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ABSTRACT

Huntington’s disease is a fatal neurodegenerative
disease caused by polyglutamine-expansion in hunt-
ingtin (HTT). Recent work showed that gene silencing
approaches, including RNA interference (RNAi), im-
prove disease readouts in mice. To advance RNAi to
the clinic, we designed miHDS1, with robust knock-
down of human HTT and minimized silencing of un-
intended transcripts. In Rhesus macaque, AAV deliv-
ery of miHDS1 to the putamen reduced HTT expres-
sion with no adverse effects on neurological status
including fine and gross motor skills, no immune ac-
tivation and no induction of neuropathology out to 6
weeks post injection. Others showed safety of a dif-
ferent HTT-targeting RNAi in monkeys for 6 months.
Application of miHDS1 to Huntington’s patients re-
quires further safety testing in normal rodents, de-
spite the fact that it was optimized for humans. To sat-
isfy this regulatory requirement, we evaluated nor-
mal mice after AAV.miHDS1 injection. In contrast to
monkeys, neurological deficits occurred acutely in
mice brain and was attributed to off-target silencing
through interactions of miHDS1 with the 3′UTR of
other transcripts. While we resolved miHDS1 toxicity
in mouse brain and maintained miHDS1-silencing ef-
ficacy, these studies highlight that optimizing nucleic
acid-based medicines for safety in humans presents
challenges for safety testing in rodents or other dis-
tantly related species.

INTRODUCTION

Huntington’s disease (HD) is a neurodegenerative disor-
der caused by CAG repeat expansion (>36 repeats) within
the first exon of huntingtin. Although mutant huntingtin
(mHTT) is ubiquitously expressed, the brain, and in par-
ticular the striatum, shows robust and early degeneration.
The incidence of HD is ∼5–10 per 100 000 individuals in
Europe and USA, with onset generally occurring in the 3rd
or 4th decade of life. To date, management of HD is done
pharmacologically to improve motor or psychiatric symp-
toms (1–3).

Earlier work with transgenic mice using a tetracycline-
responsive system to express a pathogenic human hunt-
ingtin (HTT) fragment demonstrated that deleterious ef-
fects from the mutant protein, including the development of
HTT-containing inclusions, reactive astrocytosis, decreases
in dopamine D1 receptor levels, striatal atrophy and pro-
gressive motor symptoms, resolved with cessation of expres-
sion (4,5). These data imply that there is a window of op-
portunity to treat HD and support the notion that some
symptoms may be reversible upon mutant HTT reduction.
Therefore, the development of approaches to reduce gene
expression using gene-silencing technologies, such us RNA
interference (RNAi), hold great promise as a therapy for
HD (6–9).

RNAi is an evolutionarily conserved process of post-
transcriptional gene silencing by which double-stranded
small non-coding RNAs (e.g. miRNAs) cause sequence-
specific degradation of target mRNA sequences. The en-
dogenous RNAi pathway starts with the expression of a
larger primary RNA transcript (pri-miRNA) that is sequen-
tially cleaved in the nucleus by Drosha, a component of the
microprocessor complex, to generate a precursor miRNA
(pre-miRNA). Pre-miRNAs are exported to the cytoplasm
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and are subsequently cleaved by Dicer to release the mature
miRNA. Generally, only one of the two strands (the anti-
sense ‘guide’ strand) is incorporated preferentially into the
RNA-induced silencing complex (RISC), where it directs
binding to, and subsequent repression of, the target mRNA.
Although endogenous miRNAs typically repress mRNA
expression through partial complementarity, when a guide
strand sequence is fully complementary to its target, the
resulting small-interfering RNA (siRNA) directs endonu-
cleotic cleavage of the target at a nucleotide paired to bases
10 and 11 of the ‘guide’ strand, triggering mRNA degrada-
tion (10). Scientists have developed various expression sys-
tems to co-opt the endogenous RNAi pathway and suppress
the expression of specific genes. For example, RNAi vectors
can be designed to express small hairpin RNA sequences en-
tering the pathway at the pre-miRNA (short hairpin RNA;
shRNA) or pri-miRNA (artificial miRNA) steps. Extensive
work has been done to design RNAi sequences with high
silencing efficacy for a given target (11–14).

For expression systems or siRNAs that are acutely trans-
fected into cells, the active guide strand is designed to be
as specific as possible with minimal off-sequence silencing.
Off-sequence silencing arises from interaction of the guide
strand with transcripts that are fully complementary. This
type of off-targeting can be avoided using standard search
algorithms. A more difficult type of off-targeting to avoid
is that which occurs due to partial complementarity of the
RNAi seed sequence (bases 2–7 at the 5′ end of the loaded
strand) to other mRNA 3′UTRs. In this instance, repression
of expression occurs via a miRNA-like mechanism (15). In
previous studies, we developed an algorithm, siSPOTR, to
design potent RNAi sequences with strong strand biasing
for RISC loading, and minimized off-target silencing po-
tential over unintended human transcripts (16). When siS-
POTR was used to design triggers for human (HTT) and
mouse huntingtin (Htt) silencing, we found that miHDS1,
expressed from AAV vectors, showed safety in multiple as-
says ranging from animal behavior to neuronal health fol-
lowing delivery to non-human primate putamen (17). As a
pre-requisite for human application, we performed subse-
quent experiments to evaluate miHDS1 tolerability in the
mouse brain. Notably, we found that HDS1 induced acute
motor deficits after striatal injections in mice. We surmised
that this toxicity was due, at least in part, to unintended
silencing. One putative target, Bcl2 was validated as a di-
rect target of HDS1. Importantly, Bcl2 silencing via off-
targeting could be resolved by several strategies while main-
taining Htt-silencing efficacy. Overall these studies highlight
the conundrum of optimizing nucleic acid-based medicines
for specificity and safety in humans, but for which safety
studies in rodents or other species are required. This is be-
cause distantly related species will portray different, and
perhaps disease-inducing, off-targeting profiles.

