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Huntington’s disease (HD) is caused by an expanded CAG
repeat in huntingtin (HTT). Since HD is dominant and loss
of HTT leads to neurological abnormalities, safe therapeutic
strategies require selective inactivation of mutant HTT. Previ-
ously, we proposed a concept of CRISPR-Cas9 using mutant-
specific PAM sites generated by SNPs to selectively inactivate
mutant HTT. Aiming at revealing suitable targets for clinical
development, we analyzed the largest HD genotype dataset to
identify target PAM-altering SNPs (PAS) and subsequently
evaluated their allele specificities. The gRNAs based on the
PAM sites generated by rs2857935, rs16843804, and
rs16843836 showed high levels of allele specificity in patient-
derived cells. Simultaneous use of two gRNAs based on
rs2857935-rs16843804 or rs2857935-rs16843836 produced se-
lective genomic deletions in mutant HTT and prevented the
transcription of mutant HTT mRNA without impacting
the expression of normal counterpart or re-integration of the
excised fragment elsewhere in the genome. RNA-seq and off-
target analysis confirmed high levels of allele specificity and
the lack of recurrent off-targeting. Approximately 60% of HD
subjects are eligible for mutant-specific CRISPR-Cas9 strate-
gies of targeting one of these three PAS in conjunction with
one non-allele-specific site, supporting high applicability of
PAS-based allele-specific CRISPR approaches in the HD pa-
tient population.

INTRODUCTION
Huntington’s disease (HD) (MIM 143100) is a dominantly inherited
neurodegenerative disease.1–3 An expansion of a glutamine-encoding
CAG trinucleotide repeat (>35) in the huntingtin gene (HTT) leads to
neurodegeneration and premature death.2,4 Inheritance of one allele
with an expanded CAG repeat is sufficient to produce changes in
neurological domains such as involuntary movement, cognitive
decline, and/or psychiatric changes.1,3,5–10 In contrast, loss of one
copy of HTT does not cause HD,11 implying that HD is due to domi-
nant actions of mutant HTT rather than haploinsufficiency. Indeed,
inheritance of two loss-of-functionHTT alleles is associated with pro-
found neurodevelopmental abnormalities,12–14 not HD. The disease-
causing genetic mutation in HD was discovered more than 25 years
ago,2 and subsequent studies using model systems provided insights
into numerous underlying disease mechanisms.3,15,16 Despite exten-
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sive investigations, effective treatments have not yet been developed,
warranting alternative approaches for drug development in HD.17,18

Given the known root cause of the disease,2 therapeutics that directly
targetHTT expression have been emerging as promising intervention
strategies over the years.19–27 In support, numerous pre-clinical
studies have showed that HTT-lowering approaches were feasible
and could ameliorate phenotypes in HD animal models.17,19,22,28,29

The safety and target engagement of antisense oligonucleotide
(ASO) designed to lower both mutant and normal huntingtin protein
expression levels (https://clinicaltrials.gov/ct2/show/NCT02519036)
also has been demonstrated in early manifest HD subjects.30 By
contrast, a large phase 3 clinical trial testing the same ASO was halted
recently due to unfavorable risk-benefit profile (https://www.roche.
com/media/releases/med-cor-2021-03-22b.htm).31,32 Although the
reasons for this negative outcome are not completely clear, it is
conceivable that non-selective reduction of huntingtin might have
been a contributing factor. Embryonic lethality in Htt knockout
mice,33–35 neurodevelopmental problems due to hypomorphic HTT
alleles in humans,12–14 and abnormalities caused by Htt knockout
in adult mice36,37 all argue that HTT-targeting therapeutics that are
allele specific may be safer and more effective. These findings and
the lack of HD in a phenotypically normal human carrying only
one copy of HTT11 imply that inactivating the disease producing
CAG-expanded HTT allele in HD heterozygotes is likely to produce
significant therapeutic benefits without producing huntingtin defi-
ciency-associated problems.

Among various HTT-targeting approaches,18,28,38 we aim to
develop allele-specific CRISPR-Cas9 strategies because of
the robustness and flexibility of DNA-targeting strategies.39,40

We reasoned that developing allele-specific CRISPR-Cas9 strate-
gies that directly target the CAG repeat would be technically
challenging because of (1) the lack of a PAM (protospacer
adjacent motif) site in the vicinity, (2) the presence of many
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CAG repeat-containing genes in the genome,6,41,42 and (3) the
non-expanded CAG repeat in normal HTT allele. Therefore, we
set out to develop allele-specific strategies of targeting the haplo-
type carrying the disease-causing mutation using DNA sequence
variations that are different between mutant and normal HTT.
Importantly, a single mismatch in the PAM site dramatically re-
duces the CRISPR-Cas9 editing efficiency,26,43,44 offering opportu-
nities for allelic discrimination. Capitalizing on single-nucleotide
polymorphisms (SNPs) that generate or eliminate PAM sites
(namely, PAM-altering SNP [PAS]) on HTT, we and others pro-
posed the concept of an allele-specific CRISPR-Cas9 strategy to
inactivate the mutant HTT by excising a region that is important
for gene expression.25,26 Still, the target PAS that can be applicable
to the largest HD population without on-target/off-target toxicity
are largely unknown. Given the potential of haplotype-targeting
PAS-based allele-specific transcription prevention-CRISPR (TP-
CRISPR) strategies in HD,25,26 identification of clinically relevant
PAS with significant applicability in the patient population and
comprehensive evaluation of their strengths and limitations has
become very important to advance these promising intervention
strategies through drug development pipelines. Therefore, we
took advantage of the power of the largest HD genotype dataset
ever assembled to date45,46 to identify target PAS that are relevant
at the population level and performed comprehensive molecular
characterization to demonstrate the safety of candidate allele-spe-
cific TP-CRISPR strategies that merit clinical development.

RESULTS
Mutant specificities of PAS in HD subjects

A CRISPR-Casp9 strategy to generate small indels in an exon of the
target gene has been widely used in the genome editing field. In
many cases, such indels produced by non-homologous DNA end
joining repair shift the frames of exons, resulting in nonsense-medi-
ated decay (NMD) of the mRNA of the target gene. If applied to HD
in an allele-specific manner, this approach may produce robust
knockout effects. Thus, it will be important to identify exonic vari-
ations that permit mutant-specific CRISPR-Cas9 that aims at
inducing NMD of the mutant HTT mRNA. However, if exon 1
HTT protein plays an important role in HD,47–50 single gRNA
CRISPR-Cas9 approaches for NMD may not address such putative
toxic species because of the lack of haplotype-specific variations in
the HTT exon 1.51,52 Alternatively, CRISPR-Cas9-mediated genomic
deletion may address HD regardless of the identity of the toxic spe-
cies because it can prevent the production of the mutant HTT
mRNA by eliminating an important region for the gene transcrip-
tion and the expanded repeat from the mutant locus. Therefore,
we focused on identifying relevant genetic variations that permit
allele-specific TP-CRISPR and subsequently validating them using
patient-derived cells.

