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A B S T R A C T   

Huntington’s disease (HD) is an autosomal neurodegenerative disorder caused by extended trinucleotide CAG 
repetition in the HTT gene. Wild-type huntingtin protein (HTT) is essential, involved in a variety of crucial 
cellular functions such as vesicle transportation, cell division, transcription regulation, autophagy, and tissue 
maintenance. The mutant HTT (mHTT) proteins in the body interfere with HTT’s normal cellular functions and 
cause additional detrimental effects. In this review, we discuss multiple approaches targeting DNA and RNA to 
reduce mHTT expression. These approaches are categorized into non-allele-specific silencing and allele-specific- 
silencing using Single Nucleotide Polymorphisms (SNPs) and haplogroup analysis. Additionally, this review 
discusses a potential application of recent CRISPR prime editing technology in targeting HD.   

1. Introduction: huntingtin in the cell 

Huntington’s disease (HD) is an inherited neurodegenerative disor-
der caused by an elongated, trinucleotide CAG repetition in the HTT 
gene (Landles and Bates, 2004). Repeat lengths greater than 36 gluta-
mines are predictive for HD, while <36 repeats carry essentially no HD 
risk (Lee et al., 2012). The length of the repeats on the mutant allele is 
inversely related to the age of onset of HD symptoms (Lee et al., 2012). 
HD exhibits neurological symptoms in affected patients, which can 
range from physical deterioration to psychosis (Paulsen et al., 2001). 
The most common indicators are chorea, incoordination, and cognitive 
decline, which can include irritability and depression (Walker, 2007). 
HD patients typically experience physical symptoms as well, including 
significant difficulty in walking, balancing, talking, swallowing, and 
weight loss (Aziz et al., 2008). Decrease of BMI and weight loss has been 
found with a direct proportion to the length of the CAG repeats, stem-
ming from a rapid metabolism (Aziz et al., 2008). These abnormal be-
haviors can manifest at any time in an individual’s lifetime. Those with 
adult-onset usually live for only 15–20 years after diagnosis due to 
retardation of muscular and cognitive functions (Lipe and Bird, 2009; 
Orsini et al., 2018). 

Recently, several HD review articles were published discussing a 
variety of topics, including DNA repair mechanisms involved in HD 

pathology and therapeutic opportunities (Benn et al., 2020; Leavitt 
et al., 2020; Tabrizi et al., 2020), the role of neurodevelopment in HD 
pathology (Gubert et al., 2020; Lebouc et al., 2020; van der Plas et al., 
2020), accelerated aging as a contributing factor to pathogenesis in HD 
(Machiela and Southwell, 2020), and the importance of the Tau protein 
in HD neurodegeneration (Fernández-Nogales and Lucas, 2020). This 
review will focus on current DNA and RNA-based approaches to 
downregulate the mutant allele and discuss the potential application of 
the recently developed prime editing technology in disease treatment. 

1.1. The function of HTT and mutant HTT (mHTT) proteins 

The HTT gene is highly conserved, and its embryonic knockout in 
mice is lethal (Nasir et al., 1995). While its exact function remains un-
clear, wild type HTT has been attributed with a variety of functions such 
as trafficking vesicles, coordinating cell division, regulating cell move-
ment and transcription, mediating autophagy and cell survival (Fig. 1). 
HTT expression is present in spindle poles and microtubules (Elias et al., 
2014). The protein interacts with motor machinery directly through 
dynein or indirectly through huntingtin-associated protein (Saudou 
et al., 1998). HTT is also an important requirement for ciliogenesis as it 
is associated with pericentriolar material 1 protein at the centrosome, 
mediating dynein-dependent transport (Keryer et al., 2011). In HTT 
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knockout mice, primary cilium were unable to form (Haremaki et al., 
2015). HTT also interacts with the proteins involved in endocytosis 
(HIP1 and HIP12) and activates the small GTPase Rab11 (Li et al., 2009). 
HTT plays a role in the recruitment of endosomes in a switch from MTs 
to actin filaments in the trans-Golgi network (Saudou et al., 1998). HTT 
is believed to regulate autophagy, as autophagosomes are overexpressed 
in HD (Saudou et al., 1998). However, despite the increased presence of 
autophagosomes, the HD cells are inefficient at degrading cellular debris 
due to a defect in the loading of the vesicles (Martin et al., 2018). 
Finally, HTT has a wide range of regulatory effects on transcription. It is 
known to interact with p53, thus having an effect on DNA damage 
repair, cell cycle, and apoptosis (Bae et al., 2005). It is also proposed that 
HTT may act as a scaffold for complexes involved in transcription and 
serve as a cofactor itself (Saudou et al., 1998). 

Studies suggest that the mHTT destroys some regular functions of 
HTT (loss of function) while also creating additional toxic gain-of- 
functions (Bates et al., 2015), which leads to detrimental effects such 
as oxidative damage, synaptic and mitochondrial dysfunction, dimin-
ished function of the nuclear pore complex, and other pathological 
mechanisms (Grima et al., 2017; Jones and Hughes, 2011) (Fig. 1). On a 
cellular level, the mutant protein is processed into smaller pieces that 
aggregate and accumulate in neurons (Schulte and Littleton, 2011). 
mHTT aggregates cause dysfunction in the ubiquitylation system. 
Therefore, in HD neurons, both the ubiquitin-proteasome pathway and 
autophagy routes that assist with protein aggregate degradation are 
affected (Harding and Tong, 2018). Studies further demonstrated that 
reduction of mHTT in animal models resulted in a reversal of neuropa-
thology and motor dysfunction (Boudreau et al., 2009; Southwell et al., 
2009) as well as improved behavioral deficits associated with HD (Li 

et al., 2009), supporting the importance of lowering mHTT as a prom-
ising treatment direction for HD. 

Interestingly, exon 1 of HTT, containing the expanded CAG repeats, 
is capable of causing HD phenotypes even in the absence of the rest of 
the HTT protein (Mangiarini et al., 1996). Previously, the source of this 
destructive exon was thought to be due to the cleavage of the mHTT 
protein; however, recent studies have found a potential source in a 
variant of mHTT mRNA resulting from incomplete splicing, as it encodes 
a short exon 1 HTT protein that is formed more easily when HTT is 
CAG-expanded (Sathasivam et al., 2013). HTT mRNA also undergoes 
repeat-associated non-ATG (RAN) translation, generating unconven-
tional protein species from a variety of sense and antisense strands 
(Bañez-Coronel et al., 2015). Further research has found that some of 
these protein species and even the expanded HTT RNA itself may be 
toxic (Li et al., 2019; Rué et al., 2016). 

