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Abstract Huntington’s disease (HD) is an autosomal

dominantly-inherited neurodegenerative disease, which is

caused by CAG trinucleotide expansion in exon 1 of the

Huntingtin (HTT) gene. Although HD is a rare disease, its

monogenic nature makes it an ideal model in which to

understand pathogenic mechanisms and to develop thera-

peutic strategies for neurodegenerative diseases. Clustered

regularly-interspaced short palindromic repeats (CRISPR)

is the latest technology for genome editing. Being simple to

use and highly efficient, CRISPR-based genome-editing

tools are rapidly gaining popularity in biomedical research

and opening up new avenues for disease treatment. Here,

we review the development of CRISPR-based genome-

editing tools and their applications in HD research to offer

a translational perspective on advancing the genome-

editing technology to HD treatment.

Keywords Huntington’s disease � CRISPR � Animal
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Introduction

Huntington’s disease (HD) is an autosomal dominant

neurodegenerative disease caused by a mutation in the

Huntingtin (HTT) gene, which is localized on the short arm

of chromosome 4 (4p16.3). The mutation is caused by the

expansion of CAG trinucleotide repeats in exon 1 of HTT.

In unaffected individuals, the number of CAG trinucleotide

repeats in HTT varies from 6 to 35, whereas HD patients

typically carry 40 or more CAG repeats [1–4]. The

expanded CAG trinucleotide repeats are translated into a

polyglutamine (polyQ) tract near the N-terminal region of

the HTT protein, which renders the protein prone to

misfold and aggregate. The mutant HTT protein confers

gains of function that are neurotoxic, and the medium spiny

neurons in the striatum are particularly vulnerable to such

insults [5]. Therefore, the striatum is the most affected

brain region in HD, but other regions, such as the cerebral

cortex, globus pallidus, thalamus, subthalamic nucleus,

substantia nigra, hypothalamus, and cerebellum can also be

affected as the disease progresses. HD is a devastating

disease, as most patients display characteristic symptoms

such as chorea, motor dysfunction, psychiatric disturbance,

and cognitive decline during middle age, which eventually

leads to death in 15 to 20 years after the onset of symptoms

[6]. Currently there is no effective treatment to halt or

reverse the course of HD.

Since the HTT gene was identified as the causative gene

for HD in 1993 [7], extensive efforts have been devoted to

understanding HD pathogenesis, with the hope to eventu-

ally develop effective treatment options. Despite being a

rare neurodegenerative disease, the monogenic background

of HD makes it an ideal fit for such a challenging task: it is

relatively easy to manipulate a single mutant gene to

establish cellular and animal models; it is also quite

straightforward that lowering HTT products should be able

to alleviate neurotoxicity. Therefore, genome-editing tech-

nologies that can effectively manipulate individual genes,

such as zinc finger nuclease (ZFN) and transcription

activator-like effector nuclease (TALEN) [8–10], greatly

facilitate HD-related research. This effect is much greater

with the emergence of the latest technology, clustered
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regularly-interspaced short palindromic repeats (CRISPR)

[11]. Here, we briefly review the development of CRISPR-

based genome-editing technology. We also summarize the

use of CRISPR in HD research from three aspects:

generating animal models, studying disease mechanisms,

and developing HD treatment strategies. Finally, we list the

major innovations in CRISPR technology, and preview

how to take advantage of such innovations in future HD

research and treatment.

The Development of CRISPR Technology

The nucleotide sequence of the CRISPR system was first

discovered by Ishino et al. in Escherichia coli in 1987 [12].

Since then, many similar sequences have been identified

and given different names [13]. To avoid confusion related

to the different nomenclatures, the acronym CRISPR was

proposed in 2002 [14]. Although abundant CRISPR

sequences have been identified, their biological function

remained elusive. Subsequently, many studies have

explored the potential function of CRISPR in cells. Most

of the work has centered around adaptive immunity, as

multiple research groups have independently reported that

the spacers in CRISPR elements have high sequence

homology with extrachromosomal elements [15–18].

These results triggered speculation that CRISPR may

function as a protective mechanism against foreign genetic

substances, such as phages and plasmids [19]. Indeed, most

bacteria and archaea can incorporate the short invading

DNA sequences into their own genome as CRISPRs

[20–22], which helps them to acquire adaptive immunity

to defend against the invading viruses [20]. In 2010,

Garneau et al. revealed that the CRISPR-associated (Cas)

protein, guided by short CRISPR RNAs, can specifically

cleave bacteriophage and plasmid DNAs in a sequence-

specific manner in vivo [23], thereby showing the great

potential of the CRISPR/Cas system in genome editing.