To identify mutantHTT-specific CRISPR-Cas9 PAM sites that can be
used for the biggest proportion of HD subjects and to judge their
levels of mutant specificity (i.e., the percentage of HD subjects who
carry the PAS-generated PAM site only on the mutant HTT), we
548 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
analyzed phased genotypes of 8,543 HD subjects with European
ancestry who carry one mutant HTT with 40–55 CAG repeats.46

Considering the regulatory elements of neighboring genes and the
size of a feasible genomic deletion, we analyzed 20 and 40 kb flanking
regions upstream and downstream of the transcription start site
(TSS), respectively. Previously, we provided a comprehensive list of
SNP variations that alter 19 PAM sequences for various Cas9 ortho-
logs.26 Given significantly decreased tolerance of the PAM site con-
taining a single mismatch44 and data showing high levels of allele
specificity of CRISPR-Cas9 strategies using PAS,25,26 genetic varia-
tions that alter PAM sites for other Cas9 orthologs offer wide oppor-
tunities for allele-specific genome engineering. In this study, we
focused on an NGG PAM sequence that supports the most widely
used Cas9. Among 1,045 SNPs in the region, alleles of 418 SNPs
generate or eliminate the NGG PAM sequence (i.e., PAS). Frequency
analysis identified 224 polymorphic PAS that can be used for allele-
specific CRISPR-Cas9 targeting. Since (1) both reference and alterna-
tive alleles of 5 PAS, and (2) two alternative alleles of 1 PAS generate
NGG PAM sites, 230 PAM-generating alleles (PGAs) are present in
the region (Table S1). For each of 230 PGAs that were also polymor-
phic in the 8,543 HD subjects (frequency, neither 0% nor 100%), we
counted HD subjects who carry the PAM site on the (1) mutantHTT,
(2) normalHTT, (3) both, or (4) neither to calculate the percentage of
HD subjects potentially eligible for allele-specific CRISPR-Cas9 treat-
ment at that site (Table S2). The highest mutant specificity was
observed at rs1313774 (38.5%) (Table S2). However, overall individ-
ual mutant specificities of the 230 PGAs were relatively low (Fig-
ure S1A). Therefore, for subsequent analyses, we applied a 10%
mutant specificity threshold, revealing 10 PAS that are relevant at
the population level; 4 and 6 PAS are located upstream and
downstream of the TSS, respectively (Figure S1B). HD individuals
who carry the PAM site on both mutant and normal chromo-
somes account for the largest proportions for the nine PAS
sites (rs1313769, rs1313774, rs12506200, rs2857935, rs7659144,
rs7688390, rs16843804, rs6828615, and rs16843836) (Figure S1B, yel-
low). In addition, rs28820097 showed the largest percentage for HD
individuals who carry the PAM site only on the normal HTT (Fig-
ure S1B, green). These data indicate that different PAS must be tar-
geted depending on the alleles present on the mutant and normal
HTT haplotypes in a given HD subject. Of note, there remained
HD individuals who were not eligible for an allele-specific targeting
strategy based on any of the 10 PAS (32.4%).

Alleles of candidate PAS on the common HTT haplotypes

The disease-causing CAG expansions are found on many diverse
HTT haplotypes,51–57 posing a significant challenge in developing
allele-specific haplotype-targeting strategies. We previously defined
common HTT haplotypes to help with patient stratification in
allele-specific gene targeting.51 In brief, the 16 common HTT haplo-
types comprise the 10 most frequent disease haplotypes and the 10
most frequent normal haplotypes. The most common mutant
(hap.01) and normal haplotype (hap.08) account for 38.5% and
25.5% of mutant and normal chromosomes, respectively.51 HD sub-
jects carrying common HTT haplotypes showed relatively similar
mber 2022



Figure 1. Alleles of 10 candidate PAS on the 16 common HTT haplotypes

A total of 418 NGG PAS were identified from the analysis of the 60 kb region of chr4 in our HD modifier GWAS data. Subsequently, the levels of mutant specificity were

calculated for each PAS, revealing 10 PAS that were polymorphic in 8,543 HD subjects and also showed mutant specificity values higher than 10%. Four and six PAS are

located upstream and downstream of the transcription start site ofHTT, respectively. Locations of those PAM sites are relative to the HTT RefSeq, NM_002111 (vertical bars

represent exons). A mutant specificity value for a PAS represents the proportion (%) of HD subjects who carry the PAM site only on the mutant HTT.We also determined the

alleles of 10 PAS on the most common HTT haplotypes based on phased genotype data of HD subjects. Alleles in bold represent NGG PAM-generating alleles. Labels of

gRNA represent names of gRNA that we designed based on the PAM site generated by the PAS.
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age at onset.56 Still, haplotypes can serve as a foundation for
genomic medicine, facilitating the discovery of allele-specific targets
for clinical trial recruitment. For example, once alleles of target SNP
sites are assigned to HTT haplotypes, simply determining the
mutant and normal HTT haplotypes in a given HD individual
will immediately point to all other allele-specific targets in that in-
dividual. Therefore, we determined the alleles of the 10 candidate
PAS present on each of 16 common HTT haplotypes. The most
frequent HTT haplotype on the disease chromosomes (i.e.,
hap.01) carries PGAs at nine PAS sites (Figure 1, alleles in bold).
In contrast, the most common HTT haplotype in the normal chro-
mosomes carries PGAs at four PAS sites. Therefore, HD individuals
with the most frequent diplotype (i.e., expanded CAG on hap.01
and non-expanded CAG on hap.08) carry mutant HTT-specific
PAM sites at six candidate PAS sites (Figure 1; Table 1). Many
HD individuals with different combinations of common haplotypes
carry mutant HTT-specific PGAs at various locations, supporting
the broad applicability of mutant HTT-specific CRISPR targeting
strategies using PAS.
Molecular The
CRISPR-Cas9 editing efficiency and allele specificity in patient-

derived cells

Next, we determined editing efficiencies and allele specificities of
gRNAs that were designed based on the 10 candidate PAS. We tested
individual gRNA in two independent patient-derived iPSC lines, both
carrying the most frequent diplotype (hap.01/hap.08). We transfected
patient-derived lines with plasmids for Cas9 and an individual test
gRNA without selection and subsequently performed MiSeq analysis
to determine editing efficiency and allele specificity. Based on PGAs
on the common HTT haplotypes, we predicted that gRNAs L1 (de-
signed based on the PAM site generated by rs1313769), L2
(rs1313774), L4 (rs2857935), R2 (rs7659144), R4 (rs16843804), and
R6 (rs16843836) (Table 1) would lead to preferential editing of the
disease chromosome because the corresponding PAS generate PAM
sites only on the mutant HTT in HD individuals who carry the
most frequent diplotype. We also predicted that the gRNAs L3
(rs12506200), R3 (rs7688390), and R5 (rs6828615) would edit both
the mutant and normal HTT; gRNA R1 (rs28820097) would selec-
tively edit the non-expanded chromosome. MiSeq analysis showed
rapy: Methods & Clinical Development Vol. 26 September 2022 549
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Table 1. Editing efficiencies, and allele specificities of gRNAs based on candidate PAS

PAS
gRNA
label BP (GRCh37) Distance to TSS Ref Alt

HD subjects with PAM site on (%) Editing efficiency (%)