1.2. Differential post translational modifications of mHTT 

The post translational modifications of HTT are of increasing 
importance in Huntington’s research, as they modulate its activity and 
proteolysis (Ehrnhoefer et al., 2011). There are several post translational 
modifications that HTT is subject to, including phosphorylation, acety-
lation, palmitoylation, ubiquitylation, and SUMOylation (Ehrnhoefer 
et al., 2011). Many of these processes have been found to differ between 
the wild type and the mHTT, with some increasing toxicity and others 
doing the opposite (Humbert et al., 2002; Luo et al., 2005; Schilling 
et al., 1999; Thomson and Leavitt, 2018; Thompson et al., 2009). A 
recent study reports the discovery of an SNP that prevents the post 
translational process of myristoylation in HTT, prompting cellular 

Fig. 1. HTT has been experimentally linked to a variety of different cellular functions including cell division, vesicular transport, endocytosis, ciliogenesis, auto-
phagy, and transcription regulation. The mutant allele with a CAG expansion of greater than 36 repeats has been linked to a variety of gain of function effects 
including toxic aggregation, mitochondria dysfunction, transcription interference, proteasome disruption, autophagy interference, and potential loss of healthy HTT 
function (Bates et al., 2015; Grima et al., 2017; Jones and Hughes, 2011; Schulte and Littleton, 2011). 
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toxicity (D. D. O. Martin et al., 2018b). In addition, the same mutation 
caused by the rs118005095 SNP was found to increase the proteolysis of 
wild type HTT at D513, contributing to further toxicity coupled with 
proteolysis at D586 (D. D. O. Martin et al., 2018a). 

2. Gene editing-based approaches 

2.1. Non-allele specific approaches 

2.1.1. RNAi-based 
Simultaneous reduction of both HTT and mHTT has been shown to be 

well tolerated in both mouse and nonhuman primate models, suggesting 
that non-allele specific approaches may be effective (Boudreau et al., 
2009; Drouet et al., 2009; Grondin et al., 2012; Kordasiewicz et al., 
2012; McBride et al., 2011). 

One such study used lentiviral mediated silencing of mHTT in ro-
dents. Four short hairpin RNA (shRNA) that target exons 1–4 and 8–9 of 
human HTT mRNA were designed and transfected into lentiviral vectors 
(Drouet et al., 2009). After nine months, the reduction in wild type HTT 
expression was observed to be well tolerated in the mice with 65–75 % 
reduced expression (Drouet et al., 2009). 

Another similar approach saw the use of inhibitory RNAs expressed 
in the striata of HD-n171− 82Q mice (Boudreau et al., 2009). Boudreau 
et al. used artificial viral mediated microRNA (miRNA), which has been 
shown to have lower levels of toxicity than that of shRNA vectors, to 
target exon 2 of the HTT gene. The RNAi-treated mice showed improved 
behavior and prolonged survival, despite the low levels of wild-type HTT 
protein expression. This knockout was well tolerated for up to a 75 % 
decrease in WT HTT mRNA for four months in mice despite changes to 
the transcriptome. 

More recently, an adeno-associated viral vector (AAV) was designed 
to interfere with HTT transcript in the YAC128 mice model by degrading 
it with small interfering RNA (siRNA) (Stanek et al., 2014). This 
approach reduced levels of both wild-type and mutant HTT by 40 % and 
achieved transduction in more than 80 % of cells in the striatum (Stanek 
et al., 2014). These reductions were accompanied by observed behav-
ioral improvements and reduction of cellular aggregates with no 
noticeable toxicity. The researchers further postulated that it may be 
possible to design siRNAs that specifically target SNPs on the diseased 
allele, yet concluded no one SNP has been identified that would allow 
this to happen at the time of the study (Stanek et al., 2014). 

2.1.2. DNA-based: use antisense oligonucleotide (ASO) 
ASOs use single-stranded DNA and typically range from 18 to 30 

nucleotides (Scoles et al., 2019). ASOs often recruit RNase H endonu-
clease to degrade the RNA-DNA duplex, although they can also prevent 
the formation of the 5’ cap, alter the splicing process, and sterically 
hinder the ribosome, all of which downregulate translation of the mRNA 
(Di Fusco et al., 2019). An ASO-based approach differs from RNAi 
methods due to the site on which the molecular machinery acts; ASOs 
target exons and introns, whereas RNAi compounds act on spliced 
mRNA (Hutvagner and Simard, 2008; Larrouy et al., 1992). Thus, ASOs 
work to reduce the production of toxic mRNA but may be unable to 
prevent the formation of truncated mRNA. Since ASOs do not saturate 
any endogenous pathways and have clear reversible effects, it is ad-
vantageous (Tabrizi et al., 2019). Repeated administration of ASOs may 
be needed to retain the therapeutic benefits. 

An ASO designed to target a sequence consisting of seven CAG re-
peats has been used in fibroblasts derived from HD patients (Datson 
et al., 2017). In this study, the ASOs resulted in a reduction of mutant 
HTT mRNA transcripts by 83 % while also reducing the wild type allele 
by 43 %. In addition, the ASOs reduced transcripts of other CAG repeat 
genes, including ATXN3, ATXN1, and ATN1.51. Off targeting to this 
extent is not ideal, both with respect to wild type HTT and the other CAG 
repeat genes. In mice, however, administration of this ASO significantly 
reduced mHTT and helped restore neurological function (Datson et al., 

2017). 
IONIS-HTTRx is an example of a human targeting HTT ASO. In 

BACHD mice with a full length human mutant HTT gene, IONIS-HTTRx 
was able to reduce mRNA expression up to 80 % and protein expression 
by around two thirds (Bennett and Swayze, 2010). These reductions 
lasted for around 4 months and disease phenotypes were mitigated in 
three different mouse models. In two models (BACHD and YAC128), 
motor deficiencies were almost completely reversed. In a third, R6/2, 
brain atrophy was diminished and survival rose (Kordasiewicz et al., 
2012). Notably, even after the expression of HTT and the presence of the 
IONIS-HTTRx lessened, the phenotype reversals remained (Lu and Yang, 
2012). Another study demonstrated that doses of IONIS-HTTRx resulted 
in nearly 50 % reduction in cortical HTT and 15–20 % reduction in 
striatum HTT (Wang et al., 2014). These reductions together signaled an 
overall improvement in the BACHD mouse model (Wang et al., 2014). In 
a recent human clinical trial (NCT02519036), patients were adminis-
tered IONIS-HTTRx in four monthly doses. While the primary focus of the 
study was safety, the investigators did report that there were pro-
nounced reductions in mutant huntingtin concentration in the cere-
brospinal fluid (Rodrigues and Wild, 2018). 

