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Huntington’s disease (HD) is an incurable neurodegenerative
disorder caused by genetic expansion of a CAG repeat sequence
in one allele of the huntingtin (HTT) gene. Reducing expression
of the mutant HTT (mutHTT) protein has remained a clear
therapeutic goal, but reduction of wild-type HTT (wtHTT) is
undesirable, as it compromises gene function and potential
therapeutic efficacy. One promising allele-selective approach
involves targeting the CAG repeat expansion with steric bind-
ing small RNAs bearing central mismatches. However, success-
ful genetic encoding requires consistent placement of mis-
matches to the target within the small RNA guide sequence,
which involves 50 processing precision by cellular enzymes.
Here, we used small RNA sequencing (RNA-seq) to monitor
the processing precision of a limited set of CAG repeat-targeted
small RNAs expressed from multiple scaffold contexts. Small
RNA-seq identified expression constructs with high-guide
strand 50 processing precision and promising allele-selective in-
hibition of mutHTT. Transcriptome-wide mRNA-seq also
identified an allele-selective small RNA with a favorable off-
target profile. These results support continued investigation
and optimization of genetically encoded repeat-targeted small
RNAs for allele-selective HD gene therapy and underscore
the value of sequencing methods to balance specificity with
allele selectivity during the design and selection process.
Received 26 September 2023; accepted 26 April 2024;
https://doi.org/10.1016/j.omtn.2024.102206.
4Present Address: Biochemistry and Molecular Biology, Wake Forest University
School of Medicine, Winston-Salem, North Carolina, USA, 27101
5Present Address: Ziada Therapeutics, Boston, Massachusetts, 02210
6These authors contributed equally

Correspondence: Philip J. Jensik, Division of Physiology, Southern Illinois
University School of Medicine, Carbondale, IL 62901, USA.
E-mail: pjensik@siu.edu
Correspondence: Keith T. Gagnon, Division of Biochemistry and Molecular
Biology, Southern Illinois University School of Medicine, Carbondale, IL 62901,
USA.
E-mail: ktgagnon@wakehealth.edu
INTRODUCTION
Huntington’s disease (HD), one of more than fifty known microsat-
ellite repeat expansion disorders,1 is caused by expansion of a CAG
sequence to more than 37 tandem repeats in the first exon of a single
huntingtin (HTT) allele.2 The molecular pathology of HD is linked to
the production of expanded polyglutamine tract-containing mutant
HTT (mutHTT) protein, which confers gain-of-function as well as
some loss-of-function pathology.3–6 While the potential molecular
and cellular disease mechanisms are diverse and remain to be fully
characterized, safe and sustained reduction of mutHTT is expected
to offer therapeutic benefit.7 Two recent antisense oligonucleotide
drug candidates targeting outside the repeat sequence, one against
Molecula
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mutHTT-associated single nucleotide polymorphisms and one non-
allele selective, did not yield positive results in patients.8 While a
number of factors will likely be important for clinical success,
including patient stratification, approaches that preserve wild-type
HTT (wtHTT), while selectively reducing mutHTT continue to be
preferred.4,8,9

Allele-selective mutHTT reduction has been previously demonstrated
with ASOs10–12 as well as artificial microRNAs (miRNAs)13–17 and
small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs)
with central mismatches,11,17,18 delivered both virally and non-virally.
Proposed mechanisms involve binding CAG repeats to preferentially
block translation or induce degradation of mRNAs containing CAG
repeat expansions10,14,17,19 (Figure 1A). For repeat expansion selectivity
with small RNAs, miRNA-like binding rather than cleavage by Argo-
naute 2 (Ago2)mustbe achieved,which is accomplishedvia centralmis-
matches between the small RNA and target.14,15,17,18 When genetically
encoded, this strategy requires precise processing of repeat RNA stem-
loops that are typically prone to slippage during folding.18,20–22

Here, we investigated the cellular processing, allele selectivity, and off-
target effects of genetically encoded small RNAs with central mis-
matches against the CAG repeat expansion of mutHTT mRNA. We
evaluated a limited set of small RNA expression scaffolds with
different stem structures, loop sequences, and central mismatch
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Figure 1. Design and function of CAG repeat-targeting small RNAs

