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Huntington’s disease (HD) is a neurodegenerative disorder caused by a CAG trinucleotide repeat expansion in
the huntingtin (HTT) gene. Disease pathogenesis derives, at least in part, from the long polyglutamine tract
encoded by mutant HTT. Therefore, considerable effort has been dedicated to the development of therapeutic
strategies that significantly reduce the expression of the mutant HTT protein. Antisense oligonucleotides
(ASOs) targeted to the CAG repeat region of HTT transcripts have been of particular interest due to their potential
capacity to discriminate between normal and mutant HTT transcripts. Here, we focus on phosphorodiamidate
morpholino oligomers (PMOs), ASOs that are especially stable, highly soluble and non-toxic. We designed
three PMOs to selectively target expanded CAG repeat tracts (CTG22, CTG25 and CTG28), and two PMOs to se-
lectively target sequences flanking the HTT CAG repeat (HTTex1a and HTTex1b). In HD patient–derived fibro-
blasts with expanded alleles containing 44, 77 or 109 CAG repeats, HTTex1a and HTTex1b were effective in
suppressing the expression of mutant and non-mutant transcripts. CTGn PMOs also suppressed HTT
expression, with the extent of suppression and the specificity for mutant transcripts dependent on the length
of the targeted CAG repeat and on the CTG repeat length and concentration of the PMO. PMO CTG25 reduced
HTT-induced cytotoxicity in vitro and suppressed mutant HTT expression in vivo in the N171-82Q transgenic
mouse model. Finally, CTG28 reduced mutant HTT expression and improved the phenotype of HdhQ7/Q150

knock-in HD mice. These data demonstrate the potential of PMOs as an approach to suppressing the expression
of mutant HTT.

INTRODUCTION

The expansion of CAG trinucleotide repeats leads to at least nine
autosomal dominant neurodegenerative diseases (1,2). Among
them, Huntington’s disease (HD), characterized by progressive
motor, cognitive and psychiatric abnormalities leading to death
15–20 years after clinical onset, is the most common (3–5). HD
is caused by an expansion mutation of the CAG repeat in the
first exon of the HTT gene (6); disease inevitably results in

individuals with 40 or more triplets and may occur with as few
as 36 triplets (and perhaps fewer) (7,8). The CAG repeat is trans-
lated into a polyglutamine tract (polyQ) within the huntingtin
protein (HTT). Most investigators have concluded that toxicity
of the expanded polyQ is the primary pathogenic mechanism
in HD. Recently, it was shown that CAG repeats, including
that at the HD locus, can be translated into other homopolymeric
tracts, including polyalanine and polyserine, through
repeat-associated non-ATG (RAN) translation (9). In addition,
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mutant HTT RNA itself may be toxic (10–12), suggesting that
both RNA and protein gain-of-function contribute to the
disease pathogenesis.

If both expanded HTT protein and transcript are neurotoxic,
then the most direct therapeutic approach, aside from altering
genomic DNA, is to use knockdown strategies to prevent
protein expression and degrade expanded transcripts or block
their toxicity. While suppression, ideally, is specific for the pro-
ducts of the expanded allele, the current consensus is that
bi-allelic approaches may be successful as long as the level of
normal HTT remains above the 30% threshold required for
normal cell function (13–15). Multiple strategies are under in-
vestigation, such as zinc finger peptides targeting double-
stranded DNA to prevent transcription, therefore reducing both
protein and RNA expression (16), or peptides that bind to
expanded polyglutamine to block its toxic function (17).
However, most mutant HTT knockdown strategies are based
on small interfering RNAs (siRNAs) and antisense oligonucleo-
tides (ASOs). Published evidence demonstrates the potential of
these approaches to significantly decrease the expression of
expanded HTT protein without completely blocking the expres-
sion of normal HTT, or at least to preserve a minimally needed
amount of normal HTT (13,14,18–22). One strategy takes
advantage of the heterozygosity of single-nucleotide poly-
morphisms (SNPs) in HTT; the mutant HTT gene contains specif-
ic SNPs in 75–85% of HD patients, and targeting these SNPs
with one or a pool of siRNAs or ASOs could provide allele-
specific knockdown of HTT expression (23–27). A second
approach to allelic specificity employs siRNAs or ASOs that
target the expanded CAG repeat. Indeed, CAG repeat–targeting
siRNAs are effective at reducing the expression of mutant HTT
mRNA with at least partial allelic selectivity in vitro (28–34).
However, implementation of siRNA-based silencing in vivo
faces several major obstacles, including the challenge of efficient
delivery into the CNS, the relatively low stability of siRNAs, po-
tential off-target effects and the risk of immune activation (35).
Compared with siRNA, ASOs have a major advantage in
flexibility (as modifications can enhance their stability), RNA af-
finity, cellular uptake and biodistribution. ASOs such as gapmers
[chimeric ASOs consisting of a DNA sequence with flanking
locked nucleic acids (LNA) or 2′-O-methoxyethyl (MOE)
nucleic acids] can be used for RNase H-dependent degradation
of targeted transcripts, an approach used to degrade CUG
repeats in mouse models (36,37). However, a number of CAG
repeat loci, including the HD locus, contain antisense transcripts
spanning the repeat region (38–40), and it is possible that
targeted degradation of sense transcripts may trigger an
up-regulation of these CUG repeat-containing antisense tran-
scripts with potential neurotoxic effects (41–44). An alternative
is to use ASOs that sterically block RNA translation and, poten-
tially, RNA-mediated neurotoxicity without leading to transcript
degradation. Such ASOs include peptide nucleic acids (PNAs),
LNAs, chemically modified single-stranded RNAs (ssRNAs),
and phosphorodiamidate morpholino oligonucleotides
(PMOs). Indeed, selective inhibition of the mutant HTT allele
by PNA and LNA ASOs targeting the CAG repeat of the HTT
transcript has been demonstrated (30,31,45–47). Chemically
modified ssRNA has also been successfully applied to specifical-
ly silence expanded HTT expression both in vitro and in vivo
(48).

Here, we examine the potential of PMOs in HD therapeutics.
PMOs have advantages over other ASOs in therapeutic applica-
tions: the absence of an electrical charge, the lack of dependence
on the activity of RNase H or other catalytic proteins (49–51),
water solubility, stability, lack of non-specific toxicity even at
high concentrations and the capacity for extensive modifica-
tions. PMOs have shown great promise when injected peripher-
ally, including preventing the sequestration of muscleblind-like
protein 1 (MBNL1) in myotonic dystrophy 1 (DM1) (52) and in-
ducing targeted exon skipping in Duchenne muscular dystrophy
(DMD) (53–58). PMOs also can alter brain processes, such as
reducing the anxiolytic effect of estrogen following direct deliv-
ery into the rat dorsal raphe nucleus (59), increasing the survival
of postnatal spinal muscular atrophy mice (60–62), and modu-
lating feeding behavior in rats (63).

