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Di-valent siRNA-mediated silencing of MSH3
blocks somatic repeat expansion in mouse
models of Huntington’s disease
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Huntington’s disease (HD) is a severe neurodegenerative disor-
der caused by the expansion of the CAG trinucleotide repeat
tract in the huntingtin gene. Inheritance of expanded CAG re-
peats is needed for HD manifestation, but further somatic
expansion of the repeat tract in non-dividing cells, particularly
striatal neurons, hastens disease onset. Called somatic repeat
expansion, this process is mediated by the mismatch repair
(MMR) pathway. AmongMMR components identified as mod-
ifiers of HD onset, MutS homolog 3 (MSH3) has emerged as a
potentially safe and effective target for therapeutic interven-
tion. Here, we identify a fully chemically modified short inter-
fering RNA (siRNA) that robustly silences Msh3 in vitro and
in vivo. When synthesized in a di-valent scaffold, siRNA-medi-
ated silencing of Msh3 effectively blocked CAG-repeat expan-
sion in the striatum of twoHDmouse models without affecting
tumor-associated microsatellite instability or mRNA expres-
sion of other MMR genes. Our findings establish a promising
treatment approach for patients with HD and other repeat
expansion diseases.

INTRODUCTION
Huntington’s disease (HD) is a rare autosomal dominant neurode-
generative disease that impairs cognitive and motor function, eventu-
ally leading to death.1,2 Currently, no disease-modifying treatments
are available.3 HD is caused by an expansion of the CAG-repeat tract
in the huntingtin gene (HTT), with age of disease onset being strongly
driven by the number of CAG repeats.4–6 Individuals withR40 CAG
repeats develop HD in their 40s, whereas individuals with R70 re-
peats develop juvenile-onset HD.

CAG-repeat number is inherited, but undergoes expansion over time
due to somatic instability.7 This process, termed somatic repeat
expansion, occurs preferentially in non-dividing cells with active
Mol
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transcription,8,9 such as neurons, and generates significant mosaicism
in patient brains.7,10 Somatic repeat expansion occurs when repetitive
DNA codons (i.e., sequential CAGs) misalign during transcription,
creating a slipped-loop intermediate that recruits mismatch repair
(MMR) machinery to cleave the opposite (non-slipped) strand.11–13

The slipped loop is then used as a template to add new nucleotides
that further expand the locus.11–13

A recent genome-wide association study identified several MMR
genes as major modifiers of HD onset,14 expansion of the CAG-repeat
tract,14,15 and clinical HD progression,16 suggesting this pathway as a
potential therapeutic target for HD. Yet, MMR is pivotal in maintain-
ing cellular function, repairing single-base mismatches, deletions, and
small and large loops to prevent genomic instability and carcinogen-
esis.17–19 Mutations in MMR genes are associated with cancers,
including those affecting the brain.17,18 Thus, development of an
expansion-modifying therapy for HD requires careful selection of
an MMR gene target.

AmongMMR gene candidates, MutS homolog 3 (MSH3) emerges as
a potentially safe and effective target for knockdown. MSH3 forms a
complex with MSH2, called MutSb, that selectively recognizes large
(>3 nt) DNA loops, such as those created by expanded CAG repeats,
and is not involved in other pathways essential for maintenance of
DNA integrity.20 Single-nucleotide polymorphisms in the MSH3
gene are associated with enhanced levels of CAG expansion14,15 as
well as colon cancer,17,18 but, critically, are not associated with brain
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cancers.21 Genetic knockout of Msh3 blocks somatic repeat expan-
sion in HdhQ111 mice.14,15,22,23 Exploration of pharmaceutical ap-
proaches that selectively lower MSH3 expression in the brain is
warranted.

Short interfering RNA (siRNA) is a powerful therapeutic tool for
sequence-specific silencing of target genes.24,25 Whereas the siRNA
sequence defines the gene target, the scaffold (i.e., pattern of chemical
modifications) of an siRNA dictates stability and delivery in vivo.26–28

Thus, once the scaffold of an siRNA has been optimized for delivery
to a target tissue, any gene with a known sequence in that tissue can be
targeted by changing the siRNA sequence.29 This programmability
streamlines discovery pipelines and enables rapid progression of
compounds to the clinic. Indeed, after establishing an siRNA archi-
tecture for delivery to the liver, four siRNA drugs were rapidly devel-
oped and approved by the US FDA for treatment of liver-related con-
ditions, with many more in late-stage clinical trials.25,30 We recently
developed an siRNA scaffold for delivery to the central nervous sys-
tem (CNS), termed di-valent siRNA. By slowing clearance from the
cerebrospinal fluid (CSF) and enhancing uptake into cells,31 di-valent
siRNAs support broad distribution and potent modulation of target
gene expression in mouse and non-human primate (NHP) brain
for up to 6 months after a single injection.32 The placement of the
CSF infusion (intrathecal or intracerebroventricular) has no signifi-
cant impact on di-valent siRNA distribution in large brains, confirm-
ing clinical translatability.33 Di-valent siRNA could allow for thera-
peutic modulation of MSH3 expression in the CNS, so long as a
potent, fully modified siRNA sequence targeting Msh3 can be
identified.32