Two years later, the milestone study by Jinek et al. showed

for the first time that the CRISPR/Cas9 system can be

programmed to cut specific DNA sequences to generate

double-stranded DNA breaks [24]. Since then, CRISPR-

based genome-editing technology has begun to take off.

To date, more than 30 Cas proteins have been identified

from different bacterial strains, and the number is rapidly

expanding [25, 26], while CRISPR/Cas9 remains the major

workhorse for genome editing in today’s research commu-

nity. CRISPR/Cas9 consists of two parts, the Cas9

endonuclease and a synthetic single guide RNA (sgRNA).

The sgRNA contains an *20-nucleotide protospacer that

pairs with the target DNA sequence, and a 3 to 6-nu-

cleotide protospacer adjacent motif (PAM), which is

indispensable for sgRNA-DNA hybridization [11]. In

theory, CRISPR/Cas9 can edit any target DNA sequence

by designing a proper protospacer sequence. Once the

sgRNA recognizes the complementary sequences of the

target gene, Cas9 binds to the sgRNA-DNA complex and

cuts the DNA 3–4 nucleotides upstream of the correct

PAM sequence. In eukaryotic cells, the cutting leads to a

double-strand DNA break (DSB), which can be repaired by

either homology-directed repair (HDR) or non-homologous

end-joining (NHEJ). In most cases, the DSB is repaired by

NHEJ, as it is a highly efficient but error-prone process.

The random insertions or deletions caused by NHEJ can

lead to frame-shift mutations or premature stop codons, so

that a specific gene can be knocked out via this approach.

Alternatively, HDR can precisely repair the DSB with a

homologous DNA template. As a result, specific mutations

can be introduced by providing a designed template to

achieve gene knock-in (Fig. 1). Nonetheless, HDR effi-

ciency is very low, especially in postmitotic cells, such as

neurons [27, 28].

Using CRISPR Technology in HD Research

In the most common neurodegenerative diseases, such as

Alzheimer’s disease (AD) and Parkinson’s disease (PD),

*90% of the cases are sporadic [29, 30], making it

difficult to use genetic tools to model them. In contrast, HD

is purely genetic, and is caused by a monogenic mutation.

Early generations of genome-editing tools, such as ZFN

and TALEN, have been successfully used in HD research

[31–33]. Nonetheless, designing such tools requires special

techniques, and is time-consuming and expensive. After

the seminal work showing that CRISPR works in mam-

malian cells [34], CRISPR rapidly replaced ZFN and

TALEN and became the favorite genome-editing tool in

HD research. The major applications of CRISPR technol-

ogy in HD research can be categorized into three aspects

(Fig. 2).

Establishing Cellular and Animal Models

Disease models are essential for studying HD. Since HTT is

a large gene spanning 180 kilobases and consisting of 67

exons, the conventional transgenic approach can only

express DNA fragments that correspond to the neurotoxic

N-terminal HTT proteins, which does not faithfully

recapitulate HD conditions. In addition, overexpression of

mutant proteins associated with the transgenic approach

can lead to artificial or exaggerated pathological effects.

Therefore, it is preferable to use a gene knock-in approach,

so that mutant HTT toxicity can be studied under

physiologically relevant conditions. CRISPR/Cas9, as a
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highly efficient genome-editing tool, greatly facilitates this

process.

In 2014, CRISPR/Cas9 was first used to generate

isogenic HD cellular models. By using CRISPR/Cas9 to

Fig. 1 Schematic showing the genome-editing mechanism of

CRISPR/Cas9. The designed single guide RNA (sgRNA) binds to

its complementary sequence in the genome and recruits the Cas9

protein to that region. Cas9 utilizes its two distinct active motifs,

RuvC and HNH, to generate site-specific nicks (3–4 nucleotides

upstream of the PAM sequence) on the opposite DNA strands,

causing a double-strand break (DSB). This DSB is repaired by two

cellular mechanisms. The first is non-homologous end joining

(NHEJ), which is efficient but error-prone. During the repair process,

random nucleotide insertions or deletions are introduced near the

DSB site, causing frame-shift mutations and gene knock-out. The

other mechanism is homology directed repair (HDR), in which a

donor DNA is used as a template to precisely repair the DSB. The

donor DNA is specifically designed to achieve gene knock-in.