Mutant Normal Both Neither Mutant Normal

rs1313769 L1 3056975 �19433 T G 38.4 8.1 44.6 8.9 0 0

rs1313774 L2 3059649 �16759 T C 38.5 8.1 44.5 8.9 0.7 0.1

rs12506200 L3 3064053 �12355 G A 15.9 1.4 82.4 0.3 0 0

rs2857935 L4 3075691 �717 G C 27.6 2.7 68.2 1.5 6.6 0.2

rs28820097 R1 3097495 21087 G A 14.8 35.5 27.4 22.2 0 10.5

rs7659144 R2 3098321 21913 C G 32.5 3 62.4 2.2 0 0

rs7688390 R3 3098889 22481 G A 10.9 4 84.4 0.6 8.4 8.4

rs16843804 R4 3104390 27982 C T 28.7 2.8 66.7 1.8 14.1 0.8

rs6828615 R5 3113188 36780 C T 10.9 4 84.5 0.6 0 0

rs16843836 R6 3113337 36929 G A 28.7 2.9 66.7 1.8 11.8 0.1

We designed a gRNA for each of 10 candidate PAS, and tested these in 2 HD patient-derived iPSC lines carrying the most frequent diplotype (i.e., expanded CAG repeat on hap.01 and
normal CAG repeat on hap.08). Both lines carry adult-onset CAG repeats (46 CAG in iPSC-A; 42 CAG in iPSC-B). The levels of editing efficiency and allele specificity were determined
by transfection and subsequent MiSeq analysis. Labels of gRNAs represent the names of test gRNAs used in the study. L and R represent the left and right side of the TSS. Reference and
alternative alleles are shown; PAM-generating allele (PGA) are highlighted by bold font. The frequency of PGA for a given SNP and the levels of allele specificity were based on the
phased allele analysis of 8,543 HD subjects. PAM on the mutant, normal, and both represent the percentages of HD subjects who carry the PAM site on the mutant, normal, and both
chromosomes, respectively. Table cells with italic numbers represent PAM sites in the HD subjects with the most common diplotype. For example, our test HD patient cells carry
mutant-specific PAM sites at rs1313769, rs1313774, rs2857935, rs7659144, rs16843804, and rs16843836. In contrast, rs28820097 generates the PAM site only on the normal HTT
in the HD subjects with the hap.01/hap.08 diplotype. Editing efficiency values represent means of at least four independent transfection experiments (without selection) and MiSeq
analysis. BP, genomic coordinate in base pair (GRCh37/hg19).
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that four gRNAs (L1, L3, R2, and R5) did not generate any detectable
editing, while the remaining six yielded editing results. For example,
gRNAs L4, R4, and R6 were highly mutant specific as these produced
33, 17.5, and 118 times more indels on the CAG-expanded chromo-
somes compared with its normal counterpart, respectively (Table 1).
The gRNA R1 produced indels only on the normal HTT, and the
gRNA R3 generated indels on both mutant and normal HTT as ex-
pected (Table 1).
Off-target effects

CRISPR-Cas9 editing efficiencies in iPSCs were modest in general
(Table 1), which is consistent with previous observations.58–60

Although L1, L3, R2, and R5 did not produce any detectable editing
in our iPSC lines, those gRNAs produced low but detectable editing
in HEK293 cells, which show high transfection efficiencies (data
not shown). The lack of editing at L1, L3, R2, and R5 target sites in
HD iPSCs might be due to low transfection efficiencies, genomic
structure of the target region, or off-targeting. Thus, we evaluated
the likelihood of off-targeting effects for each of our 10 candidate
gRNAs. The gRNAs that showed relatively good editing efficiencies
in HD iPSC lines showed low levels of predicted off-targeting. For
example, gRNAs L4, R4, and R6 did not have any predicted off-targets
with up to two mismatches (Table S3A). However, some gRNAs that
showed zero editing in HD iPSCs (e.g., L1, L3, R5) revealed large
numbers of predicted off-targets. The gRNA R2 showed a relatively
small number of off-targets but on-target editing efficiency was low;
additional analysis is required to determine whether local genomic
structure at rs7659144 inhibited efficient CRISPR-Cas9 gene editing.
Subsequently, focusing on candidate sites L4, R4, and R6, we experi-
550 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
mentally validated predicted off-targets that are located on the exons
of protein-coding genes because the impact of small indels in inter-
genic regions or introns was expected to be minimal. When allowing
3 mismatches, 13, 6, and 5 off-targets were predicted for L4, R4, and
R6, respectively (Table S3A). Among them, we performed MiSeq
analysis for 5, 1, and 1 predicted off-targets that are located in coding
exons. We did not detect any DNA modification at the predicted
exonic off-target sites for R4 and R6 (Table S3B). However, MiSeq
analysis of patient-derived iPSCs revealed small numbers of edited
sequence reads in cells treated with L4 (Table S3B). Predicted off-
target sites for L4 contain repetitive sequences and therefore, the small
numbers of edited alleles at those off-target sites might be due to
sequencing errors.
Molecular consequences of mutant HTT-specific TP-CRISPR

Based upon their applicability in the HD population, we narrowed the
candidates to three PAS (L4, R4, and R6), which showed relatively
good editing efficiencies compared with others, high levels of mutant
specificity, and low likelihood of off-targeting. All candidate SNPs are
annotated in the SNP databases. Also, the possibilities of allele-spe-
cific CRISPR-Cas9 using candidate PAS rs2857935, rs16843804,
and rs16843836 have been reported previously.26 Furthermore, the
feasibility of allele-specific CRISPR-Cas9 using rs2857935 and
rs16843804 has been demonstrated in HD patient-derived fibro-
blast.25,26 The SNP rs16843836 has not been tested for allele-specific
CRISPR-Cas9 in HD before. Our data in this study also showed the
percentage of HD subjects who are eligible for a particular allele-spe-
cific CRISPR-Cas9 strategy (Table 1), providing their clinical rele-
vancies at the population level. Next, we determined the molecular
mber 2022
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outcomes of mutant-specific TP-CRISPR using two allele-specific
gRNAs simultaneously (e.g., L4-R4 and L4-R6) (Figure S2A). Since
editing efficiency in iPSC lines is particularly low,59,60 molecular char-
acterization of a bulk population with a small proportion of edited
cells would lead to noisy data. Consequently, we characterized molec-
ular outcomes of dual gRNA allele-specific TP-CRISPR in targeted
clonal lines. We transfected two HD patient-derived iPSC lines
with plasmids for Cas9 and two gRNAs (e.g., L4-R4 and L4-R6). Sub-
sequently, transfected cells were subjected to dilution cloning to
establish targeted clonal lines. Eventually, we analyzed 5 clonal lines
from iPSC-A for L4-R4 and L4-R6 gRNA combinations, respectively
(Figure S2B). Similarly, 10 targeted clonal lines were analyzed for
iPSC-B. As expected, all targeted clonal lines showed (1) genomic
deletion caused by simultaneous editing by L4-R4 or L4-R6 (Fig-
ure 2A) and (2) the lack of expanded CAG in DNA (Figure 2B).
Sanger sequencing of DNA from the targeted clonal lines also
confirmed the large genomic deletions (29 kb by L4-R4; 38 kb by
L4-R6) on the mutantHTT chromosome (Figure 2C). As a result, tar-
geted clonal lines did not produce mutantHTTmRNA containing the
expanded CAG repeat (Figure 2D) or full-length mutant huntingtin
protein (Figure 2E). Together, these data indicate that simultaneous
use of the two mutant-specific gRNAs (L4-R4 or L4-R6) selectively
induce genomic deletion of mutant HTT, preventing the production
of mutant HTT mRNA and protein from the disease-causing gene.