Here, we identify fully chemically stabilized siRNAs targeting human,
NHP, and mouse Msh3 and show that di-valent siRNA-mediated
silencing of Msh3 results in blockage of somatic repeat expansion
over 2 and 4 months in two HDmouse models. Taken together, these
results provide evidence that silencing MSH3 with siRNA is a prom-
ising therapeutic approach for HD patients.
RESULTS
Identification of potent fully chemically modified siRNA

sequences that silenceMsh3mRNA in human, mouse, and NHP

cells in vitro

To identify therapeutic leads for MSH3 silencing, we set out to screen
a panel of chemically modified siRNA sequences targetingMSH3. Se-
quences were designed using a modified siRNA efficacy prediction al-
gorithm,34 which scores sequences based on specificity, seed comple-
ment frequency, local structure, thermodynamic bias, G:C content,
and positional base preferences.34 A high score predicts high efficacy
in vitro but does not estimate the level of gene silencing induced. We
selected 48 high-scoring siRNA sequences with human homology and
12 high-scoring sequences with cross-homology between mice and
humans (to simplify the in vivo validation and preclinical develop-
ment path) for experimental determination of gene silencing efficacy
in cells.
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For the efficacy screen, siRNA compounds were synthesized in an
entirely modified asymmetric scaffold31 with an optimized 20-O-
methyl RNA/20-fluoro RNA pattern, and all terminal backbones
were phosphorothioated (Figure 1A). These chemical modifications
increase siRNA potency, stability, and duration of effect in vivo.27–29,35

Compounds were also modified with a 30 cholesterol conjugate on the
sense strand26,31 to enable passive internalization into all cell types
following addition to the culture medium. Sequences and chemical
modification patterns of all compounds are listed in Table S1.

The entire siRNA panel (60 compounds) was screened in HeLa cells,
and all 12 cross-reactive siRNAs were additionally screened in the
mouse neuronal cell line N2a. HeLa cells andN2a cells are model lines
for bulk screening in search of leads: they are well studied, are easy to
maintain, and express human MSH3 or mouse Msh3 mRNA.36

MSH3 and Msh3 mRNA levels were evaluated by QuantiGene assay
at 72 h post-transfection (Figure S1). In HeLa cells, 12 human-target-
ing and 6 cross-reactive compounds induced >75% silencing ofMSH3
mRNA. The level ofMsh3 silencing in N2a cells was less pronounced.
Indeed, several high-efficacy compounds in HeLa cells failed
to induce significant silencing in N2a cells (siMSH3_1980,
siMSH3_2397, siMSH3_2675). However, we did identify 5 com-
pounds that achieved >50% silencing of Msh3 mRNA (Figure 1B).
siRNA with full sequence homology can show species-specific differ-
ences in gene silencing level and overall efficacy.36 The observed effi-
cacy difference between species may be driven by variability in nu-
clear/cytoplasmic mRNA retention and/or local changes in
structural accessibility.36,37

The two cross-reactive compounds with the highest silencing efficacy
in both human and mouse cells were siMSH3_1000 (86% in human
and 75% in mouse) and siMSH3_1468 (90% in human and 77% in
mouse). siMSH3_1000 (Figure 1C) and siMSH3_1468 (Figure 1D)
induced dose-dependent silencing in HeLa, N2a, and LLC-MK2
NHP cell lines (IC50 from 15 to 479 nM).

Injection of di-valent siMSH3_1000 potently silences Msh3 and

blocks somatic repeat expansion in striatum of HdhQ111 mice

The heterozygous HdhQ111 (C57BL/6J background) mouse model is a
validated knockin model of HD in which human mutant HTT exon 1
is inserted into the mouse Htt locus.38,39 This model possesses a 109-
to 111-CAG-repeat tract that undergoes somatic repeat expansion
within 2 months in the striatum.39–41

To test the in vivo efficacy of siMSH3_1000 and siMSH3_1468, each
compound, along with an siRNA with a non-targeting control (NTC)
sequence, were synthesized in the di-valent scaffold (Figure 2A)32

with a 50-vinylphosphonate to chemically stabilize the 50 phos-
phate.35,42 We also used a previously validated di-valent siRNA tar-
geting Htt (siHTT_10150) as a control.32,43 All sequence and chemi-
cal modification patterns of siRNA can be found in Table S1. Lead or
control compounds (10 nmol, or 125 mg, dose) were delivered to
12-week-old HdhQ111 mice (n = 6 per group) via intracerebroventric-
ular (i.c.v.) injection (Figure 2B), and the mice were euthanized at
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Figure 1. Silencing of MSH3 with fully chemically modified siRNA

(A) Chemical scaffold of fully modified siRNA utilized for in vitro screening. (B) MSH3 mRNA was measured in HeLa (red) and Neuro2a (blue) cells 72 h post-treatment with

1.5 mM siRNA or non-targeting control (NTC). UNT denotes untreated controls. Data shown are the mean ± standard deviation. Dose-response results for (C) MSH3_1000

and (D) MSH3_1438 in HeLa (left), N2A cells (middle), and non-human primate (NHP) LLC-MK2 cells (right). Cells were treated with siRNA at the concentrations shown for 72

h. For all analyses, mRNA levels were measured using the QuantiGene Singleplex assay and calculated as the percentage of untreated.
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20 weeks of age to evaluate Msh3 protein silencing and somatic repeat
expansion.