MATERIALS AND METHODS

Sequence data

Human, rhesus and mouse 3′-UTR sequences and ge-
nomic coordinates were obtained from the UCSC Genome
Browser hg19, rheMac3 and mm10 assemblies, respectively.
Human and mouse 3′UTR sequences and coordinates were

taken from RefSeq annotations. Off-target prediction was
limited to protein-coding transcripts (NM prefix).

Striatum expression

Genes expressed above background levels in mouse stria-
tum were taken from RNA-seq measurements provided in
Dataset S1 from Bottomly et al. (18).

Off-target prediction

Off-target sites were predicted using the TargetScan6 Perl
scripts (www.targetscan.org) using the default settings. Tar-
get sites and Context+ scores were calculated for human,
rhesus and mouse 3′UTRs, ignoring sequence conservation.
Genomic coordinates for the target sites were calculated,
and redundant sites removed for each guide RNA.

Additional thermodynamic information was assessed
for a subset of TargetScan-predicted off-targets using the
PITA target prediction algorithm (http://genie.weizmann.
ac.il/pubs/mir07/mir07 exe.html). PITA was run using re-
laxed seed-match parameters (-gu ‘6;0,7;1,8;1’ and –mm
‘6;0,7;1,8;1’). Genomic coordinates were calculated for the
PITA sites, and were used to intersect with the TargetScan
predictions. PITA sites without a corresponding TargetScan
prediction were removed.

Off-target conservation analysis between human, mouse and
rhesus. Sequences and genomic coordinates for Ensembl-
annotated human (hg19) and mouse (mm9) 3′UTRs were
downloaded using the UCSC Genome Table Browser
tool. Rhesus 3′UTR sequences and genomic coordinates
(rheMac3) were extracted based on synteny with the afore-
mentioned human coordinates. Here, human 3′UTR coor-
dinates were converted to rhesus genomic coordinates us-
ing the liftOver tool available from UCSC Genome Browser
tools, setting the minimum ration of bases that remap to 0.1
and the minimum matching region size at 30 bases.

TargetScan6.0 was used to predict miHDS1 off-targets in
the human, mouse and rhesus 3′UTRs as described above.
An off-target was considered ‘conserved’ between any two
of the species if at least one target site was found anywhere in
orthologous gene’s 3′UTR. Human Ensembl gene IDs were
retained in the conversion to rhesus coordinates, and were
used to determine orthology. High-confidence human and
mouse ortholog annotations were obtained from Biomart.
Assessment of conserved off-targeting was limited to these
genes. Off-target genes were annotated and grouped based
on the human Ensembl gene IDs, calculating the minimum
(strongest) context+ score, where present.

Cell lines and transfections

HEK293 were obtained from ATCC and cultured under
conditions provided by manufacturer. SthdhQ7 were kindly
obtained from Marcy MacDonald (19). All plasmid DNA
transfections on HEK293 were done with Lipofectamine
2000 (Invitrogen) using guidelines provided by manufac-
turer. DNA transfection of SthdhQ7 cells was done using
a Invitrogen Neon transfection system using the electropo-
ration conditions (1350 V, 30 ms, 1 pulse) and following the
guidelines provided by manufacturer.

http://www.targetscan.org
http://genie.weizmann.ac.il/pubs/mir07/mir07_exe.html
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Figure 1. Overexpression of miHDS1 causes adverse effects in the mouse brain. (A) miHDS1 pairing to mouse and human huntingtin mRNA. (B) Cartoon
depicting AAV/stuffer shuttle vectors containing miHDS1 and miCtl expression cassettes. (C) Experimental strategy to evaluate miHDS1 in vivo tolerability.
(D) Rotarod data from mice injected with miHDS1 (n = 13) or miCtl (n = 11). Latency to fall is shown as mean ± SEM. (P > 0.05, unpaired t-test at
the indicated times). (E) Weight gain analysis of mice injected with miHDS1 and miCtl. Data are shown as weight gain with respect to baseline. (F)
Strand biasing of the U6/miHDS1vector. Strand biasing was assessed measuring luciferase activity from reporter constructs containing target sequences
complementary to the passenger (sense) or guide (antisense) miHDS1 strands. Results are representative experiment of three different experiments (n =
4/group). Data are shown as mean ± SEM relative to cells transfected with miCtl and demonstrate that miHDS1 preferentially loads the guide miHDS1
strand.

Vector design and AAV production

Artificial miRNA sequences (miCtl, miHDss variants, mi-
HDS1 and miHDS1 variants) were generated by poly-
merase extension of overlapping DNA oligonucleotides
(IDT, Coralville). Polymerase-extended products were pu-
rified using Qiaquick PCR purification kit, digested with
XhoI-SpeI and cloned into a XhoI-XbaI site on a Pol-III
expression cassette containing the mouse U6 promoter, a
multiple cloning site and the Pol-III-terminator (6T’s) (20).
DNA oligonucleotides used for artificial miRNA genera-
tion are listed in Supplementary Table S5.

RNAi luciferase reporter vectors were constructed in
psiCheck2 vector (Promega). Tailed DNA oligonucleotides
containing a single, perfect complementary RNAi target
site for miHDS1 sense or antisense strands were annealed
and cloned into an XhoI-NotI sites downstream of the

stop codon of the Renilla luciferase cDNA sequence. Tailed
primer pairs used to generate luciferase reporters are listed
in Supplementary Table S5.

For in vivo studies, miRNA expression cassettes were
moved into an AAV shuttle plasmid upstream of a DNA
stuffer sequence. The stuffer sequence was obtained by am-
plification and assembly of intronic sequences of human
HTT and was designed to be devoid of enhancer or re-
pressor sequences, splice activators or repressors, and anti-
sense or other non-coding RNAs. The artificial miRNA ex-
pression cassette and stuffer sequence were flanked at each
end by AAV serotype 2 145-bp inverted terminal repeat se-
quences.



