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Huntington’s disease (HD) is an autosomal dominant disease
caused by the expansion of cytosine-adenine-guanine (CAG)
repeats in one copy of the HTT gene (mutant HTT, mHTT).
The unaffected HTT gene encodes wild-type HTT (wtHTT)
protein, which supports processes important for the health
and function of the central nervous system. Selective lowering
of mHTT for the treatment of HD may provide a benefit over
nonselective HTT-lowering approaches, as it aims to preserve
the beneficial activities of wtHTT. Targeting a heterozygous
single-nucleotide polymorphism (SNP) where the targeted
variant is on the mHTT gene is one strategy for achieving
allele-selective activity. Herein, we investigated whether stereo-
pure phosphorothioate (PS)- and phosphoryl guanidine (PN)-
containing oligonucleotides can direct allele-selective mHTT
lowering by targeting rs362273 (SNP3). We demonstrate that
our SNP3-targeting molecules are potent, durable, and selec-
tive for mHTT in vitro and in vivo in mouse models. Through
comparisons with a surrogate for the nonselective investiga-
tional compound tominersen, we also demonstrate that
allele-selective molecules display equivalent potency toward
mHTT with improved durability while sparing wtHTT. Our
preclinical findings support the advancement of WVE-003,
an investigational allele-selective compound currently in
clinical testing (NCT05032196) for the treatment of patients
with HD.

INTRODUCTION
Huntington’s disease (HD) is a progressive neurodegenerative disease
characterized by motor, cognitive, and psychiatric disability.1 The
onset of HD typically occurs in mid-adulthood, and individuals live
an average of 15–20 years after the onset of symptoms before suc-
cumbing to this invariably fatal disease.1,2 Most therapeutic ap-
proaches for HD have focused on the alleviation of symptoms, and
there are currently no approved disease-modifying treatments. HD
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is caused by an autosomal dominant expansion of a cytosine-
adenine-guanine (CAG) triplet repeat in exon 1 of the huntingtin
(HTT) gene.3 Wild-type HTT protein (wtHTT) is essential for neural
development and contributes to several critical cellular functions,
including transcription, apoptosis, synaptic activity for long-term
potentiation (the molecular correlate for learning and memory),
vesicle transport, axonal regeneration, and the formation and func-
tion of cilia involved in the clearance of brain catabolites and resorp-
tion of cerebrospinal fluid (CSF).2,4–11 Expansion of the CAG repeats
(R36 repeats) in HTT results in the production of a mutated protein
(mHTT) that accumulates in the brain.2 The pathology of HD has
been attributed to toxic gain-of-function activities of mHTT, which
include protein aggregation, transcriptional dysregulation, and domi-
nant negative interference with wtHTT function, as well as the loss of
beneficial functions of wtHTT.12 Although HTT is ubiquitously ex-
pressed, the most acute neurodegeneration occurs in the striatum
and frontal cortex.13,14

Therapeutic strategies to decrease the production of mHTT protein
are currently in clinical development. These efforts are supported
by preclinical data indicating the reduction of mHTT protein is asso-
ciated with decreased HD pathology.15–17 However, most of these ap-
proaches lower both wtHTT and mHTT proteins, and there may be
risk in lowering wtHTT.12,18–21 While some preclinical studies sug-
gest a decrease of up to �45% wtHTT protein can be relatively well
tolerated in healthy animals (in the absence of mHTT and HD), the
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safety of long-term suppression of wtHTT in individuals with HD re-
mains unknown.16,22

wtHTT is both important for normal neuronal function in the adult
CNS10,23–25 and protective against HD.20,26,27 It can protect against
stress-induced neurodegeneration in multiple model systems: in
cultured neurons, wtHTT is protective against stress-induced
apoptosis24,28–30; in mice, postnatal deletion of wtHTT leads to pro-
gressive neurological phenotypes, neurodegeneration, and premature
death,10 whereas overexpression of wtHTT conveys neural protection
during stress, including ischemia and other types of CNS injury,21 as
well as NMDA-induced excitotoxicity.23 In the YAC128 mouse
model of HD, overexpression of wtHTT ameliorates striatal neuropa-
thology,27 whereas loss of the wild-type mouse Htt worsens motor
performance, survival, and striatal neuronal size.20 In patients with
HD, the A variant of a non-coding single-nucleotide polymorphism
(SNP) rs13102260 disrupts a binding site for the transcription factor
NF-kB and decreases expression of the associated HTT gene: when
the A variant associates withmHTT, disease onset is late (on average,
10 years later than when the G variant associates with mHTT); when
the A variant associates with wtHTT, disease onset is earlier (on
average, 4 years earlier than when the G variant associates with
wtHTT), indicating that increased expression of wtHTT can be pro-
tective against HD in patients.26 Together, these studies provide
strong evidence that wtHTT is both neural protective during stress
and is specifically protective against HD; thus, we believe an allele-se-
lective therapeutic, one that can diminish the production of mHTT
while sparing wtHTT, may be ideal.

Multiple approaches to achieve allele-selective silencing of mHTT
have been reported, including targeting the CAG-triplet repeat itself
and targeting SNPs that are associated with mHTT.31 We have pur-
sued an SNP-targeting approach using antisense oligonucleotides.
We and others have reported robust allele-selective suppression of
mHTT in model systems using this strategy.32–36 Antisense oligonu-
cleotides are a promising treatment option in part because they can
target pre-mRNA (increasing the number of targetable SNP sites),
distribute throughout the brain, including the deep regions impacted
by HD, and can be taken up by neuronal cell types without the assis-
tance of a delivery vehicle.16,37 In addition, incorporation of phos-
phoryl guanidine-containing (PN) backbone modifications have
been shown to improve the potency, durability, and distribution of
stereopure oligonucleotides in the CNS.38

Herein we present the development of allele-selective stereopure oli-
gonucleotides that precisely target SNP variants on the mHTT allele.
We evaluate these oligonucleotides’ persistence in tissue, potency and
duration of silencing action, and distribution to disease-relevant brain
regions, including the striatum. First, we demonstrate that control
over oligonucleotide backbone stereochemistry can direct the RNase
H enzyme to elicit position-specific cleavage in a target RNA, which
when directed at an SNP yields selective targeting of mHTT over
wtHTT. We provide evidence that our design strategy may enable
the expansion of disease-relevant SNPs amenable to this approach.
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We then demonstrate that rationally designed SNP-targeting oligo-
nucleotides can elicit potent, durable, and selective reduction of
mHTT in patient-derived neurons and two disease-relevant mouse
models (BACHD and Hu97/18).39,40 Through direct comparisons
with a surrogate for the nonselective HTT-lowering oligonucleotide,
tominersen (herein referred to as a pan-silencer), we also demonstrate
that the allele-selective molecules match the potency and exceed the
durability of this pan-silencing molecule.

RESULTS
Stereochemistry impacts allele selectivity for HTT SNPs

Antisense oligonucleotides elicit their gene silencing activity
through the endogenous RNase H1 enzyme (hereafter denoted
RNase H). Oligonucleotides typically incorporate chiral phosphoro-
thioate (PS) substitutions in the phosphodiester (PO) backbone to
improve their metabolic stability and cellular uptake.41 Traditional
synthetic methods for producing PS-modified oligonucleotides
generate stereoisomeric mixtures composed of hundreds of thou-
sands of molecules. Because each PS linkage contains a chiral center
with the potential to yield one of two configurations, denoted as Rp
and Sp, the molecules within a mixture will have distinct stereo-
chemistry, and consequently, distinct pharmacologic properties.41

Chemical modifications that alter the interface between RNase H
and the heteroduplex, such as modifications to the sugar at the 20 po-
sition in the DNA, can impact the location and efficiency of cleavage
by RNase H.38,42 Recent developments have shown that the RNase H
enzyme displays sequence preferences.43We have demonstrated that
RNase H activity is also impacted by stereochemistry of the oligonu-
cleotide backbone.44

The catalytic domain of RNase H (RNase HC) contains a phosphate-
binding pocket that recognizes a short stretch of the DNA backbone
in a DNA-RNA heteroduplex substrate and a metal-coordinating
catalytic tetrad that cleaves the RNA.45 Based on the X-ray crystal
structure,46 we proposed that this preference might be driven by
stereo-sensitive contacts between a DNA-binding pocket in RNase
H and the PS backbone of the DNA strand of the heteroduplex;
indeed, we found that a 30-SSR-50 stereochemical code in the
antisense oligonucleotide gap (denoted SSR motif) increased RNase
H activity compared with other stereopure and stereorandom
configurations.44