2.1.3. DNA-based: use CRISPR-Cas9 technology 
In addition to RNAi and ASO treatments, non-allele-specific CRISPR- 

Cas9 has been considered as a therapeutic strategy to eliminate the 
polyglutamine aggregates formed in HD. The traditional CRISPR/Cas9 
system is derived from the bacterial immune system where it plays a role 
in recognizing and destroying foreign DNA. In gene editing techniques, 
the Cas9 protein recognizes the DNA sequence to be cut through specific 
guide RNA constructs (gRNA) of 16–20 nucleotides. If a protospacer- 
adjacent motif (PAM) does not follow directly after the DNA sequence 
that the gRNA recognizes, however, the Cas9 protein will not cut. 
Different Cas proteins have different PAM sequences, but they are 
typically short sequences of 2–5 nucleotides, such as NGG for the Cas9 
protein where N is any nucleotide (Ran et al., 2013). 

A study conducted by Yang et al. deleted the polyQ domain of mHTT 
using CRISPR in both the WT and mutant copy of HEK293 cells as well as 
mice (Yang, 2002). Four guide RNAs were designed to target the DNA 
regions that flank the CAG repeat in exon 1 of human HTT. Reduction of 
mHTT was seen to alleviate reactive astrocytes while other proteins 
studied in neurodegenerative disease were unaffected by the treatment. 
Since CRISPR has the ability to permanently eliminate expression, this 
treatment offers long term benefits as compared to previously used RNAi 
methods, which require constant administration. However, the effi-
ciency of the mHTT reduction varied among individual mice tested (Lu 
and Yang, 2012). Further, the loss of the wild-type HTT is undesirable 
and has been shown to have negative effects in mice (Lu and Yang, 
2012). 

However, in these non-allele specific approaches discussed above, 
the effects of lowering wild type HTT production must be considered, as 
the function of HTT is not fully understood yet, particularly in adults. 
Complete inactivation of HTT in adult mice elicits neurodegeneration 
(Dragatsis et al., 2000), and the long-term survival of neurons in the 
hippocampus was significantly diminished by the loss of HTT (Pla et al., 
2013). Conditional gene inactivation that results in 84 % reduction in 
HTT protein in adult mice triggers degeneration of neurons and con-
tributes to abnormalities in neurogenesis (de Almeida et al., 2002). HTT 
is necessary for early development, as a knockout of the HTT gene in 
mice caused the mice to die of acute pancreatitis at about two months of 
age (Wang et al., 2016). Notably, in this same study, a knockout of HTT 
was done in adult mice with no change in neuronal survival or behav-
ioral or movement phenotype, showing the function of HTT is at least 
partially age-dependent. 
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2.2. Allele-specific based approaches 

2.2.1. RNA-Based 
Single stranded siRNA (ss-siRNA) inhibits translation by recruiting 

argonaute-2, AGO2, for mRNA degradation via the RNAi pathway 
(Elsner, 2012). Yu et al. successfully downregulated mutant HTT mRNA 
while maintaining relatively high wild type mRNA levels using a 
ss-siRNA RNAi system. In order to achieve discrimination between 
healthy and mutant transcripts, the group targeted the CAG expansion 
directly using an anti-CAG ss-siRNA (Yu et al., 2012). The expanded 
mutant allele allowed for more siRNA binding events per transcript 
compared to the wild type mRNA, leading to less reduction in wild type 
mRNA. While this technique is not completely allele specific, it is worth 
mentioning for its allele discrimination capabilities. Several cell types 
with different CAG repeat lengths were tested and a specificity of 29 
CAG repeats was achieved in the cell line with the most similarity be-
tween the two transcripts. In this extreme case, 6 binding site events per 
mutant mRNA occurred compared to 3 per healthy transcript (Yu et al., 
2012). This resulted in lower levels of mHTT while preserving mRNA 
levels in the HD patient-derived fibroblasts. 

2.2.2. SNP haplotypes combined with traditional CRISPR-Cas9 technology 
The only universal difference between healthy and disease alleles is 

the CAG expansion (Fig. 1), which cannot be easily manipulated to 
achieve allele specific silencing or excision. This is because the tools 
used cannot necessarily discriminate between the two CAG tracts 
because it would require specificity up to distinguishing between ~35 
CAG repeats and above, which corresponds to about 105bp specificity 
which is not achievable using current methods. Additionally, there are 
other genes that also have repetitive CAG tracts that would also be 
affected by targeting the expansion itself (Fan et al., 2014). As a result, 
less direct ways to target the mutant allele have been employed which 
make use of the presence of single nucleotide polymorphisms (SNPs) 
within the gene. 

Chao et al. built a website that includes descriptions of various SNPs 
(including chromosome position and sequence), definitions of certain 
haplotypes of the HTT gene (16 variations), and the genotype data 
available: https://chgr.partners.org/htt.haplotype.html. Many patients 
may fall under the identified haplogroups, allowing for the potential for 
a treatment approach utilizing the three most common SNPs to treat 
around 80 % of European patients (Chao et al., 2017). When utilizing all 
of the genetic variations from this study, they found that the 
CAG-expanded chromosome repeat could be isolated in 95 % of Euro-
pean patients. In order to apply this concept to the majority of HD pa-
tients, rather than those of only European descent, haplotypes present in 
subject-derived fibroblasts, induced pluripotent cells, and embryonic 
stem cells should be examined to create a method of allele-specific 
silencing of the HTT gene. 