13318 Nucleic Acids Research, 2014, Vol. 42, No. 21

Ref SeqGene ID
PITA
(ddG)

TargetScan
(Cont. Score)

NM_009741Bcl2

NM_011341Sdf4

NM_019483Smad9

NM_007552Bmi1
NM_172567Mettl2

NM_021295Lancl1

NM_011943Map2k6

D

B

U6 Ctl HDS1 U6 Ctl HDS1 U6 Ctl HDS1

Smad9 Sdf4 Map2k6

C

Bcl2

miHDS1
C

C

C
CCC

C
C

C
C

A
A

A

A
A A

A A A
A

A
U

U
U

U

G
G

G

G

GG
G

G

GG

G

5’

5’

3’

3’

Map2k6

miHDS1
C

C
C

C
C

C
C

C

C

C
C

C
C C

A
A

A
A

A

A

A

A

AAA

U
U

U UU UU
G

GG G
G

G
G

GG
G

G
G

5’

5’

3’

3’

Smad9

miHDS1
CC

C

C

C

C
C

C

CCC
C

C

CC C
C C

AAA A

AA
A

A

A

A

A
A

UU
UUU

U
U U

U

UU

U

G
GG

G
GG

G
GGGG G

G

G GGU
G GGG

5’

5’

3’

3’

Sdf4 5’ A
GC

UG
UGGCUC

UA
GC GUGGUCGA

U A A 3’

CG ACCGAG UACCAGCU
G 5’

CG
CA3’miHDS1

C

-0.360
-0.215

-0.183

-0.161
-0.152

-0.199

-0.141

-10.40

Site Type

8 mer-1a

Start End
UTR (bp)

180 187

8 mer-1a 3233 3240

8 mer-1a 176 183

1281 12888 mer-1a

7 mer-m8 108 114

7 mer-m8

7 mer-m8

284 290

18 24

-12.12

-7.84

-7.26
-12.50

-8.07

-9.95

U6 Ctl HDS1

Bcl2

U6 Ctl HDS1
0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
ex

pr
es

si
on

Htt

miRNA:

**

E

R
el

at
iv

e 
ex

pr
es

si
on

miRNA: Ctl HDS1 Ctl HDS1
0

0.5

1.0

1.5

2.0

Htt Bcl2

Ctl HDS1

Smad9

Ctl HDS1

Sdf4

Ctl HDS1

Map2k6

****
**

**
**

***** **

Human

Rhesus

Mouse
112

98

9

5

140
5

97

A

Figure 2. Characterization of miHDS1 off-target genes. (A) miHDS1 off-target conservation between human, rhesus and mouse. (B) List of miHDS1
off-target genes tested. Information displayed: gene ID, reference sequence, miRNA-binding site type, nucleotide 3′UTR position, predicted target scan
context score, ��G score predicted by PITA algorithm. (C) Cartoon depicting miHDS1:mRNA-binding sites on predicted off-targeted genes. (D) RT-
qPCR analysis of Htt, Bcl2, Smad9, Sdf4 and Map2k6 mRNA levels in striatum samples 4 months after miHDS1 injection. All samples were normalized
to ß-actin and results are the mean ± SEM relative to mice injected with miCtl. (n = 6 mice per group; *P < 0.05, **P < 0.01, Mann–Whitney test) (E)
RT-qPCR analysis of Htt, Bcl2, Smad9, Sdf4 and Map2k6 mRNA levels in SthdhQ7 cells after miHDS1 electroporation. All samples were normalized to
ß-actin and results are the mean ± SEM relative to cells electroporated with plasmids containing a non-expression control plasmid (U6 promoter only) or
miCtl expression cassettes. (n = 8 electroporated wells; **P < 0.01, one-way ANOVA followed by a Bonferroni’s post-hoc).

In vitro luciferase assays

HEK293 cells at 70% confluence in a 24-well plate were co-
transfected with miRNA-expressing plasmids and RNAi
luciferase reporter plasmids. At 24 h, cells were rinsed with
ice-cold phosphate-buffered saline (PBS) and Renilla and
Firerfly luciferase activities were assessed using the Dual-

Luciferase Reporter Assay System (Promega) according to
manufacture’s instructions, using 20 �l of cell lysate. Lumi-
nescent readouts were obtained with a Monolight 3010 lu-
minometer (Pharmigen, USA). Relative light units were cal-
culated as the quotient of Renilla/Firefly relative light units
and results expressed relative to a control miRNA.
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Western blot analysis

HEK293 cells were transfected with miRNA expression
cassettes as indicated. At 48 h cells were rinsed once with
iced-cold PBS and lysed with Passive lysis buffer (PBL,
Promega). Protein concentration was determined by the
Bradford–Lowry method (BioRad) and 10 �g of protein
loaded on a NuPAGE 3–8% Tris-Acetate gel (Novex Life
Technologies). Proteins were transferred onto polyvinyli-
dene fluoride (PVDF) membranes and incubated with a
mouse anti-Htt (1:5000, Millipore, CA, USA), or rab-
bit anti-Beta-actin (1:40000, Sigma) antibodies followed
by horseradish peroxidase-coupled antibodies (1:10,000,
mouse; or 1:50,000, Rabbit; Jackson ImmunoResearch,
West Grove, PA, USA). Blots were developed with ECL-
Plus reagents (Amersham Pharmacia). Silencing efficacy
was determined by densitometry (n = 4 independent ex-
periments) of protein levels relative to beta actin with the
VersaDocTM Imaging System (Biorad) and Quantity OneR

analysis software.