We aimed to test whether control over PS stereochemistry could also
be harnessed to enable allele-selective targeting of a heterozygous
SNP. We reasoned that by positioning a single Rp PS linkage to direct
cleavage to the position of an SNP, we could direct the enzyme’s cat-
alytic domain to sample the perfectly complementary base pair (be-
tween the oligonucleotide and the target RNA, mHTT) rather than
a mismatched base pair (between the oligonucleotide and the off-
target RNA, wtHTT), thereby increasing the mismatch-discrimi-
nating power of RNase H47 to be focused specifically on the site of
allelic variance on the target RNA. Toward this goal, we performed
RNase H biochemical assays with a panel of antisense oligonucleo-
tides with different Rp locations.
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To investigate whether the positioning of a single SSR motif (i.e., a
single Rp PS linkage within an otherwise all-Sp oligonucleotide) im-
pacts the location of RNase H cleavage, we studied RNase H activity
and RNA cleavage position for a stereorandom oligonucleotide and a
series of stereopure oligonucleotides hybridized to a complementary
surrogate RNA. These molecules all have the same sequence. One
stereopure oligonucleotide contains three iterations of the SSR
motif in the gap (APO-1920), and one contains an all-Sp backbone
(APO-1921). Three additional stereopure oligonucleotides contain a
single SSR motif, but the sole Rp linkage is placed in a different posi-
tion within the gap (APO-543, APO-544, APO-545; Table S1). To
assess the impact of these changes, we first hybridized the molecules
to a short surrogate RNA (RNA-1, Table S2) and analyzed the rate of
RNase H-mediated cleavage. All the stereopure oligonucleotides con-
taining an SSR motif showed increased RNase H cleavage activity
compared with a stereorandom control oligonucleotide, APO-424,
and the all-Sp stereopure oligonucleotide, APO-1921 (Figure 1A).
The extent of RNA cleavage observed with the SSR-containing stereo-
pure oligonucleotides differed, indicating that it varied with the num-
ber and/or position of Rp.

To determine whether the position of RNase H cleavage was affected
by the position of the Rp, we characterized and measured the cleavage
products from these reactions. The stereorandom oligonucleotide
(APO-424) and the all-Sp oligonucleotide (APO-1921) led to the
cleavage of the RNA at three adjacent backbone positions at relatively
equal rates (5.0%, 4.1%, and 5.7%; and 3.1%, 2.0%, and 3.7, respec-
tively). The stereopure SSR-containing oligonucleotides led to the
preferential cleavage of the RNA at a single position. APO-1920,
with three SSR motifs, predominately promoted preferential cleavage
of the RNA at one position (24.1%, compared with 1.4% and 1.4% at
the other positions). The oligonucleotides with a single SSR motif also
led to the preferential cleavage of the RNA at a single position (Fig-
ure 1B). For APO-543 and APO-545, the most active of these, we
only detected products from cleavage at one position (24.3% and
25.5%). For APO-544, we detected two minor products derived
from cleavage in the two backbone positions abutting themajor cleav-
age site (1.2%, 16.9%, and 1.4%).

These experiments demonstrate that the placement of a single Rp PS
linkage embedded within an otherwise all-Sp PS gap of an oligonucle-
otide can impact the position of RNaseH-mediated cleavage of a target
RNA. Although the stereopure oligonucleotide containing three itera-
tions of the SSR motif also yielded one preferred cleavage site, the
Figure 1. Rp linkages direct the rate, position, and selectivity of RNase H-med
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former design limits our ability to control the preferred position of
cleavage. Because the distance between a single Rp and the preferred
position of cleavage can be determined, we can deploy a single Rp to
define the preferred position of cleavage in an RNA backbone.

Stereochemistry promotes allele selectivity for mHTT SNP

rs7685686 (A/G)

To determine whether we can use the positioning of an Rp PS linkage
to control cleavage and thereby achieve selective action at an SNP, we
performed a parallel set of experiments on an HTT RNA using an
exemplary SNP rs7685686 (A/G). The A variant of SNP rs7685686
is associated with the expanded CAG-disease allele, whereas the
wild-type nucleotide is G. We generated a series of 20mer antisense
oligonucleotides: HTT-1 is a stereorandom molecule (Figure 1C);
HTT-2 is a stereopure molecule with a single Rp PS linkage (Fig-
ure 1D); HTT-3 is a stereopure molecule with a single Rp PS linkage
in a different position from HTT-2 (Figure 1E). To assess allele selec-
tivity, we hybridized the oligonucleotides to RNA-A (20mer synthetic
RNA corresponding to the A variant at SNP rs7685686, mHTT) or
RNA-G (a 20mer RNA surrogate for the G variant at SNP
rs7685686, wtHTT) and analyzed the rate of RNase H cleavage. The
stereorandom molecule, HTT-1, was active against both RNA surro-
gates, with 28% of the mHTT substrate remaining at 60 min and 49%
of the wtHTT substrate remaining at the same time (Figure 1C).
HTT-1 favored the mHTT substrate �1.4-fold over wtHTT.
HTT-2, one of the stereopure molecules, was also active against
both RNA surrogates, but showed preferential activity against the
mHTT substrate. Twenty-five percent of the mHTT substrate re-
mained at 60 min, whereas 90% of wtHTT substrate remained at
the same time (Figure 1D). HTT-2 favored the mHTT substrate
7.5-fold over wtHTT, a 5-fold improvement over HTT-1. HTT-3
was only weakly active against the RNA surrogates, with >80% of
both substrates remaining after 60 min, indicating that it was not
very active and nonselective (Figure 1E). Thus, HTT-2 had the Rp
PS linkage positioned to direct the most selective RNase H activity.

Application to SNP3

We applied these findings to SNP3 (SNP rs362273 (A/G)) where the
target variant (A) is in linkage disequilibrium with the expanded
CAG tract in HTT. SNP3 has historically been difficult to target in an
allele-selective manner.33,48,49We designed a series of oligonucleotides,
which all had the same sequence, using PS and PO backbonemodifica-
tions that differed only in the placement of the Rp PS linkage38,42,44,50
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Figure 2. PS stereochemistry can promote allele-

selective activity at HTT SNP3

Schematic depicting allele-selectivity strategy. The SNP is

depicted in both images. In the mHTT complex (yellow

SNP), the oligonucleotide is complementary to the RNA. In

the wtHTT complex (orange SNP), there is mismatch be-

tween that oligonucleotide and the RNA. (A) RNase H

cleavage activity (top panels) is shown for stereorandom

molecule HTT-1233 (B) and stereopure molecules HTT-

956 (C), HTT-957 (D), and HTT-958 (E) where the SNP

position varies between position 10 (P10) and position 12

(P12) when read from the 50-end of the oligonucleotide.

For all top panels, the mean percentage of full-length
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For all bottom panels, the RNA surrogates (depicted in

green, 50-30) with the SNP shown in yellow are illustrated

with respect to each oligonucleotide (shown 30-50).
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determine the optimal relationship between the Rp PS linkage and the
mismatch in SNP3 to achieve allele-selective RNase H activity (Fig-
ure 2A). For HTT-956, HTT-957, and HTT-958, the Rp linkage loca-
tion in the backbone varies from position 10 (P10) through position
12 (P12) when read from the 50-end of the oligonucleotide. HTT-
1233 was included as a stereorandom control and has the same
sequence as the other oligonucleotides targeting SNP3. All molecules
tested had asymmetric 20-ribose modifications that were previously
demonstrated to enhance the potency of antisense oligonucleotides.42

To assess RNase H selectivity and the impact of varying the position
of the Rp linkage with respect to the target SNP, we performed cell-
Molecular The
free RNase H activity assays and determined
the relative cleavage activity as well as the loca-
tion of cleavage sites in the RNA. We hybridized
each oligonucleotide to RNA-A SNP3 (20mer
synthetic HTT RNA corresponding to the A
variant, mHTT) or RNA-G SNP3 (a 20mer
HTT RNA surrogate for the G variant, wtHTT)
and analyzed the rate and positions of RNase
H cleavage.