Lack of fragment re-integration

Inactivation of a gene of interest using two gRNAs has been gaining
popularity in the CRISPR gene editing field.61 However, integration of
the excised DNA elsewhere in the genome (namely, re-integration)
has been a concern.62,63 This is particularly important for therapeutic
CRISPR-Cas9 approaches. We thus determined whether genomic
DNA of targeted clonal lines still contained the excised DNA. We
determined the genotype of rs2285086, which is part of the genomic
deletion and heterozygous in HD subjects with the most frequent dip-
lotype. Due to the technical challenges and a limited sensitivity in
methods using a mixed population of cells involving unedited cells,
we alternatively analyzed multiple targeted clonal lines. Excision
and re-integration in the targeted clones would maintain heterozy-
gosity at rs2285086. As shown in Figure S3, empty vector (EV)-
treated clonal lines showed heterozygosity at rs2285086 as expected.
However, all 20 independent targeted clonal lines were hemizygous,
indicating the lack of re-integration of the excised region (Figure S3).
Since the excised DNA involves the TSS and entire HTT exon 1 with
an expanded CAG repeat, the excised DNA could conceivably pro-
duce exon 1 huntingtin protein (without genomic re-integration),
which has been suggested as an HD toxic species.48,49,64,65 Thus, we
examined this question as an additional check on the absence of
the excised fragment from the targeted cells. Using an N-terminal
huntingtin antibody (N17 antibody)66 to detect huntingtin protein-
containing exon 1 in immunoblot analysis, we observed reduced
full-length huntingtin protein (mutant and normal huntingtin are
not resolved in this gel system) in the targeted clonal lines compared
with EV-treated clones without a smaller exon 1 encoded product
(�12 kDa; Figure S4). Since our original patient-derived iPSC lines
Molecular The
did not produce exon 1 HTT protein (Figure S4, EV), it remains to
be determined whether genomic deletion modifies the levels of
exon 1 HTT protein in HD cells that normally produce the exon 1
HTT protein.

On-target gene specificity and effects on global transcriptome

For all 20 targeted clonal iPSC lines, we performed MiSeq analysis of
cDNA, verifying that all targeted clonal lines expressed only normal
HTT mRNA (Table S4). Subsequently, we performed RNA-seq anal-
ysis to determine the molecular consequences of allele-specific
TP-CRISPR more comprehensively. To further confirm the allele
specificity in RNA-seq data, we compared alleles of sequencing reads
at 10 exonic SNPs that are heterozygous in HD subjects with the most
frequent diplotype. As shown in Figures S5 and 3A, TP-CRISPR-
treated clonal lines produced virtually zero mutant HTT-associated
alleles at 10 heterozygous sites. In contrast, allele counts on the
normal HTT were not different between TP-CRISPR-treated and
EV-treated clones (Figure 3B). Finally, we carried out differential
gene expression (DGE) analysis to identify genes significantly altered
by TP-CRISPR using L4-R4 or L-R6 gRNA combinations. As shown
in Figures S6A and S6B, HTT was the only significantly altered gene
due to either L4-R4 or L4-R6 (black arrows). When we compared 10
clonal lines targeted by L4-R4 with 10 clonal lines targeted by L4-R6,
none of the genes were significantly altered (Figure S6C), suggesting
that strategies using L4-R4 and L4-R6 resulted in similar molecular
outcomes. We then combined all 20 targeted clonal lines and
compared them with 12 EV-treated clones to increase power and
sensitivity. Still, HTT was the only gene that was statistically signifi-
cant, supporting the high levels of on-target gene specificity (Figure 4).
To check the sensitivity of our approach, we also compared 16 clonal
lines from iPSC-A (EV and TP-CRISPR clonal lines) with 16 clonal
lines from iPSC-B (EV and TP-CRISPR clonal lines), predicting
that the patient-specific comparison would show numerous statistical
significances. As expected, many genes were significantly different be-
tween the two lines by Bonferroni corrected p values (Figure S7).
Together, our RNA-seq study had the power and sensitivity to detect
significant differences, and therefore the lack of significantly altered
genes except mutant HTT both reinforced the high levels of allele
specificity and on-target gene specificity.

Applicability of PAS-based allele-specific strategies in HD

subjects

Confirming high levels of allele specificity and on-target gene speci-
ficity, we evaluated the cumulative mutant specificity of a set of
PAS pairs. Based on the phased genotypes of 8,542 HD subjects, we
first calculated the percentage of HD subjects carrying mutant-spe-
cific PAM sites both upstream and downstream of the TSS. The high-
est mutant specificities were observed for the L4-R4 and L4-R6
combinations because of strong linkage disequilibrium between
rs16843804 (R4) and rs16843836 (R6); 27% of HD subjects carry
mutant-specific PAM sites for rs2857935-rs16843804 and
rs16843804-rs16843836 (Table S5). In addition, seven other pairs
(such as L1-R2, L1-R4, L1-R6, L2-R2, L2-R4, L2-R6, L4-R2) also
showed the mutant specificity greater than 20% (Table S5). Still,
rapy: Methods & Clinical Development Vol. 26 September 2022 551
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Figure 2. Molecular consequences of allele-specific TP-CRISPR

To unequivocally determine the molecular consequences of allele-specific TP-CRISPR, we treated two independent HD iPSC lines (iPSC-A and iPSC-B) with either empty

vector (EV) or a gRNA combination (L4-R4 or L4-R6) and established targeted clonal lines for subsequent analyses. (A) All EV-treated or targeted clonal lines were checked by

PCR assays that were designed to detect a large genomic deletion using primers (colored arrows) that are described in the Materials and methods to confirm the presence of

a genomic deletion in the targeted clonal lines. A schematic diagram on the top panel summarizes the locations for allele-specific target sites (L4, R4, and R6) and primers

(colored arrows) with the sizes of predicted genomic deletion. The bottom panel shows representative data, displaying PCR products of 653 and 645 BP, which indicate

genomic deletion by L4-R4 and L4-R6, respectively. EV, empty vector; L4-R4, TP-CRISPR using a gRNA combination L4 and R4; L4-R6, TP-CRISPR using a gRNA

combination L4 and R6. (B) The presence and absence of expanded CAG repeat in the genomic DNA were determined by the PCR assays. Top (red arrow) and bottom

bands (blue arrow) represent mutant and normalHTT, respectively. (C) To determine the sequence of targeted clonal lines, we performed Sanger sequencing. Since genomic

deletion by L4-R4 (designed to excise �29 kb) involved both rs2857935 (L4) and rs16843804 (R4), assigning the deletion alleles to the mutant HTT was based on a

downstream SNP rs2024115, whose “A” is on the hap.01 mutant haplotype. For L4-R6 combination, which was expected to excise �38 kb from the mutant HTT, we

confirmed the genomic deletion on the mutant HTT based on the “G” allele at rs16843836. Contiguous and dotted lines represent unmodified DNA sequence and deletion,

respectively. (D) We also performed RT-PCR assays to detect expanded and normal CAG repeats in the RNA samples. Top (red arrow) and bottom bands (blue arrow)

represent mutant and normalHTTRNA, respectively. (E) Whole-cell lysate was resolved by SDS-PAGE and probed byMAB2166 for immunoblot analysis of HTT protein. Top

(red arrow) and bottom (blue arrow) bands represent mutant and normal huntingtin protein, respectively. Note, since adult-onset CAG repeats do not increase the size of

huntingtin protein substantially, separation of full-length mutant and normal HTT protein on the gel is usually incomplete.
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more than half of the HD population are not eligible for our candidate
allele-specific CRISPR-Cas9 strategies targeting L4-R4 and L4-R6.
Therefore, we were interested in finding out alternative allele-specific
target sites for HD subjects who do not carry PAM sites at rs2857935-
rs16843804 or rs2857935-rs16843836. Previously, Montsey et al.
552 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
demonstrated allele-specific TP-CRISPR using one allele-specific
and one non-allele-specific gRNA.25 Therefore, we also calculated
mutant specificity of a set of PAS for an allele-specific TP-CRISPR
strategy using one allele-specific gRNA. The proportion of HD sub-
jects who are eligible for mutant-specific TP-CRISPR using
mber 2022