At 2months post-injection, di-valent siMSH3_1000, but not di-valent
siMSH3_1468, showed potent silencing (54% silencing, p < 0.01) of
Msh3 protein throughout the striatum (Figures 2C and S2) compared
with NTC. At lower doses (62.5 and 31.3 mg), di-valent siMSH3_1000
did not induce statistically significant Msh3 silencing at 2 months
post-injection. As expected, di-valent siHTT_10150 potently silenced
HTT protein (>90% silencing, p < 0.01) in striatum (Figures 2D
and S2).32

We measured the effects of Msh3 and HTT silencing on somatic
repeat expansion at the Htt locus in the striatum using fragment anal-
ysis.44 In each experiment, we included a group of non-injected
3-month-old littermates to determine striatal instability at the time
of siRNA or control treatment. We used this measurement to confirm
that sufficient expansion had occurred during the treatment window
and to understand the effects of Msh3- and Htt-targeting siRNAs on
this expansion. The baseline instability index for 3-month-old
HdhQ111 mice was 2.6 ± 1.2. The NTC- and PBS-treated groups
had instability indexes of 7.1 ± 0.7 and 6.0 ± 0.7, respectively, at
2 months post-injection (Figures 2E and 2F). The significant differ-
ence in instability index between the baseline and the PBS and
NTC groups indicates that the 2-month study window is adequate
to detect somatic repeat expansion (p < 0.001). The instability indexes
of the di-valent siMSH3_1000- and siMSH3_1468-treated groups
(125 mg dose) 2 months post-injection were not significantly different
Molecular Therapy Vol. 31 No 6 June 2023 1663
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Figure 2. MSH3 silencing with di-siRNA blocks somatic repeat expansion in striatum of HdhQ111 HD mice

(A) Di-valent chemically modified siRNA structure. (B) Experimental setup in HdhQ111 mice depicts bilateral intracerebroventricular injection of PBS or di-siRNA targeting a

non-targeting control (NTC), siHTT_10150, siMSH3_1468, or siMSH3_1000, with 125 mg siRNA per ventricle. Mice were injected at 12 weeks of age and euthanized at

(legend continued on next page)
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from that of the baseline group (4.3 ± 0.9 and 4.3 ± 0.7, respectively),
suggesting blockage of further expansion following treatment
(Figures 2E and 2F). At lower doses of di-valent siMSH3_1000
(62.5 and 31.3 mg), we did not see statistically significant blockage
of expansion (instability index of 6.5 ± 1.5 for the 62.5 mg dose and
6.2 ± 1.4 for the 31.3 mg dose). Near-complete silencing of HTT
with di-valent siHTT_10150 had no measurable effect on somatic
repeat expansion (instability index 8.4 ± 0.6) (Figures 2E and 2F).
We also included an NTC siRNA with the exact same chemical modi-
fication pattern (aligning 20-O-methyl RNA/20-fluoro RNA) as diva-
lent siHTT_10150 and observed an instability index of 7.7 ± 0.6. All
traces used to calculate the instability index can be found in Figure S3.

Injection of di-valent siMSH3_1000 potently silences Msh3 and

blocks somatic repeat expansion at the humanized mutant HTT

locus in the BAC-CAG mouse model

To determine whether the results in the HdhQ111 mouse model could
be replicated in a humanized full-length mutantHTT context, we eval-
uated di-siRNA-mediated modulation of Msh3 and somatic repeat
expansion in the BAC-CAG HD mouse model (Figures 3A and
3B).45 BAC-CAG mice express a fully human mutant HTT gene
with an�120- to 130-CAG-repeat tract that undergoes somatic repeat
expansion over 2 months.45 BAC-CAG is the first HD model with un-
interrupted CAG repeats within the full human mutant HTT gene.45

Di-valent siMSH3_1000, siHTT_10150, PBS, or NTC (10 nmol, or
125 mg) was delivered to 12-week-old BAC-CAG mice via i.c.v. injec-
tion, and the mice were sacrificed at 20 weeks of age (Figure 3B). At
2 months post-injection, di-valent siHTT_10150 (Figure 3C) and
siMSH3_1000 (Figure 3D) silenced HTT (70%–80% silencing vs.
NTC, p < 0.01) andMsh3 (40%–60% silencing vs. NTC, p < 0.05) pro-
tein, respectively, in the striatum, cortex, and thalamus (Figure S4).

The instability index in striatum of the baseline BAC-CAG mouse
group was 2.1 ± 1.5. Di-valent siMSH3_1000-treated mice maintained
this index (2.3 ± 1.8), whereas NTC-treated animals had an instability
index of 6.2 ± 1.2 (representative traces in Figure 3E, quantification in
Figure 3F). The siHTT_10150-treated group had an instability index of
6.3 ± 1.7, suggesting no effect on somatic repeat expansion. All traces
used to calculate the instability index can be found in Figure S5.

Silencing of Msh3 with siMSH3_1000 or siMSH3_1468 blocks

somatic repeat expansion at 4 months in BAC-CAG HD mice

To determine if blocking somatic expansion by siRNA-mediated
silencing of Msh3 is robust across siRNA sequences and time points
in BAC-CAG mice, we delivered di-valent NTC, siMSH3_1000,
20 weeks of age. (C) MSH3 protein expression and (D) mutant Htt (mutHTT) in striatum fo

siMSH3_1000 (125, 62.5, or 31.3 mg, purple), or siMSH3_1468 (125 mg, navy). Pro

comparison test, **p < 0.01). Each data point derives from the striatum of one animal (n

fragment analysis of the expanded CAG locus in the striatum of PBS-, NTC-, siMSH3

injection. Primers are reported in the materials and methods. (F) Somatic instability inde

methods. Each data point is one mouse. The dotted line is the striatal instability index in 3

treatment. Instability index is compared with NTC (one-way ANOVA with Dunnett’s mu
siMSH3_1468, or PBS (10 nmol, or 125 mg) to 12-week-old BAC-
CAG mice and sacrificed the mice at 28 weeks (Figures 4A and 4B).
At 4 months post-injection, Msh3 mRNA and protein silencing was
70% and 65%, respectively, in divalent siMSH3_1000-treated brain
(p < 0.001 and p < 0.05, respectively; Figures 4C, 4D, and S6).
Msh3 mRNA and protein silencing was 60% and 5%, respectively,
in di-valent siMSH3_1468-treated brain (p < 0.001 and non-signifi-
cant, respectively; Figure 4D).