In this study, we designed multiple PMOs targeted to the HTT
CAG repeat region and to the region flanking the HTT repeat.
The effectiveness and allelic selectivity of the PMOs were exam-
ined in HD patient–derived fibroblast lines with repeat expan-
sions of 44, 77 or 109 CAG triplets and in two HD mouse
models, N171-82Q transgenic and HdhQ7/Q150 knock-in mice.
The effectiveness in ameliorating neurotoxicity was examined
in a neuroblastoma cell line. Our data demonstrate that PMOs
can significantly decrease HTT protein expression without de-
creasing transcript level, with target selectivity and knock-down
efficacy determined by PMO sequence and concentration, and
by target CAG repeat length.

RESULTS

The specificity and effectiveness of a PMO depend on its
sequence and concentration, as well as on the length of the
targeted CAG repeat

Based on the use of PMOs to ameliorate the toxicity of the CUG
repeat expansion within the DMPK transcript associated with
DM1 (52), we synthesized three CAG repeat–targeting PMOs,
CTG22, CTG25 and CTG28, respectively (Fig. 1). The
optimal length for a PMO is 25 bases and the longest PMO
that could be synthesized was 30 bases. The high transfection ef-
ficiency of �90% was confirmed by delivering fluorescein iso-
thyocyanate (FITC)-labeled standard control (Ctrl) PMO into

Figure 1. Schematic representation of the PMO sequences and their target
regions within human HTT mRNA.
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multiple cell lines (Supplementary Material, Fig. S1) and visual-
izing FITC distribution through an EGFP filter. We evaluated the
PMOs’ specificity and effectiveness in reducing mutant HTT
protein levels in three HD patient–derived fibroblast cell lines,
HD 18/44, HD 20/77 and HD 19/109 (Supplementary Material,
Table S1; numbers indicate CAG repeat sizes within normal and
mutant HTT alleles). First, 1–20 mM of CTG25 PMO was
applied to all three HD patient–derived fibroblast cell lines;
20 mM of a standard control PMO (Ctrl) served as a baseline.
48 h after the treatment, HTT protein levels were assessed
by western blot. An antibody against full-length HTT
(MAB2166) was used to assess the total level of endogenous
HTT in line HD 18/44, as allelic separation was not possible
on the gel. The same antibody successfully resolved the
normal allele (lower band) from the mutant (upper band) in
cell lines HD 20/77 and HD 19/109. In addition, the expression

of mutant HTT was examined using 1C2 antibody (64). As
shown in Figure 2A and C, CTG25 reduced total HTT expression
in all three HD fibroblast lines. Blotting with 1C2 antibody
demonstrated suppression of mutant HTT (Fig. 2B and C). In
cell lines HD 20/77 and HD 19/109, a non-significant trend for
allelic selectivity of CTG25 was observed, and 10 and 20 mM

reduced total HTT levels in the HD 18/44 line to �40%, a poten-
tially therapeutically significant level. We next hypothesized
that increasing the CTG repeat length of the PMO may increase
allelic selectivity due to increased cumulative binding of PMOs
to the expanded CAG repeat (45). We observed that in cell line
HD 19/109, treatment with 10 mM CTG28 reduced the mutant
HTT level to �65% that of control PMO-treated, whereas the
level of normal HTT levels remained at 90% that of control
PMO-treated. Increasing the concentration of CTG28 to 20 mM

further decreased mutant HTT to �50% while normal HTT

Figure 2. PMO CTG25 inhibits HTT expression. Cell lines HD 18/44, HD 20/77 and HD 19/109 were each treated for 48 h with 1, 5, 10 and 20 mM CTG25 or 20 mM

standard control PMO (Ctrl). (A) Analysis of total HTT levels after CTG25 treatment. Antibody MAB2166 was used to discriminate between normal HTT (lower
band) and mutant HTT (upper band) in cell lines HD 20/77 and HD 19/109. Since it is not possible to resolve normal and mutant HTT in the HD 18/44 cell line,
total protein levels were analyzed. HD 18/44, one-way ANOVA, F ¼ 2.960, P ¼ 0.0747, n ¼ 3; HD 20/77, two-way ANOVA, F(Allele) ¼ 0.51, P(Allele) ¼
0.4821, F(PMO) ¼ 63.07, P(PMO) , 0.0001, n ¼ 3; HD 19/109, two-way ANOVA, F(Allele) ¼ 1.35, P(Allele) ¼ 0.2571, F(PMO) ¼ 4.38, P(PMO) ¼ 0.0057,
n ¼ 3; post hoc test ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group. (B) In addition, 1C2 immunoblotting was performed to assess mutant
HTT level only. All HD cell lines, one-way ANOVA, n ¼ 3. HD 18/44, F ¼ 5.237, P ¼ 0.0154; HD 20/77, F ¼ 21.56, P , 0.0001; HD 19/109, F ¼ 5.210, P ¼
0.0039; post hoc test ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group. (C) Representative western blot data. HTT antibodies are shown in
parentheses. All experiments were performed three times.

6304 Human Molecular Genetics, 2014, Vol. 23, No. 23

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu349/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu349/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu349/-/DC1


expression remained at 75% that of control PMO-treated
(Fig. 3A and C). Specific staining for mutant HTT confirmed
this finding (Fig. 3B and C). However, this PMO did not signifi-
cantly reduce mutant HTT protein levels in HD 18/44 or HD 20/
77 (Fig. 3), indicating that increasing the length of CTG PMOs
increases their selectivity for long repeats.

During the course of this study, it was reported that a PMO
consisting of seven CTG triplets selectively decreased the ex-
pression of mutant HTT in HD patient–derived fibroblasts
(30). We therefore examined the effect of a similar PMO,
CTG22 (seven CTG triplets and an additional C) in more
detail. We found that, like with CTG25, total (Fig. 4A and
C) and mutant (Fig. 4B and C) levels of HTT in all three
HD cell lines were significantly reduced by CTG22 treatment;
however, no significant discrimination between normal and
mutant HTT was observed in any of the lines. These results
demonstrate that as CTG repeat length decreases, suppression

of total HTT expression increases but allelic selectivity
decreases.

Taken together, we conclude that the allelic specificity and
effectiveness of a repeat-targeting PMO depends on the length
of the PMO repeat, the concentration of the PMO, and the
length of the repeat in the targeted gene.