RNA extraction and reverse transcriptase-quantitative poly-
merase chain reaction analysis

Total RNA was extracted using Trizol (Life Technologies,
Grand Island, NY, USA) according to the manufacturer’s
protocol, with the exception of 1 �l Glycoblue (Life Tech-
nologies, Grand Island, NY, USA) in addition to the aque-
ous phase on the isopropanol precipitation step and a single
wash with cold 70% ethanol. RNA samples were quanti-
fied by spectrophotometry and subsequently cDNAs gen-
erated from 500 ng of total RNA with random hexamers
(TaqMan RT reagents, Applied Biosystems). SyBrGreen re-
verse transcriptase-quantitative polymerase chain reaction
(RT-qPCR) primer pairs for mouse off-target genes were
designed using the RealTime PCR Custom Assay Design
webserver (IDT, Coralville). A seven-point standard curve
with a final melting curve assay was performed to validate
each primer pair. Only primer pairs with amplification ef-
ficiencies of a 100 ± 5% and a single amplification product
were used to determine relative gene expression using the
��Ct method. miRNA expression levels in mouse stria-
tum were determined using a stem-loop RT-PCR reaction
as described in (21) with some modifications. Briefly, each
RT reaction included a miRNA stem loop RT-PCR primer
mixed with a specific mouse U6snRNA RT-primer as a con-
trol. Next, miRNA and U6 snRNA transcripts were quanti-
fied using 1 �l of RT product by semi-quantitative PCR (30
cycles, miRNA sequences; 25 cycles, mU6snRNA). PCR
products were separated by electrophoresis on a 3% agarose
gel stained with ethidium bromide, and DNA bands were
quantified using Image Lab 5.1 software (Biorad). Primer
pairs used for real-time and semi-quantitative PCR are
listed in Supplementary Table S5.

Mouse studies

All animal protocols were approved by the University of
Iowa Animal Care and Use Committee. Wild-type FBV
mice were obtained from Jackson Laboratories (Bar Har-
bor, ME, USA). Mice were housed in a temperature-
controlled environment on a 12-h light/dark cycle. Food

and water were provided ad libitum. At the indicated times,
mice were injected with AAV2/1-mU6-miRNA/Stuffer
virus. For AAV injections, mice were anesthetized with a
ketamine and xylazine mix, and 5 �l of AAV injected bi-
laterally into striata at 0.2 �l/min (coordinates: +0.86 mm
rostral to Bregma, +/−1.8 mm lateral to medial, −2.5 mm
ventral from brain surface). Mice used for gene expression
analyses were anesthetized with a ketamine and xylazine
mix and perfused with 18 ml of 0.9% cold saline mixed with
2-ml RNAlater (Ambion) solution. At the indicated times,
mice were sacrificed and the brain was removed, blocked
and cut into 1-mm-thick coronal slices. Tissue punches from
striata were taken using a tissue corer (1.4-mm in diameter;
Zivic Instruments, Pittsburgh, PA, USA). All tissue punches
were flash frozen in liquid nitrogen and stored at −80C until
use.

Behavior analysis

Motor coordination of injected mice was determined using
the Rotarod apparatus (model 47,600; Ugo Basile, Come-
rio, Italy). A basal rotarod test was performed at 7 weeks
of age and again 2 and 4 months after AAV injection. Mice
were tested for four consecutive days with three trials per
day, with a 30-min period of rest between trials and a 5-min
habituation period each day beginning 60 min before the
first trial. The latency to fall per mouse was calculated by
averaging two trials per day per mouse over the four con-
secutive days tested.

Statistical analysis

All statistical analyses were performed using Graph-
Pad Prism v5.0 software. Data with normal distributions
(passed D’Agostino normality test) were analyzed using an
unpaired t-test, or one-way ANOVA followed by a Bon-
ferroni’s post-hoc. Otherwise, data without normal dis-
tribution were analyzed using a Mann–Whitney test, or
Kruskal–Wallis test followed by a Dunn’s post-hoc. In all
cases, P < 0.05 was considered significant.

RESULTS

miHDS1 induces neurological deficits in the mouse brain

In prior work we designed miHDS1, an artificial miRNA
sequence targeting huntingtin with a low silencing poten-
tial over unintended human transcripts (Figure 1A) (11).
When AAV vectors expressing miHDS1 were injected into
the putamen of non-human primates (NHPs), HTT lev-
els were significantly reduced and there were no signs of
neuronal degeneration, immune responses or motor deficits
(17). Overall, these studies highlighted the potential of mi-
HDS1 for HD therapeutics. However, as a pre-requisite for
human application, further testing in another species, such
as rodents, is required. Thus we set out to perform safety
testing of AAV.miHSD1 in normal mice, despite the fact
that it was designed for safety in human cells.

As a first step in building the preclinical construct, we re-
designed the AAV.miHSD1 vector to contain a stuffer se-
quence rather than the eGFP expression cassette, which was
used in our earlier studies for visualization of transduced
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regions. The stuffer sequence was designed to be devoid of
enhancer or repressor sequences, splice activators or repres-
sors, and antisense or other non-coding RNAs, and of suffi-
cient size for optimal packaging of the small RNAi expres-
sion cassette into AAV capsids. The final AAV2/1 vectors
expressed miHDS1 or miCtl, a control used in our previous
in vivo studies (22,23) (Figure 1B).

Wild-type mice were weighed and basal rotarod perfor-
mance assessed at 7 weeks of age to distribute animals into
groups of equal abilities (to avoid pre-treatment differences
between the groups). AAV.miHDS1 or AAV.miCtl were in-
jected bilaterally into the striatum at 8 weeks of age with
AAVmiHDS1/Stuffer (n = 13) and AAVmiCtl/Stuffer (n
= 11) virus (Figure 1B and C). As early as 2 months after
AAV delivery, mice expressing miHDS1 had significant ro-
tarod deficits and showed decreased latency to fall with re-
spect to control-treated littermates (Figure 1D). All animals
gained weight over the course of the study; however, HDS1-
treated mice gained significantly less weight than miCtl-
treated mice (Figure 1E). In similar studies, miHDS1 treat-
ment of HD mice decreased latency to fall on the rotarod
and caused weight loss (Supplementary Figure S1). Taken
together, these data demonstrate that miHDS1 expression
in the mouse striatum is not well tolerated.

Characterization of miHDS1 off-target genes in the mouse
brain

Because no overt toxicity was observed in human cell
lines or in rhesus brains, and miHDS1 was designed
with a minimized number of off-target genes in several
species (human, rhesus and mouse), we were surprised to
find such robust toxicity in the mouse brain. Although
the AAV.miHDS1.eGFP construct used earlier in NHPs
showed appropriate strand loading, we first tested the fi-
delity of the miHDS1.stuffer expression cassette for strand
biasing, as either strand, if loaded, could illicit off-target si-
lencing. For this we designed reporter constructs consisting
of miHDS1 targets cloned downstream of a luciferase re-
porter. We found repression from the guide strand, and no
repression from the non-guide strand (Figure 1F). This is
in line with our earlier in vitro expression analyses of mi-
HDS1.eGFP expression cassettes, and is supported by the
fact that we designed the miHDS1 sequence with low 5′ end
thermodynamic stability to promote proper loading of the
guide ‘antisense’ strand into the RISC complex (24). Thus,
the neuronal deficits observed by miHDS1 expression are
likely due to the binding of the guide ‘antisense’ strand to
the 3′UTR of unintended mRNAs and silencing expression
by a miRNA-like mechanism (15).