(A) Illustration of the principle of allele-selective targeting of repetitive RNA sequence by small RNAs that bind but do not cleave target RNA. (B and C) (B) Design of an shRNA

scaffold and (C) a miRNA scaffold for expression of small RNAs targeting CAG repeats. Key elements of the design are indicated. Predicted cleavage sites generated during

processing are indicated with orange lines. Asterisks indicate predicted 50 processing of the guide strand. (D) DNA-level sequence of the 50 arm, hairpin loop, and 30 arm of

small RNA expression constructs. The 50 guide strand processing precision, which is critical for proper mismatch placement when paired with the mRNA, and relative

abundance (plot to the right) normalized to a control miMCHRY-33full-mimic small RNA construct (expressing non-targetingmCherry small RNA) are reported based on small

sequencing results after transient transfection of expression constructs in HEK 293T cells. (E) Activity of wt (CAG)17 or mut (CAG)68 repeat-containing luciferase reporters in

HEK 293T cells after transient transfection with small RNA expression vectors. Error bars are standard deviation. *p % 0.05, **p < 0.01, as compared with wt (CAG)17.
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sequences. High 50 processing precision of guide strands and, there-
fore, consistent positioning of central mismatches, was observed for
several small RNAs using sequencing. Multiple designs exhibited
selectivity for CAG expansions or mutHTT in model cells or pa-
tient-derived cells when encoded into lentiviral or adeno-associated
viral (AAV) vectors. Endogenous miRNA profiles and transcrip-
tome-wide gene expression were monitored for a select set of small
RNAs, which revealed varying degrees of potential off-target effects,
including for other CAG repeat-containing mRNAs,18,23 as well as
one small RNA with a favorable off-target profile. These results
should contribute to the ongoing development of safe, allele-selective
small RNAs that can be vectorized for potential gene therapy of HD.
They also demonstrate the value of sequencing to guide the design
and selection of genetically encoded small RNAs where precise pro-
cessing and robust knockdownmust be balanced with high specificity.

RESULTS
Design and processing of CAG repeat-targeted small RNA

expression vectors

To generate small RNA expression vectors, we cloned small RNA du-
plexes (Table S1) into a U6 promoter-driven lentiviral vector express-
2 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
ing a separate EGFP-puromycin reporter24,25 (Figure S1A). Small
RNAs were expressed from two core constructs, an shRNA24 (Fig-
ure 1B) or a miRNA (Figure 1C) scaffold.20 The shRNA scaffold typi-
cally expresses guide strand from the 30 arm, while the miRNA
scaffold uses the 50 arm. However, this order can sometimes be
reversed, such as with repetitive sequences. We cloned control
shRNAs and miRNAmimics that have no target (shSCRMBL), target
mCherry (shMCHR-1), or target CAG repeats with perfect comple-
mentarity (shHD1-1). Several shRNAs were then cloned based on
the shHD1-1 design, but containing central mismatches. We also
cloned small RNAs into partial or full miRNA33 scaffolds,20 such
as miHD-33part and miHD-33full, respectively (Figure 1D).

For the allele-selective mechanism of mismatch-containing small
RNAs targeting repeats, mismatches should be placed predictably
and consistently. Shifted positioning might compromise target bind-
ing by disrupting seed pairing or allowing Ago2 cleavage, which de-
creases repeat selectivity.17 To characterize processing precision and
relative abundance, vectors were transiently transfected into HEK
293T cells and transfection efficiency quantified by microscopy-based
image analysis of GFP and nuclear staining. Small RNAs were then
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isolated and sequenced by Illumina (Figures 1D, S1B, and S2A, and
Table S2). Variants of shHD1L-1 had different processing precision.
For example, loss of duplex pairing (shHD1L-1a) disrupted precision,
whereas introduction of miR30 (shHD1L-1b) or miR33 (shHD1L-1c)
loops rescued precision (Figure 1D). Small RNAs cloned into partial
miR33 scaffolds were not processed correctly, while full miR33 scaf-
folds (miHD-33full and miHD-33full-mimic) resulted in high 50 pro-
cessing precision (Figure 1D). Reduced abundances often correlated
with poorer processing.

Selective reduction of a CAG repeat expansion luciferase

reporter with vectorized small RNAs

To evaluate the potential for allele selectivity, fragments of exon 1
from wtHTT or mutHTT mRNAs from patient-derived HD fibro-
blasts with 17 or 69 repeats (HD17/69) were cloned in-frame with
firefly luciferase, resulting in 17, 38, and 68 CAG repeat reporter con-
structs. Reporter vectors were then co-transfected into HEK 293T
cells with each small RNA expression vector and luciferase activity
normalized to shSCRMBL control (Figures 1E and S3A).

