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ABSTRACT

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a toxic gain-of-function
CAG expansion in the first exon of the huntingtin (HTT) gene. The monogenic nature of HD makes
mutant HTT inactivation a promising therapeutic strategy. Single nucleotide polymorphisms (SNPs)
frequently associated with CAG expansion have been explored to selectively inactivate mutant HTT
(mHTT) allele using the CRISPR/Cas9 system. One of such allele-selective approaches consists of
excising a region flanking the first exon of mHTT by inducing simultaneous double-strand breaks at
upstream and downstream positions of the mHTT exon 1. The removal of the first exon of mHTT deletes
the CAG expansion and important transcription regulatory sites, leading to mHTT inactivation. However,
the frequency of deletion events is yet to be quantified either in vitro or in vivo. Here, we developed
accurate quantitative digital PCR-based assays to assess HTT exon 1 deletion in vitro and in fully
humanized HU97/18 mice. Our results demonstrate that dual-sgRNA strategies are efficient and that
67% of HTT editing events are leading to exon 1 deletion in HEK293T cells. In contrast, these sgRNA
actively cleaved HTT in HU97/18 mice, but most editing events do not lead to exon 1 deletion (10%
exon 1 deletion). We also showed that the in vivo editing pattern is not affected by CAG expansion but
may potentially be due to the presence of multiple copies of wt/mHTT genes HU97/18 mice as well as

the slow kinetics of AAV-mediated CRISPR/Cas9 delivery.



INTRODUCTION

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a CAG expansion
in exon 1 of the huntingtin (HTT) gene." The age of HD onset and disease progression inversely
correlate with the CAG tract size, with full penetrance above 40 repeats.? Clinical manifestations arise
between the ages of 35 and 50, with death occurring within the following 15 to 20 years. HD symptoms
are strongly associated with the dysfunction and degeneration of spiny projecting neurons (SPNs) in
the basal ganglia, which are an important relay in voluntary motor functions and various cognitive loops,
including attention and memory.3* The expanded CAG repeat encodes a longer polyglutamine (polyQ)
domain present at the N-terminus of the HTT protein. This feature modifies the conformation of mutant
HTT (mHTT) and induces aggregation.® Mutant HTT-mediated toxicity includes the dysregulation of
several cellular pathways, such as axonal transport, transcription, translation, and mitochondrial and
synaptic functions. The contribution of the expanded CAG repeats may extend beyond the encoded
polyQ peptides, including toxicity mediated by the RNA containing the CUG expansion®’ and products
derived from repeat associated non-AUG (RAN) translation.®

To date, there are no available therapies to modify disease progression. Given that HD is a
gain-of-function disorder, strategies that target the disease-causing HTT (mHTT) gene and/or
downstream products hold great therapeutic potential. Allele-selective strategies that target only the
mHTT allele have been designed to preserve wtHTT functions.®'° Patients carrying the mHTT allele
share common ancestors and, therefore, sets of single nucleotide polymorphisms (SNPs) are more
strongly associated with the expanded HTT alleles."™"'" The association of specific SNPs with the CAG
expansion provides a unique opportunity to discriminate between the two HTT alleles. In parallel, the
emergence of the CRISPR/Cas9 system has advanced the design of multiple approaches to
permanently and selectively inactivate the mHTT allele as a therapeutic option.'®23 Most of these
studies have focused on the design of sgRNAs targeting SNPs that generate novel protospacer
adjacent motifs (PAMs) in the mutant allele or delete PAMs from the wildtype allele (PAM-altering SNPs
- PAS). This ensures that only the mHTT allele is cleaved by the Cas9 nuclease. One of the approaches
involves the combination of two single guide RNAs (sgRNAs) to promote simultaneous cleavage at
upstream and downstream sites of mHTT exon 1 to excise part of the promoter, the transcriptional and
translation start sites as well as the first exon of the mHTT allele, leading to mutant HTT inactivation.®-

2022 These studies have shown the feasibility of the approach in vitro in puromycin-enriched or clonal



lines of induced pluripotent cells from HD patients (HD-iPSCs). However, the efficiency of HTT exon 1
deletion in vitro in bulk cell populations and in vivo has not been reported.®

Given the ultimate goal of applying such dual-sgRNA strategies for the treatment of HD, it is
critical to accurately assess their efficiency to determine and/or improve their therapeutic potential.
Here, we developed quantitative digital PCR-based assays to accurately evaluate the efficiency of HTT
exon 1 deletion in vitro and in vivo and present novel insights concerning the applicability of dual-sgRNA

deletion approaches for the treatment of genetic disorders.



MATERIALS AND METHODS

Plasmid production

The sgHTT25A/G, sgHTT6ET/C, sgHTT10C/G, sgHTT2G/A, and sgHTT4 were initially ordered
as gene strands (IDT, Leuven, Belgium; Table S1) and cloned into the pENTR221 plasmid as previously
described.?* The lead candidates (sgHTT6T/C, sgHTT8P_L, sgHTT8P_S, sgHTT2G, and sgHTT4)
were then cloned into optimized expression cassettes. We used the universal plasmid pMK-AttL1-
Notl/BamHI-U6-Bsal-tracrRNAopt-BamHI/Ncol-U6-Sapl-tracrRNAopt-Notl/Ncol/Xbal-7sk-BsmBI-
tracrRNA-Xbal-AttL2 (Addgene, #190898) containing three sgRNA expression cassettes, to make
possible a flexible cloning strategy for multiple sgRNAs. The U6-driven expression cassettes contain
an optimized tracrRNA described by Dang et al.?®, whereas the 7sk-driven expression cassette is
associated with the original tracrRNA.2* The spacer sequence of each sgRNA was then inserted into
the universal entry plasmid with overhang-compatible annealed oligos after digestion of the plasmid
with type IS restriction enzymes (Bsal or Sapl). The oligomers used to clone each sgRNA are described
in Table S2. Briefly, the last 7sk-sgCas9 cassette was removed by Xbal digestion. We then generated
the entry plasmids expressing two sgRNAs: the allele-selective sgRNA (sgHTT6T, sgHTT8P_L,
sgHTT8P_S, or sgHTT2G) in first cassette and sgHTT4 in the second cassette (U6-sgHTT"X"-U6-
sgHTT4). The entry plasmids expressing only one HT T-targeting sgRNA were subsequently produced
by removing the first or second U6-driven expression cassettes by BamHI or Ncol digestion,
respectively. The SIN and pAAV2ss plasmids were produced by transferring the sgRNA expression
cassettes from the entry plasmids into a LV (SIN-cPPT-Gateway-PGK-mCherry-WPRE) or AAV
destination vector (pAAV2ss-Gateway-WPRE-bGH), respectively.

For SIN plasmids expressing SpCas9, we used the SIN-cPPT-PGK-SpCas9-WPRE (Addgene,
#87886)%* for editing assessment in HEK293T cells. For HD-NPCs, we generated the SIN-cPPT-PGK-
SpCas9-BPNLS-WPRE plasmid after replacing the SRAD and SV40-NLS of the previous construct with
a glycine-serine linker?® and a bipartite NLS (BPNLS).2”? For the AAV-based systems, we used
pAAV2ss-EFS-SpCas9-synPolyA (a gift from Ryohei Yasuda; Addgene, #104588)%°. In addition, we
generated a plasmid expressing nuclear GFP (pAAV2ss-CBA-AcGFPnuc-WPRE-bGH) by transferring
the AcGFPnuc coding sequence from the entry plasmid pENTR4-AttL1-AcGFPnuc-AttL2 to the

pAAV2ss-CBA-Gateway-WPRE-bGH destination vector.



Human embryonic kidney 293T (HEK293T) cells

HEK293T cells (mycoplasma-negative, ATCC, LGC Standards GmbH, Wessel, Germany) were
cultured in DMEM-Glutamax supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco, Life
Technologies, Zug, Switzerland) at 37°C in an atmosphere containing 5% COx2. For routine culture, cells
were passaged twice weekly after trypsin treatment for dissociation (Gibco, Life Technologies, Zug,

Switzerland) and plated at a density of 2x10° cells/cm? in T175 flasks.

HD-derived neuronal precursor cells (HD-NPCs)

Patient-derived neuronal progenitor cells (HD-NPCs) were generated from hPSC line GM03621
(Coriell) provided by Dr. Anselme Perrier (I-Stem, Evry, France). The differentiation and culture
protocols have been previously described.®*3' After amplification, HD-NPCs were banked in vials of
4x10° cells and stored in liquid nitrogen. For each experiment, cells were thawed and resuspended in
N2B27 medium (1:1 ratio of DMEM-F12-Glutamax:Neurobasal, 1% N2 supplement, 2% B27
supplement, and 0.1% Gentamicin - Gibco, Life Technologies, Zug, Switzerland). Cells were
centrifuged at 300 x g for 5 min to remove any traces of FBS and DMSO. The cell pellet was
resuspended in 1 mL N2B27 medium and the cells counted using a hemocytometer. For cell expansion,
approximately 1.5x108 and 10x108 of cells were plated in six-well plates or 10 cm dishes, respectively,
in N2B27 medium supplemented with 10 ng/mL FGF (Bio-techne, Zug, Switzerland), 10 ng/mL EFG
(Peprotech, Zug, Switzerland), and 20 ng/mL BDNF (Peprotech, Zug, Switzerland). Prior to plating, the
wells/dishes were coated with 1:6 poly-L-ornithine (Sigma-Aldrich, Buchs, Switzerland) in H20 for 24 h
and then with 2 pg/mL laminin (Sigma-Aldrich, Buchs, Switzerland) in H20 for 24 h. The medium was

completely changed twice a week and the cells passed once a week.

