypes. Brain Res Bull 72:83-
97. 

Xifró X, García-Martínez JM, Del Toro D, Alberch J, Pérez-Navarro E (2008) Calcineurin is 	
involved in the early activation of NMDA-mediated cell death in mutant huntingtin 
knock-in striatal cells. J Neurochem 105:1596-1612. 

Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng EC, Snyder B, Larkin 	
K, Liu J, Orkin J, Fang ZH, Smith Y, Bachevalier J, Zola SM, Li SH, Li XJ, Chan AW 	
(2008) Towards a transgenic model of Huntington’s disease in a non-human primate. 
Nature 453:921-924. 

Yang SH, Chan AW (2011) Transgenic animal models of Huntington’s disease. Curr Top 	
Behav Neurosci 7:61-85.

Yang H, Yang S, Jing L, Huang L, Chen L, Zhao X, Yang W, Pan Y, Yin P, Qin ZS, Li S, Li 	
XJ (2020) Truncation of mutant huntingtin in knock-in mice demonstrates exon1 	
huntingtin is a key pathogenic form. Nat Commun 11:2582.

Yusa K, Rad R, Takeda J, Bradley A (2009) Generation of transgene-free induced 
pluripotent mouse stem cells by the piggyBac transposon. Nat Methods 6:363-369. 

Yusa K, Zhou L, Li MA, Bradley A, Craig NL (2011) A hyperactive piggyBac transposase for 
mammalian applications. Proc Natl Acad Sci U S A 108:1531-1536.

Zhang J, Zhang D, McQuade JS, Behbehani M, Tsien JZ, Xu M (2002) c-fos regulates 	
neuronal excitability and survival. Nat Genet 30:416-420.

Zhang N, Bailus BJ, Ring KL, Ellerby LM (2016) iPSC-based drug screening for Huntington’s 
disease. Brain Res 1638:42-56. 

Zuccato C, Belyaev N, Conforti P, Ooi L, Tartari M, Papadimou E, MacDonald M, Fossale E, 	
Zeitlin S, Buckley N, Cattaneo E (2007) Widespread disruption of repressor element-1 	
silencing transcription factor/neuron-restrictive silencer factor occupancy at its target 
genes in Huntington’s disease. J Neurosci 27:6972-6983. 

Zuccato C, Valenza M, Cattaneo E (2010) Molecular mechanisms and potential 
therapeutic targets in Huntington’s disease. Physiol Rev 90:905-981.

P-Reviewer: Liu P; C-Editors: Zhao M, Qiu Y; T-Editor: Jia Y