The off-target effect of CAG repeat–targeting PMOs
depends on the PMO sequence and concentration

Off-target effect is an important criterion in evaluating the thera-
peutic potential of repeat-targeting ASO approaches. Besides
HTT, there are at least 40 human genes with seven or more con-
secutive CAG triplets (65). To assess the off-target effect of
repeat-targeting PMOs in this study, we chose five control genes
that normally contain long CAG repeats: ataxin-2 (ATXN2),
ataxin-3 (ATXN3), TATA box-binding protein (TBP), androgen

Figure 3. PMO CTG28 preferentially reduces mutant HTT expression. Cell lines HD 18/44, HD 20/77 and HD 19/109 were each treated with 1, 5, 10 and 20 mM

CTG28 or 20 mM standard control PMO (Ctrl). (A) Analysis of the normal versus expanded HTT level. HD 18/44, one-way ANOVA, F ¼ 1.015, P ¼ 0.4449,
n ¼ 3; HD 20/77, two-way ANOVA, F(Allele) ¼ 1.11, P(Allele) ¼ 0.3053, F(PMO) ¼ 3.27, P(PMO) ¼ 0.0323, n ¼ 3; HD 19/109, two-way ANOVA,
F(Allele) ¼ 9.56, P(Allele) ¼ 0.0058, F(PMO) ¼ 14.35, P(PMO) , 0.0001, n ¼ 3; post hoc test ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group;
#P , 0.05 versus normal HTT. (B) The levels of mutant HTT following CTG28 treatment. All HD cell lines, one-way ANOVA, n ¼ 3. HD 18/44, F ¼ 2.256,
P ¼ 0.1356; HD 20/77, F ¼ 0.7091, P ¼ 0.6039; HD 19/109, F ¼ 9.021, P ¼ 0.0024; post hoc test ∗∗P , 0.01 versus Ctrl PMO–treated group. (C) Representative
western blot data. HTT antibodies are shown in parentheses. All experiments were performed three times.
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receptor (AR) and retinoic acid-induced 1 (RAI1). The repeat sizes
of ATXN2, ATXN3 and TBP in the three HD cell lines examined
are shown in Supplementary Material, Table S1. Treatment with
CTG22 significantly reduced the levels of endogenous ATXN3
in both HD 20/77 and HD 19/109 fibroblasts (Fig. 5B). Reduction
of endogenousATXN2 by PMO CTG22 in cell line HD20/77 was
not statistically significant (Fig. 5A). A high concentration of
PMO CTG25 also inhibited endogenous ATXN3 expression to
�40% that of control PMO–treated cells from line HD 19/109
(Fig. 5B). PMO CTG28 had no inhibitory effect on endogenous
ATXN2 and ATXN3 in any of the HD cell lines (Fig. 5A and
B). None of the three CAG repeat–targeting PMOs had an inhibi-
tory effect on the expression of TBP in nuclear protein extracts of
cell line HD19/109 (Fig. 5C). SinceARand RAI1are expressed at
low levels in HD patient–derived fibroblasts, we tested the effect
of these CAG repeat–targeting PMOs on the endogenous levels
of both proteins in the SH-SY5Y neuroblastoma cell line, and
we observed no significant reduction (Fig. 5D). Representative

western blot images for Figure 5 are shown in Supplementary Ma-
terial, Figure S2. The data suggest that the off-target effect of
repeat-targeting PMOs on endogenous genes is dependent on the
sequence of the PMO and possibly on the sequence flanking the
repeat and the subsequent tertiary structure of each repeat locus,
as the length of the repeat in the endogenous control genes exam-
ined is not directly correlated to the off-target effect of the PMO.

Non-CAG repeat–targeting PMOs reduce HTT levels
with high target selectivity

In addition to targeting the CAG repeat region in HTT RNA, tar-
geting other regions may also be a feasible therapeutic approach
if levels of normal HTT remain sufficient to support normal cell
function (13,18). We therefore designed two non-CAG repeat–
targeting PMOs, HTTex1a and HTTex1b (Fig. 1), and examined
their effectiveness in suppressing HTT expression in cell line HD
19/109. HTTex1a binds to the first 25 bases downstream of the

Figure 4. Concentration- and targeted CAG repeat length-dependent reduction of HTT expression following treatment with PMO CTG22. Cell lines HD 18/44, HD
20/77 and HD 19/109 were each treated with 1, 5, 10 and 20 mM CTG22 or 20 mM standard control PMO (Ctrl) for 48 h. (A) Analysis of the normal versus expanded
HTT level after CTG22 treatment. HD 18/44, one-way ANOVA, F ¼ 4.380, P ¼ 0.0265, n ¼ 3; HD 20/77, two-way ANOVA, F(Allele) ¼ 0.03, P(Allele) ¼ 0.8677,
F(PMO) ¼ 5.51, P(PMO) ¼ 0.0037, n ¼ 3; HD 19/109, two-way ANOVA, F(Allele) ¼ 0.83, P(Allele) ¼ 0.3740, F(PMO) ¼ 20.04, P(PMO) , 0.0001, n ¼ 3; post
hoc test ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group. (B) Mutant HTT levels after CTG22 treatment. All HD cell lines, one-way ANOVA,
n ¼ 3. HD 18/44, F ¼ 5.637, P ¼ 0.0122; HD 20/77, F ¼ 8.637, P ¼ 0.0028; HD 19/109, F ¼ 6.499, P ¼ 0.0076; post hoc test ∗P , 0.05, ∗∗P , 0.01 versus Ctrl
PMO–treated group. (C) Representative western blot data. HTT antibodies are shown in parentheses. All experiments were performed three times.
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Figure 5. PMO off-target effects. Cell lines HD 18/44, HD 20/77, HD 19/109 and SH-SY5Y neuroblastoma cell line were each treated with PMOs CTG22, CTG25
and CTG28, and the expression of ATXN2 (A), ATXN3 (B), TBP (C), AR and RAI1 (D) were assessed 48 h after treatment. (A) ATXN2 expression was not
significantly decreased following all PMO treatments. (B) The concentration range of 5–20 mM CTG22 significantly reduced the levels of ATXN3 in cell lines
HD 20/77 and HD 19/109. CTG25 significantly inhibited ATXN3 expression in line HD 19/109. PMO CTG28 did not affect ATXN3 expression in any of the
HD lines tested. (C) A high concentration (20 mM) of repeat-targeting PMOs had no significant effect on the level of TBP in line HD 19/109. (D) AR and RAI
expression in the SH-SY5Y cell line were not decreased by a high concentration (20 mM) of repeat-targeting PMOs. All treatments, one-way ANOVA, n ¼ 3.
ATXN3 in HD 20/77 with CTG22, F ¼ 3.505, P ¼ 0.0490; ATXN3 in HD 19/109 with CTG22, F ¼ 4.050, P ¼ 0.0331; ATXN3 in HD 19/109 with CTG25,
F ¼ 29.15, P , 0.0001; post hoc test ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group. All experiments were performed three times.
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start codon in HTT RNA, and HTTex1b binds to the region im-
mediately upstream of the CAG repeat. As expected, HTTex1a
and HTTex1b modestly decreased both normal and mutant
HTT levels without allelic selectivity (Fig. 6A, B and D). No
effect on the expression of endogenous ATXN2 or ATXN3
was detected with either of the PMOs (Fig. 6C and D), as

expected given the HTT specificity of these PMOs. The relative-
ly small effect of these PMOs on HTT expression compared with
repeat-targeting PMOs is presumably due to only one PMO
being able to bind to each transcript. Nonetheless, the compara-
tive absence of off-target effects suggests the potential value of
these PMOs.