Additionally, out of the 45,115 SNPs listed in the NCBI SNP database 
associated with the HTT gene, 89.7 % are intronic, which limits the 
potential for targeting coding sequences to only 10.3 % of exonic SNPs 
(NCBI, 2021). A potential challenge is screening patients for particular 
SNPs and determining on which allele the SNP is present, which can be 
accomplished through a sequencing technique called phasing (Choi 
et al., 2018). For patients who do not fall under the most popular hap-
logroups, like many Asian populations for example, individualized ap-
proaches would have to be applied and tested for efficiency and safety, 
which could be a considerable task. 

The mutation that causes HD involves expanded CAG repeats that 
contain a greater number of nucleotides than the Cas9’s gRNA construct 
can recognize completely, therefore, indirect methods have to be used to 
specifically target the disease allele outside of the mutation. With the 
Cas9 system, the most promising method has been the use of SNPs 
within the disease allele to allow for allele discrimination based on the 
creation or destruction of a PAM sequence by a particular SNP, leaving a 
PAM solely on the disease allele at a given location (Wild and Tabrizi, 

2017). The CRISPR/Cas9 system has been used to achieve silencing of 
the mutant HTT gene through heterozygous PAM sites in patient-derived 
fibroblast cells, significantly reducing expression of the mHTT protein 
(Shin et al., 2016). In this approach, two SNPs and two cut sites were 
required to excise large portions of the gene, including the promoter and 
exon 1 (Shin et al., 2016). Similarly, the CRISPR/Cas9 system was able 
to selectively target the disease allele and reduce mHTT expression in 
the neural cells of the BACHD mouse model using a similar approach 
requiring a single SNP and a shared target site in an intronic region 
(Monteys et al., 2017). Both of these approaches require at least two 
target sites in the genome, which increases the risk of off-targeting. 
Additionally, the success of these approaches relies on SNPs within 
both the promoter region and just shortly after exon 1, which signifi-
cantly limits the targetable SNPs, as there are 67 exons in the gene. A 
more robust approach would allow for the use of SNPs outside of only 
the promoter and first intron, and would ideally only require 1 target site 
to reduce off targeting (Table 1). 

2.2.3. The potential of prime editing 
Prime editing, developed by Anzalone et al., is a new version of 

CRISPR-Cas9 that allows the applications of gene editing to extend 
beyond inducing gene correction via targeted double-stranded breaks 
(DSBs) and homology-directed repair (HDR) (Anzalone et al., 2019). 
With prime editing, researchers are able to “search and replace” specific 
DNA nucleotides to result in much more controlled, precise editing than 
the original CRISPR-Cas9 system is able to achieve, and with less dam-
age to the DNA (Anzalone et al., 2019). Prime editing involves both a 
prime editor (PE) of different variations and a prime editing guide RNA 
(pegRNA) which together form the PE:pegRNA complex. The prime 
editor is further composed of a Cas9 nickase fused to a reverse tran-
scriptase. The Cas9 nickase is similar to the Cas9 from the original 
CRISPR-Cas9 machinery, except the altered Cas9 nicks one strand of 
DNA rather than causing a double-stranded break. As a result, DNA 
repair can be more precisely controlled, as studies show that repair of 
DSBs lead to large deletions and complex rearrangements, such as un-
recognized recombination events, that could have pathogenic conse-
quences. The pegRNA, with a size of >100 nucleotides, is a variation of 
the ~20 nucleotide single guide RNA (sgRNA) used in CRISPR-Cas9. The 
process of prime editing involves the Cas9 nickase nicking the desired 
site, exposing a 3′ end which the reverse transcriptase can be used 
alongside designed RNA sequences to reverse transcribe a short new 
sequence directly into the DNA. As a result, both strands have been 
edited without inducing a double-stranded break. 

One major area of investigation when comparing prime editing to 
CRISPR-Cas9 is the abilty of prime editing to reduce off-targeting effects 
and maintain accuracy (Anzalone et al., 2020; Koblan et al., 2021). 
While prime editing still requires an sgRNA and PAM sequence to 
maximize on-target efficiency, its sgRNA, or pegRNA, is modified to 
require additional hybridization steps that reduce off-targeting. Specif-
ically, prime editing requires complementarity between the target DNA 
and the pegRNA spacer for the initial binding of Cas9, complementarity 
between the target DNA and pegRNA PBS to initiate reverse transcrip-
tion of the pegRNA template, and complementarity between the target 
DNA and the reverse transcriptase product for flap resolution. After 
treating cells with either prime editors and pegRNA or Cas9 and pegR-
NAs, the additional prime editing hybridization steps allow for signifi-
cantly reduced off-targeting effects. These are notable and promising 
results that suggest a potential solution to reducing off-targeting in gene 
editing without compromising efficiency. In future applications to 
neurological diseases such as Huntington’s, prime editing has the sig-
nificant potential to potentially insert or delete short sequences effi-
ciently to disrupt the promoter as well as potentially alter splice sites, 
which could lead to a reduction in expression of the mutant gene. In 
addition, prime editing will also be able to utilize SNPs to selectively 
target the diseased allele in a potentially more specific manner than the 
traditionally used Cas9 system. 
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2.3. Possible limitations 

There is discussion as to the role the mHTT gene has in altering 
development and whether the disease could be fully addressed through 
gene lowering techniques in patients. Barnat et. al. investigated the 
tissue from human fetuses expressing mHTT to determine if there is a 
difference in development between a healthy fetus and those with the 
mHTT. Using antibody stainings, the researchers found that mHTT was 
concentrated in the apical endfeet of the tissue rather than spread 
throughout the basal region as seen in the healthy tissue. Additionally, it 
was determined that mHTT impairs enodomal secretion and Golgi 
trafficking in progenitors, as well as hinders the positioning of tight 
junctions (Barnat et al., 2020). Because of this effect on the junction 
complexes, it was hypothesized that the mutation affects movement 
through the cell cycle, which was confirmed by tracking expression 
markers that showed that mHTT lead to cells spending an elongated 
amount of time in the G1 and G2 phases and less time in the S phase 
transition (Barnat et al., 2020). These findings indicate that mHTT dis-
rupts neurodevelopment and intervenes with the cell cycle, leading to 
more progenitor cells entering differentiation. This calls into question 
the efficacy of lower mHTT levels in adults as the brain is affected by the 
disease developmentally and counteracts the convention that mHTT is a 
gain-of-function mutation, pointing that the path to degeneration may 
be more complicated and less straightforward than it seems. 