Fig. 2 Summary of the major

applications of CRISPR-based

genome editing in Huntington’s

disease (HD) research.

CRISPR-base genome-editing

technology is currently used in

three areas of HD research: (1)

establishing HD models,

including isogenic cell lines,

knock-in mouse models, and

large animal models; (2) study-

ing disease mechanisms, such as

large-scale genetic screening

and gene knock-out; (3) devel-

oping mutant HTT-lowering

strategies.
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induce DNA cutting in the region of exon 1 HTT and

supplying a donor construct containing 97 CAG repeats,

the researchers established human induced pluripotent stem

cells (iPSCs) harboring 21, 72, or 97 CAG repeats in HTT

[35]. Since then, several groups have used similar

approaches to generate isogenic HD human iPSCs, and

reported phenotypic abnormalities in such cells, including

impaired neuronal differentiation, increased sensitivity to

growth factor withdrawal, mitochondrial defects, and gene

expression changes [36, 37]. These results suggest that

isogenic HD cellular models are promising resources for

mechanistic studies and drug screening.

Mouse models remain the primary platforms for HD-

related research. Multiple lines of HD knock-in mice have

already been established by different research groups

[38–41]. Nonetheless, CRISPR/Cas9 offers more versatil-

ity in creating novel knock-in mouse models to test

hypotheses related to HD pathogenesis. For example, a

prevailing theory in HD research is the toxic fragment

hypothesis, which means that full-length mutant HTT

protein is proteolytically cleaved to generate N-terminal

HTT fragments of different lengths that are neurotoxic

[42, 43]. However, which N-terminal fragment(s) confers

the most toxicity remains unknown. By using CRISPR/

Cas9 to edit the HTT gene in the embryos of HD140Q

knock-in mice, two knock-in mouse lines expressing

different N-terminal HTT fragments (the first 96 or 571

amino-acids) have been established. Compared with full-

length HD140Q mice, these two lines show similar

neuropathology and disease progression, and they all

contain a stable N-terminal mutant HTT fragment equiv-

alent to exon 1 HTT, suggesting that exon 1 HTT is the key

pathological form [44]. Another provocative hypothesis is

that CAG repeat expansion in the HTT gene leads to repeat-

associated non-AUG (RAN) translation to produce toxic

peptides [45]. Via CRISPR/Cas9-mediated genome editing,

a knock-in mouse model that expresses mutant HTT mRNA

but not mutant HTT protein was established. RAN-

translated products were not detected in this mouse model,

nor were HD-related pathological changes, indicating that

RAN translation does not play a major role in HD

pathogenesis [46].

Knock-in mouse models are valuable resources for HD

research, but they lack the overt neurodegeneration in the

striatum, which is a typical hallmark in HD patients

[47, 48]. In 2018, an HD knock-in pig model was

established. By using CRISPR/Cas9 and a donor vector

carrying human exon1 HTT with 150 CAG repeats, the

researchers successfully knocked in mutant HTT in fetal

pig fibroblasts. Somatic cell nuclear transfer was later

applied to generate newborn HD knock-in pigs. This pig

model displayed striking HD-like phenotypes and selective

neurodegeneration in the striatum [49], supporting the

rationale of using large animals to investigate HD patho-

genesis and to explore potential therapeutics. Compared

with the conventional method of homologous recombina-

tion, genome editing using CRISPR/Cas9 makes generat-

ing knock-in or knock-out animals much easier and faster,

thereby turning the above research ideas into actual work.

Studying Disease Mechanisms

The plethora of disease models enabled extensive research

on the pathogenic mechanisms of HD. A great number of

biological pathways and individual genes have been linked

to HD pathogenesis. In addition, as a large protein

consisting of more than 3000 amino-acids, HTT is believed

to interact with numerous proteins. Studies using different

methods have identified hundreds of potential HTT-inter-

acting proteins [50–52]. However, there are two major

challenges to clarify HD pathogenic mechanisms: first,

how to efficiently and reliably perform screening and

second, how to find the key targets that are most relevant to

HD pathogenesis. Because CRISPR/Cas9 can easily and

efficiently knock out genes of interest, it has been rapidly

adopted to address these issues.