Figure 3. High levels of mutant HTT specificity supported by RNA-seq

analysis

Allele-specific expression (ASE) analysis was performed to evaluate the levels of

allele specificity of our TP-CRISPR strategies. HD subjects with the most frequent

diplotype (i.e., hap.01 and hap.08) are heterozygous at 10 exonic SNPs. Thus, we

performed ASE using those 10 exonic SNP sites. Alleles of those 10 exonic SNPs on

the mutant and normal HTT were based on our haplotype definitions and previous

sequencing analysis. We counted the alleles on the mutant and normal HTT for a

given SNP site, and then calculated average values. (A) Mean allele counts of 10

heterozygous exonic SNPs on the mutant HTT are summarized. Boxes on the left

and right represent the distribution of alleles on the mutant HTT in EV-treated and

targeted clonal lines, respectively. Student’s t test was performed (nominal p value,

3.53e�6). (B) The same analysis approachwas applied to alleles of 10 heterozygous

exonic SNPs that are on the normal HTT. Boxes on the left and right represent the

distribution of alleles in EV-treated and targeted clonal lines, respectively. Student’s

t test was performed (nominal p value, 0.67). Each box showsmaximum, 75%, 50%

(median), 75% quartile, and minimum.
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rs1313774 and one non-allele-specific target site was 38.4%, repre-
senting the highest mutant specificity. Allele-specific TP-CRISPR-
Cas9 strategies using one of the three candidate PAS in combination
with one non-allele-specific target could be applied to approximately
60% of HD individuals. Overall, inclusion of additional PAS gradually
increased the cumulative percentage of eligible HD individuals; 72.5%
of HD subjects with European ancestry are eligible for mutant-spe-
cific TP-CRIPSR strategies using one of 10 PAS in combination
with one non-allele-specific target site (Table S6; Figure 5).

DISCUSSION
Recently, a phase 3 clinical trial to determine the efficacy of a non-
allele-specific ASO for HD was terminated prematurely based on
the risk-benefit analysis of the interim data.31 Considering numerous
preclinical studies supporting the therapeutic benefits of non-allele-
specific HTT-lowering strategies in model systems,22 the lack of clin-
ical benefits in the tominersen trial is quite striking. Currently, it is not
known why an ASO that could significantly reduce mutant (and
normal) huntingtin protein in humans without significant side
effects30 did not perform well compared with the placebo. The “unfa-
vorable efficacy trend” in the tominersen trial31 might be due to (1)
Molecular The
treatment initiated too late in pathogenesis, (2) lack of allele specificity
leading to insufficient total huntingtin,15 (3) inability to lower alterna-
tive toxic species, such as RAN translation or exon 1A huntingtin
fragment,48,49,64,65 (4) insufficient delivery to striatum, (5) no changes
in mutant/normal ratio,67 and/or (6) off-target toxicity. Among these,
the timing of the treatment might have significantly contributed to the
lack of clinical efficacy. The tominersen trial tested clinically manifest
HD subjects defined by DCL4 (diagnostic confidence level 4) (https://
clinicaltrials.gov/ct2/show/NCT03761849). Considering that changes
are detectable prior to disease manifest,68 trial participants might have
significant levels of neurodegeneration already. Since HTT-lowering
drugs are not expected to stimulate neurogenesis, the best outcome
of the tominersen trial might be maintaining the integrity of the sur-
viving cells. If cells were significantly compromised already, lowering
HTT might not lead to any functional improvements. In contrast, if
applied early (at least prior to significant neurodegeneration), HTT-
lowering drugs may be able to block HD pathogenesis in a sufficient
number of neurons, leading to delay of clinical manifestation caused
by the loss of neurons over certain levels.

Despite its benefits, early treatment (e.g., pre-symptomatic treatment)
is challenging and must be applied carefully. For example, (1) com-
plete Htt knockout causes embryo lethality and other deficits in
mice,33–37,69 and (2)HTT deficiency is associated with developmental
problems in humans,13,14 arguing against early applications of HTT-
lowering drugs. However, one functional copy ofHTT is sufficient for
the survival of cells33,35 without causing HD or developmental prob-
lems,11,13,14 supporting mutant-specific targeting strategies as a
means of early treatments in HD. One may support non-allele-spe-
cific lowering strategies to reduce the total HTT expression levels
by half to generate therapeutic benefits without producing adverse ef-
fects due to deficiency. However, achieving specific levels of the target
is technically challenging for lowering drugs due to the difficulty of
achieving efficient delivery to target organs other than the liver.70

In contrast, allele-specific DNA-targeting strategies may overcome
some of the limitations of lowering approaches, such as the require-
ment of repeated treatments,71,72 and off-target effects.73–78

Still, barriers exist for DNA-targeting strategies for HD. For example,
DNA-targeting strategies for HD must be highly allele specific
because they produce permanent changes. Therefore, to develop ther-
apeutic strategies that can be applied early without generating
deficiency-associated problems, we focused on developing highly
allele-specific CRISPR-Cas9 strategies capitalizing on PAS. Previ-
ously, we identified PAS by analyzing the 1000 Genomes Project
data and tested a pair of PAS in patient-derived cells to selectively
inactivate the mutantHTT. Similar approaches (i.e., genomic excision
to inactivate mutant HTT) have been tested in patient-derived fibro-
blasts and a mouse model of HD.25,27 Consistent with previous find-
ings,26 CRISPR-Cas9 approaches based on the candidate PAS were
highly allele specific. Our data also showed that allele-specific
genomic deletions did not produce chromosomal re-integration,
which is a concern in therapeutic genome editing.63 In addition, the
exon 1 huntingtin protein has been hypothesized as the pathogenic
rapy: Methods & Clinical Development Vol. 26 September 2022 553
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Figure 4. On-target gene specificity supported by

RNA-seq analysis

To increase the sensitivity and the power to detect any

small but significantly altered genes, we combined 10

targeted clonal lines targeted by L4-R4 and 10 clonal lines

targeted by L4-R6 gRNA combinations to be compared

with 12 EV-treated controls. (A) Significance values (un-

corrected p values on the y axis) were compared with log2

(fold-change) (x axis) to highlight significantly altered

genes. A horizontal and a vertical line represent Bonfer-

roni-corrected significance and zero fold-change,

respectively. (B) Expression levels of total HTT (mutant

plus normal) based on the DGE analysis are summarized

in a boxplot. Total HTT levels were decreased by 38% in

TP-CRISPR targeted clonal lines.
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entity.47–50 Regardless, if excised DNA is subject to degradation, our
allele-specific genomic deletion strategies may represent the only
means to block HD pathogenesis regardless of the identity of the toxic
species (even DNA itself drives the HD pathogenesis). Our allele-spe-
cific TP-CRISPR-Cas9 strategies are expected to produce new DNA
sequences at the mutant HTT locus. Our strategies targeting L4-R4
and L4-R6 sites respectively eliminate the first three and six exons, re-
sulting in in-frame deletion. However, such a new DNA sequence is
expected to generate knockout effects without producing truncated
HTT protein because the edited mutant allele is not capable of gener-
ating mRNA due to the lack of promoter region and TSS. Together,
the advantages of DNA-targeting strategies, high levels of allele spec-
ificity of PAS-based methods, and the robustness of genomic deletion
approaches make our strategies suitable for early treatments in HD.
Unlike late-onset neurodegenerative disorders, such as Alzheimer
disease and Parkinson disease, HD is uniformly caused by a genetic
change at the same site in the same gene in all affected individuals,
making this disease potentially amenable to a therapeutic approach
based directly on its root cause rather than on the subsequent delete-
rious consequences of the genetic defect. If the treatment permanently
eliminated the disease-producing expanded CAG sequence, it could
theoretically be applicable at any time in life, from the preimplanta-
tion embryo through to the adult. However, the period where such
a treatment strategy is perhaps most urgently needed is that prior
to extensive neurodegeneration, when the HD individual retains a
large neuronal population that can still be saved. Recently, it has
been demonstrated that CRISPR-Cas9-mediated HTT silencing de-
layed the onset of striatal atrophy and slowed the progression of
the motor phenotype in zQ175 mice, supporting the feasibility and ef-
ficiency of pre-manifest CRISPR therapeutics.79