Positive controls shMCHR-1 (Table S1) and shHD1-1 displayed
similar decreases in luciferase activity for all repeat sizes. These small
RNAs lack central mismatches and elicit target cleavage,17,19 resulting
in indiscriminate reduction. The four miR33 scaffolded small RNAs
all provided some degree of selective knockdown of (CAG)38 and
(CAG)68 reporters (Figures 1E and S3A). However, two small
RNAs, miHD-33part and miHD-33part-30k, showed quite poor 50

processing precision, suggesting that even low levels of properly pro-
cessed guides may be sufficient for activity and the expression scaffold
may be a stronger predictor of repeat selectivity.

To further explore small RNA design iterations, we cloned additional
versions of miHD-33full. These were transiently transfected into
HEK 293T cells and small RNAs were extracted and sequenced as
before (Figures 2A and S2A, and Table S2). A new control shRNA,
shHD2.4, was included that targets outside the repeat region with
perfect complementarity to cleave both alleles.26 All miHD-33full
variants offered relatively high guide strand processing precision
(86%–96%) and moderate to high abundance. We, therefore, chose
to directly test these new designs in HD patient-derived fibroblasts.

Allele-selective mutHTT knockdown in patient-derived

fibroblasts

We sought to first confirm allele-selective knockdown of mutHTT
using mismatch-containing siRNAs11,17 before testing our vectorized
small RNAs. As expected, western blot (WB) analyses revealed non-
allele-selective knockdown of HTT protein in patient-derived HD17/
69 fibroblasts when using siHD2.4 and siHD3 (Figures S4A and S4B).
Conversely, both siHD3-9 and siHD3-9-11, which introduce central
mismatches, provided a window of allele-selective knockdown across
most concentrations (Figures S4C and S4D). We then transduced
HD17/69 fibroblasts with small RNA expression vectors packaged
into lentiviral particles and confirmed high infection efficiency by mi-
croscopy and flow cytometry (Figures S5A and S5B). HTT protein
was then assayed at 7 days after infection by WB quantification
(Figures 2B and S3B). shHD2.4 nearly eliminated detectable HTT
protein and only one repeat-targeting small RNA, miHD-33full_
30lp2, did not provide allele selectivity. Three were further transduced
into patient-derived HD15/47 cells, with a smaller (CAG)47 mutHTT
allele and again conferred significant allele selectivity (Figures 2C and
S3C). We then cloned miHD-33full-mimic, a design we sought to
carry through all assays, into an AAV vector. When packaged into
AAV particles and transduced into HD17/69 cells, miHD-33full-
mimic provided significant allele-selective knockdown of mutHTT
(Figures S3D and S3E).

CAG repeat-targeted small RNAs induce varying degrees of off-

target effects

Exogenous small RNAs have the potential to perturb endogenous
miRNA profiles or induce off-target effects on gene expression. Small
RNA sequencing (RNA-seq) revealed relatively modest changes to
the abundance of the top five miRNAs in HEK 293T cells for
miHD-33full-mimic, miHD-33full_nb, and miHD-33full_UAC,
small RNAs that were allele selective in HD17/69 and HD15/47 cells
(Figure S2B), suggesting a low likelihood of altering small RNA regu-
lation. The expression of other CAG repeat-containing genes27 may
be impacted by CAG-targeting small RNAs. For example, TATA
binding protein (TBP) contains a relatively long tract of (CAG)19.
However, when TBP protein levels were evaluated by WB after lenti-
viral transduction of HD17/69 cells, expression was not significantly
changed (Figures S6A and S6B).