Production of lentiviral vectors

LVs were produced by the calcium phosphate-mediated transfection of HEK293T cells with a
four-plasmid system.3? Human immunodeficiency virus type 1 (HIV-1) vectors were pseudotyped with
the vesicular stomatitis virus glycoprotein (VSV-G) envelope, concentrated by ultracentrifugation and
resuspended in phosphate-buffered saline (PBS, Gibco, Life Technologies, Zug, Switzerland)

supplemented with 1% bovine serum albumin (BSA, Sigma-Aldrich, Buchs, Switzerland). The viral



particle content of each batch was determined in a p24 antigen enzyme-linked immunosorbent assay

(p24 ELISA, RETROtek, Kampenhout, Belgium). Viral stocks were stored at -80°C until use.

Production of adeno-associated vectors

AAVs were produced in HEK293T cells by calcium phosphate-mediated transfection as
previously reported.3® The viral genome content (vg/mL) for each AAV was assessed by TagMan gPCR
using primers that recognize the inverted terminal repeats of the AAV2 viral genome (forward primer:
5- GGAACCCCTAGTGATGGAGTT-3’, reverse primer. 5-CGGCCTCAGTGAGCGA-3’, TagMan
probe: 5’- FAM-CACTCCCTCTCTGCGCGCTCG-TAMRA-3') and the KAPA probe fast gPCR universal

kit (Sigma-Aldrich, Buchs, Switzerland). AAV vectors were stored at -80°C until use.

Transfection of HEK293T cells

For the transfection experiments (Fig. 1C; Fig. 3, 5, S6), we plated 5x10° cells per well in six-
well plates the day before transfection. We mixed the plasmids in 0.25 M CaCl: solution and the mixture
was then added dropwise to HEPES saline buffer (Sigma-Aldrich, Buchs, Switzerland, CaCl2-
H2O0:HEPES ratio 1:1). The mixture was incubated at room temperature for 5 min and added dropwise
to the cells (10% of the culture volume). The medium was completely replaced 6 h after transfection.
Transfected cells were lysed for DNA and/or RNA extraction at four days post-transfection.

To evaluate the efficiency and/or selectivity of the sgRNAs (Fig. 1C), HEK293T cells were
transfected with 0.5 ug SIN-cPPT-PGK-GFP-WPRE, 2 ug SIN-cPPT-PGK-SpCas9-WPRE, and 2 ug
pENTR221 plasmids expressing sgRNA. The sgRNA expression was under the control of the H1
promoter for all sgRNAs, except sgHTT4, for which expression was driven by the U6 promoter. All
sgRNAs had the backbone (tracrRNA) used in Merienne et al.?* Cells solely transfected with the plasmid
encoding SpCas9 and GFP were used as a negative control.

To assess HTT editing outcomes by agarose gel, digital PCR, and TIDE analyses (Fig. 3),
HEK293T cells were transfected with 0.6 ug pAAV2ss-CBA-GFP-WPRE-bGH, 1.1 ug pAAV2ss-EFS-
myc-SV40-spCas9-SV40-synPolyA, and 2.1 ug pAAV2ss plasmids expressing sgHTT8P_L and
sgHTT4 (SpCas9:sgRNA molar ratio of 1:3). Cells solely transfected with pAAV2ss plasmids encoding

SpCas9 and GPF were used as a negative control.



To compare HTT exon 1 deletion efficiency between transfected and transduced cells (Fig. 5,
S6), HEK293T cells were transfected with 2 ug SIN-cPPT-PGK-Cas9-WPRE and 2 ug SIN plasmids
expressing two sgRNAs plus mCherry. Expression of the sgRNAs and mCherry was driven by the U6
and PGK promoters, respectively. Cells solely transfected with SIN plasmids encoding SpCas9 and

GFP were used as a negative control.

Generation of clonal HEK293T cell lines with HTT exon 1 deletion

For the clonal analysis of HEK293T cells containing deletions of exon 1 from the HTT gene
(Fig. S1), 5x10° cells in 10 cm dishes were transfected 24 h after seeding with 30 ug of plasmid (15 ug
SIN-cPPT-PGK-SpCas9-WPRE and 15 ug SIN-U6-sgHTT8P_L-U6-sgHTT4-PGK-mCherry). Five days
post-transfection, cells were dissociated with trypsin and serial dilutions plated in 96-well plates. The
cell clones that grew at the highest dilution conditions were sequentially expanded in 48-well plates, 24-
well plates, and six-well plates. Finally, we screened the clonal cell lines for the presence of exon 1

deletion from the HTT gene by PCR amplification.

Transduction of HEK293T cells

For the transduction experiments in HEK293T cells (Fig. 1D, E; Fig. 5, S6), we plated 5x10°
cells per well in six-well plates the day before transduction. The cells were transduced with 200 ng LV
(100 ng SIN-cPPT-PGK-Cas9-WPRE and 100 ng LV expressing the sgRNAs plus mCherry reporter)
diluted in DMEM medium added dropwise to the cells (5% of the culture volume). Cells transduced with
LVs encoding SpCas9 and mCherry with no sgRNAs were used as a negative control. The medium
was completely replaced 24 h after transduction. Transduced cells were then passed once a week and

lysed for DNA and RNA extraction at three weeks post-transduction.

Transduction of HD-NPCs

For the transduction experiments in HD-NPCs (Fig. 2, S2), we plated 8x10° cells per well in six-
well plates the day before transduction. The cells were transduced with LV diluted in N2B27 medium
added dropwise to the cells (5% of the culture volume). The medium was completely replaced 24 h
after transduction. The transduced cells were then passed once a week and lysed for DNA and RNA

extraction at two weeks post-transduction.



To evaluate the efficiency of HTT exon 1 deletion (Fig. 2), cells were transduced with 200 ng
LV expressing SpCas9-BPNLS and 200 ng LV expressing HTT6/HTT4 or HTT8P/HTT4. To assess the
individual editing efficiency of each sgRNA (Fig. S2), cells were transduced with 200 ng LV expressing
SpCas9-BPNLS and 200 ng LV expressing each sgRNA. Cells transduced with LVs encoding SpCas9

and mCherry with no sgRNAs were used as a negative control.

Animals

Transgenic mice expressing the full-length human wildtype and mutant HTT gene (HU97/18 -
BACHD*; YAC18**; Hhd™) or only the full-length wildtype HTT gene (HU18/18 - YAC18**; Hhd™) were
kindly provided by Prof. Hayden (Vancouver, Canada).3* Adult male and female transgenic mice (9-10
weeks old) were used for the in vivo experiments. Mice were housed in a specific pathogen-free (SPF)
facility with GM500 IVC cages (Techniplast) or rat R.BTM.U x /R.ICV.6 cages (Innovive, Paris, France)
containing corn cob bedding placed in simple face Innorack rat racks (cat# RS.5.8.40), with no more
than five mice per cage. The animals were maintained in a controlled-temperature room (22 + 1°C),
under a 14-hour light/10-hour dark cycle. The following enrichments were provided: two pieces of wipes,
one cardboard tunnel, and one cardboard or polysulfide house with two entrances/exits. Food (SAFE®
150, Safe, Rosenberg, Germany) and water were provided ad libitum. All experimental procedures were
performed in strict accordance with Swiss regulations concerning the care and use of laboratory animals

(veterinary authorization 3682).

Stereotaxic Injections

Anesthesia and surgical procedures were performed as previously described.?* The mice
striata were bilaterally injected with 4 yL AAV2/rh.10 (1.05x10'° vg) per hemisphere at a rate of 0.5
ML/min at the coordinates +0.8 ; £1.9 ; -3.3 (+0.8 mm rostral to Bregma; 1.9 mm lateral to midline;
and 3.3 mm ventral from the skull surface, with the tooth bar set at -3.3 mm). The needles were left in
place for 5 min after injection and then slowly removed. During surgery, body temperature was
controlled with a warming blanket (CMA 450 Temperature Controller, Phymep, Paris, France) and the
eyes were protected with 0.2% Viscotears liquid gel (Novartis, Basel, Switzerland). Post-surgery
analgesic treatment (acetaminophen, Dafalgan Upsa 1000 mg/750 mL) was administered in the

drinking water for 72 h.



DNA, RNA, and protein extraction

For in vitro experiments, genomic DNA and RNA were extracted using Trizol Reagent (Life
Technologies, Zug, Switzerland) according to the manufacturer's instructions. Briefly, the culture
medium was removed and the cells were washed three times with PBS (Gibco, Life Technologies, Zug,
Switzerland). The cells were then lysed directly in the well with 1 mL Trizol. The gDNA was precipitated
and purified in accordance with the protocol provided by the supplier. The final DNA pellet was then
resuspended in nuclease-free water (Gibco, Life Technologies, Zug, Switzerland) by passive
homogenization in increasing volumes of water for 24 to 72 h at room temperature. For the experiments
including RNA analysis, RNA was precipitated from the aqueous phase and purified in accordance with
the protocol supplied by the supplier. The final RNA pellet was then resuspended in nuclease-free water
(Gibco, Life Technologies, Zug, Switzerland) by passive homogenization followed by vortexing. Finally,
both gDNA and RNA concentrations were determined using a Nanodrop spectrophotometer (Thermo
Fisher Scientific, Reinach, Switzerland). The gDNA and RNA were maintained at —20°C and —80°C for
long-term storage, respectively. In addition, protein was extracted from wildtype and clonal HEK293T
cell lines in RIPA buffer (R0278, Sigma) supplemented with a 1/200 dilution of protease inhibitor cocktail
(P8340, Sigma-Aldrich, Buchs, Switzerland) and 5 uM Z-VAD-FMK (HY-16658B, Chemie Brunschwig,
Basel, Switzerland), hereafter referred to as RIPA* buffer. Briefly, approximately 1x10° cells were
washed in PBS and 50 pl of RIPA* buffer was added to the cell pellet. The pellet was homogenized with
a pellet mixer (VWR, Dietikon, Switzerland) and left on ice for 30 min. The protein extract was then
centrifuged at 18,000 x g for 15 min at 4°C and the supernatant containing solubilized proteins collected
into a new tube and stored at -80°C.