Large-scale genetic screening is a powerful way to

identify essential genes for HD toxicity. In 2020, an

unbiased genome-wide genetic screening was performed in

the mouse central nervous system, using CRISPR and

shRNA lentivirus [53]. In wild-type mice, the researchers

found that neurons are vulnerable to perturbations of

synaptic function, autophagy, proteostasis, mRNA pro-

cessing, and mitochondrial function. The same approach

was later used to identify genes that are essential for

neuronal viability in the presence of mutant HTT. Screen-

ing results using one HD transgenic mouse model and one

HD knock-in mouse model revealed that genes involved in

methylation-dependent chromatin silencing, dopamine sig-

naling, and members of the Nme gene family are genetic

modifiers of mutant HTT toxicity, suggesting these genes

could be new targets for therapeutic interventions.

Manipulating the expression level of an individual gene

and examining its influence on the neuropathology in HD

models remain the gold standard to verify the large

screening results. For example, several genes, including

FAN1, RRM2B, and MLH1, have been identified as genetic

modifiers through genome-wide association studies

[54, 55]. CRISPR/Cas9 was used to generate knock-out

mice for each gene. These knock-out mice were then

crossed with HD knock-in mice so that the genetic

modifying effect of an individual gene could be tested

in vivo [56]. HAP1 was the first discovered protein that

interacts with HTT [57]. Deletion of HAP1 via CRISRP/

Cas9 in adult HD knock-in mice leads to selective neuronal

123

1400 Neurosci. Bull. November, 2022, 38(11):1397–1408



loss in the striatum, and the neurotoxicity is mediated by

Rhes, another HTT binding protein [58]. HspBP1 is an

inhibitor of the carboxyl terminus of Hsp70-interacting

protein, and functions as a regulator of protein quality

control. Adeno-associated virus (AAV) carrying CRISPR/

Cas9 was delivered to the striatum of HD knock-in mice to

silence the expression of the HspBP1 gene, which reduced

mutant HTT aggregates and attenuated neuropathology

[59]. These are just a few examples of how CRISPR/Cas9

is enabling in-depth investigations of HD pathogenic

mechanisms.

Developing Mutant HTT-lowering Strategies

Through more than 20 years of research, it is apparent that

HD pathogenesis is quite complex. Mutant HTT causes

abnormalities in a myriad of cellular functions [2],

including dysregulation of transcription, impairment of

protein homeostasis, mitochondrial dysfunction, defective

vesicle transport, disrupted Ca2? signaling, epigenetic-

chromatin deregulation, and excitotoxicity (Fig. 3). It

would be very challenging to rely on traditional chemical

approaches to rectify most of these abnormalities. How-

ever, as a monogenic disease, eliminating mutant HTT

products serves as the most straightforward therapeutic

option. Substantial efforts have been devoted to developing

mutant HTT-lowering therapies. Methods targeting mutant

HTT mRNA, such as antisense oligonucleotide (ASO) and

RNA interference (RNAi), are being actively pursued in

both preclinical and clinical studies [60, 61]. Another

promising approach is to use small-molecule compounds

that specifically tether mutant HTT protein to the

autophagosome for clearance [62]. By targeting mRNA

or protein, these methods have successfully reduced mutant

HTT production in an allele-specific or non-allele-specific

manner, and have achieved therapeutic benefits in animal

models of HD. Compared with these methods, CRISPR/

Cas9 has one unique advantage: it targets the genome, so

that one treatment should permanently inactivate mutant

HTT expression.

Multiple groups have already tested CRISPR/Cas9

genome editing in HD models (Table 1). Mutant HTT

allele-specific deletion has been achieved by designing

gRNAs targeting single nucleotide polymorphisms (SNPs)

that only exist in the promoter region of the mutant allele

[63, 64]. Because HD patients carry different SNPs in their

genome, an array of sgRNAs needs to be designed, but they

still cannot cover 100% of HD cases. Alternatively, sgRNAs

spanning the CAG repeat were designed to remove the HTT

protein in a non-allele-specific manner (Fig. 4). This strategy

is backed by the findings that permanent removal of wild-

type Htt in the mouse brain and temporary reduction of wild-

type HTT in the non-human primate brain are well tolerated

[65–67]. Indeed, non-allele-specific reduction of HTT by

CRISPR/Cas9 AAV injection ameliorates neurotoxicity and

behavioral deficits in an HD knock-in mouse model [68].