The stereorandom molecule, HTT-1233, was
active against both RNAs, but it was not selective,
with <50% of both the mHTT and wtHTT sub-
strates remaining after 60 min (Figure 2B).
HTT-956 and HTT-957, two of the stereopure
molecules, were preferentially active against
mHTT, with <30% of the mHTT RNA and
>70% of the wtHTT RNA remaining after
60 min (Figures 2C and 2D). HTT-958, the other
stereopure molecule, was active against both RNAs but was nonselec-
tive, with <15% of both substrates remaining after 60 min (Figure 2E).
Ultimately, HTT-956 yielded the most selective RNase H activity. To
investigate whether cleavage-site preference corresponded with the
relative rates of cleavage, we evaluated the products of the RNase H
cleavage reactions by mass spectrometry. HTT-1233 (the stereoran-
dom molecule) promoted RNase H cleavage at six positions in the
mHTT RNA and four positions in the wtHTT RNA with no position
favored compared with the others (Figure S1). The stereopure mole-
cules, HTT-956 and HTT-957, showed preferential cleavage within
the mHTT RNA, and these preferred cleavage positions have the
same relative position in the RNA with respect to the SSR motif
rapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 3. SNP3-targeting oligonucleotides selectively

and dose-dependently decreases mHTT in vitro

Schematic representation of oligonucleotides is shown in

(A). RNase H experiments performed with synthetic RNA

substrates corresponding tomHTT and wtHTT transcripts.

Data are presented as mean ± SEM, n = 3. Mean per-

centages of the indicated full-length RNA substrate re-

maining over time are plotted for HTT-1526 (B) and HTT-

1533 (C). Patient-derived motor neurons homozygous for

SNP3 were treated with HTT-1526, HTT-1533, or HTT-

2723 at varying levels up to 60-mM concentration for

7 days. Dose-response curves forHTT normalized to TUBB

RNA measured using the bDNA assay are shown in (D).

Data shown as mean ± SD, n = 4. (E) Patient-derived

motor neurons heterozygous for SNP3 were treated with

NTC, HTT-2723, HTT-1526, or HTT-1533 (1.6 mM, 8 mM,

or 40 mM). Data depict HTT RNA remaining for wtHTT

allele (blue bar) and mHTT allele (red bar). Next-

generation sequencing of PCR amplicons covering the

SNP3 region was performed to quantify the amount of

each allele remaining after treatment. Total HTT lowering

was quantified by qPCR and normalized to HPRT1. All

treatment conditions were then normalized to mock

treatment. Data shown as mean ± SD (mock, n = 30;

HTT-2723, n = 2; HTT-1526, n = 2, HTT-1533, n = 2).

***p % 0.001, ****p % 0.0001. p values were calculated

via White-adjusted three-way ANOVA followed by two-

tailed post hoc tests comparing mutant and wild-type

expression per molecule/dose allowing unequal variance.
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(Figure S1). By contrast, the final stereopure molecule, HTT-958, pro-
moted cleavage of both mHTT and wtHTT RNAs (Figure S1). These
data indicate that the location of the SSRmotif in HTT-956 andHTT-
957 leads to more discrimination at SNP3 than the placement in
HTT-958.

PN modification enhances potency and preserves selectivity of

SNP3-targeting oligonucleotides in vitro

To further improve the activity of HTT-956, we introduced PN
backbone linkages to the asymmetric wings.51–56 In our prior
6 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
work, we evaluated the impact of stereorandom
PN, Rp PN, and Sp PN linkages in the wings of
antisense oligonucleotides targeting Malat1 and
C9orf72 transcripts and noted the following ob-
servations: (1) PN linkages do not substantially
alter thermal stability; (2) they have no discern-
able impact on the RNase H-induced cleavage
pattern; and (3) they improve in vitro silencing
activity compared with oligonucleotides that
lack them, and this effect is not substantially
impacted by the chirality or pattern of PN
linkages.38,57 In mice, PN backbone modifica-
tions also improved the potency, durability,
and distribution of silencing throughout the
CNS.38 Thus, we based the designs of the
SNP3-targeting oligonucleotides on these previously published
molecules.

We first assessed whether the introduction of PN linkages would
impact SNP-variant differentiation using our RNase H activity assay.
As in prior figures, these experiments were performed using RNA sur-
rogates representing mHTT (RNA-A SNP3) and wtHTT (RNA-G
SNP3). We evaluated the rate of RNase H activity in the presence
of stereopure oligonucleotides containing either three (HTT-1533)
or four (HTT-1526) PN backbone linkages (Figure 3A). The position
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and chirality of the PN linkages were based on our prior work.38

These oligonucleotides are identical in sequence and were designed
based on HTT-956. For both HTT-1526 and HTT-1533, we observed
an enhanced rate of cleavage for mHTT RNA compared with that for
wtHTT RNA (Figures 3B and 3C). After 60 min, <10% ofmHTT sub-
strate and >70% of thewtHTT substrate remained, suggesting that the
inclusion of PN backbone linkages did not affect allele selectivity.

To assess potency, we tested the activity of HTT-1526 and HTT-1533
in motor neurons derived from induced pluripotent stem cells
(iPSCs) from a patient with HD who was homozygous for SNP3
(A/A). We compared the activity of HTT-1526 and HTT-1533 with
a pan-silencing comparator oligonucleotide HTT-2723, which was
designed based on tominersen,58 in the patient-derived neurons un-
der gymnotic (or free-uptake) conditions. HTT-1526, HTT-1533,
and HTT-2723 depleted HTT in a dose-dependent manner, yielding
half-maximal inhibitory concentrations (IC50) of 3.14 mM, 1.40 mM,
or 4.26 mM, respectively (Figure 3D; Table S3).

To assess selectivity, we tested the activity of HTT-1526 and HTT-
1533 in iPSC-derived neurons from a patient heterozygous for SNP3
(A/G) with the A variant on themHTT allele.We treated these hetero-
zygous neurons with either a non-targeting control (NTC), the pan-
silencer HTT-2723, or allele-selective stereopure oligonucleotides
HTT-1526 and HTT-1533 under gymnotic conditions (Figure 3E).
Compared with NTC, HTT-1526 and HTT-1533 potently and selec-
tively decreasedmHTT RNA. After administration of 40 mM of either
molecule, <10% ofmHTT transcripts remained while >70% ofwtHTT
transcripts remained. To evaluate allele discrimination, we ran a three-
way ANOVA to test the significance of interactions among treatment,
concentration, and allele. Post-hoc comparisons between mHTT and
wtHTT demonstrated consistently significantly lower mHTT expres-
sion than wtHTT expression for HTT-1526 and HTT-1533 at all con-
centrations except HTT-1526 at 8 mM (p < 0.001). In contrast, there
were no significant differences betweenmHTT andwtHTT expression
for HTT-2723 at any concentration. At 40 mM, HTT-2723 decreased
mHTT transcripts to 22% and wtHTT transcripts to 18% compared
with mock. Taken together, these data demonstrate that both SNP3-
targeting, stereopure oligonucleotides lead to a dose-dependent,
potent, and selective decrease of mHTT RNA in vitro in patient-
derived neurons under free-uptake conditions. The potency of these
allele-selective oligonucleotides was roughly equivalent to the potency
of the nonselective, stereorandom comparator.

We next assessed the impact of PN chemistry on lipophilicity, a prop-
erty that can impact the pharmacological properties of oligonucleo-
tide therapeutics, including their activity in the CNS.59,60 For system-
ically administered oligonucleotides, increasing lipophilicity can
improve tissue penetration and in vivo half-life indirectly by promot-
ing binding of serum proteins.61 Although serum-protein binding is
not expected to impact the activity of CNS administered oligonucle-
otides, increasing lipophilicity has also been shown to improve activ-
ity in the CNS.59,60 Accordingly, we evaluated the lipophilicity of a
small panel of SNP3-targeting oligonucleotides by assessing retention
times on a C18 reversed-phase high-performance liquid chromatog-
raphy column (HPLC). Increased retention times for the SNP3-tar-
geting, PN-containing oligonucleotides HTT-1526 and HTT-1533
compared with the retention time for a comparable oligonucleotide
HTT-956, which lacks PN chemistry, shows that the introduction
of the PN linkages increases lipophilicity (Table S4), which is consis-
tent with previously reported observations for this modification.53

The increased lipophilicity of PN-containing oligonucleotides may
help to explain why this modification improved activity in the CNS.38

SNP3 targeting oligonucleotides outperform first-generation

SNP-targeting oligonucleotides

We previously evaluated allele-selective oligonucleotides targeting
SNP1 (rs362307) or SNP2 (rs362331) in clinical trials (NCT
03225833, NCT03225846). These molecules were discontinued in
2021 because they did not consistently lower CSF mHTT levels in
patients with HD (https://ir.wavelifesciences.com/news-releases/
news-release-details/wave-life-sciences-provides-update-phase-1b2a-
precision-hd). We also wanted to assess the potency and selectivity of
SNP3-targeting oligonucleotides compared with these first-genera-
tion molecules (Figure 4A).