For in vivo experiments, mice were euthanized by isoflurane overdose and the brains collected
and cut into 1 mm-thick coronal slices. We collected 4 to 5 punch specimens/animal (~ 1.5 mm? each)
from the GFP-positive striatal area. Genomic DNA was extracted from each individual punch specimen
using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Hombrechtikon, Switzerland) according to

the manufacturer’'s recommendations. The gDNA was stored at -20°C.

PCR and TIDE analysis
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The editing efficiency of the sgRNAs targeting HTT and SpCas9 were assessed by tracking of
indels by decomposition (TIDE) analysis®® on Sanger sequencing chromatograms of amplified DNA.
The indel size range was set to 10 to 15 and the size of the decomposition window was adapted for
reads of low quality or those containing repetitive sequences. The significance cutoff was set to 0.05

(https://tide.nki.nl/). Nucleic acid amplification was performed on 100 ng gDNA (extracted by Trizol) or

10 ng gDNA (extracted using the AllPrep DNA/RNA/miRNA Universal Kit) with the KAPA HiFi Hotstart
kit (KAPA Biosystems, Labgene) according to the manufacturer's recommendations. The HTT gene
was amplified using two sets of PCR primers. Set 1 amplifies a region of 2800 bp containing all sgRNA
target sites, except the sgHTT25 target site, whereas primer set 2 amplifies a region of 2040 bp
containing all sgRNA target sites, except the sgHTT4 target site (Fig. 1B). The PCR reaction with primer
set 1 consisted of the primers 5-CTCCCAAGAACTGGGAACTAAC-3' (fwd1) and 5'-
ACCACCGTGATCATGAACTAAA-3 (rev1), with a melting temperature of 55°C and an extension time
of 90 s. The PCR reaction with primer set 2 consisted of the primers 5- TCGAACTCCTGACCTCTGGT-
3’ (fwd2) and 5-CTGCTGGAAGGACTTGAGGG-3’ (rev2), with a melting temperature of 65°C and an
extension time of 60 s. The primers used to generate the Sanger sequencing chromatograms for each

sgRNA target site are illustrated in Figure 1B and described in Table S3.

Measurement of HTT exon 1 deletion

For the semiquantitative analysis of HTT exon 1 deletion on agarose gels, the HTT gene was
amplified using primer set 1. We measured the optical density of the PCR bands on the agarose gel
using Fiji software. The optical density of each band was then normalized against the length of the
amplicon. Finally, for each sample, the length-normalized optical density of the exon1-deleted amplicon
was divided by the sum of the length-normalized optical densities of the deleted plus non-deleted
amplicons.

The quantification of HTT exon 1 deletion using promoter, intronic, and LoxP assays was
performed by digital PCR in QlAcuity 24-well nanoplates with 8500 partitions (QlAcuity® digital PCR,
Qiagen, Basel, Switzerland). The promoter assay is a Tagman-based assay to detect the amplification
of the HTT promoter sequence using the primers 5-CACTTCACACACAGCTTCGC-3' and 5'-
TTCTGCCTCACACAGCAAGG-3, with the probe 5-FAM-TACAGTCTCACCACGCCCCG-BHQ1-3'.

The intronic assay is based on the EvaGreen signal of amplified amplicons by the primers 5'-
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TCGCAGGATGCGAAGAGTTG-3' and 5-GTTAAAAGAACCCCCGCCCT-3. The LoxP assay is a
Tagman-based assay to detect amplification of the LoxP sequence present in the mHTT transgene of
HU97/18 mice using the primers 5-GCGGGATCCATAACTTCGTA-3 and 5-
ACTCGAAGGCCTTCATCAGC-3’, with the probe 5-FAM-ATTAATCGAGGTCGACCGCC-BHQ1-3'.
EvaGreen-intronic, FAM-promoter, and FAM-LoxP signals were normalized against VIC signals
generated by amplification of the poly(rC)-binding protein 2 (PCBP2) gene with the primers 5'-
TTGTGTCTCCAGTCTGCTTG-3' and 5-AGGTGGTGGTGGTGGTA-3',*¢ with the probe 5-VIC-
CCCTCTCCTGGCTCTAAATGTTGTGT-BHQ1-3'. Two different reactions were set up according to the
manufacturer’'s instructions in a 12 yL volume. The reaction amplifying the HTT intronic region
contained 4 pL 3x QlAcuity EvaGreen PCR master mix (Qiagen, Basel, Switzerland), 0.4 uM of each
primer, and 3 units EcoRI-HF restriction enzyme. The second reaction, which simultaneously amplified
the promoter or LoxP sequence and the PCBP2 gene, contained 3 puL 4x QlAcuity Probe PCR master
mix (Qiagen, Basel, Switzerland), 0.8 uM of each primer, 0.4 uM of each probe, and 3 units EcoRI-HF
restriction enzyme. Loaded plates were incubated for 10 min at RT for EcoRI-HF digestion, followed by
DNA amplification: initial denaturation at 95°C for 2 min, 40 amplification cycles at 95°C, 60°C, and
72°C for 15 s each, and a final step at 40°C for 5 min. Finally, data analysis was performed using

QIlAcuity Software Suite 2.0.20 (Qiagen, Basel, Switzerland).

RNA expression analysis

RNA (1000 ng) extracted using Trizol Reagent (Life Technologies, Zug, Switzerland) was first
treated with RNase-free DNase (RQ1, Promega, Dubendorf, Switzerland), according to the
manufacturer’s protocol, to remove any traces of genomic DNA and diluted to 20 ng/uL. The cDNA was
generated from 200 ng DNase-treated RNA using Superscript Il (Thermo Fisher, Reinach, Switzerland)
according to the manufacturer's guidelines. Two sets of primers were used to evaluate HTT mRNA
expression. One set was comprised of the primers 5-AGTGATTGTTGCTATGGAGCGG-3’ and 5'-
GCTGCTGGTTGGACAGAAACTC-3' (targeting HTT exons 64 and 65, respectively).’” The other set
consisted of the primers 5-CTGCACCGACCAAAGAAAGAAC-3’ and 5-
CATAGCGATGCCCAGAAGTTTC-3’ (targeting the HTT exon1/2 junction and exon 3, respectively).®”
We also amplified the peptidylprolyl isomerase B (PPIB) gene using the primers 5'-

TTCCATCGTGTAATCAAGGACTTC-3 (targeting PPIB exon 3) and 5-
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GCTCACCGTAGATGCTCTTTC-3 (targeting PPIB exon 4) as a reference gene for the quantification.3®
Real-time quantitative PCR (RT-gPCR) was used to assess HTT expression in the clonal cell lines (Fig.
S1C) with the KAPA SYBR Fast gPCR master mix (Sigma-Aldrich, Buchs, Switzerland) according to
the manufacturer’s protocol, using a Rotor gene device (Qiagen, Basel, Switzerland) and the following
cycle parameters: 95°C for 180 s and then 40 cycles of 95°C for 3 s and 60°C for 10 s. Digital PCR in
QlAcuity 24-well nanoplates with 8500 partitions (QlAcuity® digital PCR, Qiagen, Basel, Switzerland)
was used to evaluate the impact of indels (Fig. 1E) on HTT expression in transduced HEK293T cells.
Each reaction was set up according to the manufacturer’s instructions in a 12-uL volume containing 4
ML 3x QlAcuity EvaGreen PCR master mix (Qiagen, Basel, Switzerland), 0.4 uM HTT or PPIB forward
and reverse primers, and 40 ng cDNA. Loaded plates were then subjected to the following temperature
cycling: initial denaturation at 95°C for 2 min, 40 amplification cycles at 95°C, 60°C, and 72°C for 15 s
each, and a final step at 40°C for 5 min. Finally, data analysis was performed using QIAcuity Software

Suite 2.0.20 (Qiagen, Basel, Switzerland).

Virtual western blot

Protein concentrations were assessed using a BCA kit (Thermo Fisher Scientific, Reinach,
Switzerland) according to the recommended procedure. After dilution in 0.1X SB (ProteinSimple, Bio-
Techne), 0.6 ug of total protein extract was size-separated using the Jess capillary-based immunoassay
system. Samples were processed according to the manufacturer’s instructions using the 66-440 kDa
separation module (SM-W008). The primary anti-huntingtin antibody clone 1HU-4C8 (MAB2166, Zug,
Switzerland) (diluted 1/750) and the anti-vinculin antibody clone 3M13 (ZRB1089, Merck, Nottingham,
UK) (diluted 1/50) were used to target the HTT and vinculin proteins, respectively. Huntingtin and
vinculin were then detected by chemiluminescence with an anti-rabbit-HRP conjugate (043-026,
ProteinSimple, Bio-Techne AG, Zug Switzerland) diluted 1/20 in the ready-to-use anti-mouse-HRP
conjugate (DM-002, ProteinSimple, Bio-Techne AG, Zug, Switzerland). Compass software (version 6.1)
was used for the analysis. Peaks were determined using the Gaussian fit method and the HTT and

vinculin signals were used to calculate the HTT/vinculin ratios.