In this study, we focused on identifying relevant target sites for the pa-
tient population and evaluating their allele specificities subsequently.
Non-HD cell lines that are commonly used in the CRISPR-Cas9
554 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
genome editing field, such as HEK293, are not
optimal for evaluating of allele specificity due
to the lack of the diplotype that is most frequent
in HD. Therefore, we analyzed HD patient-
derived iPSCs carrying the representative diplotype, revealing modest
CRISPR-Cas9 editing efficiencies, which are in line with challenges in
genome editing in iPSCs.58–60 Since modest editing efficiencies might
be due to the cell type, not the target sites, our allele-specific CRISPR-
Cas9 strategies may produce significant therapeutic benefits when
using efficient delivery methods, which is supported by significant
functional improvements in the mouse models of HD.27,79 We previ-
ously showed the proof-of-principle of allele-specific TP-CRISPR, us-
ing genetic data from the 1000 Genomes Project to select two PAS
with flanking SNPs to permit unequivocal identification of targeted
alleles. However, our previous approach did not permit assessment
of relative editing efficiency or applicability in the HD population.
In this study, we focused on the PAS that are frequent in the largest
collection of nearly 10,000 genotyped HD individuals of European
ancestry. Of the gRNAs targeting candidate PAS that were tested,
five (three mutant HTT specific; one normal HTT specific; one
non-allele specific in HD subjects with the most frequent diplotype)
showed relatively higher editing efficiencies than the others. This
lack of significant off-target effects was further supported by the
absence of any gene expression alterations other than HTT in our
20 independent targeted clonal lines. Thus, the three mutant allele-
specific PAS gRNAs provide strong candidates for the development
of allele-specific HD therapeutics that would be applicable to approx-
imately 30% of the European HD population.

Unfortunately, the feasibility of functional evaluation of our candidate
strategies in animalmodels is very low. SinceHDpatient-derived iPSCs
and neurons lack robust and consistent phenotypes,80–90 functional as-
sessmentsofmutant-specificTP-CRISPR strategies in this cell typewere
also impractical. For example, neuronal induction/differentia-
tion,83,84,90 the levels of nestin after reprogramming,85,87 characteristics
of action potential,80,82,90 HTT protein aggregates,82,86,90 and CAG
repeat instability82,88–90 were inconsistent between studies. In addition,
most studies analyzed a small number of patient-derived cells carrying



Figure 5. Cumulative mutant specificity of TP-CRISPR strategies using PAS

To calculate the proportion of HD subjects who are eligible for mutant HTT-specific

TP-CRISPR strategies using one allele-specific gRNA and one non-allele-specific

gRNA, we analyzed phased allele data for 224 PAS. For the initial coverage analysis,

we identified HD subjects who carry the PAM site only on the mutant HTT and

calculated the proportion of those HD subjects. Then, we re-calculated the mutant

specificity in the remaining HD subjects to identify the PAS with the highest mutant

specificity. We repeated these procedures 10 times to estimate the cumulative

mutant specificity of the allele-specific TP-CRISPR strategies.

www.moleculartherapy.org
long CAG repeats and, therefore, it was uncertain whether differences
between normal and HD neurons were due to the expanded CAG or
other unknown factors. Advancing these candidates for testing of the
allele-specific strategy in an accurate mouse system is not immediately
possible since an appropriatemousemodel does not exist. TheHu97/18
mouse model,91 which contains both CAG-expanded and non-
expanded humanHTT genes and nomouseHtt, is not suitable because
the CAG-expanded transgene comprises approximately five copy-
equivalents of mutant HTT (https://www.jax.org/strain/008197), and
therefore, the application of a dual gRNA-mediatedCRISPR-Cas9 strat-
egy is expected to induce unpredictable larger deletions at multiple lo-
cations.92,93 Consequently, in vivo preclinical testing of the allele-spe-
cific strategy will require the development of HD mouse models with
single copies of the CAG-expanded and non-expanded HTT genes,
conferring heterozygosity for those PAS that are most frequently het-
erozygous in the HD population.

The generation of such genetically accurate, humanized models
would also help to support the development and testing of efficient
delivery systems to introduce CRISPR-Cas9 components to the brain
and to achieve editing in target cells. While obtaining a broad distri-
bution of targeting reagents is a challenge that faces both ASO and
Molecular The
CRISPR approaches for neurological genetic disorders, the potential
of CRISPR strategies to make permanent alterations that preclude
the need for life-long episodic treatments is an attractive one if deliv-
ery, efficiency, and safety issues can be adequately addressed. Further-
more, a recent small-scale in vivo CRISPR-Cas9 gene editing for
transthyretin amyloidosis showed robust target engagement with
mild adverse effects in humans,94 supporting the feasibility of
CRISPR therapeutics in HD. Our delineation and testing of allele-spe-
cific targets based on the actual HD population offers the promise that
permanent therapeutic effects can be achieved without the potential
side effects that could result from interfering with normal huntingtin
expression. It is a critical step toward advancing this allele-specific
strategy to benefit those carrying an expanded HTT CAG repeat
and has implications for applying similar allele-specific strategies in
other dominant human disorders.

MATERIALS AND METHODS
Analysis of HD GWAS data to identify candidate PAS

To produce a genomic deletion with the aim of preventing tran-
scription of HTT using CRISPR-Cas9, two gRNAs must be used
simultaneously: one targeting upstream and the other targeting
downstream of the TSS. To identify mutant HTT-specific target sites
upstream of the TSS, we analyzed up to 20 kb of the upstream re-
gion to avoid potential gene editing of a region that harbors tran-
scription regulatory elements of a neighboring gene (i.e., GRK4).
For downstream target sites, we analyzed up to 40 kb of the region
downstream of the TSS because we previously demonstrated the
feasibility of a genomic deletion of approximately 40 kb.26 Thus,
our genetic analysis focused on a 60 kb genomic region around
the TSS of HTT (chr4:3056408-3116408; GRCh37/hg19). To iden-
tify mutant HTT-specific CRISPR PAM sites for SpCas9 (i.e.,
NGG) and to directly calculate the proportion of HD subjects
who carry a mutant HTT-specific PAM site for a given PAS, we
analyzed HD GWAS data that were used to identify genetic modi-
fiers of HD.46 Among 9,058 HD subjects (CAG 40-55) with Euro-
pean ancestry analyzed in our modifier GWAS, we analyzed the
genotypes of 8,543 participants who are heterozygous HD subjects
(i.e., carrying one CAG-expanded HTT) and showed unambiguous
HTT haplotypes. Among 1,045 quality control-passed SNPs in the
region,46 alleles of 418 SNPs generate or eliminate NGG PAM sites
(i.e., PAS). We then calculated allele frequencies of those 418 PAS to
exclude variations that are monomorphic in HD subjects, revealing
224 PAS that are polymorphic in our 8,543 GWAS participants. We
identified a total of 230 PGAs from 224 PAS since both reference
and alternative alleles of 5 PAS and 2 different alternative alleles
of 1 PAS also generate NGG PAM sequence.