These studies provide proof-of-concept that CRISPR/Cas9

could be a potential therapy for HD. In addition, several

groups have further optimized this process. For example, a

smaller version of Cas9 (SaCas9) has been used in the R6/2

mouse model of HD and prolonged its lifespan [69]. Virus-

mediated expression of the bacterial Cas9 protein alters the

transcription of genes involved in neuronal functions.

Tagging Cas9 with a fragment of the cell-cycle protein

Geminin reduces Cas9 protein stability in neurons, and

significantly alleviates the neurotoxicity of Cas9 [70]. A self-

destructive version of Cas9 (KamiCas9) has also been

designed to limit the duration of expression of Cas9 protein,

which reduces off-target effects [71]. CRISPR/Cas9 has also

been used to reduce mutant HTT expression in HD patient

iPSCs and differentiated neural stem cells, and this approach

ameliorated mitochondrial and redox modifications [72].

Nonetheless, major concerns need to be addressed

before CRISPR can be used as a therapeutic approach for

HD. It remains technically challenging to effectively

deliver CRISPR to the HD patient’s brain, so that better

delivery vehicles that can cross the blood-brain barrier and

diffuse to a broad brain region are highly desirable. The

off-target effects of CRISPR, which means that CRISPR

induces DNA-cutting in unwanted chromosomal locations,

need to be carefully examined using more stringent

sequencing methods. Moreover, the long-term cellular

reactions to HTT removal and the abnormal responses

caused by the exogenous Cas9 protein, such as immune

activation [73, 74], need to be tested, preferably in non-

human primates. It is noteworthy that recently two highly-

anticipated HTT-lowering candidates based on ASO failed

in late-stage clinical trials. What is more confounding is

that one of the candidates even worsened patient outcome

measures compared with the placebo [61]. Such failure

highlights the importance of correct dosage and timing for

using ASOs to treat HD. Considering the effect of CRISPR

is permanent, there would be less concern about timing, as

CRISPR could be delivered to pre-symptomatic patients.

Nonetheless, dosage remains a major issue. Given that

HTT-lowering caused by CRISPR is irreversible, extra

precautions need to be exercised in advancing CRISPR-

based therapeutic methods for HD.

Innovations of CRISPR Technology

In recent years, CRISPR technology has evolved so fast

that novel innovations are published almost daily. Many of

these innovations have yet been tested in HD research but
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hold great promise (Table 2). For instance, Cpf1 or Cas12a

was identified from Francisella novicida U112, and

belongs to the Class 2, type V CRISPR system [75].

Compared with the commonly-used Cas9 (SpCas9), Cpf1

possesses some unique features. First, it is smaller, making

it easier to package into viral vectors. Second, Cpf1

recognizes the TTN or TTTN PAM sequence, which is

different from the NGG PAM sequence of Cas9, thereby

offering more flexibility in targeting different genetic loci.

Third, Cpf1 cleaves DNA and introduces a staggered DSB

with 4- to 5-nucleotide overhangs, allowing for the

incorporation of designed sequences, whereas Cas9 gener-

ates a blunt-ended DSB. Last, Cpf1 allows for multiplexed

genome editing, as a single crispr RNA (crRNA) array can

target multiple loci in the genome [76]. These features

make Cpf1 an ideal alternative to Cas9 to satisfy specific

research needs.

SpCas9 and SaCas9 are large proteins consisting of

1368 and 1053 amino-acids, respectively. A constant

endeavor is to find smaller Cas9 orthologues that offer

more flexibility in viral packaging. For example, CjCas9,

derived from Campylobacter jejuni, is composed of 984

amino-acid residues [77]; Cas12f (also known as Cas14),

identified from uncultivated archaea, is a family of

nucleases that are composed of 400–700 amino-acids

[78–80]. These variants have been tested in human cells or

Fig. 3 Summary of the major pathogenic mechanisms of Hunting-

ton’s disease (HD) currently identified. Multiple cellular functions are

believed to be affected by the presence of mutant Huntingtin (HTT):