Figure 6. Non-CAG repeat-targeting PMOs inhibit HTT expression in a non–allele-specific manner and without off-target effect. Cell line HD 19/109 was treated
with non–repeat-targeting PMOs HTTex1a and HTTex1b. (A) Analysis of normal versus mutant HTT level. PMO HTTex1a, two-way ANOVA, F(Allele) ¼ 1.35,
P(Allele) ¼ 0.2593, F(PMO) ¼ 10.39, P(PMO) ¼ 0.0001, n ¼ 3; PMO HTTex1b, two-way ANOVA, F(Allele) ¼ 0.03, P(Allele) ¼ 0.8706, F(PMO) ¼ 12.34,
P(PMO) , 0.0001, n ¼ 3; post hoc test ∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001 versus Ctrl PMO–treated group. (B) Mutant HTT level after HTTex1a and
HTTex1b treatment. Both PMOs, one-way ANOVA, n ¼ 3. PMO HTTex1a, F ¼ 2.573, P ¼ 0.1028; PMO HTTex1b, F ¼ 8.018, P ¼ 0.0037; post hoc test
∗∗P , 0.01 versus Ctrl PMO–treated group. (C) As expected, PMOs HTTex1a and HTTex1b did not have an effect on the expression of endogenous ATXN2
and ATXN3 control proteins. Both PMOs, one-way ANOVA, n ¼ 3. (D) Representative western blot data. HTT antibodies are shown in parentheses. All experiments
were performed three times.
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RNA levels of HTT, HTTAS_v1 and control genes are not
affected by PMOs

Since PMOs are designed to sterically block RNA translation
through complementary binding with target RNA, PMO activity
should not lead to the degradation of targeted transcripts (49).
To confirm this, we analyzed HTT RNA levels, as well as the
RNA levels of four endogenous control genes including
ataxin-1 (ATXN1), ATXN3, TBP and atrophin-1 (ATN1) after
treatment with each of the five PMOs. As expected, no signifi-
cant effect on the levels of transcripts was observed (Fig. 7A).
Since CTG22 was the most effective at reducing overall HTT
levels (Fig. 4), we used this PMO to determine whether
PMO-HTT transcript hybridization affects levels of the antisense
transcript at the HD locus, HTTAS_v1 (38). Our results indicate
that neither the levels of sense HTT nor HTTAS_v1 are signifi-
cantly changed following introduction of the PMO (Fig. 7B).
In addition, we observed that modulating the levels of the endor-
ibonuclease dicer (DICER1) in HD cell line 19/109 transfected
with PMO CTG22 has no significant effect on the levels of
HTT (Supplementary Material, Fig. S3). Taken together, our
experiments further confirm that PMO suppression of target ex-
pression does not involve degradation of either the targeted tran-
script or endogenous control genes.

PMOs show minimal cytotoxicity

Any ASO-based strategy to lower HTT expression must be eval-
uated for non-specific cell toxicity. Unlike other ASOs, PMOs
typically do not have cytotoxic effects. We confirmed that this
general rule extended to our PMOs, as we were unable to
detect toxicity in HD cell lines treated with a high concentration
(20 mM) of each of the PMOs (data not shown). We next deter-
mined the toxicity of PMOs in normal HEK293 cells, as these
cells tend to be more sensitive to toxins than fibroblasts. As
shown in Figure 8A, most of the PMOs were not toxic to
HEK293 cells even at the highest concentrations, with the excep-
tion of CTG22, which was significantly toxic even at 5 mM. Since
CTG22 induced the most off-target effect in HD cell lines
(Fig. 5), we speculate that this may reflect the capacity of
PMOs with short repeats to target a number of endogenous
genes containing CAG repeats. The data also demonstrate that
off-target effects of PMOs, and hence potentially other ASOs,
differ by cell type, and this phenomenon should be taken into
consideration when evaluating ASOs as potential therapeutics.

PMOs protect cells from mutant HTT-induced toxicity

Since CTG25 suppresses mutant HTT with minimal toxicity, we
examined whether this PMO can protect neurons against mutant
HTT-related toxicity. We used the STHdh cell model of HD, in
which 5 mM sodium L-glutamate induces cytotoxicity in cell line
STHdh Q111/Q111 expressing mutant HTT, but not in the
control cell line STHdh Q7/Q7 expressing normal HTT (66).
Using a modified protocol, we confirmed that incubation of
2 mM L-glutamate for 72 h was toxic to STHdh Q111/Q111,
but not to STHdh Q7/Q7 cells (Fig. 8B). We then observed
that pre-treatment of STHdh Q111/Q111 cells for 48 h with
CTG25 protected the cells from glutamate-mediated mutant
HTT-related neurotoxicity (Fig. 8C). This result indicates that
PMO CTG25 can both suppress mutant HTT expression in
patient-derived fibroblasts and reduce HTT neurotoxicity in a
cell model of HD.

A PMO’s ability to suppress HTT in an allele-selective
manner may be cell type–specific

We next asked whether PMOs can suppress HTT expression
in vivo. Since PMOs are transported into cells through endocyto-
sis, and following release from the endosomes, freely diffuse into
the cytoplasm and nucleus (67), we first examined to what extent
PMOs can diffuse into the cytoplasm and the nucleus in neurons.
We transfected a FITC-labeled control (Ctrl) PMO into mouse
primary cortical neurons. Interestingly, we detected a much
higher level of PMO release from neuronal endosomes than
from fibroblast endosomes (Fig. 9). This finding confirms the
cell type–specific effect of PMOs and provides a potential mech-
anistic explanation for cell type specificity.