To perform these experiments, we needed to first identify a suitable
cellular model for testing selectivity at all three SNPs. We identified
iPS-109Q cells (Figure 4B) that are heterozygous for SNP1, SNP2,
and SNP3 and have the desired phasing between the SNP variants
and the CAG-repeat region. We evaluated the activity of HTT-164
(targets SNP1), HTT-273 (targets SNP2), and HTT-1533 (targets
SNP3) in the patient-derived neurons under gymnotic (or free-up-
take) conditions. At a mid-range concentration (8 mM), HTT-164
preserved wtHTT expression levels at >90% of mock-treated and
led to limited lowering of mHTT expression (mean �15%) (Fig-
ure 4C). HTT-273 preferentially lowered mHTT levels (>25% mean
lowering at 8 mM), while sparing wtHTT (�100% mean expression
at 8 mM). At the same concentration, HTT-1533 exhibited substan-
tially greater lowering of mHTT (mean �90%) while preserving
expression of wtHTT (>75% mean expression). Indeed, the amount
ofmHTT lowering observed with HTT-1533 at the lowest concentra-
tion (1.6 mM, mean 70% lowering) exceeded mHTT lowering ob-
tained with HTT-164 or HTT-273 at the highest concentration tested
(40 mM), which further supports the benefit of the asymmetric wing
chemistry and the inclusion of PN chemistry, two advances in oligo-
nucleotide design that were incorporated only in the SNP3-targeting
molecules. We also evaluated the data from HTT-1533 to confirm
lowering of mHTT and preservation of wtHTT compared with the
NTC. At all concentrations, mHTT levels after treatment with
HTT-1533 were significantly lower than in sample treated with
NTC, whereas wtHTT levels were similar between the treatments
(Table S5). This experiment was performed with two different probes,
and there is excellent agreement between the datasets (Figures 4C
and S2). Taken together, these data demonstrate the SNP3-targeting
molecule more potently lowers mHTT expression than either of the
SNP1- or SNP2-targeting molecules while preserving the expression
of wtHTT.
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Figure 4. SNP3-targeting HTT-1533 performs better

in patient iPSC-derived neurons than first-generation

oligonucleotides

Schematic representation of oligonucleotides is shown in

(A). HTT-164 targets the U variant of SNP1 (rs362307).

HTT-273 targets the U variant of SNP2 (rs362331). HTT-

1533 targets the A variant of SNP3 (rs362273). Results of

genotyping and phasing for iPS-109Q cells are shown in

(B). TheHTT gene contains both the CAG repeat sequence

(yellow) and the SNP (blue box), which need to be in-

phase for allele-selective silencing to work. The SNP is

heterozygous (blue and green boxes), with the targeted

mutant variant (blue) on same copy as the expanded

CAG repeat (long yellow box). The wtHTT allele contains

a non-expanded CAG tract (short yellow box) and the

non-targeted variant at the SNP (green). Genotyping and

phasing results for iPS-109Q cells are summarized. (C)

Patient iPSC-derived neurons heterozygous for SNP1,

SNP2, and SNP3 were treated with HTT-164, HTT-273,

HTT-1533 or the corresponding NTC at increasing

concentrations (1.6, 8.0, or 40 mM) for 7 days.

Percentage of mHTT (red) and wtHTT (blue) transcript

expression relative to mock-treated control cells is shown. Data shown as mean ± SEM, n = 3. Stats: three-way ANOVA with two-tailed post hoc comparisons of mHTT

to wtHTT per molecule per dose assuming equal variance ***p < 0.001; ****p < 0.0001.
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SNP3-targeting oligonucleotides dose-dependently decrease

mHTT in cortex and striatum of BACHD mice

To assess the activity of HTT-1526 andHTT-1533 in vivo, we used the
BACHD transgenic model (Figure S3A).39 This bacterial artificial
chromosome (BAC)-mediated transgenic mouse model expressing
full-length human mHTT (BACHD mouse) contains 97 glutamine
(mixed CAA-CAG) encoding repeats under control of the endoge-
nous regulatory machinery.39 This humanmHTT transgene also con-
tains the targeted variant of SNP3.39 Quantitative PCR analyses
demonstrated that the original BACHDmouse line had approximately
five copies of the transgene.39 Because the copy number, integrity and
expression of BAC transgenes can vary, with some BAC inserts
comprising partial transgenes and with the potential for transgene
copy number to change through generations,62–64 we evaluated the
copy number in our BACHD colony (Figure S3B) using droplet digital
PCR (ddPCR).65 The copy number varied across the transgene, with
the 50 region containing the glutamine-encoding repeat and the
pan-targeting sequence at an estimated 13 copies, whereas the
SNP3-containing region of the transgene was present at an estimated
nine copies, indicating that while all copies of the transgene contain
the pan-targeting sequences, not all copies of the transgene contain
SNP3 (Figure S3B). Although the mouse Htt gene is present in this
model, mouse Htt does not contain SNP3. Thus, the SNP3-targeting
oligonucleotides should not bind to mouse Htt. The PCR probe set
used in these experiments is human-specific, so it will only assess
engagement of oligonucleotide with human mHTT.

We administered phosphate-buffered saline (PBS) or oligonucleotide
via three intracerebroventricular (ICV) injections on days 1, 3, and 5
at varying doses up to 100 mg in 8- to 12-week-old BACHDmice (Fig-
ure 5A). In the cortex, HTT-1526 and HTT-1533 significantly
decreased the levels of human mHTT RNA in a dose-dependent
8 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
manner, with 3 � 25 mg, 3 � 50 mg, and 3 � 100 mg dose levels
decreasing mHTT levels to a mean of 72%–81% (p % 0.01), 54%–
62% (p% 0.0001), and 43% (p% 0.0001) compared with PBS, respec-
tively (Figure 5B). In the same experiments, we also observed
significant dose-dependent mHTT RNA decreases for both oligonu-
cleotides in the striatum, with decreases comparable to those observed
in cortical tissues. Both molecules lowered mHTT transcripts to
a mean of 73%–79% (p % 0.05), 56%–62% (p % 0.0001), and
42%–45% (p % 0.0001) compared with PBS at the 3 � 25 mg,
3 � 50 mg, and 3 � 100 mg dose levels, respectively (Figure 5C).

We next compared the potency of an allele-selective molecule, HTT-
1526, with the pan-silencer HTT-2723 (Figure 5D). Both oligonucleo-
tides decreasedmHTT RNA in a dose-dependent manner in the cortex
and striatum (Figures 5E and 5F). Decreases inmHTT transcript levels
for HTT-1526 and HTT-2723 in cortex and striatum were roughly
comparable at the same dose (Cortex: HTT-1526 to 42% of PBS-
treated mice [p % 0.0001], HTT-2723 to 40% PBS [p % 0.0001],
Striatum: HTT-1526 to 47% PBS [p % 0.001], HTT-2723 to 60%
PBS [p % 0.005]) (Figures 5E and 5F). We performed a similar
4-week experiment with a chemically matched NTC (Table S1) to
confirm thatmHTT lowering resulted from the specific interaction be-
tween the SNP3-targeting oligonucleotide and the mHTT RNA (Fig-
ure S3C). These data demonstrate that the potencies of the SNP3-tar-
geting, stereopure molecules result from specific antisense silencing
and are comparable to that of the pan-silencing, stereorandom
HTT-2723 molecule in the cortex and striatum of BACHD mice.

SNP3-targeting oligonucleotides durably reduce mHTT in the

cortex and striatum of BACHD mice

To determine the duration of mHTT RNA suppression by HTT-1526
and HTT-1533, we quantified mHTT transcripts remaining 2, 4, 8,



Figure 5. SNP3-targeting oligonucleotides dose-dependently decrease mHTT in cortex and striatum of BACHD mice

Dosing regimen for administration of PBS or oligonucleotide (12.5 mg, 25 mg, 50 mg, or 100 mg) to BACHDmice and sample collection 15 days after first dose is shown (A). The

relative fold change of humanmHTT to mouse Tubb3 as a percentage of PBS in the cortex (B) and striatum (C) is shown at 2 weeks after the first administration (n = 7–8 per

treatment). Data shown as mean ± SD (*p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001 vs. PBS). p values were calculated via one-way ANOVA followed by two-tailed

post-hoc comparisons to PBS assuming equal variance. Dosing regimen for administration and sample collection 29 days after first dose is shown in (D). The relative fold

change of humanmHTT to mouse Tubb3 as a percentage of PBS in the cortex (E) and striatum (F) is shown at 4 weeks after the first administration (n = 7–8 per treatment).