The somatic instability index in the baseline group was �0.50 ± 0.31.
Four months post-injection, the NTC group had an instability index
of 4.14 ± 1.8, whereas the di-valent siMSH3_1000-treated group had
an instability index similar to baseline at 0.22 ± 0.47 (Figures 4E and
4F; p < 0.001, one-way ANOVA vs. NTC), suggesting blockage of
further somatic instability with 60% protein reduction. Di-valent
siMSH3_1468-treated striatum had an instability index of 2.68 ± 3.4
(p < 0.05, one-way ANOVA vs. NTC), showing reduced, but not
blocked, expansion. This result suggests a potential dose-dependent
relationship between Msh3 silencing and blocked somatic expansion.
All traces used to calculate the instability index can be found in
Figure S7.
Silencing of Msh3 has no impact on CNS microsatellite

instability or mismatch repair pathway expression

Select MMR deficiency is associated with microsatellite instability in
several cancers, including colon, gastric, and endometrial.46 To inves-
tigate whether di-valent siRNA silencing of Msh3 alters CNS micro-
satellite instability, we probed three validated microsatellite loci from
the Bethesda panel, which characterizes known unstable loci that have
been identified inmouse tumors: mouse big adenine tract (mBAT) 24,
mBAT 26, and mBAT 64.47 The length of each tract was measured at
4 months in di-valent NTC- (n = 5), siMSH3_1000- (n = 5),
siMSH3_1468- (n = 4), and PBS- (n = 4) treated tissue (Figure 5A).
There was no measurable difference in microsatellite instability at
the mBAT 24 locus (p = 0.99; Figures 5A and 5B), mBAT 26 locus
(p = 0.89; Figures 5C and 5D), or mBAT 64 locus (p = 0.99;
Figures 5E and 5F) across treatment groups (Figure 5B).

To ensure that silencing ofMsh3 had no impact on the expression of
other MMR genes, we evaluated mRNA expression of Msh2, Msh6,
Mlh1, Mlh3, Pms1, and Pms2 in BAC-CAG brain tissue 4 months
post-injection of siMSH3_1000 or NTC. We found no difference in
Msh2 (p = 0.55), Msh6 (p = 0.89), Mlh1 (p = 0.56), Mlh3
(p = 0.33), Pms1 (p = 0.36), or Pms2 (p = 0.36) mRNA expression be-
tween groups (Figure 6). The only gene that was significantly reduced
was Msh3 itself (p < 0.05).
llowing treatment with PBS (gray), NTC (125 mg, black), siHTT_10150 (125 mg, red),

tein expression is compared with NTC (one-way ANOVA with Dunnett’s multiple

= 5–6 animals per condition). Data shown are the mean ± range. (E) Representative

_1000-, siMSH3_1468-, and siHTT_10150-treated HdhQ111 mice, 8 weeks post-

x calculated with a 5% signal-to-noise threshold as described in the materials and

-month-old HdhQ111 mice, representing the instability at the time of injection prior to

ltiple comparison test; **p < 0.01).
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Figure 3. MSH3 silencing with di-siRNA blocks somatic repeat expansion in striatum of BAC-CAG HD mice

(A) Di-valent chemically modified siRNA structure including the chemical structure used. (B) BAC-CAG study plan, injecting groups at 12 weeks of age: PBS, NTC,

siHTT_10150, and siMSH3_1000. Mice were injected with 125 mg per ventricle of di-valent siRNA and were euthanized at 20 weeks. (C) MSH3 protein measured in PBS,

NTC, and siMSH3_1000 groups showing 40%–50% silencing of the Msh3 protein in the striatum, cortex, and thalamus. (D) mutHTT protein expression of PBS, NTC, and

siHTT_10150 showing >90% silencing in the striatum, cortex, and thalamus. Data shown are the mean ± standard deviation. n = 5–6 mice per condition. (E) Representative

(legend continued on next page)
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DISCUSSION
We demonstrate that silencing Msh3 with a single dose of di-valent
siRNA blocks somatic repeat expansion for up to 4 months in mouse
models of HD. Somatic expansion of CAG repeats has been identified
as a critical driver of HD.14 CAG-repeat expansion is thought to
mediate its pathogenic effect through toxic downstream events at
the RNA and protein level. The complexities of these downstream
events have made it difficult to identify the most relevant pathogenic
target for intervention.48 Currently, direct modulation of HTT
expression is the predominant therapeutic paradigm under evalua-
tion,49 but has shown limited clinical success.48 Targeting the poten-
tial accelerator of pathogenesis—i.e., expansion of CAG repeats—may
slow, or even stop, disease progression. Moreover, somatic repeat
expansion is a key feature of other trinucleotide repeat disorders,
including myotonic dystrophy and Friedreich’s ataxia, making this
therapeutic approach potentially applicable to any disease associated
with somatic repeat expansion.