In addition, these techniques for reducing mHTT in neural cells may 
not be able to fully address symptoms of HD elsewhere in the body. 
Recent studies have found that gut dysbiosis is one of the symptoms of 
HD that may disrupt motor and psychological functions (Kong et al., 
2020; Stan et al., 2020; Wasser et al., 2020). In two studies, the micro-
biome composition of male HD mice was found to be significantly 
different compared to wildtype controls, while in females, there was 
little to no notable difference (Kong et al., 2020; Wasser et al., 2020). In 
HD mice, some bacteria were found at unusually high levels, impacting 
gut permeability and transit time as well as motor control and cognitive 
functions, including memory performance, processing speed, and 
attention (Stan et al., 2020; Wasser et al., 2020). Lots of work suggests 
such disruptions in microbiota may lead to metabolic and psychiatric 
diseases that influence functions of both the brain and the gut (Foster 
and McVey Neufeld, 2013; Golubeva et al., 2017; Greenblum et al., 
2012; Qin et al., 2012; Scheperjans et al., 2015; Turnbaugh et al., 2006; 

Vogt et al., 2017). 
It is also unclear whether the reduction in toxic protein aggregation 

in a disease like HD would be able to correct manifestations of the dis-
ease. In a recent study, immunotherapy techniques were applied to 
target insoluble tau protein that is related to neurodegenerative diseases 
(Sopko et al., 2020). An anti-tau antibody, Gosuranemab, was used to 
bind to extracellular tau protein found in the cerebrospinal fluid (CSF) to 
prevent tau aggregation and promote tau depletion (Boxer et al., 2019; 
Qureshi et al., 2018). Its effects were evident in animal models of pri-
mary and secondary tauopathies, such as Progressive Supranuclear Palsy 
(PSP) and Alzheimer’s disease (AD), respectively (Sopko et al., 2020). 
Clinical benefits associated with Gosuranemab appear to be quite 
limited in AD and Parkinson’s disease patients (Sopko et al., 2020). 

More recently, prime editing technology was applied to target pro-
gerin, another toxic, dominant negative mutant protein that accumu-
lates in Huntington Gilford Progeria, which is a rare form of accelerated 
aging diseases. Encouragingly, around 20–60 % correction of the 
disease-causing mutation across various tissues improved vitality and 
greatly extended the median lifespan of a progeria mouse model (Koblan 
et al., 2021). This study shows the potential of prime editing as a 
possible treatment for progeria and other genetic diseases. 

3. Summary 

A cure for Huntington’s is still in the making, but recent gene therapy 
attempts show great promise. As CRISPR technology is constantly 
refined and new technologies such as prime editing are developed, ap-
plications to HD and the possibility of patient specific treatments 
become more real. With the development of prime editing technology, 
short sequences can be more efficiently incorporated into DNA. This can 
be particularly useful for altering post translational modifications that 
can potentially aid cellular machinery to degrade mHTT. The techniques 
used to target mHTT can be applied to other diseases as well, particu-
larly the use of SNPs to achieve allele specific silencing. 
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Table 1 
This table summarizes the current treatment approaches to Huntington’s Disease, sorted into non-allele specific and allele specific categories. Many treatment options 
are still in development, therefore, the information in this table is based on previous studies.  

Approach Modality Methods Advantages Limitations References 

Non-Allele 
Specific 

RNAi siRNAs pair to degrade mutant HTT mRNA. Effective reduction of HTT 
mRNA. 

Affects both WT and mutant alleles; 
invasive delivery; reversal not 
possible 

(Boudreau 
et al., 2009) 
(Harper et al., 
2005) 
(Franich et al., 
2008) 
(McBride 
et al., 2011) 

ASO ASOs pair with target mRNA and recruit RNase H to 
degrade mutant mRNA or RNA-DNA duplex. 

Effective reduction of HTT 
mRNA. Effects Reversable. 

Affects both WT and mutant alleles; 
significant off-targeting effects; 
short effective time 

(Scoles et al., 
2019) 
(Di Fusco 
et al., 2019) 
(Datson et al., 
2017) 

CRISPR/ 
Cas9 

gRNAs guide Cas9 to cut out and remove a desired 
sequence of DNA. 

Permanent deletion of CAG 
repeat; only one treatment 
required. 

Varied efficiency; affects both WT 
and mutant alleles, possible off 
target effects 

(Yang et al., 
2017) 

Allele 
Specific 

RNAi 
siRNA targeting CAG expansion. Allele discrimination 
based on increased rate of binding of long CAG 
expansion 

Effective reduction of mHTT 
mRNA with limited effect on WT 
RNA 

Off targeting on other genes with 
CAG expansions 

(Yu et al., 
2012) 

SNP- 
based 
CRISPR/ 
Cas9 

gRNAs guide Cas9 to cut out and remove a desired 
sequence of DNA. Requires at least two target sites 
and at least one targetable SNP. 

Selective targeting of mutant 
allele; effective, permanent 
silencing of HTT gene 

Increased risk of off-targeting 
effects; SNP specificity limits RNA- 
binding sequences 

(Shin et al., 
2016) 
(Monteys 
et al., 2017)  
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RNase H-mediated inhibition of translation by antisense oligodeoxyribo-nucleotides: 