Data shown as mean ± SD (*p % 0.05, **p % 0.01,***p % 0.001, ****p % 0.0001 vs. PBS). p values were calculated via one-way ANOVA followed by two-tailed post hoc

comparisons to PBS assuming equal variance.
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and 12 weeks after the first ICV injection of either PBS or oligonucle-
otide to BACHDmice (Figure 6A, Study 1). We observed a significant
decrease in mHTT transcripts at the earliest time point evaluated
(2 weeks), and this decrease persisted for 12 weeks in both the cortex
and striatum. HTT-1526 and HTT-1533 decreased mHTT transcript
levels to 34%–55% (p % 0.0001) and 34%–63% (p % 0.0001) of
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 9
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Figure 6. SNP3-targeting oligonucleotides durably reduce mHTT in the cortex and striatum of BACHD mice

Dosing regimens and time of sample collection post-first dose for studies 1 and 2 are shown (A). Oligonucleotides or PBSwere administered by ICV injection (3� 100 mg). For

study 1, the relative fold change of human mHTT to mouse Tubb3 as a percentage of PBS in the cortex (B) and striatum (C) is shown at 2, 4, 8, and 12 weeks after the first

administration (n = 7–8 per treatment). For study 2, the relative fold change of humanmHTT tomouse Tubb3 as a percentage of PBS in the cortex (D) and striatum (E) is shown

at 2, 4, and 12 weeks after the first administration (n = 8 per treatment). For (B)–(E), data are shown as mean ± SD (*p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001

compared with PBS). p values were calculated via two-way ANOVA (B–D), or White-adjusted two-way ANOVA (E) followed by two-tailed post-hoc comparisons to PBS per

week with equal (B–D) or unequal (E) variance.
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PBS-treated mice in cortex and striatum, respectively, 12 weeks after
dosing (Figures 6B and 6C). These data indicate that treatment with
the stereopure oligonucleotides results in durable lowering of mHTT
RNA in the brains of BACHD mice.
10 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
We also compared the duration of response for HTT-1526 to the pan-
silencing comparator HTT-2723. For this experiment, we measured
mHTT transcripts remaining at 2, 4, and 12 weeks after the first
ICV injection of either PBS or oligonucleotide (Figure 6A, Study 2).



Table 1. SNP3-targeting oligonucleotide PK/PD parameters based on

cortical and striatal tissue of BACHD mice

Parameters

HTT-1526 HTT-2723

Cortex Striatum Cortex Striatum

t1/2 (days) 25.5 29.1 36.3 41.4

IC50 (mg/g) 0.90 1.4 3.63 4.90

Kout (1/day) 0.36 0.63 0.53 0.16

Imax 0.63 0.80 0.68 1.00

t1/2: half-life; IC50: Half-maximal inhibitory concentration observed in BACHD mice;
Kout: first-order rate constant for loss of response; Imax: Maximum inhibition.

www.moleculartherapy.org
HTT-2723 decreased HTT transcript levels to �62% (p % 0.05) and
to 43%–92% (p% 0.001) in the cortex through 2 weeks and striatum
through 4 weeks, respectively, compared with PBS-treated mice
(Figures 6D and 6E). In the cortex, HTT-1526 decreased mHTT
RNA to levels that remained significantly lower than in PBS-treated
animals at all time points including 4 and 12 weeks when HTT-
2723 was not significantly different from PBS at these time points.
In the striatum at 12 weeks, we also observed a significant difference
in activity between HTT-1526 and PBS but not HTT-2723 and PBS
(HTT-1526: 51% of mHTT remaining, p % 0.001; HTT-2723: 93%
of mHTT remaining, p = 1.0) (Figure 6E). These data demonstrate
that themHTT lowering observed with the allele-selective, stereopure
HTT-1526 molecule is more durable than that of the pan-silencer
HTT-2723 in BACHD mice.

HTT-1526 has a long half-life in the cortex and striatum of

BACHD mice

To better understand the kinetics, we quantified levels of HTT-1526
and HTT-2728 in tissues from experiments shown in Figure 6. The
concentration of both oligonucleotides declined following first-order
kinetics (Figure S4), providing half-life (t1/2) estimates in cortex (t1/2:
HTT-1526 = 25.5 days, HTT-2723 = 36.3 days), and striatum
(t1/2:HTT-1526 = 29.1 days, HTT-2723 = 41.4 days) (Table 1).
Although the t1/2 was slightly longer for HTT-2723, the concentra-
tions were greater. To understand pharmacodynamics (PD), PD
parameters were estimated using data from experiments shown in
Figures 5, 6, and S4. In both cortex and striatum, the IC50 concentra-
tion was �4-fold lower for HTT-1526 than HTT-2723 (IC50 cortex:
HTT-1526 0.90 mg/g, HTT-2723 = 3.63 mg/g; IC50 striatum: HTT-
1526 = 1.4 mg/g, HTT-2723 = 4.90 mg/g Table 1), indicating that
the activity profile for HTT-1526 is driven by better potency and
greater concentration compared with HTT-2723. Overall, these phar-
macologic parameters are consistent with the observed potency and
durability of activity for HTT-1526.

SNP3-targeting oligonucleotide selectively decreases mHTT in

the cortex, striatum, and hippocampus of Hu97/18 mice

To further characterize the activity of SNP3-targeting oligonucleo-
tides in vivo, we evaluated activity in the Hu97/18 mouse model for
HD, which is a fully humanized transgenic mouse model.40 It was
generated by crossing BACHD mice39 with YAC18 mice66 mice on
the Htt�/� background.40 The YAC transgene in the YAC18 mice
contains 18 glutamine-encoding repeats and lacks the targeted variant
of SNP3 (Figure 3A).40 Thus, when co-expressed, the BACDH and
YAC18 transgenes are heterozygous for the expanded CAG repeat
and SNP3, with appropriate phasing between these elements to eval-
uate allele-selective mHTT silencing.

To evaluate allele-selective activity in vivo, we quantified HTT RNA
remaining at 4, 8, and 12 weeks after the first ICV injection of either
PBS or oligonucleotide administered to Hu97/18 mice at 8–12 weeks
of age (Figures 7A and S4D–S4F). In all three evaluated tissues, we
observed a statistically significant difference between mHTT and
wtHTT expression after HTT-1533 administration at every time point
evaluated (4 weeks: mHTT decreased to 21%–37% of the level of PBS,
wtHTT 75%–81% [p % 0.001]; 8 weeks: mHTT 38%–69%, wtHTT
96%–108% [p % 0.01]; 12 weeks: mHTT 51%–78%, wtHTT 87%–
103% [p % 0.0001, except in striatum where p = 0.404) (Figures
7B–7D; Table S6). These data showed a significant interaction be-
tween treatment and allele type in cortex, striatum, and hippocampus
(p < 0.001), indicating that HTT-1533 but not HTT-2723 differenti-
ated between wtHTT andmHTT in all tissues evaluated. These results
demonstrate that treatment with the SNP3-targeting stereopure
molecule leads to a selective decrease of mHTT RNA across tissue
types that is durable, with significant allele discrimination maintained
through 12 weeks.

By contrast, we observed no statistically significant effect on allele for
HTT-2723 in the cortex, striatum, or hippocampus at any time point
evaluated (4 weeks: mHTT decreased to 41%–59% compared with
PBS, wtHTT 42%–62% p = 1.0; 8 weeks: mHTT 65%–95%, wtHTT
66%–94% p = 1.0; 12 weeks: mHTT 88%–99%, wtHTT 86%–93%
p = 1.0) (Figures 7B–7D). This result is consistent with the pan-
silencing mechanism of HTT-2723, which involves targeting a region
of theHTT RNA that is shared between thewtHTT andmHTT alleles.

In an alternative analysis, we evaluated the changes in expression
compared with PBS control. For HTT-2723, significant lowering of
mHTT compared with PBS was always accompanied by significant
lowering of wtHTT in all three evaluated tissues, with lowering of
wtHTT and mHTT enduring below control levels to 8 weeks but
not 12 weeks in cortex and hippocampus and to 4 weeks in striatum
(Table S6). By contrast, HTT-1533 significantly lowered wtHTT
compared with PBS only in cortex and hippocampus at 4 weeks,
despite significant lowering of mHTT through at least 12 weeks in
these tissues and through at least 8 weeks in striatum (Table S6).
This analysis demonstrates that HTT-1533 but not HTT-2723 is se-
lective for mHTT, and HTT-1533 has a more durable effect on
silencing.