Genome-wide association study (GWAS) data have identified several
MMR genes as modifiers of both HD and somatic repeat expansion,
but mounting evidence suggests a strong association between lower
MSH3 expression, reduced somatic repeat expansion, and slower dis-
ease onset/progression.14,15,50 Genetic knockout of Msh3 abolishes
somatic repeat expansion and thus provides independent confirma-
tion of the critical role of Msh3 in somatic repeat expansion.23

Reducing MSH3 is, therefore, a promising therapeutic direction for
HD. To validate siRNA-mediated modulation of Msh3 in vivo, we
chose two mouse models of HD, one with the mouse Htt locus and
the other with the human HTT locus, both of which undergo CAG-
repeat expansion.

We show that silencing Msh3 with the siMSH3_1000 blocks somatic
repeat expansion in the HdhQ111 and BAC-CAG HDmodels. In both
models �50% protein reduction of Msh3 blocked expansion.
siMSH3_1000 was evaluated over decreasing doses; the loss of
Msh3 silencing at lower doses correlated with the loss of blocking
of somatic repeat expansion, suggesting that there is a threshold level
of Msh3 silencing that must occur to meaningfully block somatic
repeat expansion. While there is a strong relationship between the
level of Msh3 silencing and somatic repeat expansion at the group
level, in each of our studies, no correlation between Msh3 expression
and repeat expansion was seen within individual mice. We have
observed that incomplete silencing of Msh3 (�50%) blocks somatic
repeat expansion. The level of Msh3 protein silencing is reduced by
4 months compared with 2 months, which suggests there is a time-
dependent loss of efficacy in these compounds. In more potent se-
quences, such as Htt_10150, the duration can be up to 6 months.32

Previous studies have investigated striatal somatic instability in
HdhQ111 mice crossed to anMsh3�/� orMsh3+/� background. These
fragment analysis of the expanded CAG locus in striatum of PBS-, NTC-, siMSH3_100

reported in thematerials andmethods. (F) Somatic instability index calculated with a 5% s

is onemouse. Instability index is compared with NTC (one-way ANOVA treatment with Du

Data shown are the mean ± standard deviation.
studies that found minor instability remained in HdhQ111 on an
Msh3+/� background.23 In our HdhQ111 mice, we also see that,
following treatment with siMSH3_1000, there is some instability
that remains. There is no statistical difference (p > 0.05) between
the instability of untreated mice at 3 months andMSH3_1000-treated
mice at 5 months. Taken together, our siRNA-mediated silencing of
Msh3 does not eliminate existing instability altogether, but slows
further increase in instability from the time of treatment onward.
Although our datasets are consistent, it is interesting to compare ge-
netic with siRNA-mediated silencing. Genetic knockout of one allele
eliminated 50% of expression in all cells across the mouse’s lifetime.
Based on prior studies, target silencing with siRNA is consistent
across CNS cell types.32,51 However, levels of silencing may be more
extreme early on and then reduce over time. Despite these factors,
the 50% Msh3 expression following siRNA-mediated silencing is
similar to the 50% Msh3 expression in the Hdh111Msh3+/� model.

We did identify differences between siMSH3_1000 and
siMSH3_1468, suggesting that the sequences of the siRNA and the
target region of the Msh3 mRNA contribute to siRNA efficacy and
biological outcomes. Msh3 silencing and blockage of somatic expan-
sion were greater with siMSH3_1000 than with siMSH3_1468, sug-
gesting that the level of Msh3 is tightly connected to the extent of so-
matic expansion. Differences in Msh3 silencing between the
MSH3_1000 and the MSH3_1468 sequences were clear in our 2
and 4 month study duration, where MSH3_1000 and MSH3_1468
both blocked expansion but only MSH3_1000 produced detectable
protein silencing at 2 and 4 months. We expect that MSH3_1468
did silence Msh3 maximally at 1 month post-injection but declined
in silencing capacity by 4 months. A duration-of-effect study will
be required to measure the siRNA pharmacokinetics. In the 4 month
study where mRNA was measured, we observed >50% Msh3 mRNA
silencing in both groups (70% silencing for siMSH3_1000 vs. 60%
silencing for siMSH3_1468). However, at the protein level, only
siMSH3_1000 was able to sustain statistically significant silencing.
While the average percentage of Msh3 expression is different between
groups, there is no statistical difference (p > 0.05) between
siMSH3_1000 and siMSH3_1468 groups due to the variability be-
tween mice within treatment groups.

Across our studies, even when protein silencing was not detected at
the endpoint, blockage of somatic repeat expansion was still observed.
This suggests that the protein level measured at the endpoint may not
reflect the Msh3 level over the study duration. The inferred level of
silencing required for phenotypic outcome must be made with great
care, as we measured protein silencing only at the endpoint, which
may not reflect levels of silencing over the course of treatment.
Further single-cell analysis would be required to link the level of
Msh3 expression to somatic expansion to answer this question.
0-, and siHTT_10150-treated BAC-CAG mice 8 weeks post-injection. Primers are

ignal-to-noise threshold as described in thematerials andmethods. Each data point

nnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 4. MSH3 silencing with di-valent MSH3_1000 and MSH3_1468 blocks somatic repeat expansion in BAC-CAG HD mice after 4 months treatment

duration

(A) Di-valent chemically modified siRNA structure including the chemical structure used. (B) BAC-CAG study plan, injecting groups at 12 weeks of age: PBS, NTC,

siMSH3_1000, and siMSH3_1468. Mice were injected with 125 mg per ventricle of di-valent siRNA and were euthanized at 28 weeks. (C) MSH3 mRNA measured in PBS,