E. Fields et al.                                                                                                                                                                                                                                   

https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41587-020-0561-9
http://refhub.elsevier.com/S1568-1637(21)00132-X/sbref0015
http://refhub.elsevier.com/S1568-1637(21)00132-X/sbref0015
http://refhub.elsevier.com/S1568-1637(21)00132-X/sbref0015
https://doi.org/10.1016/j.neuron.2005.06.005
https://doi.org/10.1016/j.neuron.2015.10.038
https://doi.org/10.1126/science.aax3338
https://doi.org/10.1126/science.aax3338
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.3233/JHD-200421
https://doi.org/10.3233/JHD-200421
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1038/mt.2009.17
https://doi.org/10.1016/S1474-4422(19)30139-5
https://doi.org/10.1038/ejhg.2017.125
https://doi.org/10.1038/ejhg.2017.125
https://doi.org/10.1371/journal.pgen.1007308
https://doi.org/10.1371/journal.pgen.1007308
https://doi.org/10.1371/journal.pone.0171127
https://doi.org/10.1371/journal.pone.0171127
https://doi.org/10.1523/JNEUROSCI.22-09-03473.2002
https://doi.org/10.1523/JNEUROSCI.22-09-03473.2002
https://doi.org/10.3389/fphar.2019.00305
https://doi.org/10.3389/fphar.2019.00305
https://doi.org/10.1038/81593
https://doi.org/10.1002/ana.21569
https://doi.org/10.1002/ana.21569
https://doi.org/10.1177/1073858410390378
https://doi.org/10.1177/1073858410390378
https://doi.org/10.1016/j.stemcr.2014.02.011
https://doi.org/10.1038/nbt.2413
https://doi.org/10.3727/096368914X678454
https://doi.org/10.3389/fncel.2019.00574
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1016/j.ebiom.2017.09.020
https://doi.org/10.1073/pnas.1116053109
https://doi.org/10.1073/pnas.1116053109
https://doi.org/10.1016/j.neuron.2017.03.023
https://doi.org/10.1016/j.neuron.2017.03.023
https://doi.org/10.1093/brain/awr333
https://doi.org/10.1016/j.nbd.2020.104958
https://doi.org/10.1016/j.nbd.2020.104958
https://doi.org/10.1038/aps.2018.11
https://doi.org/10.1038/aps.2018.11
https://doi.org/10.1016/j.ydbio.2015.07.013
https://doi.org/10.1016/S1534-5807(02)00188-0
https://doi.org/10.1038/nrm2321
https://doi.org/10.1016/B978-0-12-381328-2.00015-8
https://doi.org/10.1172/JCI57552
https://doi.org/10.1172/JCI57552
https://doi.org/10.1038/s41586-020-03086-7
https://doi.org/10.1016/j.nbd.2018.09.001
https://doi.org/10.1016/j.neuron.2012.05.009
https://doi.org/10.1016/j.neuron.2012.05.009
https://doi.org/10.1038/sj.embor.7400250
https://doi.org/10.1038/sj.embor.7400250


Ageing Research Reviews 70 (2021) 101385

7

use of backbone modification to improve specificity. Gene 121, 189–194. https:// 
doi.org/10.1016/0378-1119(92)90121-5. 

Leavitt, B.R., Kordasiewicz, H.B., Schobel, S.A., 2020. Huntingtin-lowering therapies for 
huntington disease: a review of the evidence of potential benefits and risks. JAMA 
Neurol. 77, 764. https://doi.org/10.1001/jamaneurol.2020.0299. 

Lebouc, M., Richard, Q., Garret, M., Baufreton, J., 2020. Striatal circuit development and 
its alterations in Huntington’s disease. Neurobiol. Dis. 145, 105076 https://doi.org/ 
10.1016/j.nbd.2020.105076. 

Lee, J.-M., Ramos, E.M., Lee, J.-H., Gillis, T., Mysore, J.S., Hayden, M.R., Warby, S.C., 
Morrison, P., Nance, M., Ross, C.A., Margolis, R.L., Squitieri, F., Orobello, S., Di 
Donato, S., Gomez-Tortosa, E., Ayuso, C., Suchowersky, O., Trent, R.J.A., 
McCusker, E., Novelletto, A., Frontali, M., Jones, R., Ashizawa, T., Frank, S., Saint- 
Hilaire, M.H., Hersch, S.M., Rosas, H.D., Lucente, D., Harrison, M.B., Zanko, A., 
Abramson, R.K., Marder, K., Sequeiros, J., Paulsen, J.S., on behalf of the PREDICT- 
HD study of the Huntington Study Group (HSG), Landwehrmeyer, G.B., on behalf of 
the REGISTRY study of the European Huntington’s Disease Network, Myers, R.H., on 
behalf of the HD-MAPS Study Group, MacDonald, M.E., Gusella, J.F., on behalf of the 
COHORT study of the HSG, 2012. CAG repeat expansion in Huntington disease 
determines age at onset in a fully dominant fashion. Neurology 78, 690–695. https:// 
doi.org/10.1212/WNL.0b013e318249f683. 

Li, X., Standley, C., Sapp, E., Valencia, A., Qin, Z.-H., Kegel, K.B., Yoder, J., Comer- 
Tierney, L.A., Esteves, M., Chase, K., Alexander, J., Masso, N., Sobin, L., Bellve, K., 
Tuft, R., Lifshitz, L., Fogarty, K., Aronin, N., DiFiglia, M., 2009. Mutant huntingtin 
impairs vesicle formation from recycling endosomes by interfering with Rab11 
activity. Mol. Cell. Biol. 29, 6106–6116. https://doi.org/10.1128/MCB.00420-09. 

Li, Z., Wang, C., Wang, Z., Zhu, C., Li, J., Sha, T., Ma, L., Gao, C., Yang, Y., Sun, Y., 
Wang, J., Sun, X., Lu, C., Difiglia, M., Mei, Y., Ding, C., Luo, S., Dang, Y., Ding, Y., 
Fei, Y., Lu, B., 2019. Allele-selective lowering of mutant HTT protein by HTT–LC3 
linker compounds. Nature 575, 203–209. https://doi.org/10.1038/s41586-019- 
1722-1. 

Lipe, H., Bird, T., 2009. Late onset huntington disease: clinical and genetic characteristics 
of 34 cases. J. Neurol. Sci. 276, 159–162. https://doi.org/10.1016/j. 
jns.2008.09.029. 

Lu, X.-H., Yang, X.W., 2012. “Huntingtin Holiday”: Progress toward an Antisense 
Therapy for Huntington’s Disease. Neuron 74, 964–966. https://doi.org/10.1016/j. 
neuron.2012.06.001. 

Luo, S., Vacher, C., Davies, J.E., Rubinsztein, D.C., 2005. Cdk5 phosphorylation of 
huntingtin reduces its cleavage by caspases implications for mutant huntingtin 
toxicity. J. Cell Biol. 169, 647–656. https://doi.org/10.1083/jcb.200412071. 

Machiela, E., Southwell, A.L., 2020. Biological Aging and the Cellular Pathogenesis of 
Huntington’s Disease. J. Huntingt. Dis. 9, 115–128. https://doi.org/10.3233/JHD- 
200395. 

Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A., Hetherington, C., 
Lawton, M., Trottier, Y., Lehrach, H., Davies, S.W., Bates, G.P., 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. https://doi.org/ 
10.1016/S0092-8674(00)81369-0. 