SNP3-targeting oligonucleotides suppress mHTT protein in

cortex of Hu97/18 mice

To investigate mHTT lowering at the protein level, we quantified
soluble, full-length human wtHTT and mHTT proteins by western
blot from cortical tissues collected during the experiment shown in
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 11

http://www.moleculartherapy.org


Figure 7. SNP3-targeting oligonucleotides selectively decrease mHTT RNA and protein in the CNS of Hu97/18 mice

Dosing regimen and timing of sample collection post-first dose for administration of PBS or oligonucleotide (3 � 100 mg) to Hu97/18 mice is shown in (A). The relative fold

change of human mHTT (red) or wtHTT (blue) transcript to mouse Tubb3 as a percentage of PBS in the cortex (B), striatum (C), and hippocampus (D) are shown for tissue

collected 4, 8, and 12 weeks after the first administration (n = 6–8 per treatment). Data are shown as mean ± SD. **p% 0.01, ***p% 0.001, ****p% 0.0001. p values were

calculated via three-way ANOVA (B and C) or White-adjusted three-way ANOVA (D) followed by two-tailed post-hoc comparisons ofwtHTT tomHTT at each time point with

equal (B and C) or unequal (D) variance. Representative western blots from cortex collected 4, 8, and 12 weeks after the first administration are shown to the left (E). The fold

change of human mHTT protein (yellow) or wtHTT protein (dark blue) with respect to mouse vinculin protein in the cortex is shown (n = 7–8) to the right (E). Data are

shown as mean ± SD. p values were calculated via three-way ANOVA followed by two-tailed post-hoc comparisons of wtHTT and mHTT at each time point with equal

variance, *p % 0.05, ***p % 0.001. Uncropped western blots are shown in Figure S5.
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Figure 7 (Figure S5). For HTT-1533, mHTT protein was decreased to
18% (p < 0.0001) at 4 weeks and remained below 43% through
12 weeks compared with PBS (p < 0.05). In contrast, wtHTT protein
levels remained >59% at 4 weeks (p = 0.12) and >74% by 12 weeks
compared with PBS (p = 1) (Figure 7E). These observations are
consistent with the significant difference between mHTT and wtHTT
RNA levels seen at weeks 4 and 8 in HTT-1533-treated animals.
Following HTT-2723 treatment, both mHTT and wtHTT proteins
were lowered to 17%–34% of PBS at 4 weeks (p < 0.001), and by
8 weeks, there was no longer a significant decrease of either protein
compared with PBS (Figure 7E, wtHTT: p = 0.586, mHTT: p =
0.210). As expected based on these observations, there was no signif-
icant difference between mHTT and wtHTT protein levels in HTT-
2723-treated animals (Figure 7E, p = 1.0). These results are consistent
with the known pan-silencing mechanism for HTT-2723 and the
allele-selective silencing mechanism for HTT-1533, and they confirm
that selective silencing observed at the RNA level is recapitulated at
the protein level in mice.

DISCUSSION
Herein, we illustrate how control over chirality of the PS backbone
can be applied to elicit allele-selective silencing by directing the activ-
ity of RNase H to the mismatched base pair in a duplex formed be-
tween an oligonucleotide and transcript with a 1-base pair mismatch
(in this case wtHTT). Although others have reported allele-selective
antisense oligonucleotides that promote the selective lowering of
mHTT by SNP targeting,33,67 these approaches were suitable for
SNPs appearing in permissible sequences but not more challenging
sequences, including the SNP described herein.33,48 While chemical
modification to oligonucleotides, such as the introduction of con-
strained ethyl (cEt) or 20-O-methoxyethyl (MOE) modifications,
reportedly impacted the activity and tolerability of molecules,33 no
governing principles have been defined to aid the design of antisense
oligonucleotides for an allele-selective approach. With the ability to
control the chemical and stereochemical features of an oligonucleo-
tide, we have defined design principles that allowed us to develop
potent and allele-selective molecules targeting multiple sequences,
including a reportedly difficult SNP sequence.33,48

We leveraged our ability to synthesize stereopure PS and PN oligonu-
cleotide backbone linkages to enable allele-selective mHTT lowering
by targeting a SNP. By optimally placing the Rp PS linkage, we can
achieve selectivity for a target RNA (which is fully complementary to
the oligonucleotide), while largely sparing the off-target RNA (which
ismismatched to the oligonucleotide at the SNP).We applied this strat-
egy, in combination with our PN chemistry,38 to design the stereopure,
antisense oligonucleotides HTT-1526 and HTT-1533 with allele-selec-
tive activity atHTT SNP3. These PN-containing, allele-selective oligo-
nucleotides potently decreased the expression ofmHTT RNA-contain-
ingSNP3,while largely sparingwtHTT invitro, in bothbiochemical and
cellular assays, and in vivo. Importantly, the activity benefits of PN
chemistry are evident in comparison with prior generation allele-selec-
tivemoleculesHTT-164 (WVE-120101) andHTT-273 (WVE-120102)
that were discontinued because they did not consistently lower
CSF mHTT levels in patients with HD in clinical trials (https://ir.
wavelifesciences.com/news-releases/news-release-details/wave-life-
sciences-provides-update-phase-1b2a-precision-hd), which further
supports the activitybenefits conveyedby the inclusion ofPNchemistry
in the SNP3-targeting molecules.

HTT-1526 and HTT-1533 also led to dose-dependent lowering of hu-
man mHTT transcripts in BACHD mice that was comparable in po-
tency and duration to the tominersen surrogate. Unlike the surrogate
for tominersen, a stereopure SNP3-targeting molecule selectively low-
ered mHTT in Hu97/18 mice at the RNA and protein level, while
leaving wtHTT protein and RNA expression relatively intact. Impor-
tantly, this gain in selectivity does not come with a loss of potency or
durability, as the decrease in expression of mHTT RNA and protein
expression in response to the allele-selective molecules matched or
exceeded the tominersen surrogate in all experiments. Accordingly,
we have advanced HTT-1526 (WVE-003) into clinical development
to evaluate its potential as a disease-modifying therapy for the
treatment of individuals with HD. WVE-003 will enable us to test
the hypothesis that the selective lowering of mHTT and relative
sparing of wtHTT will provide a safe and efficacious therapeutic op-
tion for HD.

Others have provided evidence to support the general hypothesis that
lowering of mHTT RNA and protein can impact the progression of
HD in preclinical models.16,17,68–71 In a conditional mouse model
for HD in which expression of the disease-causing transgene can be
turned off with small-molecule analogs of tetracycline, administration
of a “gene-off” small molecule after the onset of disease-like symp-
toms arrested neuropathology and reversed motor dysfunction (i.e.,
progressive clasping of the limbs).68 In multiple transgenic mouse
models for HD, partial lowering of striatal or striatal and cortical
mHTT expression via RNA interference (RNAi) improved neuropa-
thology, as well as motor function in behavioral assays.68–70 Similarly,
depletion ofmHTT expression by infusion of an antisense oligonucle-
otide to the CNS improved neuropathology and motor function in
symptomatic BACHD and YAC128 mouse models for HD.16 In addi-
tion, AAV-delivered zinc finger protein transcription factors target-
ing expanded CAG repeats selectively repressed mHTT RNA expres-
sion, and this ameliorated disease phenotypes in three animal models
for HD.71 Hence, multiple, independent experiments support the hy-
pothesis that decreasing the expression of mHTT after the onset of
symptoms can slow or stop the progression of HD in preclinical
studies.

Some insight into the impact of nonselective lowering of HTT in pa-
tients with HDwas provided through the recent clinical data readouts
for tominersen, a pan-silencing antisense oligonucleotide. While no
major safety concerns were reported during the phase 1/2 testing
period,58 in the subsequent larger phase 3 study an unfavorable
benefit-risk profile emerged, which led to premature discontinuation
of dosing and study termination.72While the exact cause of these out-
comes cannot be disentangled, the sponsor has acknowledged that ac-
tivity related to loss of wtHTT may have been a factor.72,73
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 13

https://ir.wavelifesciences.com/news-releases/news-release-details/wave-life-sciences-provides-update-phase-1b2a-precision-hd
https://ir.wavelifesciences.com/news-releases/news-release-details/wave-life-sciences-provides-update-phase-1b2a-precision-hd
https://ir.wavelifesciences.com/news-releases/news-release-details/wave-life-sciences-provides-update-phase-1b2a-precision-hd
http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
In 2021, we initiated clinical development of investigational
WVE-003, which is currently being tested in the SELECT-HD phase
1b/2a clinical trial (NCT05032196). Our precision approach may
provide a personalized treatment option for patients with HD and
SNP3. To support patient enrollment, we assess each patient’s geno-
type using a method that links the SNP3 variant to the expanded
CAG allele to determine their eligibility for SELECT-HD.74 Based
on literature reports, we anticipate up to 40% of the HD population
will be eligible for SELECT-HD.33,49,75 Early data from the ongoing
SELECT-HD study (https://ir.wavelifesciences.com/news-releases/
news-release-details/wave-life-sciences-announces-positive-update-
phase-1b2a-select) provide preliminary evidence that WVE-003
may be lowering mHTT in patients while preserving wtHTT expres-
sion. An allele-selective strategy that spares wtHTT, preserving its
neuroprotective activity, may represent the best option for delivering
a disease-modifying therapy.