NTC, siMSH3_1000, and siMSH3_1468 groups in the striatum. siMSH3_1000 and siMSH3_1468 show 70% and 60%Msh3 mRNA silencing, respectively. Data shown are

the mean ± standard deviation. n = 5–6mice per condition. (D) MSH3 protein measured in PBS, NTC, siMSH3_1000 and siMSH3_1468 groups showing 60% silencing of the

(legend continued on next page)
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We did notice that the extent of instability over 4 months was less
robust than over 2 months in the BAC-CAG mice used. Different co-
horts of BAC-CAG mice from different sources were used in these
studies. We attribute the variation in instability to the CAG level
and cohort (Table S2). Each study had an internal instability control
(baseline and NTC groups); therefore, the conclusions about insta-
bility from each study are valid and interpretable.

We also evaluated the effect of di-siRNA silencing of HTT on somatic
repeat expansion and found that it had no effect on somatic repeat
expansion in vivo. This finding contradicts a preprint in which
ASO-mediated silencing of Htt reduced somatic repeat expansion.52

It is likely that the Htt-targeting ASOs reduce somatic repeat expan-
sion by interfering with locus transcriptional rates by binding nascent
transcripts in the nucleus.53 By contrast, siRNA-mediated silencing of
Htt mRNA in the cytoplasm would have no impact on somatic repeat
expansion.

The clinical utility of targeting MSH3 in HD relies heavily on the
safety of lowering its expression. MSH3 selectively recognizes long
DNA loops and recruits other MMR machinery for DNA repair.54

This highly specific role of MSH3 in MMR explains its limited asso-
ciation in cancers,18,55 with no known relationship to CNS-derived
tumors being reported.21 Our findings showing no effect of Msh3
lowering on tumor-associated microsatellite instability provide
further evidence for the safety of this therapeutic approach. Further,
we identified no change in the expression of other MMR genes after
4 months of siRNA-mediated Msh3 silencing, which is promising. A
limitation is that, while MMR genes are not changing at the mRNA
level, there is a potential for MMR expression to be changing at the
protein level. Ongoing research is required to study potential long-
term toxicity associated with silencing of Msh3 and investigate the
impact on neuronal damage markers.

The pharmacokinetics and pharmacodynamics (PK/PD) of di-siRNA
make it a safe and effective drug modality for MSH3 modulation,
where the majority of the injected dose is retained in the CNS. Di-val-
ent siRNAs, when administered by CSF infusion, achieve 30%–40%
retention of the injected dose in the CNS,33 where it broadly distrib-
utes32 to brain structures highly affected in HD and can silence a gene
target for up to 6 months. Importantly, di-valent siRNAs show
limited accumulation in liver and kidney and no detectable presence
in the colon, a tissue in which MSH3 silencing is associated with
cancer.51,56

While MSH3 is a clear lead target to explore for modulation of so-
matic repeat expansion, other genes involved in the MMR pathway
might be of interest. For example, genetic knockout of MLH1 and
MLH3 has been shown to have an impact on somatic repeat expan-
Msh3 protein in the striatum with MSH3_1000 and 5% with siMSH3_1468. Data show

expanded CAG locus in the striatum of PBS-, NTC-, siMSH3_1000-, and siMSH3_1

materials andmethods. (F) Somatic instability index calculated with a 5% signal-to-noise

Instability index is compared with NTC (one-way ANOVA treatment with Dunnett’s mul

mean ± standard deviation.
sion in HD mouse models.14,38,57,58 The inherent sequence specificity
of siRNAs and their duration of effect provide a powerful therapeutic
paradigm for treating neurodegenerative disorders. The discovery
and development of di-valent32 and lipophilic siRNAs59,60 has opened
up siRNA drugs to CNS indications; several compounds are now in
clinical or late preclinical development.51

While somatic repeat expansion contributes to HD, silencing of the
expanded HTT protein might still be necessary at late stages of dis-
ease.61 Depending on disease progression at the time of treatment,
simultaneous modulation of somatic repeat expansion and mutant
HTT expression might be required. One advantage of siRNA is the
ability to make “cocktails” of siRNA that target multiple genes simul-
taneously. Thus, ongoing studies are investigating the effects of
combinatorial HTT and Msh3 silencing on disease progression in
HD mouse models.

MATERIALS AND METHODS
Oligonucleotide synthesis, quality control, and siRNA

preparation for screening

Oligonucleotides were synthesized by phosphoramidite solid-phase
synthesis on a Dr Oligo 48 (Biolytic, Fremont, CA) using 20-fluoro
RNA or 20-O-methyl RNA phosphoramidites with standard protect-
ing groups purchased from ChemGenes (Wilmington, MA). Non-
conjugated oligonucleotides were synthesized on a 500 Å
UnyLinker support (ChemGenes). Cholesterol-conjugated oligonu-
cleotides were synthesized on a 500 Å tetraethylene glycol cholesterol
support (ChemGenes). Phosphoramidites were prepared at 0.1 M in
anhydrous acetonitrile (ACN), except for 20-O-methyluridine phos-
phoramidite, which was dissolved in anhydrous ACN containing
15% anhydrous N,N-dimethylformamide (DMF). To activate the
phosphoramidites, 5-(benzylthio)-1H-tetrazole (BTT) (0.25 M) in
anhydrous ACN was used, and the coupling time was 4 min. Capping
of unreacted sites was performed using CAP A (20% 1-methyl-1H-
imidazole in ACN) and CAP B (30% 2,6-lutidine and 20% acetic an-
hydride in ACN). To oxidize the phosphite (P III) center to the phos-
phate (P V) center, 0.05 M iodine in pyridine-water (9:1, v/v; Apex
Industrial Chemicals (AIC), Aberdeen, UK) was added for 4 min.
To sulfurize the phosphite centers, a 0.1 M solution of 3-[(dimethy-
laminomethylene)amino]-3H-1,2,4-dithiazole-5-thione (DDTT) in
pyridine (ChemGenes) was added for 4 min. For detritylation reac-
tions, 3% trichloroacetic acid in dichloromethane (AIC) was utilized.
Post-synthesis, the columns were washed with a solution of 10%N,N-
ethylethanamine (DEA) in anhydrous ACN.