CTG25 and CTG28 inhibit mutant HTT expression in vivo

Since CTG25 reduced mutant HTT expression and rescued
mutant HTT toxicity in vitro, we next examined the effect of
CTG25 on HTT expression in vivo. We selected the N171-82Q
transgenic HD mouse model for this experiment (68), as the

Figure 7. PMOs exhibit no significant effect on the RNA levels of HTT,
HTTAS_v1 and endogenous control genes. (A) Cell line HD 19/109 was
treated with 20 mM Ctrl, CTG22, CTG25, CTG28, HTTex1a and HTTex1b
PMO for 48 h, and the RNA levels of HTT and endogenous control genes
(ATXN1, ATXN3, TBP and ATN1) were examined using TaqMan real-time
PCR. All genes, one-way ANOVA, n ¼ 3. (B) Cell line HD 18/44 was treated
with 20 mM either Ctrl and or CTG22 PMO for 48 h, and the RNA level of
HTTAS_v1 was examined using TaqMan real-time PCR. Student’s t-test, n ¼
3. Experiment was performed three times in triplicate.

Human Molecular Genetics, 2014, Vol. 23, No. 23 6309

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu349/-/DC1


repeat size in the model resembles that in HD 20/77 fibroblasts,
in which PMO CTG25 was the most effective (Fig. 2A). A single
low dose of (100 mg) standard control (Ctrl) or CTG25 PMO was
injected into the right lateral ventricle of 6-week-old N171-82Q
mice. The expression of the mutant HTT transgenic fragment in
the frontal cortex was assessed 2 weeks post-injection. CTG25
was effective in reducing N171-82Q transgenic protein expres-
sion in the frontal cortex (Fig. 10A) without a significant effect
on the levels of endogenous normal HTT and control proteins
containing polyglutamine repeats (Fig. 10B). The decrease of
the N171-82Q protein level in both the ipsilateral and the contra-
lateral cortex suggests an efficient distribution of the PMO in
vivo.

To further investigate the long-term efficacy and safety of
PMOs, we also tested the effect of a repeat-targeting PMO in
the HdhQ7/Q150 knock-in HD mouse model, which has both
normal and mutant HTT expression at endogenous levels
(69–71). We chose to use PMO CTG28 in this model based on
its strong selectivity for expanded alleles in HD fibroblasts
harboring 109 CAG repeats. Three successive, low-dose
(100 mg) treatments of either Ctrl or CTG28 PMO were injected
into the right lateral ventricle of 6-month-old HdhQ7/Q150

knock-in mice at 6, 8 and 10 months of age. At the age of 12
months, mice were assessed in the tail suspension test, which
has been used to measure depressive-like behavior of YAC128
HD mice (72), and the expression of HTT in various brain
regions associated with the disease pathology was also assessed.
No loss of body weight was observed in mice with CTG28 injec-
tions, suggesting that PMO CTG28 does not induce systemic
deleterious effect (Supplementary Material, Fig. S4). CTG28
was effective in inhibiting the expression of mutant HTT
(Fig. 10C, upper mouse HTT band) in the ipsilateral frontal
cortex, ipsilateral striatum and cerebellum without affecting
the levels of normal HTT (Fig. 10C, lower mouse HTT band)
or control proteins containing polyglutamine repeats
(Fig. 10D). These data suggest that CTG28 exhibits efficient dis-
tribution in the brain, good efficacy in reducing mutant HTT and
little off-target effect in vivo. Representative western blot images
for the data quantified in Figure 10 are shown in Supplementary
Material, Figure S2. Promisingly, preliminary evidence also
suggests that CTG28 improves the behavioral phenotype of
HdhQ7/Q150 HD mice (Fig. 10E). Mice injected with CTG28
showed decreased immobility, increased latency to immobility
and increased escape attempts compared with mice with Ctrl
injections in the tail suspension test, an assay generally inter-
preted as a test of depressive-like phenotype (72).

DISCUSSION

Our results demonstrate that PMOs can block the expression of
mutant HTT, with the effectiveness, allelic specificity and off-
target effects of this activity a function of PMO sequence,
target repeat length and PMO concentration. PMO CTG22,
with the fewest CTG triplets, was the most effective of the
CTGn PMOs in inhibiting HTT expression; however, this
PMO did not show allelic selectivity and triggered significant
off-target effects. In contrast, the longest PMO, CTG28,

Figure 8. PMOs show minimal cell toxicity and can protect cells against mutant
HTT-associated neurotoxicity. (A) HEK293 cells were treated with each of the
PMOs at the indicated concentrations. With the exception of CTG22, which
showed high concentration-dependent toxicity in HEK293 cells, PMOs show
no or minimal cytotoxicity even at the highest levels. All PMO concentrations,
one-way ANOVA, n ¼ 4; post hoc test ∗P , 0.05, ∗∗∗P , 0.001 versus Ctrl
PMO–treated group. (B) Mouse neuronal cell lines STHdh Q7/Q7 and STHdh
Q111/Q111 were treated with the indicated concentrations of L-glutamate
(L-Glu) for 72 h and a caspase 3/7 assay was used to identify the best L-Glu
concentration to induce mutant HTT-related cytotoxicity for the subsequent
studies. Two-way ANOVA, F(polyQ) ¼ 112.50, P(polyQ) , 0.0001,
F(Concentration) ¼ 97.06, P(Concentration) , 0.0001, n ¼ 4; post hoc test
∗∗P , 0.01, ∗∗∗P , 0.001 versus STHdh Q7/Q7. (C) 48-h pre-treatment of
PMO CTG25 protected STHdh Q111/Q111 cells from HTT neurotoxicity.
Two-way ANOVA, F(polyQ) ¼ 103.35, P(polyQ) , 0.0001, F(Treatment) ¼
11.45, P(Treatment) , 0.0001, n ¼ 4; post hoc test ∗∗∗P , 0.001, NS ¼ no
significance versus STHdh Q7/Q7. All experiments were performed three
times in quadruplicate with similar results.
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showed the lowest effectiveness yet the highest allelic selectiv-
ity, primarily evident in the HD fibroblast line with 109 CAG
repeats. Our first important finding is that PMO CTG25, which
shows marginal allelic selectivity, is able to reduce the total
level of HTT to �40–50% that of untreated cells in HD fibro-
blasts with an expanded allele containing 44 CAG triplets, a
repeat expansion length in the range typical for HD patients.
The effects on the normal and mutant alleles were similar, as
demonstrated by the 1C2 antibody, which is specific for
expanded polyglutamine repeats.

Of note, we observed a discrepancy between data obtained
with the MAB2166 and 1C2 antibodies. For example 1 mM of
CTG25 reduced total HTT in line HD 20/77 to 50% based on
western blotting with MAB2166, but no significant reduction
of the expanded allele was observed with 1C2. In contrast,
while 10 mM of CTG25 reduced total HTT levels in this line to
�10% as determined by MAB2166, 1C2 indicated a 50% reduc-
tion of expanded HTT. This suggests that MAB2166 differen-
tially detects the normal and mutant alleles. Therefore, future
studies of the effect of knockdown strategies should use multiple
antibodies to measure normal and mutant HTT levels.