Statistical methods
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For the statistical analyses, we tested the hypotheses of normally distributed data to determine
the most appropriate statistical test. Post-hoc analyses were performed using GraphPad Prism 9.1.0
software. ANOVA was used for comparisons of more than two groups and t-tests were used for
comparisons between two groups. No specific method was used for sample randomization, sample-

size estimation, or data inclusion/exclusion. All results are presented as the mean + SD.
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RESULTS

Design and in vitro validation of allele-selective sgRNAs

We identified frequently occurring SNPs located 2 kb upstream and 1.3 kb downstream of the
HTT transcription start site (GRCh38, chr4:3072744-3076049) to selectively excise mHTT exon 1
containing the expanded CAG tract and therefore inactivate mHTT expression. According to phase 3
of the 1000 genomes project, this region contains 6 SNPs located upstream of the CAG repeat with a
minor allele frequency (MAF) in the general population above 10% (Table 1). These variants are also
amongst the most common SNPs associated with mutant HTT alleles in this region.?>?? In particular,
Shin et al. estimated that the variant rs2857935 is heterozygous in 27.6% of HD patients, making it one
of the most promising targets for the development of allele-selective therapeutic strategies based on
mHTT exon 1 deletion.?? This variant is also a SpCas9 PAS, meaning that it eliminates the PAM on the
wtHTT allele and prevents its cleavage. We designed two PAM-based selective sgRNAs that target this
PAS (sgHTT8P_L and sgHTT8P_S) that differ in the length of the protospacer sequence (22 nt and 17
nt, respectively) (Table 1). For the other variants, the sgRNAs were designed to target the SNP close
to the seed region of the sgRNA sequence (sgHTT25, sgHTT6, sgHTT10, and sgHTT2), as mismatches
in this region have been shown to highly affect DNA binding and SpCas9 activity.3*-#2 We did not design
a sgRNA targeting the SNP rs9996199 because it was previously shown to induce poor on-target
cleavage.'® As the mHTT allele should be simultaneously cleaved upstream and downstream of the
CAG expansion to promote mHTT exon 1 deletion, we designed a sgRNA that targets a sequence in
the first intron conserved between the wtHTT and mHTT alleles (sgHTT4) (Table 1), of which the
cleavage is expected to be well tolerated, with a minor or no impact on HTT expression.

We first assessed the efficiency and selectivity of each individual sgRNA in transfected
HEK293T cells. Although SpCas9 activity is aborted by PAS, 823 sgRNAs targeting SNPs in the seed
region still have the potential to induce indels in the non-targeted allele (i.e. wtHTT). HEK293T cells are
homozygous for all of the identified SNPs (Table 1). Thus, we designed sgRNAs that harbor the
respective mismatch sequence at the SNP (hereafter called mismatch sgRNAs) to assess selectivity
by simulating the SNP of the non-targeted allele (Fig. 1A, B). The gene editing efficiency of each
individual sgRNA was determined by tracking indels by decomposition (TIDE) in HEK293T cells
transfected with three plasmids encoding SpCas9, sgRNA, and GFP (Fig. 1C). Cells transfected with

only the plasmids encoding SpCas9 and GFP were used as a negative control. Among the sgRNAs
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targeting SNPs upstream of exon 1, sgHTT25A generated low levels of indels, whereas sgHTT6T,
sgHTT10G, and sgHTT2G induced indels in more than 10% of HTT alleles (Fig. 1C). All of these
sgRNAs generated significantly more indels than the respective sgRNAs containing the mismatch
sequence in the seed region, with the sgHTT6T targeting SNP rs28431418 showing the highest
selectivity. In addition, PAM-based sgHTT8P_L and sgHTT8P_S targeting the PAS rs2857935 also
generated high levels of indels in the HTT gene (16.5 £ 0.9% and 19.6 + 0.8%, respectively). Finally,
the non-allele-selective sgHTT4 located in intron 1 showed relatively high editing efficiency (13.8 +
1.0%) (Fig. 1C).

We then evaluated the impact of the most promising sgRNA candidates on HTT mRNA
expression. To ensure a high level of editing by each sgRNA, we modified the sgRNA backbone
(tracrRNA) to that described by Dang et al.,?®> which was shown to promote higher levels of sgRNA
expression and higher editing efficiency. In addition, we used lentiviral vectors (LVs) to maximize
delivery of the CRISPR system into HEK293T cells. Three weeks post-transduction, all sgRNAs showed
higher HTT editing (between 70 and 91%) (Fig. 1D) than those delivered by transfection. In terms of
the impact on HTT mRNA expression, sgHTT2G was the only sgRNA that induced a decrease in
transcription relative to the control (p<0.0001) (Fig. 1E). The sgHTT2G targets a promoter region close
to the transcription start sites and indels at this position (rs13102260) may disrupt critical transcription
factor binding sites and/or destabilize the nascent HTT mRNA. Importantly, despite high levels of gene
editing (91.2 £ 3.4%) (Fig. 1D), the intronic non-allele-selective sgHTT4 did not show any significant
impact on HTT transcription relative to the control (p=0.9986) (Fig. 1E).

In conclusion, sgRNAs targeting SNPs in the HTT promoter displayed high editing efficiencies.
As expected, the PAS-targeting sgHTT8P_S and sgHTT8P_L selectively cleaved the mutant HTT due
to PAM incompatibility in the wtHTT allele'® and sgHTT6T showed the highest selectivity for the targeted
mHTT allele. Finally, sgRNA targeting intron 1 of WtHTT and mHTT (sgHTT4) has no major impact on

HTT transcription.

Combining allele-selective sgRNAs with sgHTT4 to excise mHTT exon 1
We then tested our dual-sgRNA strategy to inactivate the mutant HTT allele, by combining the
sgRNAs targeting the promoter and intron 1 (Fig. 2). To detect the occurrence of HTT deletion events,

we designed a PCR-based amplification assay using the primer set 1 (fwd1 and rev1; Fig. 2). Full-length
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amplicons of approximately 2800 bp should result from the amplification of HTT loci, whereas the
combined expression of sgHTT6T/sgHTT4 (hereafter named HTT6/4) and sgHTT8P_L/sgHTT4
(hereafter named HTT8P/4) would result in the deletion of the corresponding genomic DNA and in the
amplification of smaller amplicons of 974 bp and 1053 bp. We confirmed, as previously reported,'® that
these deletions are associated with a loss of HTT mRNA and protein expression, by analyzing HTT-
edited HEK293T clones (Fig. S1). We then evaluated the dual-sgRNA strategy in a more relevant HD
cellular model. We used neuronal precursor cells (HD-NPCs) generated from iPSCs derived from the
patient fibroblast line GM03621 (Coriell Institute for medical research) carrying 18 CAGs in the wtHTT
allele and 59 in the mHTT allele. These cells are heterozygous for rs2857935 (targeted by sgHTT8P_L)
and homozygous for rs28431418 (targeted by sgHTT6T) (Table 1). We co-transduced these HD-NPCs
with LVs expressing SpCas9 and HTT6/4 or HTT8P/4 (Fig. 2). HTT8P/4 should exclusively inactivate
the mHTT, whereas HTT6/4 should target both alleles (Fig. 2A). Two weeks post-transduction, we
performed a semiquantitative analysis of the PCR products by agarose gel electrophoresis. Deletion
events in HTT gene reached 33.9 £ 1.2% for HTT6/4 and 21.0 + 3.3% for HTT8P/4 (Fig. 2B, C). The
lower deletion efficiency of HTT8P/4 was anticipated, as only the mHTT alleles should be excised. Even
though the intended outcome of dual-sgRNA strategies is the excision of genomic regions, other editing
events such as inversions, integrations and/or indels are also likely to take place in non-truncated HTT
alleles®44. To evaluate the presence of other edits in the HTT gene, we measured the frequency of
indels by isolating and sequencing the wtHTT and mHTT full-length amplicons. The sgHTT4 showed
high editing efficiency and sgHTT6T induced indels in both the wtHTT and mHTT alleles (33.9 + 2.86%
and 38.3 + 6.2%). By contrast, indels at the sgHTT8P_L site were limited and mainly detected in the
mHTT alleles (2.6 £ 0.5% and 9.8 + 1.6%) (Fig. 2D). The 3 to 5-fold lower editing efficiency of
sgHTT8P_L relative to sgHTT6T and sgHTT4 was not expected, as all sgRNAs showed comparable
editing efficiency in transduced HEK293T cells (Fig. 1D). We confirmed this phenomenon in a second
experiment in HD-NPCs transduced with LVs expressing each sgRNA individually (Fig. S2). The lower
editing efficiency in HD-NPCs for sgHTT8P_L and sgHTT8P_S may be related to specific cell type-
dependent genomic architecture and/or DNA repair mechanisms at this locus. These results highlight
the need for caution when extrapolating sgRNA editing efficiencies to different cell types. In summary,
we confirmed that excision of a region flanking exon 1 induces HTT inactivation with corresponding

reduction of HTT mRNA and protein levels.'920.222345 |n addition, we showed that dual-sgRNA
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strategies induce complex cell type-dependent editing patterns that involve the expected deletions but

also cleavage at each target sites without deletion.