Martin, D.D.O., Kay, C., Collins, J.A., Nguyen, Y.T., Slama, R.A., Hayden, M.R., 2018. 
A human huntingtin SNP alters post-translational modification and pathogenic 
proteolysis of the protein causing Huntington disease. Sci. Rep. 8, 8096. https://doi. 
org/10.1038/s41598-018-25903-w. 

McBride, J.L., Pitzer, M.R., Boudreau, R.L., Dufour, B., Hobbs, T., Ojeda, S.R., 
Davidson, B.L., 2011. Preclinical Safety of RNAi-Mediated HTT Suppression in the 
Rhesus Macaque as a Potential Therapy for Huntington’s Disease. Mol. Ther. 19, 
2152–2162. https://doi.org/10.1038/mt.2011.219. 

Monteys, A.M., Ebanks, S.A., Keiser, M.S., Davidson, B.L., 2017. CRISPR/Cas9 Editing of 
the Mutant Huntingtin Allele In Vitro and In Vivo. Mol. Ther. 25, 12–23. https://doi. 
org/10.1016/j.ymthe.2016.11.010. 

Nasir, J., Floresco, S.B., O’Kusky, J.R., Diewert, V.M., Richman, J.M., Zeisler, J., 
Borowski, A., Marth, J.D., Phillips, A.G., Hayden, M.R., 1995. Targeted disruption of 
the Huntington’s disease gene results in embryonic lethality and behavioral and 
morphological changes in heterozygotes. Cell 81, 811–823. https://doi.org/ 
10.1016/0092-8674(95)90542-1. 

NCBI, 2021. SNP Database [WWW Document]. dbSNP. https://www.ncbi.nlm.nih. 
gov/snp/. 

Orsini, M., Carolina, A., Ferreira, A., de, F., de Assis, A.C.D., Magalhães, T., Teixeira, S., 
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Sjögren, M., Haikal, C., Hållenius, F., Björkqvist, M., 2020. Increased intestinal 
permeability and gut dysbiosis in the R6/2 mouse model of Huntington’s disease. 
Sci. Rep. 10 https://doi.org/10.1038/s41598-020-75229-9. 

Stanek, L.M., Sardi, S.P., Mastis, B., Richards, A.R., Treleaven, C.M., Taksir, T., Misra, K., 
Cheng, S.H., Shihabuddin, L.S., 2014. Silencing mutant huntingtin by adeno- 
associated virus-mediated RNA interference ameliorates disease manifestations in 
the YAC128 mouse model of huntington’s disease. Hum. Gene Ther. 25, 461–474. 
https://doi.org/10.1089/hum.2013.200. 

Tabrizi, S.J., Leavitt, B.R., Landwehrmeyer, G.B., Wild, E.J., Saft, C., Barker, R.A., 
Blair, N.F., Craufurd, D., Priller, J., Rickards, H., Rosser, A., Kordasiewicz, H.B., 
Czech, C., Swayze, E.E., Norris, D.A., Baumann, T., Gerlach, I., Schobel, S.A., Paz, E., 
Smith, A.V., Bennett, C.F., Lane, R.M., 2019. Targeting Huntingtin Expression in 
Patients with Huntington’s Disease. N. Engl. J. Med. 380, 2307–2316. https://doi. 
org/10.1056/NEJMoa1900907. 

Tabrizi, S.J., Flower, M.D., Ross, C.A., Wild, E.J., 2020. Huntington disease: new insights 
into molecular pathogenesis and therapeutic opportunities. Nat. Rev. Neurol. 16, 
529–546. https://doi.org/10.1038/s41582-020-0389-4. 

Thompson, L.M., Aiken, C.T., Kaltenbach, L.S., Agrawal, N., Illes, K., Khoshnan, A., 
Martinez-Vincente, M., Arrasate, M., O’Rourke, J.G., Khashwji, H., Lukacsovich, T., 
Zhu, Y.-Z., Lau, A.L., Massey, A., Hayden, M.R., Zeitlin, S.O., Finkbeiner, S., 
Green, K.N., LaFerla, F.M., Bates, G., Huang, L., Patterson, P.H., Lo, D.C., Cuervo, A. 
M., Marsh, J.L., Steffan, J.S., 2009. IKK phosphorylates Huntingtin and targets it for 
degradation by the proteasome and lysosome. J. Cell Biol. 187, 1083–1099. https:// 
doi.org/10.1083/jcb.200909067. 

Thomson, S.B., Leavitt, B.R., 2018. Transcriptional regulation of the huntingtin gene. 
J. Huntingt. Dis. 7, 289–296. https://doi.org/10.3233/JHD-180331. 

Turnbaugh, P.J., Ley, R.E., Mahowald, M.A., Magrini, V., Mardis, E.R., Gordon, J.I., 
2006. An obesity-associated gut microbiome with increased capacity for energy 
harvest. Nature 444, 1027–1031. https://doi.org/10.1038/nature05414. 

van der Plas, E., Schultz, J.L., Nopoulos, P.C., 2020. The Neurodevelopmental Hypothesis 
of Huntington’s Disease. J. Huntingt. Dis. 9, 217–229. https://doi.org/10.3233/ 
JHD-200394. 

Vogt, N.M., Kerby, R.L., Dill-McFarland, K.A., Harding, S.J., Merluzzi, A.P., Johnson, S. 
C., Carlsson, C.M., Asthana, S., Zetterberg, H., Blennow, K., Bendlin, B.B., Rey, F.E., 
2017. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 7, 13537. 
https://doi.org/10.1038/s41598-017-13601-y. 