Yu et al. (48) recently described a repeat-targeting ASO
capable of allele-specific HTT inhibition in vivo. While achiev-
ing allelic specificity is considered to be the ultimate goal in
ASO-based HD therapy, work from Kordasiewicz et al. (37)
demonstrates the potential therapeutic role of non–allele-
specific ASO-based HD therapy. While, as expected,
non-CAG repeat-targeting PMOs that we examined did not
exhibit allelic specificity, these PMOs have the advantage of spe-
cificity to HTT and therefore are less likely to exhibit significant
off-target effect than a PMO (or other ASO) targeting the repeat.

In addition to allelic selectivity and effectiveness, an ideal
ASO therapy should exhibit no off-target effects. While the
repeat-targeting ASO-based HD therapies reported so far are
very promising (20), their off-target effects remain to be fully
explored. As our data demonstrate, off-target effects are very

likely to occur, especially with shorter repeat-targeting ASOs.
In addition, our data indicate that off-target effects will increase
with higher concentrations of ASOs; we speculate that pro-
longed administration of ASOs would have a similar effect.
For instance, CTG22 and CTG25 both decreased ATXN3
expression in the HD 20/77 and HD 19/109 cell lines
(Fig. 5B). Therefore, the length of the PMO CTG repeat,
the length of the repeat in off-target genes and the structure of
the repeat in the off-target gene as determined by flanking se-
quence all influence off-target effects. Since ATXN3 levels
appear to be particularly susceptible to CAG repeat-targeting
siRNAs (32) and PMOs, ATXN3 levels may provide a good
marker for off-target effects of repeat-targeting siRNAs and
ASOs. Our results also suggest that the differential tissue expres-
sion of CAG repeat-containing genes and the differential intra-
cellular distribution of ASOs need to be considered when
examining off-target effects.

The ability of PMOs to reduce target expression depends on
their ability to enter cells through endocytosis and to be efficiently
released from endosomes/lysosomes (73). Our results show that
PMOs have a wider intracellular distribution in neurons, and
therefore their selectivity and effectiveness may be higher
when delivered to neuronal cells than to fibroblasts (Fig. 9).
This suggests that, while the endogenous levels of normal and
expanded HTT in fibroblasts serve as a useful model for an
initial evaluation of an ASO (74), they may not be fully inform-
ative when it comes to the specificity and effectiveness of an
ASO in neurons.

Our second and most important finding is that repeat-targeting
PMOs are capable of significantly and selectively reducing
mutant HTT expression in two different HD mouse models
and that a safe reduction in one of the models is also accompanied
by a preliminary improvement in phenotype. A single low-dose
intracerebroventricular (ICV) injection of CTG25 in N171-82Q
transgenic HD mice selectively and significantly reduced the
levels of mutant HTT in the frontal cortex without a significant
effect on endogenous HTT levels or the levels of a selection of
other polyglutamine-containing proteins (Fig. 10A and B).
However, we are aware of the limitations of this transgenic
model, in which a human HTT fragment is expressed under the
PrP promoter. Therefore, to further examine PMO pharmaco-
kinetics, possible effects on behavior, and off-target effects,
we examined the effect of three successive low-dose ICV injec-
tions of CTG28 over the course of 6 months on the HdhQ7/Q150

knock-in HD mouse model (Fig. 10C). CTG28 was effective
in selectively inhibiting mutant HTT expression in widely dis-
tributed brain regions 2 months after the last injection. We
observed that CTG28 has a higher efficacy in the cortex than
in the striatum, perhaps reflecting differential PMO penetration
into the two regions, or cell type selectivity of response to
CTG28. We also determined that CTG28 treatment attenuated
the abnormal behavior displayed by HdhQ7/Q150 knock-in mice
on the tail suspension test. Unfortunately, only a limited behav-
ioral analysis can be performed on HdhQ7/Q150 mice, as they
exhibit very little phenotype at 12 months of age (69,70).
While we did not detect significant off-target effects of CTG28
(Fig. 10D), it is important to note that the repeat length of repeat-
containing mouse genes is almost universally shorter than those
in the orthologous human genes (65), so any repeat-targeting
strategy will require careful exploration of off-target effect in

Figure 9. PMO intracellular diffusion is cell type–specific. HD fibroblast cell
line 19/109 and wild-type mouse primary cortical neurons were treated with
20 mM fluorescein-labeled standard control PMO (Ctrl) for 48 h. In the HD fibro-
blasts, the majority of PMO remains within endosomes. PMO transfected into
cultured primary cortical neurons is released from endosomes and diffuses in
the cytoplasm and nucleus. Green, fluorescein-labeled Ctrl PMO; Red, Rab7 as
an endosome marker; Blue, 4′,6-diamidino-2-phenylindole (DAPI) as a
nucleus marker. Scale bar, 20 mm.
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Figure 10. CTG25 and CTG28 preferentially inhibit mutant HTT expression in vivo. Intracerebroventricular injection was used to deliver 100 mg of standard
control PMO (Ctrl) or CTG25 PMO into the right lateral ventricle of six-week-old N171-82Q transgenic HD mice. Two weeks following the injection, the mice
were sacrificed and 1C2 immunoblotting was used to assess the levels of HTT N171-82Q protein (A). CTG25 PMO successfully reduced HTT N171-82Q ex-
pression to 35–40% that of the Ctrl-injected without any significant effect on the levels of endogenous HTT, as well as on control proteins ATXN2, ATXN3, AR
and TBP (B). Student’s t-test, n ¼ 3; ∗P , 0.05, ∗∗∗P , 0.001 versus Ctrl PMO–injected group. The same ICV injections were also used to deliver Ctrl PMO or
CTG28 PMO to the right lateral ventricle of 6-month-old HdhQ7/Q150 knock-in HD mice. Totally, three 100-mg ICV injections were administered bimonthly.
Two months following the last injection, HdhQ7/Q150 knock-in HD mice were first assessed with the tail suspension test and then sacrificed to examine total HTT
levels via MAB2166 immunoblotting. (C) CTG28 preferentially inhibited mutant HTT (upper mouse HTT band) to 15–45% that of Ctrl-injected in multiple
brain regions (cortex, striatum and cerebellum), with minimal or no effect on normal HTT (lower mouse HTT band). Cortex, two-way ANOVA, F(Allele) ¼
180.9, P(Allele) , 0.001, F(PMO) ¼ 115.9, P(PMO) , 0.001, n ¼ 4; striatum, two-way ANOVA, F(Allele) ¼ 190.6, P(Allele) , 0.001, F(PMO) ¼ 7.84,
P(PMO) ¼ 0.0161, n ¼ 4; cerebellum, two-way ANOVA, F(Allele) ¼ 155.2, P(Allele) , 0.001, F(PMO) ¼ 27.41, P(PMO) , 0.0001, n ¼ 4; post hoc test
∗P , 0.05, ∗∗∗P , 0.001 versus Ctrl PMO–injected group; #P , 0.05 versus normal HTT. (D) CTG28 had no effect on the expression of control proteins
ATXN2, ATXN3 and TBP. Student’s t-test, n ¼ 4. (E) CTG28 injections decreased immobility time and increased latency to immobility and escape attempts
of HdhQ7/Q150 knock-in HD mice in the tail suspension test. Two-way repeated-measure ANOVA; post hoc test ∗P , 0.05 versus Ctrl PMO–treated group; n ¼ 4.
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human tissue. The absence of loss of body weight relative to Ctrl
PMO–injected mice [a simple assay of systemic health com-
monly used to assess PMOs (75–77)] following CTG28 injec-
tion provides additional evidence of the in vivo safety of
PMOs (Fig. 10E).