Because previous studies demonstrated that most off-
target effects are due to seed-mediated binding to other
mRNA 3′UTRs, we first identified likely mouse miHDS1
off-targets using a common in silico approach. Many dif-
ferent target prediction programs have been described to
identify putative miRNA-binding sites, including the Tar-
getScan (TS) and PITA algorithms (25). TargetScan pre-
dicts biological targets for a specific miRNA by search-
ing 3′UTR sequences for the presence of 8mer and 7mer
sites complementary to the miRNA seed sequence. The al-
gorithm improves target prediction accuracy by prioritiz-

ing target sites with compensatory 3′ base pairing, local se-
quence context and strong sequence conservation known to
be favorable for miRNA-mediated regulation (26,27). Be-
cause previous work has shown that siRNA seed-mediated
off-target effects are species-specific, we used TargetScan
to predict targets based on seed sequence complementar-
ity in the mouse 3′UTR transcriptome (28). The PITA
algorithm incorporates target-site accessibility to predict
miRNA-binding sites (29). For a given target site, PITA de-
termines a ��G value, which represents the minimum free
energy difference between the miRNA:target hybridization
(�Gduplex) and local secondary structure of the target site
(�Gopen). Based on PITA documentation, ��G scores be-
low −10 kcal/mol are more likely to be functional for en-
dogenous miRNA targets, although the threshold for an
overexpressed miRNA sequence could be higher (>−10
kcal/mol) (29). Thus, in our approach we used TargetScan
to identify all potential seed-binding sites, followed by the
PITA algorithm to determine the ��G score, and used
this information to rank potential miHDS1 sites. Using our
approach against the mouse 3′UTRs, we predict 197 tran-
scripts as potential miHDS1 off-targets, with 170 expressed
in the striatum (Figure 3B) (18). Off-targets in the ortholo-
gous human and rhesus 3′UTRs revealed that the miHDS1
off-targeting in mouse is not conserved (Supplementary Ta-
ble S1, Figure 2A). This is not unexpected because there is
little conservation between the 3′UTRs of distant species
(28). Hence, there exists the possibility of hitting one or
more critical gene products in a species-specific manner.

We identified Bcl2, Sdf4, Smad9, Bmi1, Mettl2, Lancl1
and Map2k6 among the leading off-target gene list (Figure
2B and C). We analyzed striatal samples obtained from mice
treated with miCtl or miHDS1 by RT-qPCR for these pre-
dicted off-targets as well as confirmed mouse Htt knock-
down. As expected, mouse Htt expression was significantly
reduced (up to 70%) in miHDS1-treated mice as compared
to mice treated with miCtl (Figure 2D). Among the set of
off-target transcripts assessed, Bcl2, Sdf4 and Map2k6 were
significantly reduced in tissue samples obtained from mice
treated with AAV.miHDS1 (Figure 2D). No off-target sites
for miCtl were predicted in these transcripts (Supplemen-
tary Table S2).

We confirmed these results in vitro using an immortal-
ized mouse neuronal striatal cell line that has a normal
Htt allele (SthdhQ7 cells). SthdhQ7 cells were electropo-
rated with plasmids expressing miHDS1, miCtl or no tran-
script (plasmid contained only the U6 promoter), and 24
h later transcripts were analyzed by Q-PCR. As observed
in mouse brain, Bcl2 expression was reduced in miHDS1-
expressing cells, but not those expressing miCtl or treated
with a non-expression control plasmid (Figure 2D and E).
In contrast, Sdf4 and Map2k6 expression was not reduced
by overexpression of miHDS1 (Figure 2D and E), suggest-
ing that these genes may not be direct off-targets in vivo,
and may reflect indirect effects of Htt suppression over
time or off-target suppression in non-neuronal cells, al-
though AAV2/1 transduces primarily neurons (30,31). In-
terestingly, Smad9 expression was significantly increased in
SthdhQ7 cells, and was elevated, though not significantly
so, in miHDS1-treated striata (Figure 2D and E). Thus, our
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screen revealed Bcl2 as a potential deleterious off-target of
HDS1 in the mice 3′ UTRome.

Modifying miHDS1 for safety in mouse brain

When a miRNA sequence is loaded into RISC containing
a catalytic argonaute protein (Ago2), full binding comple-
mentarity between a miRNA and its target sequence is gen-
erally required to mediate endonucleotic mRNA cleavage.
However, mismatches produced by single point mutations

on the miRNA sequence can be tolerated, given that exten-
sive central pairing between the miRNA and its target is
retained (32–34). Thus, to modify the off-target profile of
miHDS1, which is directed primarily by the seed region, we
introduced single point mutations that were designed to al-
ter the seed without affecting silencing efficacy (Figure 3A).

As a first step to identify seed mutations which (i) effec-
tively change the off-target profile, (ii) maintain low over-
all off-targeting potential and (iii) silence human HTT, we
repeated the off-target prediction analysis using all single
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nucleotide seed variants (positions 2–7) of miHDS1 (Fig-
ure 3B). Position 8 mutants were discarded, because the off-
target profile extensively overlapped that of miHDS1. This
was expected, since position 8 pairing is not necessary for
miRNA-mediated silencing (35). Seed mutants at positions
3 and 4 were also discarded, since these mutations signif-
icantly increased the number of predicted off-targets. This
was also expected, because these mutations disrupt a ‘CG’
dinucleotide, which are rare in mammalian 3′UTRs (16,36).
For the remaining seed variants, overall off-targeting poten-
tial was comparable to miHDS1, with less than 10% of mi-
HDS1 off-targets being shared with the miHDS1 variants
(Figure 3B).