E. Fields et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/0378-1119(92)90121-5
https://doi.org/10.1016/0378-1119(92)90121-5
https://doi.org/10.1001/jamaneurol.2020.0299
https://doi.org/10.1016/j.nbd.2020.105076
https://doi.org/10.1016/j.nbd.2020.105076
https://doi.org/10.1212/WNL.0b013e318249f683
https://doi.org/10.1212/WNL.0b013e318249f683
https://doi.org/10.1128/MCB.00420-09
https://doi.org/10.1038/s41586-019-1722-1
https://doi.org/10.1038/s41586-019-1722-1
https://doi.org/10.1016/j.jns.2008.09.029
https://doi.org/10.1016/j.jns.2008.09.029
https://doi.org/10.1016/j.neuron.2012.06.001
https://doi.org/10.1016/j.neuron.2012.06.001
https://doi.org/10.1083/jcb.200412071
https://doi.org/10.3233/JHD-200395
https://doi.org/10.3233/JHD-200395
https://doi.org/10.1016/S0092-8674(00)81369-0
https://doi.org/10.1016/S0092-8674(00)81369-0
https://doi.org/10.1038/s41598-018-25903-w
https://doi.org/10.1038/s41598-018-25903-w
https://doi.org/10.1038/mt.2011.219
https://doi.org/10.1016/j.ymthe.2016.11.010
https://doi.org/10.1016/j.ymthe.2016.11.010
https://doi.org/10.1016/0092-8674(95)90542-1
https://doi.org/10.1016/0092-8674(95)90542-1
https://www.ncbi.nlm.nih.gov/snp/
https://www.ncbi.nlm.nih.gov/snp/
https://doi.org/10.4081/ni.2018.7473
https://doi.org/10.1136/jnnp.71.3.310
https://doi.org/10.1371/journal.pone.0073902
https://doi.org/10.1038/nature11450
https://doi.org/10.1016/j.trci.2018.10.007
https://doi.org/10.1016/j.trci.2018.10.007
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.3233/JHD-189001
https://doi.org/10.1172/JCI83185
https://doi.org/10.1073/pnas.1221891110
https://doi.org/10.1073/pnas.1221891110
https://doi.org/10.1016/S0092-8674(00)81782-1
https://doi.org/10.1016/S0092-8674(00)81782-1
https://doi.org/10.1002/mds.26069
https://doi.org/10.1093/hmg/8.3.397
http://refhub.elsevier.com/S1568-1637(21)00132-X/sbref0340
http://refhub.elsevier.com/S1568-1637(21)00132-X/sbref0340
https://doi.org/10.1212/NXG.0000000000000323
https://doi.org/10.1093/hmg/ddw286
https://doi.org/10.1093/hmg/ddw286
https://doi.org/10.1016/j.nbd.2020.105120
https://doi.org/10.1016/j.nbd.2020.105120
https://doi.org/10.1523/JNEUROSCI.4286-09.2009
https://doi.org/10.1523/JNEUROSCI.4286-09.2009
https://doi.org/10.1038/s41598-020-75229-9
https://doi.org/10.1089/hum.2013.200
https://doi.org/10.1056/NEJMoa1900907
https://doi.org/10.1056/NEJMoa1900907
https://doi.org/10.1038/s41582-020-0389-4
https://doi.org/10.1083/jcb.200909067
https://doi.org/10.1083/jcb.200909067
https://doi.org/10.3233/JHD-180331
https://doi.org/10.1038/nature05414
https://doi.org/10.3233/JHD-200394
https://doi.org/10.3233/JHD-200394
https://doi.org/10.1038/s41598-017-13601-y


Ageing Research Reviews 70 (2021) 101385

8

Walker, F.O., 2007. Huntington’s disease. Lancet 369, 218–228. https://doi.org/ 
10.1016/S0140-6736(07)60111-1. 

Wang, N., Gray, M., Lu, X.-H., Cantle, J.P., Holley, S.M., Greiner, E., Gu, X., Shirasaki, D., 
Cepeda, C., Li, Y., Dong, H., Levine, M.S., Yang, X.W., 2014. Neuronal targets for 
reducing mutant huntingtin expression to ameliorate disease in a mouse model of 
Huntington’s disease. Nat. Med. 20, 536–541. https://doi.org/10.1038/nm.3514. 

Wang, G., Liu, X., Gaertig, M.A., Li, S., Li, X.-J., 2016. Ablation of huntingtin in adult 
neurons is nondeleterious but its depletion in young mice causes acute pancreatitis. 
PNAS 113, 3359–3364. https://doi.org/10.1073/pnas.1524575113. 

Wasser, C.I., Mercieca, E.-C., Kong, G., Hannan, A.J., McKeown, S.J., Glikmann- 
Johnston, Y., Stout, J.C., 2020. Gut dysbiosis in Huntington’s disease: associations 

among gut microbiota, cognitive performance and clinical outcomes. Brain Commun 
2. https://doi.org/10.1093/braincomms/fcaa110. 

Wild, E.J., Tabrizi, S.J., 2017. Therapies targeting DNA and RNA in Huntington’s disease. 
Lancet Neurol. 16, 837–847. https://doi.org/10.1016/S1474-4422(17)30280-6. 

Yang, W., 2002. Aggregated polyglutamine peptides delivered to nuclei are toxic to 
mammalian cells. Hum. Mol. Genet. 11, 2905–2917. https://doi.org/10.1093/hmg/ 
11.23.2905. 

Yu, D., Pendergraff, H., Liu, J., Kordasiewicz, H.B., Cleveland, D.W., Swayze, E.E., 
Lima, W.F., Crooke, S.T., Prakash, T.P., Corey, D.R., 2012. Single-stranded RNAs use 
RNAi to potently and allele-selectively inhibit mutant huntingtin expression. Cell 
150, 895–908. https://doi.org/10.1016/j.cell.2012.08.002. 

E. Fields et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/S0140-6736(07)60111-1
https://doi.org/10.1016/S0140-6736(07)60111-1
https://doi.org/10.1038/nm.3514
https://doi.org/10.1073/pnas.1524575113
https://doi.org/10.1093/braincomms/fcaa110
https://doi.org/10.1016/S1474-4422(17)30280-6
https://doi.org/10.1093/hmg/11.23.2905
https://doi.org/10.1093/hmg/11.23.2905
https://doi.org/10.1016/j.cell.2012.08.002

	Gene targeting techniques for Huntington’s disease
	1 Introduction: huntingtin in the cell
	1.1 The function of HTT and mutant HTT (mHTT) proteins
	1.2 Differential post translational modifications of mHTT

	2 Gene editing-based approaches
	2.1 Non-allele specific approaches
	2.1.1 RNAi-based
	2.1.2 DNA-based: use antisense oligonucleotide (ASO)
	2.1.3 DNA-based: use CRISPR-Cas9 technology

	2.2 Allele-specific based approaches
	2.2.1 RNA-Based
	2.2.2 SNP haplotypes combined with traditional CRISPR-Cas9 technology
	2.2.3 The potential of prime editing

	2.3 Possible limitations

	3 Summary
	Funding
	Declaration of Competing Interest
	Acknowledgements
	References