MATERIALS AND METHODS
Oligonucleotides

We obtained PO-based and stereorandom PS-modified oligonucleo-
tides from Integrated DNATechnologies or by using a standard solid-
phase oligonucleotide synthesis protocol. We synthesized and puri-
fied chemically modified, stereopure oligonucleotides as described
with minor modifications.38,44 We characterized stereopure oligonu-
cleotides by LC-HRMS and HPLC. The sequences of all oligonucleo-
tides used in this study are shown in Table S1.

RNase H activity assays and cleavage-site analysis

These experiments were performed based on previously reported
methods.38,44 In a 96-well plate, we combined 25 mL DNA/RNA
duplex (20 mM), 10 mL of 10X RNase H buffer (500 mM Tris-HCl,
750 mM KCl, 30 mM MgCl2, 100 mM DTT), and 55 mL water and
incubated the mixture at 37�C for 10 min. Then, we added 10 mL of
RNase HC solution for a final substrate:enzyme concentration of
5 mM:0.01 mM (500:1) for RNase H assays with oligonucleotides tar-
geting surrogate RNA and 5 mM: 0.005 mM (1,000:1) for oligonucle-
otides targeting SNP rs7685686. For oligonucleotides targeting SNP
rs362273, a final substrate: enzyme ratio of 100:1 was used. We incu-
bated this reaction mixture at 37�C and quenched it at different time
points using 8 mL of 500 mM ethylenediaminetetraacetic acid diso-
dium (Na2EDTA) solution in water. Na2EDTA solution was added
to the reaction mixture before the addition of enzyme for the 0-min
time point. Ten microliters of each reaction mixture was injected
onto an Agilent ESI-TOF mass spectrometer coupled to an Agilent
1290 HPLC system with a UV detector. UV absorbance was recorded
at 254 nm and 280 nm. Peak areas from the 254-nm chromatograms,
corresponding to full-length RNA oligomer, were integrated and
normalized against the ASO. The amount of RNA at 0 min time point
was considered as 100%, and the remaining RNA at all other time
points was plotted against time to show relative rates of RNA cleavage
(n = 3). Error bars in graphs indicate standard deviation.

We characterized the products of the RNase H assay by LC-MS
to determine the cleavage sites. The extent of cleavage at each site
14 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
was determined by relative ratio of the UV peak area of a fragment
to the extinction coefficient (http://www.scripps.edu/california/
research/dna-protein-Research/forms/biopolymercalc2.html) of that
fragment normalized to that of ASO (ratio of UV peak area of ASO
to extinction coefficient of the ASO). Normalization to control oligo-
nucleotides was performed to account for variation in the amount of
duplex used across reactions. The normalized ratio of each RNA frag-
ment was then expressed as a percentage of the total normalized RNA
(RNA fragments and uncleaved RNA) present in the reaction. The
percentage amount of fragment (preferably 30-OH RNA cleavage
product or 50-phosphorylated RNA cleavage product if former was
not detected) was used to determine extent of cleavage at a particular
site.

Thermal denaturation

Equimolar amounts of oligonucleotide and RNA were combined and
annealed in 1� PBS (pH 7.2) to obtain a final concentration of 1 mM
of each strand (3 mL). UV absorbance at 254 nm was recorded at in-
tervals of 30 s as the temperature was raised from 15�C to 95�C at a
rate of +0.5�C per min, using a Cary Series UV-Vis spectrophotom-
eter (Agilent Technologies). Absorbance was plotted against the tem-
perature, thermal denaturation (Tm) values were calculated by taking
the first derivative of each curve.

Lipophilicity

Method 1

HPLC analysis was performed using ACQUITY Premier Oligonucle-
otide C18 Column, 130 Å (1.7 mm, 2.1 � 100 mm) (Part number
186009485) at 55�C using buffer A (100 mM HFIP, 10 mM TEA)
and mobile phase B (50% water, 50% acetonitrile) as eluents using
the gradient in Table S7 with UV absorbance at 260 nm.

Method 2

HPLC analysis was performed using ACQUITY UPLC Oligonucleo-
tide BEHC18 Column, 130Å (1.7 mm, 2.1mm� 500mm) (Part num-
ber 186003949) at 55�C using buffer A (100 mMHFIP, 10 mM TEA)
and mobile phase B (100% acetonitrile) as eluents using the gradient
in Table S8 with UV absorbance at 260 nm.

iPSC-derived neurons

iPSC-derived neurons from patients with HD (homozygous and hetero-
zygous for SNP3) ND40536-1 iPSC-derived motor neurons homozy-
gous for SNP3 and ND50036 iPSC-derived medium spiny neurons
heterozygous for SNP3 in phase with the mHTT allele were obtained
from BrainXell. iPSC-derived medium spiny neurons were seeded in
1:1 DMEM/F12 (Life Technologies) + Neurobasal medium (Life
Technologies) supplemented with 1x B27 (Life Technologies), 1x
N2 (Life Technologies), 0.5 mM GlutaMAX (Life Technologies), 1x
seeding supplement (BrainXell), 10 ng/mL BDNF (Peprotech),
10 ng/mL GDNF (Peprotech), 1 ng/mL TGF-B1 (Peprotech), and
15 mg/mL Geltrex (Life Technologies). On day 4 post seeding, media
was changed to include day 4 supplement (BrainXell) without the
addition of seeding supplement and Geltrex. iPSC-derived motor
neurons were cultured in media as above with the addition of
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Supplement K (BrainXell). On day 4 post seeding, oligonucleotides
were gymnotically delivered for 7 days.

Quantification of RNA

bDNA assay

To determine in vitro IC50, ND40536-1 iPSC-derived motor neurons
were plated on 384-well PDL-coated plates (Corning) and treated
with oligonucleotides under gymnotic conditions. On day 7 after
treatment, cells were lysed, and mRNA was quantified using a
QuantiGene Singleplex branched DNA (bDNA) assay (Thermo
Fisher Scientific) following the manufacturer’s instructions. HTT
mRNA was quantified using bDNA probes set HTT (SA-50339)
and normalized to TUBB (SA-25525).

Allele selectivity

To measure in vitro allele selectivity, ND50036 iPSC-derived medium
spiny neurons were plated on PDL-coated 96-well plates (Corning) at
30,000 cells/well and treated with oligonucleotides for 7 days.
Next-generation sequencing (see below) of amplicons generated by
SNP3-specific PCR was performed to quantify the amount of each
allele remaining after treatment.

The treated cells were harvested, and total RNAwas extracted and pu-
rified followed by the cDNA production using High-Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific). The amplicons
are then generated by PCR using multiplexed primers. The SNP3 or
SNP2 primers with linker sequence to barcode kits (Table S9) were
pre-mixed to make 10x working stock at 5 mM of each primer. The
PCR reaction mixture was generated as follows: cDNA – 2 mL,
Distilled water – 8.8 mL, HF Buffer – 4 mL, 10 mM dNTP – 0.4 mL,
Forward primer – 2 mL, Reverse primer – 2 mL, DMSO – 0.6 mL, Phu-
sion Polymerase – 0.2 mL. Following Touchdown PCR protocol was
then used: 98 C � 30 s, (98 C � 10 s, 74 C � 30 s) � 5,
(98 C � 10 s, 72 C � 30 s) � 5, (98 C � 10 s, 70 C � 30 s) � 5,
(98 C � 10 s, 60 C � 15 s, 72 C � 30 s) � 25 cycles, 72
C � 5 min, 4 C forever.