We next introduced single point mutations at positions
2, 5, 6 and 7 of the miHDS1 seed region to generate the
miHDS1 variants. Because our goal is silencing of hu-
man HTT, we first screened all variants in human-derived
HEK293 cells and determined silencing efficacy by RT-
qPCR (Figure 4A). Not all miHDS1 variants reduced Htt
expression equivalent to the original miHDS1. Compared
to miHDS1, mHDS1 variants with mismatches at posi-
tions 2 and 7 disrupt miHDS1-silencing efficacy. However,
no significant differences were observed for miHDS1 and
those variants containing a mismatch at position 5 or 6.
Of note, among the different miHDS1 variants with a mis-
match at position 7 only the variant with a C>U substi-
tution had equivalent silencing efficacy to miHDS1, pre-
sumably due to the thermodynamic stability of the G:U
wobble. Thus, miHDS1v6A and miHDS1v5U were used
for further experiments based on: (i) the higher silencing
efficacy with respect to the other miRNA variants con-
taining a mismatch at the same seed position, and (ii) the
nucleotide mismatch type generated (U:U, miHDS1v5U;
A:G, miHDS1v6A, Figure 4D) maintains an off-target pro-
file that differs extensively from HDS1 (Figure 3B). As ex-
pected, expression of miHDS1v6A and miHDS1v5U re-
duced Htt protein levels in both mouse (SthdhQ7) and hu-
man (HEK293) cells, similar to miHDS1 (Figure 4B, C, E
and F).

Next we evaluated miHDS1 off-target transcripts af-
ter miHDS1v6A and miHDS1v5U expression. TargetScan
did not recognize any of these target sites for miHDS1 as
predicted off-target sites for the miHDS1 variants. How-
ever, the possibility exists that 3′ compensatory interactions
could minimize the effect of single nucleotide mismatches in
the seed. Using PITA to determine the ��G score for both
miHDS1v6A and miHDS1v5U on the predicted miHDS1
sites showed that the introduction of a seed mismatch re-
duced the ��G value for all predicted off-target genes, be-
ing more significant for miHDS1v6A (6.6 kcal/mol) than
miHDS1v5U (3.9 kcal/mol).

Based on TargetScan, miHDS1v6A and miHDS1v5U
will no longer target the Bcl2 3′UTR, and PITA predicts a
reduced ��G score at the miHDS1 site (miHDS1:−10.4,
miHDS1v6A: −3.8 kcal/mol, miHDS1v5U: −6.5
kcal/mol), suggesting that Bcl2 silencing will be less effec-
tive. To test this, SthdhQ7 cells were electroporated with
plasmids containing the miRNA expression cassettes or
the control plasmid, and 24 h later Bcl2, Htt and Smad9 ex-
pression determined by Q-PCR. Relative to controls (miCtl
and U6), Htt mRNA levels were significantly reduced in

miHDS1 and miHDS1-variant electroporated cells (Figure
4G). miHDS1 reduced Bcl2 expression by 40%, as before,
but there was no observed silencing after electroporation
of miHDS1v6A. MiHDS1v5U was still active against Bcl2,
silencing 20% compared to control-treated cells (Figure
4H). Interestingly, Smad9 overexpression associated with
miHDS1 expression was not observed in miHDS1v5U or
miHDS1v6A-electroporated cells (Figure 4I).

Redirecting miCtl against human huntingtin mRNA

Our previous experiments exposed the toxicity of miHDS1
due to its off-target effects, but also highlighted that miCtl
is tolerable when expressed in the mouse striatum. miCtl
was designed with a low off-target silencing profile, but was
not intended to target the huntingtin mRNA. Therefore, we
tested if we could take advantage of the relative safety of
the miCtl seed in mouse striata, and design a HTT-targeting
RNAi trigger around that seed.

As a first step, we screened the human HTT mRNA,
our clinical target, for sequences fully complementary to
the miCtl seed region, but found none. Following the same
strategy for designing miHDS1 variants, we repeated this
in silico analysis allowing single mismatches between nu-
cleotides 2 to 7 of the miRNA seed sequence. We found four
complementary sequences (miHDss1–4): MiHDss1 and mi-
HDss4 target HTT in the 3′UTR, whereas miHDss2 and
miHDss3 target HTT in the coding region spanning the
exon 7–8 juncture or in exon 33, respectively (Figure 5A
and B). When tested in HEK 293 cells, only miHDss3 si-
lenced HTT expression 40–50% relative to control-treated
cells, as determined by RT-qPCR (Figure 5C) and western
blot (Figure 5D and E).

Because miCtl and miHDss3 share the same seed se-
quence, we expect that both miRNAs will have the same off-
target profile. However, as observed for endogenous miR-
NAs, silencing efficacy might change because of sequence
differences on the 3′ region. We used the PITA algorithm to
compare miRNA-binding stability and silencing potential
between miCtl and miHDss3 off-targets. Our in silico ap-
proach predicts 89 off-target sites for miCtl and miHDss3,
with 67 expressed in striatum (Supplementary Tables S2
and S4). Interestingly, on average, the 3′ region of miHDss3
increases off-target-miRNA-binding stability as compared
with miCtl (Figure 5F).