The major gene editing outcome of dual-sgRNA strategies in transfected HEK293T cells is the
excision of genomic fragments

Agarose gel analysis has been widely used to detect genomic deletion/insertions,*¢47 but it
introduces bias due to the amplification of fragments of different sizes. To overcome this limitation, we
developed two digital PCR-based (dPCR) assays (Fig. 3A). The promoter assay relies on the
amplification of a HTT promoter sequence located downstream of the sgHTT8P_L target site, whereas
the intronic assay amplifies an HTT intronic sequence upstream of the sgHTT4 target site. The
quantification of HTT exon 1 deletion events is thus based on the loss of promoter and/or intronic
amplification signals after normalization against reference signals generated by the amplification of a
conserved sequence in the poly(rC)-binding protein 2 (PCBP2) gene®® (Fig. 3A). To validate the assays,
we mixed genomic DNA from fully humanized HU97/18 transgenic mice (carrying human HTT
transgenes)® with DNA from wildtype mice (mouse Hdh not amplified in either assay) in decreasing
proportions to simulate the progressive loss of human HTT exon 1 (Fig. S3). Both assays accurately
predicted the relative loss of human HTT exon 1 relative to the parental genomic sample from HU97/18
mice (Fig. S3). We then co-transfected HEK293T cells with plasmids expressing SpCas9*V,
sgHTT8P_L/sgHTT4, and GFP and compared the frequency of HTT truncation events using both
agarose gel analysis and digital PCR assays. Semiquantitative analysis of the agarose gel indicated
that 75.2 £ 0.9% of all HTT alleles were depleted of exon 1 (Fig. 3B, C), whereas both promoter and
intronic digital PCR assays indicated that exon 1 was deleted from only 29.9 + 2.4% and 28.6 + 5.2%
of the HTT alleles, respectively (Fig. 3D). These results confirm that agarose gel analysis greatly
overestimates the frequency of deletion events. As previously demonstrated in HD-NPCs (Fig. 2), dual-
sgRNA strategies induced complex editing outcomes, including exon 1 deletions and indels. TIDE
analysis indicated that 16.9 + 1.7% and 20.3 + 2.2% of the non-deleted HTT alleles contained indels at
the sgHTT8P_L and sgHTT4 target sites, respectively (Fig. 3E). The overall gene editing pattern in
transfected HEK293T cells with HTT8P/HTT4 is illustrated in Figure 3F. As exon 1 was deleted from
approximately 30% of the HTT alleles (Fig. 3D) and 20% of the remaining full-length HTT alleles

contained indels in at least one of the sgRNA target sites (Fig. 3E), it can be assumed that approximately
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56% of the HTT alleles were not edited. Focusing on the edited alleles, 67% of the editing events
deleted the HTT exon 1, whereas 23% introduced indels at the sgRNA target sites (Fig. 3F).

In conclusion, we demonstrate that agarose gel analysis overestimates the frequency of
genomic deletion events, and that HTT exon 1 deletion is the major editing outcome in HEK293T cells

transfected with HTT8P/HTT4.

Dual-sgRNA strategies favor indels over deletion events in vivo

We then evaluated the efficiency of HTT exon 1 deletion in HU97/18 transgenic mice.** This
mouse model was generated by crossbreeding BACHD transgenic mice, which express full-length
human mHTT,* with YAC18 transgenic mice, which express full-length human wtHTT,*® on a Hdh(-/-)
background. This cross recapitulates the genetics of human HD, including the common A/C haplotype
combination.'” As a first proof of principle, we selected the HTT6/HTT4 combination to induce deletion
of the HTT exon 1, even though the wtHTT and mHTT transgenes are homozygous for the SNP
rs28431418 targeted by sgHTT6T (Table 1). We co-injected the striatum of HU97/18 mice with
AAV2/rh.10 vectors expressing SpCas9*V and HTT6/HTT4 (Fig. 4). As a control, AAV2/rh.10 vectors
expressing the sgRNAs and a nuclear GFP reporter were used. The animals were euthanized four
weeks post-injection. Striatal punches were collected from the GFP-positive areas for DNA extraction.
Quantification of the deletion events using the intronic assay indicated that exon 1 was deleted from
only 4.8 + 4.0% of the HTT transgenes (p=0.017) (Fig. 4C). We also analyzed the frequency of indels
in the full-length HTT amplicons to exclude a low frequency of deletion events due to the lack of activity
of one of the sgRNAs in vivo. TIDE analysis showed that sgHTT6T and sgHTT4 induced 43.8 + 6.5%
and 21.8 + 5.6% indels in the non-truncated HTT alleles, respectively (Fig. 4D). These results
demonstrate that both sgRNAs actively cleaved HTT, but most of the cleavage events did not result in
the deletion of exon 1 (Fig. 4E). If we only consider HTT editing events, 90% of introduced indels at the
sgRNA target sites, while only 10% resulted in the truncation of HTT. Such a low deletion:indel ratio of
the HTT editing events could be due to the presence of an expanded CAG fract, lowering the editing
efficiency. We tested this hypothesis by designing an additional digital PCR assay (LoxP assay) to
specifically assess exon 1 deletion events in mutant HTT transgenes (Fig. S4A, B). The LoxP assay
gave similar results, with only 3.6 + 3.4% of mHTT transgenes carrying deletions of exon 1 (Fig. S4C).

We performed an additional experiment in HU18/18 mice carrying only wtHTT transgenes and
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confirmed that the expanded CAG has no impact on HTT truncation efficiency (Fig. S5). Another
potential explanation for the higher proportion of indels over deletion events in edited HTT transgenes
could be unbalanced activity of the two sgRNAs (Fig. 4D; Fig. S5D). The sgHTT6T induced 2 to 2.7-
fold more indels than sgHTT4 in both the HU97/18 and HU18/18 models. Imbalances in sgRNA activity
could promote asynchronous cleavage of the HTT gene by the two sgRNAs, reducing the chances to
truncate and inactivate HTT gene. Whether the lower levels of indels generated by sgHTT4 is due to
decreased sgRNA activity or to more accurate repair of double-strand breaks at this locus is yet to be
elucidated. In conclusion, these results indicate that most of the HTT editing events induced by the
dual-sgRNA strategy in HU97/18 and HU18/18 mice do not correspond to the intended deletion of exon

1.

The dynamics of dual-sgRNA strategies influences gene editing outcomes

While 67% of the editing events deleted the HTT exon 1 in transfected HEK293T cells (Fig. 3F),
more than 90% of the editing events in vivo introduced indels at the sgRNA target sites (Fig. 4E; Fig.
S5E). The contrasting deletion:indel ratios could be explained by the kinetics of the CRISPR/Cas9
system. Cell transfection promotes rapid and high CRISPR/Cas9 activity, whereas viral vector delivery
into the mouse brain leads to a moderate incremental increase in CRISPR/Cas9 editing over time. The
low CRISPR/Cas9 editing activity at the initial stages of viral transduction could promote the occurrence
of more temporally sparse cleavage events, favoring the introduction of indels at one of the target sites
before cleavage at the second site takes place. The shorter time window required for the CRISPR/Cas9
system to achieve maximal activity in transfected HEK293T cells would reduce the likelihood of non-
simultaneous cleavage at the two target sites, favoring HTT exon 1 deletions over the introduction of
indels. We tested this hypothesis by delivering the CRISPR systems expressing HTT6/HTT4 or
HTT8P/HTT4 into HEK293T cells by transfection or lentiviral vector transduction (Fig. 5A). Genomic
DNA was extracted four days post-transfection or two weeks post-transduction and the frequency of
deletion and indel events were measured by digital PCR and TIDE analysis, respectively (Fig. S6).
Digital PCR analysis showed frequencies of HTT exon 1 deletion ranging from 16 to 31% in cells treated
with HTT8P/4 and HTT6/4, with no significant differences between transfection and transduction (Fig.
S6A). By contrast, TIDE analysis showed that non-truncated HTT alleles in transduced cells contained

at least four-fold more indels at the sgRNA target sites than in transfected cells (Fig. S6B). Overall, 41
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to 45% and 85 to 91% of the HTT alleles carried deletions or indels in transfected and transduced cells,
respectively (Fig. 5B; Fig. S6C). As highlighted in Figure 1, greater overall HTT editing efficiency in
transduced cells was expected, given the higher competence of LVs to deliver the CRISPR system.
While the deletion of exon 1 was detected in approximately 70% of the edited HTT alleles in transfected
cells, only 17 to 31% of the edited HTT alleles were truncated in transduced cells (Fig. 5B). The lower
deletion:indel ratio in transduced cells than in transfected cells supports the hypothesis that weak
CRISPR/Cas9 activity at the initial phases of viral transduction favors the occurrence of single-cut over
double-cut/deletion events. Overall, these results suggest that the frequency of deletion events induced
by dual-sgRNA CRISPR systems may depend not only on balanced activity between the two sgRNAs,

but also on the dynamics of the CRISPR activity.
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DISCUSSION

Given the wide-range of cellular functions associated with wtHTT, it is still unclear whether the
loss of wtHTT activity would induce long-term deleterious effects.® One of the current approaches to
specifically inactivate the mHTT allele consists of the selective excision of a region flanking mHTT exon
1 using dual-sgRNA strategies.'®2%22 The feasibility of such approaches was demonstrated by PCR
amplification, showing exon 1-deleted mHTT fragments in treated HD-iPSC lines after clonal or
puromycin selection. In addition, Monteys et al. also detected mHTT exon 1 deletion in the striatum of
treated BACHD mice.'® However, none of these studies assessed the efficiency of mHTT exon 1
deletion in vitro or in vivo. In addition, similar dual-sgRNA strategies have also been proposed for other
CNS disorders, but with no reports available concerning their efficiency.*’

Here, we developed digital PCR-based assays to explore the efficiency and limitations of dual-
sgRNA strategies aiming to delete HTT exon 1. Because the co-expression of two sgRNAs can induce
complex editing outcomes, we combined digital PCR assays with TIDE analysis to assess HTT exon 1
deletion and assess the presence of indels in non-truncated HTT alleles to characterize the proportion
of these gene editing events. We observed deletion events to be the major editing outcomes in
transfected HEK293T cells (67-68%), but they were less frequent in transduced HEK293T cells (15-
30%) and rare in the striatum of HU97/18 and HU18/18 mice (less than 10%). Recently, Simpson et al.
highlighted the challenges of dual-sgRNA strategies to delete genomic sequences in the brain.** By
combining two sgRNAs to eliminate the expanded CAG tract from the human ATXN2 transgene in two
SCA2 mouse models, the authors also observed that AAV fragment integration (22- 26%) and indels
(22-30%) occurred much more frequently than CAG deletions (1-4%). In addition, another study
attempting to delete exon 23 of the DMD gene in vivo reported that deletion events were almost absent
in all analyzed organs, except the liver, where DMD exon 23 was deleted in 5% of the alleles.** Finally,
a dual-sgRNA deletion strategy has been clinically tested for the treatment of Leber congenital
amaurosis type 10 (LCA10) (EDIT-101 - NCT03872479). The injection of EDIT-101 was estimated to
induce deletion/inversion events in 3 to 28% of the CEP290 alleles of retinal photoreceptor cells of
primates.>® Even though low levels of deletion/inversion (10%) were estimated to be required to induce
phenotypic improvement, the trial recently paused enroliment due to lack of efficacy, with only 3 of 14

patients showing clinical improvement. Whether these disappointing results are due to poor CEP290
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gene correction in the photoreceptor cells of the patients is unknown. Overall, these results highlight
the challenges of application of dual-sgRNA strategies aiming to delete genomic sequences in vivo.