Next-generation sequencing

After PCR, 2 mL of PCR samples were assessed by Fragment Analysis
(AATI, DNF-900, 35-500bp) TapeStation (Agilent) for quality con-
trol. Bar coding for next-generation sequencing using Invitrogen Plat-
inum II Taq Hot-Start DNA Polymerase and Nextera XT Index Kit v2
Set A-D (FC-131-2001 to FC-131-2004, Illumina) was performed
with the following PCR protocol: Primary PCR template – 2 mL,
N7xx Index – 2 mL, N5xx Index – 2 mL, 10 mM dNTP – 0.4 mL,
PCR Buffer – 4 mL, Taq Polymerase – 0.16 mL, GC Enhancer –

4 mL, Distilled water – 5.44 mL. The following PCR protocol was
then used for barcode attachment: 94 C � 2 min (94 C � 30 s,
55 C� 30 s, 72 C� 30 s)� 25 cycles, 72 C� 5 min, 4 C forever. After
bar-coding PCR, amplicons were purified by Agencourt AMPure XP
beads according to manufacturer’s protocol. Two microliters of final
pure amplicon samples were quality-controlled and quantified by
Fragment Analysis (AATI, DNF-473, 1-6,000 bp) TapeStation (Agi-
lent). Equal molar of amplicons was mixed and submitted to MiSeq
pair-ended 150 bp read with PhiX spike-in (10%). Knockdown of to-
talHTT was measured by qPCR analysis. The allelic ratio ofmHTT to
wtHTT was normalized to percent totalHTT remaining quantified by
qPCR after treatment to determine allele-selective knockdown.

qPCR

Total RNA was Trizol extracted followed by purification using
the RNeasy 96 Kit (Qiagen). cDNA was produced using the High-
Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. qPCR was performed in
the CFX System using iQ Multiplex Powermix (Bio-Rad Labora-
tories) and the following probes HTT: Hs00918174_m1 (Thermo
Fisher Scientific) and HPRT1: Hs02800695_m1 (Thermo Fisher
Scientific).

IC50 calculations in vitro

IC50 values were determined by four-parameter curve fitting of oligo-
nucleotide concentration vs. percentage of mRNA remaining.

Animals and ICV injections

Unless otherwise noted, animal experiments were performed at
Biomedical Research Models, Inc. dba Biomere (Worcester, MA) in
compliance with Biomere’s Institutional Animal Care and Use Com-
mittee guidelines for the care and use of animals. Mice were on a 12-h
light-dark cycle. Food (lab diet 5001) and water were available ad li-
bitum. Housing rooms were maintained at 20�C–26�C and relative
humidity was 30%–70%. The transgenic lines BACHD (bacterial arti-
ficial chromosome-mediated transgenic Huntington’s disease, Jack-
son Laboratory Cat. No. 008197) and Hu97/18 used for in vivo studies
have been described previously.39,40

Male and female mice were 8–12 weeks of age at the time of dosing.
Mice were balanced across treatment groups by gender and age. For
ICV cannulation, mice were anesthetized using avertin, were placed
on a rodent stereotaxic apparatus, and were implanted with a stain-
less-steel guide cannula in the right lateral ventricle (coordinates:
�0.3 mm posterior, +1.0 mm lateral, and �2.2 mm vertically from
bregma), which was secured in place using dental cement. Mice
were allowed a 1-week recovery period prior to dosing.

ddPCR

Genomic DNA was extracted from two BACHD mouse tails
(BACHD-1 and BACHD-2) and HEK cells using PureLink Genomic
DNA mini kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. The purified genomic DNA was then treated with
HindIII-HF (New England BioLabs) at 37o C for 30 min according
to the manufacture’s protocol. The ddPCR was performed by MO-
gene (St. Louis, MO) using a QX200 AutoDG Droplet Digital PCR
System (Bio-Rad Laboratories), with ddPCR Supermixes for Probes
(no dUTP) (Bio-Rad Laboratories) and the probe sets listed in
Table S10 ddPCR was performed using eight HTT probe sets and
two human-specific probes (hMalat1-FAM and hRPP30-HEX) on
genomic DNA from HEK cells as a control, and eight HTT probe
sets and two mouse-specific probes (mRPP-HEX and mTRFC-Hex)
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on genomic DNA from BACHD mice. The copy number for each
probe set, corresponding to various locations along the HTT BAC
clone, were normalized to the average counts of mRPP and mTRFC
from the samples.

Quantification of oligonucleotides by hybridization ELISA

Cortex, striatum, and hippocampal tissues were processed and quan-
tified as previously described.38 Twenty-five to 45 mL of tissue lysate
was saved at�80�C in 96-well plates for pharmacokinetic (PK) mea-
surement. The remaining Trizol lysates were used for RNA extrac-
tion. The same Taqman probes used for ALS motor neurons were
used for qPCR. The following probes were designed to selectively
quantify the oligonucleotide used in this study by hybridization
ELISA: capture probe: “WV-21522-CAP”/5AmMC12/GCGG+TG
GCG+A; detection probe: “WV-21522-Det”: G+TGGG+TG+AGT/
3BioTEG/. Samples were read on the Molecular Device, M5 fluores-
cence channel plate reader: Ex435 nm, Em555 nm. The oligonucleo-
tide in samples were calculated according to standard curve by
4-parameter regression.

In vivo IC50 and half-life calculations

The in vivo IC50 values and half-life (t1/2) were estimated from PK and
PD data from experiments performed in BACHD mice (dose-
response and duration studies results were pooled). A one compart-
mental PK model with first-order absorption and elimination was
used to describe the HTT-1526 concentration in both cortex and
striatum for the mouse BACHD model. The PK model was fitted to
the individual HTT-1526 concentration data for cortex and striatum
and the half-life (t1/2) was estimated using a naive pooled approach in
Phoenix NLME 8.3 (Certara USA, Inc., Princeton, NJ, USA). An in-
direct response PK/PDmodel characterizing the relationship between
HTT-1526 concentration and the remaining mHTT mRNA relative
to PBS control group for estimation of IC50 were developed for cortex
and striatum from dose-response and duration studies using a naive
pooled approach in Phoenix NLME 8.3 (Certara USA, Inc., Princeton,
NJ, USA).

HTT protein lysate preparation and western blot

HTT protein quantitation was performed using traditional western
blot methods. Briefly, dissected cortical tissue from each animal was
pulverized and lysed in RIPA buffer with proteinase inhibitor
(Roche). The amount of protein was quantified using a BCA assay
(Pierce/Thermo Fisher Scientific) according to the manufacturer’s in-
structions, and an equivalent amount of protein for each sample was
added to NuPAGE LDS sample buffer containing reducing agent
(Thermo Fisher Scientific). All protein samples were resolved using
3%–8% gradient Tris-Acetate 1.5 mm gels and cassette system
(Thermo Fisher Scientific) at a constant 120V for 3 h while on ice,
and the polyacrylamide gel was transferred to nitrocellulose mem-
brane using the iBlot 2 gel transfer device (Thermo Fisher Scientific)
at 25 V for 10 min according to the manufacturer’s manuals, prior to
incubation with TBS blocking solution (Licor) for 1 h. The following
primary and secondary antibodies were used: rabbit anti-HTT
EPR5526 (1:1,000, Abcam), mouse anti-vinculin MA5-11690
16 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
(1:5,000, Thermo Fisher Scientific), IRDye 800CWdonkey anti-rabbit
IgG (1:10,000, Licor), and IRDye 680LT goat anti-mouse IgG
(1:10,000, Licor). Primary antibody incubation was done at 4o C over-
night, followed by three washes of TBS+0.05% Tween 20. This was
followed by secondary antibody incubation for 1 h at room tempera-
ture. After three washes of TBS, the blot was then imaged by the
ODYSSEY CLx Imaging System, and the fluorescent intensity of pro-
tein bands was analyzed with Image Studio Lite version 5.2 software.
The normalized protein expression was analyzed by dividing band in-
tensities of each HTT band (wtHTT andmHTT) by the vinculin band
intensity. The amount of wtHTT and mHTT from the PBS-treated
group of animals were averaged and used to generate fold change
of wtHTT and mHTT amount in each treatment group at various
time points.

Statistical analyses

Statistical analyses were run via the R computing environment
(v 3.6.0)76 and the KNIME (Konstanz Information Miner) platform
(v 4.5.0).77 For all analyses, assumptions of equal variance and
normality were tested using Levene’s tests across all experimental
factors and Shapiro-Wilk tests of model residuals, respectively
(R package rstatix, v 0.7.0.999).78 For multi-factor experiments,
type III two- and three-way ANOVAs were run to investigate all
possible interactions between factors (R package car, v 3.0–7). In
the event of unequal variance (Levene’s test p < 0.05), Welch’s one-
way ANOVAs were run in place of typical one-way ANOVAs, while
two- and three-way ANOVAs were White-adjusted to allow for un-
equal variance. To compare groups in each experiment, two-tailed
post hoc tests were extracted from the relevant regression model via
the multcomp R package (v 1.4–13) for pairwise comparisons or com-
parisons to a control group. Post hoc p values were Bonferroni-cor-
rected for multiple hypotheses. For experiments featuring unequal
variance, robust HC3 covariance estimation was implemented in
post hoc comparisons to allow heteroscedasticity (R package sand-
wich, v 2.5-1).79,80 For experiments featuring mutant and wild-type
allele expression, two analyses were run: one comparing each allele’s
expression to its designated control (NTC/PBS) per factor level and
one directly comparing mutant and wild-type expression per treat-
ment category for relevant compounds.
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