(1) the N-terminal fragments of mutant HTT enter the nucleus,

interact with selected transcription factors, such as specificity protein

1 (Sp1) and tumor protein P53, and disrupt their transcriptional

activity; (2) mutant HTT causes epigenetic abnormalities and

chromatin structural changes, possibly by directly binding to

methyl-CpG binding protein 2 (MeCP2); (3) mutant HTT impairs

the function of the proteasome ubiquitin system (UPS), which is the

major mechanism for degrading misfolded proteins; (4) mutant HTT

disrupts Ca2? homeostasis and causes cytosolic Ca2? overload; (5)

mutant huntingtin triggers mitochondrial fragmentation and alters the

mitochondrial proteome; (6) wild-type HTT is essential for axonal

transport, whereas mutant HTT causes axonal transport defects; (7)

mutant HTT inhibits glutamate uptake in glia, which leads to

excitotoxicity; (8) mutant HTT has abnormal protein-protein interac-

tions and affects the functions of individual proteins.
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mouse models, with editing efficiency and specificity

similar to SpCas9 [81–84], thereby paving the way to test

their uses in the central nervous system.

CRISPR/Cas9 does not have to cleave DNA. Instead,

nuclease-null Cas9 (dCas9) has been engineered to fuse

with various elements to further expand its applications. In

2016, RNA-targeting Cas9 (RCas9) was created by fusing

dCas9 with GFP, together with a modified sgRNA scaffold

that preferentially targets RNA but not the encoding DNA.

RCas9 does not affect mRNA abundance or protein

translation, but enables the tracking of endogenous mRNAs

of interest in living cells [85]. In 2017, the same group

further modified RCas9 by fusing dCas9 with the PIN RNA

endonuclease domain from SMG6 (PIN-dCas9). PIN-

Table 1 Mutant HTT-lowering studies using CRISPR/Cas9-based genome-editing tools

Allele

specificity

Model system Delivery

vehicle

Major findings References

Allele

specific

HD patient fibroblasts and neural precursors from

an HD patient induced pluripotent stem cell line

Lentivirus Identified 1003 NGG PAM-altering SNPs that

collectively account for *90% of disease

chromosomes in HD patients of European

ancestry

[63]

A dual sgRNA approach with PAM-altering SNPs

completely inactivated the mutant allele without

impacting the normal allele

Allele

specific

HEK293 cells, HD patient fibroblast, and an HD

transgenic (BacHD) mouse model

Adeno asso-

ciated

virus

Designed sgRNAs targeting 6 prevalent SNP-

dependent PAMs upstream of HTT exon1 and

two common PAMs within HTT intron1

[64]

Achieved mutant allele-specific cleavage of HTT
in cultured cells and in mouse brain

Identified SNPs located within the specific PAM

positions that are suitable for other CRISPR

systems, including SaCas9 and Cpf1

Non-

allele

specific

Mesenchymal stem cells from the bone marrow of

an HD transgenic (YAC128) mouse model

Lentivirus Designed sgRNAs targeting the 5’ untranslated

region (UTR) and the exon1-intron boundary of

the HTT gene

[100]

Targeting 5’UTR or the exon1-intron boundary

resulted in 79% or 58% reduction in mutant

HTT mRNA levels

Non-

allele

specific

HEK293 cells and the HD140Q knock-in mouse

model

Adeno asso-

ciated

virus

Designed sgRNAs targeting the flanking

sequences of the CAG repeats in exon 1 of the

human HTT gene

[68]

Reducing HTT expression in the striatum was

sufficient to ameliorate behavioral deficits in the

HD140Q knock-in mouse model

Non-

allele

specific

HEK293 cells and an HD transgenic (R6/2) mouse

model

Adeno asso-

ciated

virus

Used SaCas9 and one sgRNA targeting exon 1 of

the human HTT gene

[69]

Reducing HTT expression in the striatum ame-

liorated neuronal death and prolonged lifespan

of R6/2 mice

Non-

allele

specific

HEK293 cells, mouse primary cortical neurons

and astrocytes, neurons from an HD patient

induced pluripotent stem cell line, an HD mouse

model by lentivirus transduction in the striatum,

and the HD140Q knock-in mouse model

Lentivirus Designed an sgRNA targeting the region close to

the translation start site of the human HTT gene

[71]

CRISPR/Cas9 successfully edited the HTT gene

in different cellular and murine models

The off-target effect of CRISPR/Cas9 is low, and

the self-inactivating KamiCas9 system has an

even lower off-target effect

Non-

allele

specific

HD patient induced pluripotent stem cells and

differentiated neural stem cells

Transfection Designed sgRNAs targeting the flanking

sequences of the CAG repeats in exon 1 of the

human HTT gene

[72]