Characterization of miHDS1 variants and miHDss3 tolera-
bility in the mouse brain

To determine the in vivo tolerability of the new sequences,
the miRNA expression cassettes were cloned into our AAV
shuttle vector (Figure 6A). Seven-week old wild-type mice
were divided into groups based on equivalent weight and
basal rotarod performance, and subsequently injected bi-
laterally in the striatum with virus expressing miHDS1v6A,
miHDS1v5U, miHDss3 or miHDS1. MiCtl or formulation
buffer (FB) was used as negative experimental control. Two
and four months after injection mouse weight was recorded,
and adverse neurologic effects were determined using the
accelerated rotarod test (Figure 6B).
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Figure 4. Silencing efficacy of single nucleotide miHDS1 seed variants on Htt expression. (A) Quantitative analysis of HTT mRNA levels in HEK293
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qPCR. All samples were normalized to ß-actin and results are the mean ± SEM relative to cells transfected with miCtl (n = 12 wells; **P < 0.01, ***P <

0.001, constructs were tested for statistical difference to miHDS1 by one-way ANOVA followed by a Bonferroni’s post-hoc). (B) miHDS1, miHDS1v5U,
miHDS1v6A and miHDS1v7U expression cassettes were transfected into human HEK293 cells, and endogenous HTT protein levels were determined
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Consistent with our previous results (Figure 1D), mice
expressing miHDS1 showed motor deficits on the acceler-
ated rotarod apparatus (Figure 6C). Also, no differences
were observed between mice injected with FB buffer alone
or miCtl. This result is important because it suggests that
adverse effects are not due to co-opting the endogenous
pathway, but to specific miHDS1 off-target effects. Interest-
ingly, and consistent with our in vitro studies, miHDS1v5U
showed rotarod deficits as well. This may reflect that
pyrimidine:pyrimidine mismatches (U:U, miRNA:mRNA)
display moderate discrimination power and this variant

still partially silenced Bcl2 (Figure 4H). Alternatively, this
miRNA could be reducing the expression of yet a different
gene that imparts some toxicity. Also predicted from our
in vitro work, miHDS1v6A improved miHDS1-mediated
toxicity, with no significant differences observed between
miHDS1v6A and miCtl at 2 or 4 months after AAV in-
jection. No significant differences in accelerating rotarod
performance were observed between miCtl and miHDss3-
treated mice at 2 or 4 months post-injection (Figure 6C). Be-
sides silencing human huntingtin, miHDss3 shares the same
off-target profile than miCtl. However, the PITA algorithm
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Figure 5. Generation of miHDss1–4 sequences to target human HTT expression. (A) Four artificial miRNA triggers containing miCtl seed sequence were
generated allowing a single nucleotide mismatch between seed region and targeted human HTT mRNA. miHDss1 and miHDss4-binding sites are located
at the 3′UTR, whereas miHDss2 and 3 bind at exon 7–8 boundary and exon 33 of HTT, respectively. (B) miRNA/mRNA binding between miHDss1–4
and human huntingtin mRNA. Single nucleotide mismatches are at seed region positions 7, 6, 5 and 4 for miHDss1, 2, 3 and 4 sequences, respectively.
(C) Quantitative analysis of HTT mRNA levels in HEK293 cells transfected with U6/miHDss1–4 expression cassettes. Total RNA was collected 24 h
post-transfection and transcript levels determined by RT-qPCR. All samples were normalized to ß-actin and results are the mean ± SEM relative to cells
transfected with miCtl (n = 8 wells; *P < 0.001, one-way ANOVA followed by a Bonferroni’s post-hoc). (D) miHDss3 expression cassette was transfected
into human HEK293 cells, and endogenous HTT protein levels were determined 48 h later. miCtl was used as a negative control and �-Catenin serves as
a loading control. (E) Quantification of HTT protein levels 48 h after transfection of miHDss3. Data are the mean ± SEM relative to cells transfected
with miCtl (n = 6, *P < 0.01, Mann–Whitney test). (F) The PITA algorithm was used to determine binding stability of miHDss3 and miCtl over predicted
unintended mRNA binding sites. Seed region of miCtl and miHDss3 are highlighted in bold. Data are shown as a ��G (kcal/mol) score for each off-target
gene with respect to miCtl or miHDss3.

suggested miHDss3 is more prone to silence the miCtl off-
target repertoire by increasing the binding stability of the
miRNA:mRNA pair (Figure 5F). However, no significant
differences were observed on the accelerating rotarod at 2
or 4 months (Figure 6C).

With the exception of mice injected with miHDS1v5U
that lost weight over time (−1.7 g, 8% reduction at 4
months), body weight gain was observed in all other groups.
Also, weight gain was significantly reduced with miHDS1

treatment, as seen previously (Figure 1E). At 4 months,
miHDS1-injected mice had 1.3 g (5%) of body weight gain,
whereas the other groups had weight increases from 3.6 and
5.2 g (15–22% increase) (Figure 6D).

Brain transcripts were analyzed to confirm miRNA ex-
pression and wild-type huntingtin silencing in vivo. We
found no correlation between toxicity and relative expres-
sion levels (Supplementary Figure S2). miHDS1 and the
single nucleotide seed variant miHDS1v5U expression were
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Figure 6. In vivo tolerability of miHDS1 variants and miHDss3 sequences. (A) Experimental strategy to evaluate in vivo tolerability of the new miRNA
sequence design. (B) Cartoon depicting AAV/stuffer shuttle vectors containing miHDS1 variants and miHDss3 expression cassettes. (C) Rotarod data
from mice injected with FB (n = 7), miCtl (n = 8), miHDS1 (n = 9), miHDS1v5U (n = 10), miHDS1v6A (n = 11) or miHDss3 (n = 10). Latency to fall is
shown as mean ± SEM relative to mice injected with miCtl. (*P < 0.05, one-way ANOVA followed by Bonferroni’s post-hoc). (D) Mice weights following
injection of FB, miCtl, miHDS1, miHDS1v5U, miHDS1v6A or miHDss3. Data are shown as increase in weight with respect to baseline (*P < 0.05,
one-way ANOVA followed by a Bonferroni’s post-hoc). (E) Silencing of Htt by the miRNA expression cassettes (RT-qPCR) (*P < 0.05, Kruskal–Wallis
followed by a Dunn’s post-hoc). (F) Silencing of Bcl2 by the miRNA expression cassettes (RT-qPCR) (*P < 0.05, Kruskal–Wallis followed by a Dunn’s
post-test).

not significantly different than other miRNA sequences,
and silenced Htt to similar levels, yet had variable toxic-
ity in vivo. MiHDss3 was designed to target human but
not mouse Htt mRNA. As expected, there were no signifi-
cant differences on huntingtin expression between mice ex-
pressing miCtl and miHDss3 (Figure 6E). Next, we eval-
uated Bcl2 expression in all injected mice to determine if
off-target silencing correlated with the adverse neurological
effects. Relative to miCtl and FB controls, Bcl2 expression
was significantly reduced in mice expressing miHDS1 and
miHDS1v5U, but not in mice expressing miHDS1v6A or
miHDss3 (Figure 6F). These data demonstrate that adverse
neurological effects are related to miHDS1 off-targeting,
but not to reduced mouse Htt levels. Cumulatively, these in

vivo results validate the single nucleotide change strategy as
a method to reduce toxicity of toxic miRNA triggers.