PMOs are uniquely amenable to modifications, and a range of
changes could address issues such as the need to enhance their
delivery across the blood-brain barrier (BBB) using less invasive
delivery routes than ICV or brain parenchyma injections, such as
intravenous (IV) or intranasal (IN) delivery (75). At least two
PMO modifications with increased effect in vivo have been
reported: Vivo-Morpholinos (eight guanidinium groups on a
dendrimeric scaffold linked to a PMO) and PPMOs, in which
an arginine-rich cell-penetrating peptide is linked to a PMO.
Direct intracranial administration of Vivo-Morpholinos pro-
vided an effective means to suppress protein expression of
xCT, GLT1 and orexin in the brain for up to 7 days (76).
However, Vivo-Morpholinos were reported to have low brain
penetration when injected peripherally (51,77). Alternatively,
peptide conjugation leads to the delivery of PPMOs to both
muscle (78,79) and brain via the BBB (80) following tail vein
injections. Recently, a systemic delivery of PPMO reduced
CUG RNA neurotoxicity and resulted in corrected splicing in
a mouse model of DM1 (81). However, despite the superior effi-
cacy of Vivo-Morpholinos and PPMOs, reports of their toxicity
will need to be taken into careful consideration as their therapeut-
ic potential is explored (82,83).

ASO-based therapies may require targeting specific neuronal
subpopulations to maximize effectiveness while minimizing
toxicity and side effects. PMOs linked to nanoparticles have suc-
cessfully been targeted to glioma cells in vivo (84), and a similar
approach may serve to target PMOs to medium spiny neurons in
HD. Both the repeat-targeting and non–repeat-targeting PMOs
examined here may also be combined with other successful strat-
egies, as a combination of multiple knockdown techniques may
lead to the most effective treatment (15). Moreover, since PMOs
have good diffusion into neuronal nuclei, additional PMOs could
be designed to correct missplicing in HTT, similar to the strategy
described for DMD (85).

In summary, published applications of PNAs, LNAs, chem-
ically modified ssRNAs and other ASOs toward the selective
inhibition of mutant HTT are encouraging. Our results support
PMOs as an additional viable therapeutic tool for HD.

MATERIALS AND METHODS

Reagents and antibodies

Standard control PMO, custom-made PMOs and Endo-Porter
(in DMSO solution) were obtained from Gene Tools, LLC
(Philomath, OR, USA). The sequence for each of the PMOs
used in this study is given in Figure 1. TaqMan Assay IDs
for real-time PCR purchased from Applied Biosystems
(Carlsbad, CA, USA) were as follows: HTT, Hs00918174_m1;
ATXN1, Hs00165656_m1; ATXN3, Hs01026440_g1; TBP,
Hs00427620_m1; ATN1, Hs00157312_m1; GUSB,
Hs00939627_m1; HTTAS_v1, described by Chung et al. (38).
For toxicity assays in cells, the Caspase-Glo 3/7 assay kit was
used (G8091, Promega, Madison, WI, USA). Control and
DICER1 siRNAs were purchased from Ambion (Carlsbad,

CA, USA). The antibodies and concentrations used for immuno-
blotting and immunofluorescence were as follows: anti-HTT
(MAB2166, 1:1000), anti-polyglutamine, 1C2 (MAB1574,
1:2000), anti–ataxin-3 (MAB5360, 1:500) anti-Androgen Re-
ceptor (06–680, 1:200), all from EMD Millipore (Billerica,
MA, USA); anti-TBP (sc-273, 1:200), anti-histone H1
(sc-8030, 1:200) and anti–Retinoic Acid-Induced 1 (sc-
365065, 1:100), all from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti–b-actin (ab8224, 1:5000) from Abcam
(Cambridge, MA, USA); anti-DICER1 (SAB4200087, 1:200)
from Sigma-Aldrich; anti-Rab7 (9367, 1:100) from Cell Signal-
ing Technology (Danvers, MA, USA). The secondary antibodies
were Cy3-conjugated goat-anti-rabbit IgG, HRP-conjugated
goat-anti-rabbit IgG and HRP-conjugated goat anti-mouse IgG
antibodies (Life Technologies, Grand Island, NY, USA).

Cell culture, transfection and PMO treatment

HD patient–derived fibroblast cell lines HD 18/44, HD 20/77
and HD 19/109 were obtained from the Baltimore Huntington’s
Disease Center. The fibroblasts were cultured in Minimal Essen-
tial Medium Eagle (MEM) supplemented with heat-inactivated
10% fetal bovine serum (FBS) and 1% MEM non-essential
amino acid solution. HEK293 cells (CRL-1573; ATCC, Mana-
ssas, VA, USA) and neuroblastoma cell line SH-SY5Y (CRL-
2266, ATCC) were cultured in Dulbecco’s Modified Eagle
Medium with 4.5 g/l glucose and supplemented with 10%
FBS. Mouse primary cortical neurons were prepared as previ-
ously described (86) and cultured in neurobasal medium supple-
mented with 2% B-27 supplements. All media and reagents used
for cell culture were obtained from Life Technologies. All cells
were maintained at 378C with 5% CO2 and plated either in 6-well
plates (100 000 cells/well) or in 96-well plates (5000 cells/well)
1 day prior to siRNA transfection or PMO treatment. For knock-
down of DICER1, 100 pmol of siRNA was transfected into HD
19/109 fibroblasts using Lipofectamine 2000 reagents, accord-
ing to the manufacturer’s manual (Life Technologies). For all
PMO treatments, PMOs (at respective concentrations) and
Endo-Porter (6 mM) were pre-mixed for 30 min and then added
to the culture medium for 48 h before collection for analysis.