For deprotection of oligonucleotides, methylamine gas (purchased
from Airgas) was used for 1 h at room temperature in a gas chamber.
The oligonucleotides were placed in a vacuum desiccator to help re-
move any remaining methylamine gas for 20 min. The columns were
n are the mean ± standard deviation. (E) Representative fragment analysis of the

468-treated BAC-CAG mice 12 weeks post-injection. Primers are reported in the

threshold as described in the materials andmethods. Each data point is onemouse.

tiple comparison test; *p < 0.05, ***p < 0.001, ****p < 0.0001). Data shown are the
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Figure 6. MSH3 silencing does not alter expression of additional mismatch repair genes

The mRNA expression of MSH3, MSH2, MSH6, MLH1, MLH3, PMS1, and PMS2 was measured by QuantiGene Singleplex assay on the medial cortex of the 4-month-

treated BAC-CAG mice whose data are shown in Figure 4. Each data point is the average of three technical replicates from one mouse. Each siMSH3_1000-treated

gene expression column is normalized to the NTC mouse for that gene (one-way ANOVA treatment with Dunnett’s multiple comparison test, *p < 0.05). Data shown are the

mean ± range.
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washed with 0.1 M sodium acetate, 80% ethanol in water (five times),
followed by 85% ethanol in water (five times) to precipitate oligonu-
cleotides on the support. The ethanol was removed by heating for
5 min and placing the columns in a vacuum desiccator for 20 min.
The final oligonucleotides were eluted with water. Identity of the ol-
igonucleotides was confirmed via liquid chromatography-mass spec-
trometry (LC-MS).

Oligonucleotides were quantitated using a TECAN SPARK system by
measuring the absorbance at 260 nm (A260) of a 1:40 dilution with wa-
ter. The concentrations were calculated using Beers law. The comple-
mentary antisense and sense strands were then combined to make a
final siRNA concentration of 100 mM in water. Finally, this solution
was heated to 95�C for 5 min and allowed to cool down to room tem-
perature over an hour to anneal the two strands.
Synthesis of oligonucleotides for in vivo injections

Oligonucleotides for in vivo studies were synthesized on a MerMade
12 automated oligonucleotide synthesizer. Di-valent oligonucleotides
were synthesized on a solid support that has been previously pub-
lished.32 For oligonucleotides that required 50-(E)-vinyl tetraphosph-
onate (pivaloyloxymethyl), 20-O-methyl-uridine 30-CE phosphorami-
dite (VP) was purchased from Hongene. Di-valent oligonucleotides
were synthesized on a modified solid support.32 The synthesis cycle
Figure 5. MSH3 silencing with di-valent siMSH3_1000 or si-MSH3_1468 does n

Microsatellite instability (MSI) traces of the (A) mBAT 24, (C) mBAT 26, or (E) mBAT 64 mo

and siMSH3_1468. MSI quantitation at the (B) mBAT 24, (D) mBAT 26, or (F) mBAT 6

reported in the materials and methods. MSI is compared with NTC (one-way ANOVA).
procedure is the same as previously discussed for screening. For de-
protection of VP-containing oligonucleotides, 3% DEA in ammonia
hydroxide was used and heated at 30�C for 20 h. Di-valent oligonu-
cleotides were deprotected using an aqueous ammonia hydroxide
(28%–30% in water):methylamine solution (40% in water) (1:1, v/v)
at room temperature for 2 h. The solutions were evaporated to dry-
ness. Crude material was dissolved in water and filtered to remove
controlled pore glass. The crude material was purified on an Agilent
1200 Prep HPLC system using ion exchange. After purification, oligo-
nucleotides were desalted on an AKTA FPLC with Sephadex col-
umns. Quantitation of oligonucleotides was performed on a Nano-
drop system. To anneal siRNA, the antisense and sense strands
were added together and heated to 95�C for 5 min before being al-
lowed to cool to room temperature slowly.
Cell culture

HeLa (#CCL-2), Neuro-2a (#CCL-131), and LLC-MK2 (#CCL-7)
cells were purchased from the American Type Culture Collection
(ATCC). HeLa and LLC-MK2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Cellgro, #10-013CV) with 10%
fetal bovine serum (FBS) (Gibco, #26140), and Neuro-2a cells were
maintained in EMEM (ATCC, #30-2003) with 10% FBS. Both cell
lines were cultured at 37�C and 5% CO2. Cells were split once
confluent and were limited to 20 passages.
ot affect microsatellite instability

nonucleotide repeat locus. MSI was compared between PBS, NTC, siMSH3_1000,

4 loci. Traces were analyzed with Thermo Fisher Cloud PeakScanner. Primers are

n = 4–6 mice per condition. Data shown are the mean ± standard deviation.
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Screening and dose responses

For screening, siRNA was diluted in OptiMeM (Carlsbad, CA; 31985-
088) to double their final concentration, then 50 mL of this dilution
was placed in triplicate on a 96 well plate. Cells were trypsinized, centri-
fuged, and resuspended in 6% medium. This suspension was counted
and diluted in 6% FBS medium so that there were 8,000–12,000 cells
per 50mL. These cellswere added to the siRNAin the 96well plate. These
additions resulted inafinal FBSamountof 3%and1.5mMconcentration
of siRNA. Plates were incubated for 72 h at 5% CO2 and 37�C.