In the in vivo experiments, we observed that sgHTT6T induced 2 to 2.7-fold more indels than
sgHTT4 in both HU97/18 and HU18/18 mice. The lower deletion:indel ratio in vivo can be explained by
asynchronous cleavage of the HTT gene as a consequence of an imbalance in the activity between the
two sgRNAs. This hypothesis was previously postulated by Simpson et al., who also detected different
frequencies of indels in the two sgRNA target sites.*® The sgRNA activity depends on several factors,
such as chromatin accessibility®' and sgRNA secondary structure.>? Thus, precisely tuning the activity
of two sgRNAs could be very challenging. In addition, we showed that the activity of some sgRNA is
cell type-specific. Equivalent loci-specific repair mechanisms and/or epigenetic states could also
promote disparities in the indel frequencies induced by the two sgRNAs,%! decreasing the chances of
occurrence of simultaneous double-strand breaks. Finally, the low deletion:indel ratio observed in vivo
may also be related to the existence of multiple transgene copies in HU97/18 and HU18/18 mice.?*%
We have previously shown that HU97/18 carries 8 transgene copies (4 of mHTT and 4 of wtHTT),
whereas HU18/18 carries 4 copies of wtHTT.3 The higher number of sgRNA target sites would
decrease the likelihood that spCas9 would simultaneously cut the copy of the transgene. It would be
interesting to evaluate this strategy in models carrying a unique copy of the human mHTT. However,
all the existing HD mouse models are either transgenic, or partial knock-in models lacking the human
HTT promoter regulatory sequences. The development of more physiological relevant models such as
knock-in mouse models carrying a single copy of the human mHTT and wtHTT genes along with
regulatory sequences will be essential to further elucidate the impact of multiple transgenes in
CRISPR/Cas9-based therapeutic strategies.

The differences observed between transfected and transduced HEK293T cells suggest that the
delivery method strongly affects gene editing outcomes of dual-sgRNA strategies. We hypothesize that
the gradual viral-mediated delivery of CRISPR promotes the occurrence of temporally sparse cleavage
events at the initial stages of transduction, narrowing the probability of both sgRNAs simultaneously
cleaving the HTT gene to delete exon 1. This interpretation is supported by the extremely low frequency
of deletion events compared to indels observed in vivo after AAV-mediated delivery of the dual-sgRNA
CRISPR system. To further reinforce this hypothesis, it would be informative to evaluate whether the

frequency of deletion events can be improved in cells transfected with Cas9/gRNA ribonucleoprotein
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complexes or light-activated systems, which would assure high and immediate activity of the CRISPR
system. Nevertheless, while such approaches could potentially improve deletion outcomes in vitro, non-
viral delivery strategies are still limiting to target the CNS in vivo.

Finally, the generation of genomic rearrangements including large chromosomal deletions,
inversions, translocations or retrotransposon integration at CRISPR/Cas9 target sites bring safety
issues, especially when therapeutic approaches are designed for in vivo aplications.>® Such events are
likely to occur more frequently when using dual-sgRNA approaches due to increased incidence of
DSBs. Recently, alternative allele-specific strategies have been proposed to specifically degradade the
mHTT transcript by non-mediated mRNA decay using a single sgRNA.2"23 In addition, the novel prime
editing-based method PRIME-Del also holds a huge potential not only to improve deletion outcomes
but also to decrease off-target events.’* In the future, advantages and disadvantages of these
approaches should be taken into account to develop the most efficient and safer allele-specific editing-

based strategies for HD.

CONCLUSIONS

We demonstrate that dual-sgRNA strategies to delete HTT exon 1 induce relatively frequent
excision events in vitro but very rarely in vivo. Importantly, we present novel insights regarding the
applicability of dual-sgRNA deletion approaches by demonstrating that CRISPR activity dynamics

strongly influence the gene editing outcomes and frequency of intended deletion events.
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TABLE LEGENDS

Table 1. Design of sgRNA targeting the HTT promoter and intron 1. We selected single nucleotide

polymorphisms (SNPs) located 2 kb upstream and 1.3 kb downstream of the HTT transcription start

site with a minor allele frequency (MAF) greater than 10%, according to the 1000 genomes project

phase 3. The sgHTT8P_L and sgHTT8P_S target the PAM-altering SNP (PAS) rs2857935 (PAM-based

selectivity). The sgHTT25 (rs762855), sgHTT6 (rs28431418), sgHTT10 (rs13122415), and sgHTT2

(rs13102260) target SNPs located in target sequences of the sgRNAs (mismatch-based selectivity).

The sgHTT4 targets HTT intron 1 and does not discriminate between wildtype and mutant alleles.

Human embryonic kidney cells 293T (HEK293T) are homozygous for all selected SNPs. Neuronal

progenitor cells derived from HD-patient cells (HD-NPCs) (Coriell — line GM03621) and HU97/18 mice3

are heterozygous for the rs762855 and rs2857935 variants. The nucleotide variants more frequently

associated to the mutant HTT allele are underlined.

SNP Variant MAF HEK-293T HD-NPCs HU97/18 H'I_'T sgRNA SNP ngNA’ seqtlence
genotype genotype genotype region name position (5’ to 3’)
_ GACAGCAGAGAAA
rs762855 G>A A=0.48 AIA AIG AIG Promoter sgHTT25 3 CAGCTGT
rs9996199 C>G G=0.16 C/C Cc/C C/C Promoter - e e
CAGGGCTGTCCG
rs28431418 T>C C=0.14 TT TT TT Promoter sgHTT6 2 GGTGAGTA
GCCCCGCTCCAG
sgHTT8P_L PAM GCGTOGGCGG
rs2857935 G>C C=0.23 G/G CIG CIG Promoter
GCTCCAGGCGTC
sgHTT8P_S PAM GGCGG
_ GGGGCTCAACGG
rs13122415 c>G G=0.11 C/C C/IC C/C Promoter sgHTT10 4 AGAGGGGA
_ ACCCGTCCCGGC
rs13102260 G>A A=0.16 G/IG G/IG G/IG Promoter sgHTT2 3 AGCCCCCA
GTGGATGACATAA
Intron1 sgHTT4 No SNP TGCTTTT
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FIGURE LEGENDS

Figure 1. Design and screening of sgRNAs targeting the HTT promoter, exon 1, and intron 1. (A)
lllustration of the specificity basis of sgRNAs targeting single nucleotide polymorphisms (SNPs) in the
seed sequence of the sgRNA (mismatch-based selectivity) (left) or the adjacent protospacer motif
(PAM-based selectivity) (right). (B) Schematic representation of the HTT promoter, exon 1, and intron
1. The sgHTT25, sgHTT6, sgHTT10, sgHTT2, and sgHTT12 are mismatch-based selective sgRNAs
(blue), whereas sgHTT8P_S and sgHTT8P_L target a PAM-altering SNP (PAS) (brown). The sgHTT4
targets intron 1 of both the wildtype and mutant HTT alleles (black). The primers used for HTT
amplification and sequencing are illustrated in the scheme and described in Table S3. (C) The editing
efficiency of each sgRNA in HEK293T cells was quantified by TIDE four days post-transfection. Cells
were transfected with two plasmids separately encoding SpCas9 and GFP under control of the PGK
promoter, together with an extra plasmid encoding a sgRNA targeting the HTT gene. Cells transfected
with only the plasmids encoding SpCas9 and GFP were used as a negative control. Because HEK293T
cells are homozygous for all tested SNPs (Table 1), we generated two versions of the mismatched-
based sgRNAs to facilitate the evaluation of sgRNA selectivity: one corresponding to the homologous
reference sequence and the other corresponding to mismatched sgRNA. The sgHTT8P_L and
sgHTT8P_S have no mismatched variant, as they target a PAS. The indel frequency generated by each
sgRNA is presented as the mean £ SD (N = 1, n = 3). Statistics: two-way ANOVA and multiple

comparisons between matched and mismatched sgRNAs with Sidak’s correction: ****p < 0.0001. (D,

E) HEK293T cells were co-transduced with one LV encoding SpCas9 under the control of the PGK
promoter and another LV expressing an optimized sgRNA?> and mCherry under the control of the U6
and PGK promoters, respectively. Cells transduced with LVs separately encoding SpCas9 and GFP
with no sgRNAs were used as a negative control. The editing efficiency of each sgRNA and their impact
on HTT expression were analyzed at three weeks post-transduction. (D) The gene editing efficiency
was evaluated by TIDE and (E) HTT expression by QlAcuity digital RT-PCR, with normalization against
the expression of peptidylprolyl isomerase B (PPIB). Results are presented as the mean + SD (N = 1,

n = 3/4). Statistics: one-way ANOVA and multiple comparisons to the control with Dunnet’s correction:

**%xp < 0.0001, **p < 0.01.
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Figure 2. Deletion of HTT exon 1 in transduced HD-NPCs. (A) Schematic representation of the HTT
exon 1 deletion in HD-NPCs. Amplification using primer set 1 (fwd1 and rev1) generates amplicons of
approximately 2800 bp when the HTT gene is intact. Exon 1 deletion induced by HTT6/HTT4 and
HTT8P/HTT4 generates shorter amplicons of 974 bp and 1053 bp, respectively. The wtHTT (18 CAGs)
and mHTT (59 CAGs) alleles are heterozygous for rs2857935 (targeted by sgHTT8P_L) and
homozygous for rs28431418 (targeted by sgHTT6ET) (Table 1). Thus, HTT8P/4 should exclusively
excise mHTT exon 1, whereas HTT6/4 should delete exon 1 in both HTT alleles. (B-D) HD-NPCs were
transduced with two LVs separately expressing SpCas9-BPNLS and HTT6/HTT4 or HTT8P/HTTA4.
Cells transduced with LVs encoding SpCas9-BPNLS and mCherry were used as a negative control.
Gene editing outcomes were analyzed two weeks post-transduction. (B) Representative images of the
agarose gels showing amplification of the HTT gene using primer set 1. (C) Semiquantitative analysis
of the agarose gel images to estimate the efficiency of HTT exon 1 excision. Results are presented as
the mean + SD (N = 1, n = 4). Statistics: one-way ANOVA and multiple comparisons to the control with
Dunnett’s correction: ++xp < 0.0001. (D) TIDE analysis was performed on sequencing chromatograms
from isolated full-length wtHTT and mHTT amplicons using sequencing primers hybridizing to the
deleted region as shown in panel (A). Results are presented as the mean + SD (N = 1, n = 4). Statistics:

two-way ANOVA and multiple comparisons between wtHTT and mHTT with Sidak’s correction.

Figure 3. Quantification of HTT gene editing outcomes in transfected HEK293T cells using digital PCR-
based assays and TIDE. (A) Scheme illustrating the analysis of the editing outcomes generated by
HTT8P/HTT4 in HEK293T cells. Cells were transfected with three plasmids separately expressing
SpCas9™V, GFP, and HTT8P/HTT4. Four days post-transfection, HTT exon 1 deletion was evaluated
by gel agarose semiquantitative analysis or digital PCR-based promoter and intronic assays.
Concerning the digital PCR assays, the amplification signals of both the promoter and intronic assays
were normalized against the amplification signals of a TagMan-based assay targeting the poly(rC)-
binding protein 2 (PCBP2) gene.*® The PCBP2-normalized promoter and/or intronic signals were then
used to quantify the relative loss of HTT exon 1 relative to control samples. Additionally, indels induced
by sgHTT8P_L and sgHTT4 at the non-deleted HTT alleles were quantified by TIDE analysis using
sequencing primers hybridizing to the deleted region. (B) Representative images and (C)

semiquantitative analysis of the agarose gels after amplification of the HTT gene using fwd1 and rev1.
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Results are presented as the mean = SD (N = 1, n = 4). Statistics: two-tailed unpaired t-test: ****p <
0.0001. (D) Quantification of the relative proportion of HTT exon 1 normalized against the number of
PCBP2 alleles in control and treated samples using the digital PCR-based promoter and intronic
assays. Results are presented as the mean + SD (N = 1, n = 3/4). Statistics: two-way ANOVA and
multiple comparisons between control and treated conditions with Sidak’s correction: **#*p < 0.001. (E)
Frequency of indels at the sgRNA target sites in the full-length amplicons quantified by TIDE analysis.
Results are presented as the mean + SD (N = 1, n = 4). Statistics: two-way ANOVA and multiple
comparisons to the control with Sidak’s correction: **#**p < 0.0001. (F) Schematic representation of

the overall HTT gene editing pattern and proportion of editing events measured by digital PCR and
TIDE. Exon 1 was deleted in approximately 30% of all HTT alleles (panel (D)) and 20% of the full-length
HTT alleles contained indels in at least one of the sgRNA target sites (panel (E)). The presence of
indels in 20% of the full-length HTT alleles (70% of all HTT alleles) implies that these events occurred

in 14% of all HTT alleles. Finally, most of the HTT editing events resulted in the deletion of exon 1.

Figure 4. Deletion of HTT exon 1 in HU97/18 mice by CRISPR HTT6/HTT4. (A) The striatum of
HU97/18 mice was bilaterally injected with three AAV2/rh.10 vectors: one expressing SpCas9™V (2.5 x
10° vg/hemisphere), another expressing HTT6/HTT4 (7.5 x 10° vg/hemisphere), and the last expressing
the nuclear GFP reporter (5.0 x 108 vg/hemisphere). Control mice were not injected with the AAV2/rh.10
expressing SpCas9*"V. (B) lllustration of the HTT transgenes in HU97/18 mice. The treatment is
expected to induce deletions in both mHTT and witHTT transgenes. Four weeks post-injection, 4 to 5
punches/mice were taken from the GFP-positive striatal areas for genomic DNA extraction. (C)
Quantification of HTT exon 1 deletion events using the intronic digital PCR assay. Results are presented
as the mean + SD (N = 1, n = 6 punch specimens from two control animals and n = 9 punch specimens
from three treated animals). Statistics: two-tailed unpaired t-test with Welch's correction. (D) Frequency
of indels at the sgRNA target sites in the full-length amplicons quantified by TIDE analysis. Results are
presented as the mean + SD (N = 1, n = 4 punch specimens from two control animals and n = 9 punch
specimens from three treated animals). Statistics: two-way ANOVA and multiple comparisons to the

control with Sidak’s correction; ***#*p < 0.0001. (E) Schematic representation of the overall HTT gene

editing pattern and proportion of editing events measured by digital PCR and TIDE. Exon 1 was deleted

in approximately 5% of all HTT alleles (panel (C)) and 44% of the full-length HTT alleles contained
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indels in at least one of the sgRNA target sites (panel (D)). The presence of indels in 44% of the full-
length HTT alleles (95% of all HTT alleles) implies that these events occurred in 42% of all HTT alleles.

Finally, most of the HTT editing events resulted in the introduction of indels at the sgRNA target site(s).

Figure 5. Comparison of the HTT editing outcomes induced by HTT6/HTT4 and HTT8P/HTT4 in
transfected and transduced HEK293T cells. (A) Two constructs separately expressing SpCas9 and
HTT6/HTT4 or HTT8P/HTT4 were delivered into HEK293T cells by calcium transfection or lentiviral
transduction. Cells receiving only SpCas9 and no sgRNAs were used as a negative control. Transfected
and transduced cells were analyzed at 4 and 21 days after the delivery of the CRISPR components,
respectively. (B) Schematic representation of the overall HTT gene editing pattern and proportion of
editing events in each condition measured by digital PCR (Fig. S6A) and TIDE (Fig. S6B). While most
of the HTT editing events in transfected HEK293T cells resulted in the deletion of exon 1, the generation

of indels was the major outcome in transduced HEK293T cells.
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Figure 4
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Supplemental Figure 1. Deletion of HTT exon 1 in HEK293T clonal cell lines, related to Figure 2.
HEK293T cells were transfected with plasmids encoding SpCas9 and HTT8P/HTT4 and individual cell
lines subsequently cloned by dilution cloning. (A) Clonal lines were screened for HTT exon 1 deletion
using primer set 1. The upper fragment in the agarose gel results from the ampilification of non-deleted
HTT alleles (approximately 2800 bp), whereas the lower fragments correspond to the amplification of
exon 1-depleted HTT alleles. (B) lllustration of the predicted rearrangements occurring in the HTT
alleles depleted of exon 1 based on Sanger sequencing. (C) HTT expression normalized against PPIB
expression levels was evaluated by RT-gPCR in non-treated HEK293T cells, a HTT knockout clonal
cell line carrying indels at the translational start site,’ and in the three selected clones 1I-H8, 1I-E5, and

I-C12 (N = 1, n = 1). (D) Representative image of the capillary-based immunoassay and (E)



13 quantification of HTT protein levels (4C8 antibody). An antibody against vinculin was used as an internal

14  standard for the quantitative analysis (N =1, n = 1).
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18 Supplemental Figure 2. Single-cut efficiency of sgHTT6T, sgHTT8P_L, sgHTT8P_S, and sgHTT4 in
19 HD-NPCs, related to Figure 2. HD-NPCs were transduced with two LVs separately expressing SpCas9
20  and sgRNA targeting the HTT gene (sgHTT6T, sgHTT8P_L, sgHTT8P_S, and sgHTT4). Cells
21 transduced with LVs encoding SpCas9 and mCherry were used as a negative control. Gene editing
22 outcomes were analyzed two weeks post-transduction. Results are presented as the mean + SD (N =

23 1, n = 4). Statistics: one-way ANOVA and multiple comparisons to the control with Dunnet’s correction:

24 xx*x%xp < 0.0001.
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27  Supplemental Figure 3. Validation of the promoter and intronic digital PCR-based assays for
28  quantification of HTT exon 1 deletion, related to Figure 3. Genomic DNA from HU97/18 (human HTT

29  plus PCBP2)?> and wildtype (PCBP2 only) mice were mixed at increasing ratios to simulate the
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progressive loss of HTT exon 1. Both assays accurately predicted the relative loss of human HTT exon