Western blot

Following PMO treatment, cells were washed with PBS, and
total protein was extracted using RIPA buffer (Sigma-Aldrich,
St Louis, MO, USA) according to the manufacturer’s protocol.
For nuclear protein extraction, the NE-PER Nuclear Protein
Extraction Kit (Pierce, Rockford, IL, USA) was used according
to the manufacturer’s protocol. Total protein extracts from
mouse brains were prepared following tissue homogenization
in RIPA buffer. Protein samples were subjected to SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) using 3–
8% tris-acetate gel (constant voltage of 120 V, for immunoblot-
ting of HTT) and 4–12% bis-tris gel (constant voltage of 100 V,
for immunoblotting of other proteins; Life Technologies). Pro-
teins were transferred onto nitrocellulose membranes (Bio-
Rad, Hercules, CA, USA) at a constant voltage of 20 V overnight
and blocked with 5% milk in tris-buffered saline containing
0.1% Tween 20 (TBS-T) for 1 h at room temperature (RT).
Membranes were incubated with primary antibodies overnight
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at 48C. After washing with TBS-T, membranes were incubated
with the corresponding secondary antibodies and protein bands
were detected using the ECL Prime Western Blotting System
(GE Healthcare, UK). Images were analyzed with the ImageJ
Software (NIH, http://rsbweb.nih.gov/ij/ 8 July 2014 last
accessed date). Relative protein levels of TBP were obtained
by normalizing TBP levels to that of histone H1, while b-actin
was used as an internal control for other proteins.

RNA isolation and real-time PCR

Total RNA was isolated using TRIZOL reagent (Sigma-
Aldrich), according to the manufacturer’s manual. Total RNA
was reverse-transcribed using random hexamer primers and
SuperScript III reverse transcriptase (Life Technologies). The
ABI 7900HT detection system (Applied Biosystems) was used
for real-time PCR. Gene-specific TaqMan primers and probes
(Applied Biosystems) were used to monitor the replication of
PCR products. Human GUSB was selected as an internal
control. Quantities of transcripts were obtained using the stand-
ard curve method and normalized to GUSB RNA levels. RNA
expression levels were represented as a ratio of the gene of inter-
est to GUSB.

Caspase-3/7 activity assay

Cells were treated with PMOs in 96-well plates and incubated
with 100 ml/well of Caspase-Glo 3/7 reagent for 1 h at 378C. A
Fluoroskan Ascent Microplate Fluorometer (Thermo Scientific,
Waltham, MA, USA) was used to quantify luminescence. Rela-
tive luminescence unit measurements of all treated groups were
normalized to that of the non-treated group.

LDH assay

Released LDH activity was measured according to the manufac-
turer’s protocol (Roche, Berlin, Germany). Briefly, 50 ml of con-
ditioned medium from cell cultures were incubated with 50 ml of
LDH assay buffer at RT for 20 min in the dark. The reaction
mixture was stopped and the absorbance was read at 492 nm.
Fresh medium was also assayed as background and subtracted
from each group to get relative LDH activity. Relative LDH ac-
tivity of the non-treated control group was defined as 100, and all
other groups were normalized to this value.

Immunofluorescence

Cells were seeded onto Poly D-lysine-coated cover slips in a
24-well plate at 1 × 105 cells/well and incubated with culture
medium containing 20 mM fluorescein-labeled standard control
PMO. Cells were then washed with PBS and fixed with 4%
paraformaldehyde in PBS for 15 min at RT. For endosome stain-
ing, HD 19/109 cells were permeabilized in PBS with 10% BSA
and 0.1% Triton X-100 for 30 min and incubated in a primary
antibody against Rab7 at 48C overnight, followed by washing
and 1-h incubation with a secondary antibody. All images
were acquired using a Nikon Eclipse E400 epifluorescence
microscope (Nikon, Tokyo, Japan) and MetaVue 4.6 software
(Molecular Devices, Sunnyvale, CA, USA).

ICV injection in HD mouse

The breeding and subsequent use of N171-82Q transgenic mice
and HdhQ7/Q150 knock-in mice were approved by the ACUC of
Johns Hopkins University, Baltimore, MD. Mice were housed
at the East Baltimore campus rodent vivarium and maintained
on a standard circadian cycle with free access to water and stand-
ard chow. Six-week-old N171-82Q mice were anesthetized via
intraperitoneal injection of a mixture of 80 mg/kg ketamine
and 1 mg/kg dexmedetomidine, diluted in 0.9% sterile saline.
Mice were then immobilized in a stereotactic device and injected
in the right lateral ventricle (1.0 mm posterior to Bregma,
1.3 mm right, 2.0 mm deep); 100 mg of previously freeze-dried
PMO were resuspended in 2 ml saline to create a 6 mM injection
solution, which was injected using a 2 ml Hamilton syringe over
1 min. After injection, the needle was withdrawn and skin was
closed with cyanoacrylate glue. Post-surgical health was moni-
tored until sufficient recovery was attained in respiration and
mobility levels. Fourteen days after ICV injection, mice were
killed by rapid decapitation and frozen brain region punches
were taken in a cryostat. Total lysate of the frontal cortex was
prepared from each mouse and used in western blot analysis.
Six-month-old HdhQ7/Q150 knock-in mice were subjected to
the same injection protocol for three successive injections at 6,
8 and 10 months of age. The mice’s body weight was measured
weekly from the first injection. Two months after the last ICV in-
jection, the mice were examined in the tail suspension test and
then killed. The ipsilateral hemisphere of each mouse brain
was dissected into the frontal cortex, striatum and cerebellum
for western blot analysis.

Tail suspension test

The tail suspension test is a standard mouse behavioral pheno-
typing procedure that is used to assess depressive-like
phenotype: mice administered monoamine oxidase inhibitors
(MAOIs) and other pharmaceutical antidepressants display
decreased immobility and increased latency to immobility (89,
90). Mice were allowed to acclimatize to individual housing in
an isolated behavioral suite for 1 day prior to testing. Each
mouse was hung by the distal 2 cm of tail to a shelf positioned
�18 inches above the bench top. The mice were oriented such
that the ventral aspect faced the observer. Each trial lasted 60 s
and each mouse completed five trials separated by �15 min.
Each trial was recorded by a digital camera and later scored by
two observers (one blinded) for time spent attempting escape,
time spent immobile and latency to immobility.

Statistical analysis

Experiments were repeated at least three times. Data were pre-
sented as mean+SD. The results were analyzed using Student’s
t-test, one-way analysis of variance (ANOVA) followed by Dun-
nett’s post hoc test, or two-way ANOVA followed by Bonferro-
ni’s post hoc test as indicated. Statistical significance was set at
P-value , 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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