For 7-point dose-response studies, siRNA was diluted in OptiMeM
and then serially diluted (2� dilution) and plated in triplicate on
96 well plates. For the addition of cells, the same procedure outlined
for screening was followed.

Animal experiments

All animal care was in accordance with institutional guidelines. Animal
experimentswere approvedby theUMassChanMedical School IACUC
(protocol 202000010). HdhQ111 mice were provided by The Jackson
Laboratory (Bar Harbor, ME, USA) at 6–8 weeks of age. HdhQ111

mice are The Jackson Laboratory strain 003456 on the C57BL6 back-
ground. BAC-CAG mice are The Jackson Laboratory strain 037050
on the FVB background. All strain andmouse CAG-repeat information
can be found in Table S2. At 12 weeks of age, the mice were bilaterally
i.c.v. injected with 10 mL of siRNA (5 mL per ventricle) in PBS, at a
rate of 500 nL min�1. The coordinates from bregma were �0.2 mm
AP,±1.0mmmediolateral, and�2.5mmdorsoventral.Micewere anes-
thetized throughout the procedure using 1.2%Avertin or isoflurane. Af-
ter 2 months, the mice were euthanized. Mice were perfused with PBS,
and half brainswere frozen inOCT for RNAScope. For protein analysis,
1.5� 1.5 mm punches were flash frozen; for mRNA analysis, punches
were placed in RNAlater for 24 h at 4�C.

Western blot analysis

Frozen tissue punches from striatum, medial cortex, posterior cortex,
and thalamus were homogenized on ice in 75 mL 10 mM HEPES (pH
7.2), 250 mM sucrose, 1 mM EDTA + protease inhibitor tablet
(Roche; complete, EDTA-free) + 1 mM NaF +1 mM Na3VO4, and
sonicated for 10 s. Protein concentration was determined using the
Bradford method (Bio-Rad). Equal amounts of protein (10 mg)
were separated by SDS-PAGE and analyzed by western blot using an-
tibodies to huntingtin (1:2,000, Ab1, aa1-17),62 MSH3 (1:500, Santa
Cruz), b-tubulin (1:5,000, Sigma), and GAPDH (1:10,000, Millipore)
as previously described.63 Bands were visualized with SuperSignal
West Pico PLUS chemiluminescence substrate (Pierce) and images
were obtained with a CCD camera (AlphaInnotech). Pixel intensity
quantification was performed using ImageJ software (NIH) by manu-
ally circling each band and multiplying the area by the average inten-
sity to obtain the total intensity for each band and normalizing the
signal to the tubulin or GAPDH loading control.

Fragment analysis

Genomic DNA was extracted from �10 mg punches from selected
brain regions using the solid tissue protocol from the IBI gMax Mini
1672 Molecular Therapy Vol. 31 No 6 June 2023
Kit (IBI cat. no. IB47218). DNA concentrations were determined us-
ing the Qubit Flex fluorometer. The CAG-repeat region of the Htt
gene was amplified in 80 mL PCRs using forward primer CAG1 (50-
[6FAM]-ATGAAGGCCTTCGAGTCCCTCAAGTCCTTC-30) and
reverse primer Hu3 (50-GGCGGCTGAGGAAGCTGAGGA-30).
Each 80 mL PCR consisted of 8 mL AmpliTaq buffer, 8 mL DMSO,
4 mL BSA (20 mg/mL), 8 mL GC enhancer, 3.2 mL 25 mM MgCl2,
8 mL 2 mM dNTPs, 6.4 mL 10 mM forward primer, 6.4 mL 10 mM
reverse primer, 19.2 mL H2O, and 0.8 mL AmpliTaq 360 Taq polymer-
ase. Thermocycling conditionswere as follows: An initial denaturation
of 1min 30 s at 94�C; then 35 cycles of 30 s at 94�C, 30 s at 63.5�C, and
1min 30 s at 72�C; followed by afinal annealing step of 10min at 72�C.
The 80 mL PCR product was concentrated down to 20 mL using the
GeneJET PCR purification kit (Thermo Fisher, cat. no. K0702). PCR
products were eluted into 20 mL of water. Concentrated PCR products
were sent toGeneWiz for fragment analysis. Traceswere visualized us-
ingPeak Scanner 2 software, and expansion indiceswere calculated us-
ing a customR script based on somatic instability index calculations.44

Statistics

When comparing two or more groups, one-way ANOVA vs. control
(NTC, PBS) with Dunnett’s post hoc analysis was used. When
comparing two groups, Student’s t test was used; *p % 0.05, **p %

0.01, ***p % 0.001, and ****p % 0.000. For western blot,
QuantiGene, and fragment analysis quantitation, technical replicates
were performed.
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