1 compared to the parental genomic sample from HU97/18 mice.
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Supplemental Figure 4. Analysis of mHTT exon 1 deletion in HU97/18 by CRISPR HTT6/HTT4 using
a mutant-specific digital PCR assay, related to Figure 4. (A) lllustration of the HTT transgenes in
HU97/18 mice. The mHTT transgene derived from the BACHD mice® contains 97 CAG repeats
encoding an expanded polyglutamine and a LoxP sequence at the 5UTR. The LoxP assay is a
TagMan-based assay specifically designed to amplify the LoxP sequence on the mHTT transgenes.
Amplification signals of the LoxP assay are then normalized against the amplification signals of a
TagMan-based assay targeting the poly(rC)-binding protein 2 (PCBP2) gene.* The loss of PCBP2-
normalized LoxP signals indicates deletion of the mHTT exon 1. (B) Validation of the LoxP digital PCR-
based assay for the quantification of mHTT exon 1 deletion. Genomic DNA from HU97/18 (mHTT-LoxP
plus PCBP2)? and wildtype (PCBP2 only) mice were mixed at increasing ratios to simulate the

progressive loss of the mHTT exon 1. (C) The striatum of HU97/18 mice was bilaterally injected with
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three AAV2/rh.10 vectors: one expressing SpCas9*V (2.5 x 10° vg/hemisphere), another expressing
HTT6/HTT4 (7.5 x 10° vg/hemisphere), and the last expressing the nuclear GFP reporter (5.0 x 108
vg/hemisphere). Control mice were not injected with the AAV2/rh.10 expressing SpCas9* V.
Quantification of mHTT exon 1 deletion events using the LoxP digital PCR assay. Results are presented
as the mean £ SD (N = 1, n = 6 punch specimens from two control animals and n = 9 punch specimens

from three treated animals). Statistics: two-tailed unpaired t-tests with Welch's correction.
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Supplemental Figure 5. Deletion of HTT exon 1in HU18/18 by CRISPR HTT6/HTT4, related to Figure
4. (A) The striatum of HU18/18 mice was bilaterally injected with three AAV2/rh.10 vectors: one
expressing SpCas9*V (2.5 x 10° vg/hemisphere), another expressing HTT6/HTT4 (7.5 x 10°

vg/hemisphere), and the last expressing the nuclear GFP reporter (5.0 x 108 vg/hemisphere). Control
4
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mice were not injected with the AAV2/rh.10 expressing SpCas9*"V. (B) lllustration of the wtHTT
transgene in HU18/18 mice. At four weeks post-injection, 4 to 5 punches/mice were taken from the
GFP-positive striatal areas for genomic DNA extraction. (C) Quantification of HTT exon 1 deletion
events using the intronic digital PCR assay. Results are presented as the mean £+ SD (N=1,n=7
punch specimens from two control animals and n = 11 punch specimens from four treated animals).
Statistics: two-tailed unpaired t-tests with Welch's correction. (D) Frequency of indels at the sgRNA
target sites in the full-length wtHTT amplicons quantified by TIDE analysis. Results are presented as
the mean £ SD (N = 1, n = 4 punch specimens from two control animals and n = 11 punch specimens
from four treated animals). Statistics: two-way ANOVA and multiple comparisons to the control with

Sidak’s correction; ****p < 0.0001. (E) Schematic representation of the overall HTT gene editing

pattern and proportion of editing events measured by digital PCR and TIDE. Exon 1 was deleted in
approximately 3% of all HTT alleles (panel (C)) and 48% of the full-length HTT alleles contained indels
in at least one of the sgRNA target sites (panel (D)). The presence of indels in 48% of the full-length
HTT alleles (97% of all HTT alleles) implies that these events occurred in 46% of all HTT alleles. Finally,

most of the HTT editing events resulted in the introduction of indels at the sgRNA target site(s).
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Supplemental Figure 6. HTT editing outcomes induced by HTT6/HTT4 and HTT8P/HTT4 in
transfected and transduced HEK293T cells, related to Figure 5. Two constructs separately expressing
SpCas9 and HTT6/HTT4 or HTT8P/HTT4 were delivered into HEK293T cells by calcium transfection
or lentiviral transduction. Cells receiving only SpCas9 and no sgRNAs were used as a negative control.
Transfected and transduced cells were analyzed at 4 and 21 days after delivery of the CRISPR
components, respectively. (A) Quantification of HTT exon 1 deletion events using the promoter digital
PCR assay. Results are presented as the mean £ SD (N = 1, n = 3/4). Statistics: two-way ANOVA and
multiple comparisons to the control with Dunnett’s correction: **p < 0.01, *p < 0.05. (B) Frequency of
indels at the sgRNA target sites in the full-length HTT amplicons quantified by TIDE analysis. Results
are presented as the mean £ SD (N = 1, n = 3/4). Statistics: two-way ANOVA and multiple comparisons

between conditions with Sidak’s correction: **p < 0.01, *p < 0.05. (C) Schematic representation of the

overall HTT gene editing pattern in each condition measured by digital PCR and TIDE.



88  Supplemental Table 1. List of sgRNAs ordered as gene strands and cloned into pPENTR221 plasmids.

sgRNA name Gene strand sequence

GTTCTGTATGAGACCACAGATCTGACAGCAGAGAAACAGCTGTGTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA

sgHTT25A

GTTCTGTATGAGACCACAGATCTGACAGCAGAGAAACAGCCGTGTTTTAGAGCTAGAAATAGCAA
sgHTT25G GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
(mismatch) GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG

ATCGGATCCAAGCTTCCA

ACAAGATCTCAGGGCTGTCCGGGTGAGTAGTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTG
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGATC
CAAGCTTACATAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGAT
CCAAGCTTACA

sgHTT6T

ACAAGATCTCAGGGCTGTCCGGGTGAGCAGTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTG

sgHTT6C AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGATC

(mismatch) CAAGCTTACATAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGGAT
CCAAGCTTAC

GTTCTGTATGAGACCACAGATCTGGGGCTCAACGGAGAGGGGAGTTTTGAGCTAGAAATAGCAAG
TTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGG
ATCCAAGCTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGAT
CGGATCCAAGCTTCCA

sgHTT10C

GTTCTGTATGAGACCACAGATCTGGGGCTCAACGGAGAGCGGAGTTTTAGAGCTAGAAATAGCAA
sgHTT10G GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
(mismatch) GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG
ATCGGATCCAAGCTTCCA

GTTCTGTATGAGACCACAGATCTACCCGTCCCGGCAGCCCCCAGTTTTAGAGCTAGAAATAGCAA

GTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCGG
ATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGA
TCGGATCCAAGCTTCCA

sgHTT2G

GTTCTGTATGAGACCACAGATCTACTCGTCCCGGCAGCCCCCAGTTTTAGAGCTAGAAATAGCAA
sgHTT2A GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAGATCG
(mismatch) GATCCAAGCTTCCAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAG

ATCGGATCCAAGCTTCCA

GGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGGTTTATATATCTTGTGGAAA

GGACGAAACACCGTGGATGACATAATGCTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCATAGCCATGGGCGGCCG
CTCTAGACACCGTGGATGACATAATGCTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT

AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTCATAGCCATGGGCGGCCGC
TCTAGA

sgHTT4

&9
90
91
92
93



94  Supplemental Table 2. List of sgRNAs ordered as oligonucleotides and cloned into pMK entry

95 plasmids. The generated overhangs after oligonucleotide annealing are underlined. In certain sgRNAs,

96 an extra guanine was added at the 5’ end to facilitate U6-driven expression. The enzymes used for

97 cloning of the annealed oligos and the position of the cassette in the universal pMK entry plasmid are

98 indicated in the second column.

Enzyme Forward oligo Reverse oligo
sgRNAname - csette (5 - 3) (5= 3)
sgHTT6T B;f' CACCGCAGGGCTGTCCGGGTGAGTA AAACTACTCACCCGGACAGCCCTGC
EILIISE Bl CACCGCAGGGCTGTCCGGGTGAGCA AAACTGCTCACCCGGACAGCCCTGC
(mismatch) #1
sgHTT8P_L B;f' CACCGCCCCGCTCCAGGCGTCGGCGG AAACCCGCCGACGCCTGGAGCGGGGC
sgHTT8P_S B;f' CACCGCTCCAGGCGTCGGCGG AAACCCGCCGACGCCTGGAGC
sgHTT2G B;f' CACCGTGGGGGCTGCCGGGACGGGT AAACACCCGTCCCGGCAGCCCCCAC
sgHTT4 S:ZP ' ACCGTGGATGACATAATGCTTTT AACAAAAGCATTATGTCATCCAC
99
100
101 Supplemental Table 3. List of primers used for Sanger sequencing and respective targeted
102  sequencing sites.
sgRNA target site = Amplification primer set Sequencing primer Primer sequence (5’ — 3’)
sgHTT25 Set 2 (fwd2/rev2) HTT25_seq/fwd2  TCGAACTCCTGACCTCTGGT
sgHTT6
sgHTT8P_L Set 1 (fwd1/rev1) HTT6/8_seq GACTGCATGGTAAGGGAGGC
sgHTT8P_S
sgHTT10 Set 1 (fwd1/rev1) HTT10_seq GCCCCCACGGCGCCTTGCGTCC
sgHTT2 Set 1 (fwd1/rev1) HTT2_seq TGCTGCTGGAAGGACTTGAG
sgHTT1 Set 1 (fwd1/rev1) HTT1_seq GCCTGTCCTGAATTCACCGA
sgHTT4 Set 1 (fwd1/rev1) HTT4_seq TTGCTGTGTGAGGCAGAACCTGCGG
103
104
105
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