Successfully reduced mutant HTT expression and

ameliorated mitochondrial defects
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dCas9 was directed to target mRNAs containing repeat

expansions, including CUG, CCUG, CAG, and GGGGCC;

it successfully cleaved and eliminated all the repeat

expansion mRNAs [86]. Because CUG, CCUG, CAG,

and GGGGCC repeat expansions are responsible for

myotonic dystrophy type 1, myotonic dystrophy type 2,

polyglutamine diseases, and frontotemporal dementia/amy-

otrophic lateral sclerosis (c9FTD/ALS) respectively, PIN-

dCas9 has the potential to treat many genetic diseases

caused by microsatellite expansions in different genomic

loci. Nonetheless, it remains to be tested whether PIN-

dCas9 can effectively work in vivo, and how long the

effects last, considering PIN-dCas9 targets RNA, not DNA.

Gene expression can also be controlled by modulating

transcriptional activity. To this end, a myriad of transcrip-

tion regulators have been fused with dCas9 to achieve

transcriptional activation or repression [87]. For example,

the VP64 transcriptional activation domain has been used

to activate the transcription of endogenous human genes,

whereas fusion of the KRAB transcriptional repression

domain from human KOX1 to dCas9 has been shown to

silence transcription [88, 89]. Epigenetic editors such as

DNA methyltransferase 3 alpha has been fused to dCas9 to

achieve site-specific DNA methylation and transcriptional

repression at several human promoters [90]. Likewise,

fusion of ten-eleven translocation methylcytosine dioxy-

genase 1 leads to DNA demethylation and targeted

upregulation of gene transcription [91]. In addition, many

histone modifiers, including histone acetyltransferase p300

and histone deacetylase HDAC3, have been used to change

the histone landscape at selected genomic loci, and resulted

in gene activation or repression, respectively [92, 93].

These efforts created a full CRISPR arsenal to alter gene

expression, which can be readily tested in HD to lower

mutant HTT transcription. Indeed, a zinc finger-KRAB

fusion protein (ZFP-TF) has already been created to

specifically repress mutant HTT transcription. Treatment

with ZFP-TF successfully ameliorates the neuropathology

and behavioral deficits in multiple lines of HD mice [94]. It

is possible that a similar approach using CRISPR technol-

ogy could achieve comparable or even better outcomes.

The CRISPR system has also been designed to precisely

edit the genome through the invention of base editors,

which are chimeric dCas9 proteins fused with DNA

deaminase enzymes. To date, two types of base editor

have been widely used: one is cytosine base editors

(CBEs), which use the rat APOBEC1 cytidine deaminase

domain to catalyze the conversion of C�G base-pairs to T�A
base-pairs; the other one is adenine base editors, which use

the TadA adenine deaminase to convert A�T base-pairs to

G�C base-pairs [95, 96]. The base editors rely on base

excision and DNA mismatch repair to achieve genome

editing. More importantly, these repair mechanisms are

active in post-mitotic cells such as neurons [97], thereby

making these editors suitable for applications in the brain.

By substituting single nucleotides, the base editors can

create stop codons to terminate protein translation [98]. In

2020, this approach was tested in a mouse model of ALS.

Intrathecal injection of AAVs encoding CBE significantly

reduced the expression of mutant SOD1, a causative gene

for ALS, leading to protection of motor neurons and

reduction of muscle atrophy [99].

The above innovations could potentially push CRISPR-

based therapies further into clinical applications. First, the

large size of SpCas9 has always been a headache for viral

packaging, and is known to elicit a myriad of cellular

responses in mammalian cells. These more compact variants

of nucleases could easily fit into the small AAV genome and

potentially cause fewer host responses after delivery. Second,

the permanent inactivation of gene expression by genome

editing is a major safety concern. In contrast, transcriptional

repressors or epigenetic modulators can silence gene expres-

sion without cutting chromosomes. Third, another drawback

of CRISPR/Cas9 is the random mutations introduced by DNA

DSB and NHEJ. Base editors that precisely change the genetic

sequence enable genome editing in a controllable fashion.