DISCUSSION

Testing drugs for human use in two species, generally a ro-
dent and a larger mammal, is a standard procedure for reg-
ulatory approval to move forward to clinical studies. There-
fore, we set out to test the safety of an RNAi trigger (mi-
HDS1) in mice, which was designed for safety in humans
and was shown to be safe in non-human primates (17).
While we found no notable toxicity in NHPs when HDS1
was tested in rodents, acute toxicity was noted.

Two different mechanisms can be anticipated by which
miHDS1 could induce toxicity in the mouse brain: first, by
co-opting and saturating the endogenous miRNA pathway
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interfering with miRNA regulation, and second, by silenc-
ing unintended genes through an miRNA-like mechanism
(37,38). Early studies demonstrated in vivo RNAi-mediated
toxicity due to saturation of the Exportin 5 pathway and
buildup of shRNA sequences when expressed in the con-
text of shRNA shuttles (37,38). The use of chemically syn-
thesized double-stranded (siRNA, Dicer-ready siRNAs) or
single-stranded RNA nucleic acids (ssRNAs) complexed
with specific carriers may circumvent shRNA-associated
toxicity, but it will require repeat administration particu-
larly for chronic diseases (33,39–41). Importantly, in vivo
tolerability can also be attained with the same RNAi trig-
ger when the inhibitory sequences are embedded in an artifi-
cial miRNA scaffold (38). This lowers the steady-state levels
of the subsequent siRNAs released after Drosha and Dicer
cleavage (42). The fact that in this work the noted adverse ef-
fects were restricted to miHDS1 and miHDS1v5U, yet their
expression was not significantly different from the non-toxic
miRNAs suggests that miHDS1 and miHDS1v5U toxicity
was not due to high expression and potential RISC path-
way saturation. Indeed, higher miRNA expression levels
were noted in AAV.miCtl-injected mice, which had pheno-
types indistinguishable from mice injected with FB. There-
fore, our study supports the use of artificial miRNA shut-
tles as a system of choice for expressing RNAi triggers in
the brain.

In silico algorithms have been generated to predict po-
tential off-targets for any given miRNA. In efforts to nar-
row the possible culprits causing off-target toxicity, we com-
bined the predictive power of the TargetScan and PITA al-
gorithms. This approach identified Bcl2 among the top off-
targeted mRNAs. Bcl2 is a well-known antiapoptotic pro-
tein and reduction of Bcl2 expression by miHDS1 is likely to
be associated with adverse effects. Indeed, previous studies
have shown that neuronal cell vulnerability and apoptosis
can be promoted when expression of specific endogenous
miRNA sequences (miR-34a and miR-210) targeting bcl2
mRNA is increased (43,44). Moreover, bcl2 knockdown or
knockout in mice induces cell apoptosis and causes degen-
eration (45).

We found that we could revert the toxicity of the sequence
tested, miHDS1, by introducing point mutations into the
seed, thereby altering off-target profiles while still maintain-
ing silencing efficacy. This is because single nucleotide mis-
matches on the seed region can be compensated if extensive
complementarity is present beyond the seed, even though
some nucleotide positions in the seed regions are more per-
missive than others (34). Accordingly, not all miHDS1 vari-
ants containing a single nucleotide mismatch were equally
efficacious against HTT. Changes to the thermodynamic
stability of the 5′ end of the active strand may influence
miRNA strand loading into the RISC. Also, differences
in purine/pyrimidine nucleotide mismatches and the rela-
tive mismatch position within the seed region may indepen-
dently or combinatorially impact silencing efficacy with re-
spect to the original miHDS1 (24,34).

We evaluated whether miHDS1v5U and miHDS1v6A,
two of the sequences most effective at silencing HTT, re-
solved miHDS1 toxicity in vivo. Only miHDS1v6A did
so. Why is miHDS1v5U still toxic? miHDS1v5U gen-
erates a pyrimidine:pyrimidine (U:U) mismatch on mi-

HDS1 off-targeted genes, whereas miHDS1v6A generates
a purine:purine (A:G) mismatch. Previous reports have
shown that U:U mismatches are more tolerated than A:G
mismatches; subsequently, miHDS1v5U will retain the ca-
pacity to partially silence miHDS1 off-targets. Accordingly,
Bcl2 mRNA levels remained significantly reduced by mi-
HDS1v5U, but were not by miHDS1v6A.

As an alternative to altering the HDS1 seed, we noted ear-
lier that our control sequence, designed for low off-targeting
potential and tolerable in the mouse striata, could be re-
engineered to target human HTT mRNA. Following the
same strategy for miHDS1, we designed miRNA sequences
containing the seed sequence of our control miRNA but
re-engineered with a single mismatch in the seed. Among
them, miHDss3 significantly silenced human HTT expres-
sion confirming that our strategy could be applied to other
RNAi triggers. Most importantly, both sequences, when
tested in mice, were well tolerated and did not induce neu-
rological deficits, as was noted earlier for the parent HDS1.

These findings highlight and contrast traditional drug de-
velopment and the newly emerging field of nucleic acid-
based medicines. While the goal of all human drug develop-
ment is safety and efficacy in the target population, in the
case of nucleic acid-based medicines, the intended drug in-
teracts directly with the genome and/or the transcripts ex-
pressed. Thus, drugs that rely on sequence specificity and
optimized for safety in humans will likely interact differ-
ently with the genomes of other species, and in particular
those of distantly related species such as rodents. On the flip
side, if sequences are optimized for safety in rodents, the risk
for problems in the context of the human genome may arise.
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