To assess potential transcriptome-wide off-target effects, we per-
formed nanopore long-read mRNA-seq. HD17/69 cells were trans-
duced with lentiviral particles expressing mock (no small RNA),
miMCHRY-33full-mimic, shHD2.4, miHD-33full-mimic, miHD-
33full_nb, or miHD-33full_UAC. After mRNA-seq from these treat-
ments, global differential gene expression (DGE) was normalized to
miMCHRY-33full-mimic. Surprisingly, miHD-33full-mimic ex-
hibited more than an order of magnitude fewer differentially ex-
pressed genes compared with shHD2.4, miHD-33full_nb, and
miHD-33full_UAC (Figures 3A–3D, S6C, and S6D). Lentiviral trans-
duction was efficient (Figure S7) and HTT mRNA was reduced to
similar levels for all three CAG-targeted small RNAs (Figure S8), sug-
gesting that small RNA expression does not account for the large
discrepancy in off-target effects. Most differentially expressed genes
for CAG-targeted small RNAs are unlikely to be attributable to loss
of HTT,9 since normalization to shHD2.4 still presented substantial
DGE (Figure S9), supporting unique off-targets for miHD-33full_nb
and miHD-33full_UAC (Figure S10A). The mRNA levels of several
known CAG repeat-containing genes27 were largely unaffected by
CAG-targeting small RNAs, supporting a role for flanking sequence
context14,18 (Figures 3E–3H). However, some were significantly
decreased, including CIZ1, MED15, and AF9/MLLT3 (Figure S8).
CAG-repeat-targeting small RNAs also shared many of the top differ-
entially expressed genes (Figure S10B), indicating a shared off-target
mechanism. One source of off-target effects may be passenger strand
targeting, especially for repetitive small RNAs that could neutralize
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 3

http://www.moleculartherapy.org


Figure 2. Sequencing of second-generation small RNAs expressed in HEK 293T cells and their allele selectivity in patient-derived HD fibroblasts

(A) DNA-level sequence of the 50 arm, hairpin loop, and 3’ arm of small RNA expression constructs. The 50 guide strand processing precision and relative abundance (plot to

the right) are normalized to a control miMCHRY-33full-mimic small RNA construct (expressing non-targeting mCherry small RNA) and are reported based on small RNA-seq

results after transient transfection of expression constructs in HEK 293T cells. (B) Quantification of WBs for HTT protein 7 days after lentiviral transduction of small RNA

expression constructs in patient-derived HD17/69 fibroblasts. Error bars are standard error of themean (S.E.M.). NS = not significant, *p% 0.05, ***p < 0.001, ****p < 0.0001.

(C) Quantification of WBs for HTT protein 7 days after lentiviral transduction of small RNA expression constructs in patient-derived HD15/47 fibroblasts. Error bars are SEM.

NS, not significant. *p % 0.05, **p < 0.01, ****p < 0.0001.
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Ago strand loading bias.11,15,17,18 miHD-33full-mimic and miHD-
33full_nb only differ by their passenger strand sequences and
shHD2.4, miHD-33full_nb, and miHD-33full_UAC, with the great-
est off-target effects, are processed into a much broader diversity of
passenger strand sizes and sequences compared with miHD-33full-
mimic (Table S2).

DISCUSSION
The eventual success of therapeutic small nucleic acids for treatment
of HD will likely rely on many factors, including patient staging and
stratification, on- and off-target engagement, and possibly allele selec-
tivity for mutHTT.7,8,28 To help better evaluate allele-selective small
RNAs as a potential gene therapy, we genetically encoded and char-
acterized CAG repeat-targeted small RNAs with central mismatches.
Several designs, especially based on the full miR33 scaffold, achieved
4 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
favorable 50 processing of the guide strand and selectively reduced
mutHTT in patient-derived cells. Although accurate placement of
mismatches in the guide strand is expected to be critical for allele
selectivity,10,13 the favorable processing but poor selectivity of some
designs, such as shRNA scaffolds and miHD-33full_30lp2, suggest
that other factors may be involved. Similarly, the processing precision
and sequence of passenger strands may be an important contributor
to off-target effects.29 Clearer rules will likely emerge by testing a
broader range of variables, including more loop sequences, central
mismatch sequences, or miRNA scaffolds.22

This study highlights the value of adopting sequencing methods to
balance allele selectivity, potency, and safety during the design and
selection of CAG repeat-targeted small RNAs for potential therapeu-
tic applications. For example, in this study miHD-33full_nb and
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miHD-33full_UAC seemed to be better candidates due to strong
allele selectivity. However, mRNA-seq indicated that miHD-33full-
mimic is likely to be a better option for therapeutic development
due to dramatically lower off-target effects. In addition to robust ac-
tivity and allele selectivity, designs should strive to achieve consistent
and precise processing precision of both guide and passenger strands
as well as take into account endogenous miRNA and global DGE
profiles.

MATERIALS AND METHODS
Materials and methods are provided in the online Supplemental
information.

DATA AND CODE AVAILABILITY
Sequencing data and accessory files are freely available through the
National Institutes of Health (NIH) Gene Expression Omnibus
(GEO), GEO: GSE242506.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2024.102206.
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