Fig. 4 Schematic showing sgRNAs targeting the HTT gene used in

previous studies. Different sgRNA designs have been adopted in

previous studies. To allele-specifically silence mutant HTT, sgRNAs

covering HD patient-specific SNPs are located either in the 5’UTR

[64] or in intron 3 [63] (red). In the non-allele-specific approach, dual

sgRNAs are designed to target sequences spanning the CAG repeats

in exon 1 HTT [68, 69, 72] (green), or a single sgRNA upstream of

exon 1 HTT is used [71] (purple).
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Concluding Remarks

Technological advancement has always been essential to

biological and biomedical research. Former technological

breakthroughs, such as molecular biology techniques and

large-scale sequencing, have profoundly changed the ways

of conducting scientific research. CRISPR-based genome

editing has the potential to play a similar role. The rapid

development of CRISPR technology has particularly

benefited HD research. Being a rare, monogenic

Table 2 CRISPR innovations that can potentially be used in HD research

CRISPR

system

PAM

sequence

Origin Application References

Cpf1 TTN or

TTTN

Identified from Francisella novicida U112 Smaller than SpCas9. [75]

Complements SpCas9 due to PAM sequence

differences.

Introduces a staggered double-strand break

with- 4 to 5-nucleotide overhangs, rather than

blunt ends

Suitable for multiplexed genome editing.

CjCas9 NNNVRYM Identified from Campylobacter jejuni A smaller variant of Cas9. [77]

Shows comparable editing efficiency, but better

specificity than SpCas9.

Cas12f Varies Identified from uncultivated archaea Smallest variants of Cas9 identified to date

(400–700 amino-acids). Similar editing effi-

ciency and specificity to SpCas9.

[78]

PIN-dCas9 Not required A chimeric protein by fusing nuclease-null

dCas9 to the PIN RNA endonuclease domain

from SMG6

Specifically targets RNA but not DNA. [86]

Efficiently eliminates microsatellite repeat

expansion RNAs (CUG, CCUG, CAG,

GGGGCC) when exogenously expressed and

in patient cells

dCas9-VP64 NGG A chimeric protein by fusing nuclease-null

dCas9 to the VP64 transcriptional activation

domain

Increases transcription of selected human genes

(VEGFA and NTF3) by targeting the promoter

sequences.

[88]

dCas9-KRAB NGG A chimeric protein by fusing nuclease-null

dCas9 to the KRAB domain of Kox1

Stably suppresses the expression of endogenous

eukaryotic genes by targeting the promoter

sequences.

[89]

dCas9-

DNMT3A

NGG Chimeric proteins by fusing nuclease-null

dCas9 to DNA methyltransferase 3 alpha or

DNA methyltransferase 3 like

Transiently expressed in combinations to

achieve long-term gene-silencing by modu-

lating DNA methylation.

[90]

dCas9-

DNMT3L

dCas9-Tet1 NGG A chimeric protein by fusing nuclease-null

dCas9 to the Tet1 enzymatic domain.

Activates transcription of selected genes (BDNF
and MyoD) by targeted DNA demethylation.

[91]

dCas9p300 Core NGG A chimeric protein by fusing nuclease-null

dCas9 to the catalytic histone acetyltrans-

ferase core domain of the human E1A-asso-

ciated protein p300.

Activates transcription of endogenous genes

from promoters and enhancers by catalyzing

acetylation of histone.

[92]

dCas9-

HDAC3

NGG A chimeric protein by fusing nuclease-null

dCas9 to full-length human HDAC3.

Modulates histone deacetylation and gene

expression, which is critically dependent on

the location of endogenous histone

acetylation.

[93]

Adenine base

editor

(ABE)

NGG A chimeric protein by fusing nuclease-null

dCas9 to the TadA adenine deaminase.

Converts A�T base-pairs to G�C base-pairs,

without causing DNA double-strand breaks.

[95]

Cytosine base

editor

(CBE)

NGG A chimeric protein by fusing nuclease-null

dCas9 to the rat APOBEC1 cytidine deami-

nase domain.

Converts C�G base-pairs to T�A base-pairs,

without causing DNA double-strand breaks.

[96]

N, any nucleotide base; V, either A, G, or C; R, either A or G; Y, either T or C; M, either A or C.
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neurodegenerative disease, HD can serve as a vanguard in

testing these innovative technologies, and such experiences

can bring valuable insights to understand or even treat

other diseases as well. We are hopeful that CRISPR,

together with other technological advances, will bring a

cure for the devastating HD in the near future.
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