Calculating the levels of applicability of PAS in mutant HTT-

specific targeting

We performed genotype phasing for HTT51,52,56 to determine (1)
the HTT haplotypes and (2) alleles of 224 PAS on the mutant
and normal HTT for a given HD subject. Subsequently, HTT haplo-
type data were used to determine the consensus alleles of candidate
PAS on common HTT haplotypes.26 To evaluate the level of
rapy: Methods & Clinical Development Vol. 26 September 2022 555
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applicability of a PAS in mutant HTT-specific targeting, we calcu-
lated the percentage of HD subjects who carry the NGG PAM
sequence on (1) the CAG-expanded HTT, (2) the non-expanded
HTT, (3) both, or (4) neither for each of 224 PAS. The proportion
of HD subjects who carry the PAM sequence only on the CAG-
expanded HTT represents the levels of applicability of a PAS for
allele-specific CRISPR therapeutics targeting (i.e., mutant speci-
ficity). We further used the mutant specificity data to narrow
down to candidate PAS that can be utilized in a significant propor-
tion of HD subjects. We applied a mutant specificity value 10%,
yielding four and six PAS located upstream and downstream of
the TSS of HTT, respectively.

Mapping alleles of 10 candidate PAS on the common HTT

haplotypes

Definitions of HTT haplotypes and their frequencies on disease and
normal chromosomes are described elsewhere.51,52,56 HTT haplo-
types are defined by 21 SNPs, and the 16 common haplotypes ac-
count for more than 90% of CAG-expanded chromosomes in HD
subjects with European ancestry.51 To determine the alleles of a
given PAS on the HTT haplotypes, we grouped 17,086 chromo-
somes from 8,543 GWAS participants based on their HTT haplo-
types. For a group of chromosomes of a given haplotype, we iden-
tified the consensus (i.e., most frequent) allele for a given PAS, and
we repeated this procedure for each of the 10 candidate PAS and 16
common HTT haplotypes. Overall, alleles of PAS on the 16 com-
mon HTT haplotypes were determined at a 99.3% consensus rate
(e.g., 90% consensus rate means 90% and 10% of the chromosomes,
respectively, carry the most frequent and the other allele at a given
site).

Cell culture, plasmids, and transfection

Two independent iPSC lines (iPSC-A and iPSC-B) carrying adult-
onset CAG repeats (46/18 and 42/19 CAGs, respectively) were derived
from our internal collection of lymphoblastoid cell lines by the Har-
vard Stem Cell Institute iPS Core Facility (http://ipscore.hsci.
harvard.edu/). Both iPSC-A (female) and iPSC-B (male) carry
expanded and normal CAG repeats on hap.01 and hap.08 haplotypes,
respectively. The iPSC lines were cultured on Matrigel-coated plates
(Corning) with mTeSR1 (STEMCELL Technologies) with 5% CO2

at 37�C. Plasmids for Cas9 (PX551; http://n2t.net/addgene:60957)
and gRNA (PX552; http://n2t.net/addgene:60958) were obtained
fromAddgene. To express SpCas9 in iPSC lines, the pMecp2 promoter
in the original PX551plasmidwas replaced by anEF-1a core promoter
using a HindIII/AgeI fragment, generating the PX551 EFS plasmid.
The hSyn promoter for EGFP marker was also replaced by an EF-1a
core promoter using an ApaI/KpnI fragment (PX552 EFS plasmid).
Cloning of the test gRNAs into the PX552 EFS plasmid was performed
according to a recommended protocol (https://media.addgene.org/
data/plasmids/60/60958/60958-attachment_wWVpb-8u9Mzp.pdf).
Sequences of oligos to generate plasmids for test gRNAs are:

rs1313769, ACCGGCAGAGCTTGCAGTGAGCT and AACGGCAT
GCTGGCTCATGCCTG;
556 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
rs1313774, ACCGCATATAATCAAGAAATAAT and AACATTAT
TTCTTGATTATATGC;

rs2506200, ACCCAGGCATGAGCCAGCATGCC and AACGGCAT
GCTGGCTCATGCCTG;

rs2857935, ACCCCCGCTCCAGGCGTCGGCGG and AACCCGCC
GACGCCTGGAGCGGG;

rs7688390, ACCAGAATGGACATCATAAAGAT and AACATCTT
TATGATGTCCATTCT;

rs7659144, ACCCCCATGGGCCATGTGGAAAT and AACATTTC
CACATGGCCCATGGG;

rs28820097, ACCCAACAACTAAAAGCACAACA and AACTGTT
GTGCTTTTAGTTGTTG;

rs16843804, ACCGTCGATGATCTCTTTAACCG and AACCGGTT
AAAGAGATCATCGAC;

rs6828615, ACCTGGGCTCACGCCTGTAATCC and AACGGATT
ACAGGCGTGAGCCCA;

rs16843836, ACCGCTATGTTTATCCTGCAACC and AACGGTTG
CAGGATAAACATAGC.

For all candidate PAS, we used 20 nucleotide long gRNAs. Cells were
transfected (72 h) with either (1) SpCas9 plasmid and EV for gRNA
(EV control) or (2) SpCas9 plasmid and gRNA plasmid (treatment
group) by Lipofectamine Stem Transfection Reagent (Invitrogen) ac-
cording to the manufacturer’s instructions.

PCR amplification and Sanger sequencing

Genomic DNAwas isolated from cells using a DNeasy Blood & Tissue
Kit (QIAGEN). Total RNA was extracted using RNeasy Plus Mini
Kits (QIAGEN). The quality and quantity of RNA were determined
using a NanoDrop spectrophotometer (Thermo Scientific). cDNA
was synthesized from 50 ng of total RNA using SuperScript IV
Reverse Transcriptase (Invitrogen). PCR reactions were performed
using Q5 High-Fidelity DNA Polymerase (NEB) or AccuPrime GC-
Rich DNA Polymerase (Invitrogen) for high GC-rich template
PCR. The PCR amplification using Q5 High-Fidelity DNA Polymer-
ase comprised initial denaturation (3 min at 98�C), 35 cycles of dena-
turation (30 s at 98�C), annealing (30 s at 64�C), and extension (30 s at
72�C), and final extension for 2 min at 72�C followed by cooling
down to 4�C. The reaction for AccuPrime GC-Rich DNA Polymerase
consisted of an initial denaturation (3 min at 95�C), then 30 cycles of
denaturation (30 s at 95�C), annealing (30 s at 59�C), and extension
(30 s at 72�C), and then final extension for 10 min at 72�C, followed
by cooling down to 4�C. PCR products were purified using a
QIAquick PCR Purification Kit (QIAGEN) for subsequent analysis.
For PCR assays to detect genomic deletion by L4-R4 combination,
we used primers CTTCTCGCTGCACTAATCAC (a red arrow in
mber 2022
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Figure 2A) and ATTCCTCACAGCACATCTCT (a blue arrow in Fig-
ure 2A). For genomic deletion by L4-R6 combination, we used
primers CTTCTCGCTGCACTAATCAC (a red arrow in Figure 2A)
and AGAGGGTGAAATAGTGGCT (a cyan arrow in Figure 2A).
Primers ATGAAGGCCTTCGAGTCCC and GGCTGAGGAAGCT
GAGGAwere used to amplify CAG repeat region in DNA and cDNA.
Determination of allele specificities and editing efficiencies by

next generation sequencing

Upon ligation of Illumina adaptors and a unique identifier to the am-
plicon, paired-end sequencing (2 � 150 bp) was performed using
the Illumina MiSeq platform. Deep-sequencing of PCR amplicons
was performed by the DNA Core Facility at Massachusetts General
Hospital (https://dnacore.mgh.harvard.edu/new-cgi-bin/site/pages/
index.jsp). Sequence reads that could not be mapped were removed
as part of quality control. Primers for PCR amplification for MiSeq
analysis are:

rs1313769, CTGTAGTCCCAGCTACTCAGG and AACCCAGGG
CTAGTTTGAGA;

rs1313774, CACCATGTTAGCCAGGATGG and CCTGGCCTAGA
AGTTACCCT;

rs12506200, TGTAGGAATAGGGTCTCACTATGTGT and GGTG
AGTACTCCAGGGGAA;

rs2857935, TGAGTATGGCTCTGGCCA and AGGAAGGTGAGA
GGTGGG;

rs28820097, GCTGCATGTGAAATGGTGTAATAAGG and CCTC
TTCCCCTATTTCTGGCTT;

rs7659144, CAGAGTATGTTTTCTGACCTCAGTATCATTAAG
and CCATTTACTATGCTGTAACAGCACC;

rs7688390, CACTGTGTTCCATCCTGGG and GATGTTCTTGAT
GAACCAGCTTTTGG;

rs16843804, CAAGCTTGCTGACCCAATAGG and GAAGGGCTT
CTCAAGCTAGG;

rs6828615, GGATTACAGGTGTGCACCAC and CCAGGGATAC
TAGCTGACTCAAG;

rs16843836, TGAGTCAGCTAGTATCCCTGGA and GCTGAGGA
CAGACGTGAGAT;

rs363099, GCCAGTAACCGTGTGTTCTC and CCTAGATGAAC
TCAGCCCAG.
Off-target effects

CRISPR-Cas9 off-target prediction was based on Cas-OFFinder.95
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Development of targeted single-cell clonal lines

To generate single-cell clones from iPSCs with adult-onset CAG re-
peats (iPSC-A and iPSC-B), cells were transfected with PX551 EFS
and PX552 EFS vectors (containing either EV or the test gRNA) us-
ing the Lipofectamine Stem Transfection Reagent. Seventy-two
hours after transfection without selection, 1.5 � 105 cells were
seeded in a 60 mm dish with CloneR supplement (STEMCELL
Technologies) and then incubated for an additional 2 weeks for
dilution cloning. Visible colonies were picked, and individually
maintained in 96-well plates for clonal expansion. Once cells
reached approximately 80% confluence, they were sub-cultured in
two 96-well plates, one for maintenance and the other for validation
of on-target modification by Sanger sequencing analysis. Validated
clonal lines were then expanded for molecular characterization
and RNA-seq analysis. In summary, for iPSC-A, we picked 132
and 228 single cells after treatment for L4-R4 and L4-R6 strategies,
respectively. Among them, 45 and 47 showed genomic deletion in
PCR assays. Subsets of those candidate single cells were further sub-
ject to Sanger sequencing and MiSeq analysis to select the final 10
independent targeted clonal lines for RNA-seq analysis. Similarly,
for iPSC-B, we picked 216 and 132 single cells after treatment for
L4-R4 and L4-R6 strategies, respectively. Among them, 93 and 35
showed genomic deletion in PCR assays. Subsets of those candidate
single cells were further evaluated to select 10 independent targeted
clonal lines for RNA-seq analysis.

Detection of excision-reintegration

Genomic DNA of targeted clonal lines was subject to PCR using a
primer set (GTTTAGTTAACACCCTTAGCAAC and CTAGCTT
CTACCAGGAGAATAACA) to amplify a region encompassing
rs2285086, which is located inside the genomic deletion and hetero-
zygous in HD subjects with the most frequent diplotype. Consistent
with HD subjects with the most frequent diplotype, our iPSC lines
carry “A” and “G” alleles on the mutant and normal HTT, respec-
tively. Seemingly homozygous genotype in the targeted clonal lines
actually means hemizygous.

Immunoblot analysis of huntingtin

Cells were washed twice with cold PBS and lysed with RIPA buffer
(Invitrogen) containing protease inhibitor (Roche). Cell debris was
removed by centrifugation, and the supernatant was collected. Pro-
tein concentration was determined by BCA assays (Thermo Scienti-
fic), and samples were denatured by 2� SDS buffer (Invitrogen)
with a reducing agent (Invitrogen) for 2 min at 80�C. Fifteen micro-
grams of whole cell lysate was resolved on a 6% Tris-glycine gel (In-
vitrogen) or 4%–20% gel (Invtrogen). Transferred membranes were
probed by pan huntingtin antibody MAB2166 (EMD Millipore;
amino acids 181–810) and N-terminal-specific antibody N17
antibody.66

RNA-seq analysis

To fully characterize the molecular consequences of our mutant-spe-
cific TP-CRISPR strategies, we performed RNA-seq analysis. Twelve
EV-treated and 20 targeted clonal lines were further validated by
rapy: Methods & Clinical Development Vol. 26 September 2022 557
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Sanger sequencing and MiSeq analysis of genomic cDNA. Then,
genome-wide RNA-seq analysis was performed by the Broad Insti-
tute. Sequence data were processed by STAR aligner96 as part of the
Broad Institute’s standard RNA-seq analysis pipeline. For allele-spe-
cific expression analysis (ASE) of RNA-seq data focusing onHTT, we
counted alleles harboring heterozygous exonic SNPs in targeted and
control clonal lines. Our clonal lines derived from two HD iPSCs
with hap.01/hap.08 diplotype carry 10 heterozygous exonic SNPs. Al-
leles of 10 heterozygous exonic SNPs on the mutant and normal HTT
in hap.01/hap/08 diplotype were determined based on haplotype
sequence data.52 Statistical significance in ASE of HTT was judged
based on the Student’s t test, comparing counts of alleles on normal
HTT in targeted clonal lines (n = 20) with those in controls
(n = 12) for a given SNP site, followed by the Bonferroni multiple
test correction. The same approach was applied to the number of al-
leles on the mutant HTT to compare targeted and control clones.

ForDGEanalysis, we used transcripts permillion (TPM)data computed
by the TPMCalculator (https://github.com/ncbi/TPMCalculator).97

Expression levels in 20,260 protein-coding genes based on Ensembl
(ftp://ftp.ensembl.org/pub/release-75/gtf/homo_sapiens/)werenormal-
ized; 3,420 genes were excluded due to zero TPM values in at least one
sample. Subsequently,we analyzed 16,840 genes expressed in all 32 sam-
ples. The DGE analysis was performed by the generalized linear model
using a library of “glm” in R package v.3.3.1 (https://www.r-project.org/)
after adjustment for four covariates including sex, batch, and two prin-
cipal components based on RNA-seq data, followed by multiple test
correction using the Bonferronimultiple test correctionmethod. Amul-
tiple test corrected p value less than 0.05 was considered statistically sig-
nificant in our DGE analysis.

Cumulative mutant specificity of a set of PAS

To identify a small set of PAS that can be applied to the maximum
number of HD subjects, we calculated the mutant specificity of indi-
vidual PAS in multiple iterations as similarly done previously.52 In
brief, starting with all samples and PAS in the region, we calculated
the mutant specificity to identify the SNP that showed the highest
mutant specificity. We then excluded HD subjects who carry
mutant-specific PAM at that PAS site, and re-calculated mutant spec-
ificity in the remaining HD subjects. This procedure was repeated 10
times. Alternative targets for each PAS were based on linkage equilib-
rium in HD GWAS data calculated by the PLINK program.98

Genomic coordinate

Genomic coordinate is based on GRCh37/hg19 unless otherwise
specified.

Statistics and programs

Statistical significance was determined by Student’s t tests and linear
regression analyses. Resulting nominal p values were corrected for
multiple tests by the Bonferroni method for DGE and ASE analysis,
respectively. Corrected p values < 0.05 were considered as statistically
significant. R (v.3.3.1 and v.3.3.3) was used for statistical analyses and
plotting.
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