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Huntington disease (HD) is a dominant, genetic neuro-
degenerative disease characterized by progressive loss 
of voluntary motor control, psychiatric disturbance, and 
cognitive decline, for which there is currently no disease-
modifying therapy. HD is caused by the expansion of 
a CAG tract in the huntingtin (HTT) gene. The mutant 
HTT protein (muHTT) acquires toxic functions, and there 
is significant evidence that muHTT lowering would be 
therapeutically efficacious. However, the wild-type HTT 
protein (wtHTT) serves vital functions, making allele-
specific muHTT lowering strategies potentially safer than 
nonselective strategies. CAG tract expansion is associ-
ated with single nucleotide polymorphisms (SNPs) that 
can be targeted by gene silencing reagents such as anti-
sense oligonucleotides (ASOs) to accomplish allele-spe-
cific muHTT lowering. Here we evaluate ASOs targeted 
to HD-associated SNPs in acute in vivo studies including 
screening, distribution, duration of action and dosing, 
using a humanized mouse model of HD, Hu97/18, that 
is heterozygous for the targeted SNPs. We have iden-
tified four well-tolerated lead ASOs that potently and 
selectively silence muHTT at a broad range of doses 
throughout the central nervous system for 16 weeks or 
more after a single intracerebroventricular (ICV) injec-
tion. With further validation, these ASOs could provide a 
therapeutic option for individuals afflicted with HD.
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INTRODUCTION
Huntington disease (HD) is a dominant, genetic neurodegenera-
tive disorder that usually manifests in middle age and is charac-
terized by psychiatric disturbance, chorea, cognitive decline, and 
death usually 15–20 years later.1 HD is caused by the expansion of 
a polyglutamine encoding CAG repeat in exon 1 of the huntingtin 
gene (HTT) to 36 or more,2 resulting in early and selective atro-
phy of the putamen and caudate nucleus of the striatum, as well 

as cortical thinning due to degeneration of susceptible neuronal 
populations.3 Despite the ability to identify HD mutation carriers 
decades before onset, there is currently no available therapy that 
can delay onset or slow progression of the disease. Although some 
symptomatic treatments are available, most are not effective and 
are often associated with significant side effects.4 Thus, the devel-
opment of safe and efficacious HD modifying therapies represents 
a significant unmet medical need.

Mutant huntingtin (muHTT) fails to adequately perform the 
vital roles of the HTT protein and also acquires toxic functions,3 
creating a complex network of cellular dysfunction. As the sole 
cause of HD, muHTT is an obvious therapeutic target. There is sig-
nificant evidence from murine studies that reducing muHTT will 
provide benefit. HTT lowering in HD patient monocytes reverses 
transcriptional dysregulation and normalizes cytokine release 
responses.5 Moreover, in a conditional model of HD, turning off 
muHTT transgene expression postsymptomatically results in sig-
nificant functional recovery concomitant with clearance of accu-
mulated muHTT,6 indicating that HTT lowering therapies could 
act not only to halt or slow disease progression, but to reverse 
pathology. Several HTT lowering preclinical trials in rodents have 
shown significant benefit to a broad range of HD-like pheno-
types even when administered postsymptomatically.7–15 One very 
encouraging study even found that the benefit of HTT lowering 
much outlasted the duration of HTT reduction,15 suggesting that 
intermittent therapy may be sufficient to achieve benefit beyond 
the drug action period.

While these studies are promising, in humans treated with 
these agents, both mutant and wild-type HTT (wtHTT) would 
be suppressed, and an ideal therapy would target only muHTT. 
The wtHTT protein is important for neuronal health throughout 
life; mice with the murine HTT homolog Hdh inactivated in the 
neonatal forebrain and testes develop progressive motor impair-
ment and neuropathology.16 Additionally, previous preclinical 
nonselective HTT lowering studies and wtHTT lowering safety 
studies have been performed over periods of 6–9 months, and 
though overt behavioral changes were not observed from nonse-
lective or wtHTT reduction,17,18 transcriptional changes have been 
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reported.13,14 Human therapy will likely be required for decades, 
and for these reasons, an allele-specific muHTT gene silencing 
approach that does not disrupt wtHTT expression will likely be 
preferable for therapeutic applications.

Potential allele-specific muHTT gene silencing approaches 
include, targeting the expanded CAG tract directly for gene 
silencing, but this could result in nonselective HTT reduction, as 
the normal allele does contain a CAG tract, or nonspecific reduc-
tion of other CAG tract-containing genes.19 Alternatively, some 
of the > 3,000 single-nucleotide polymorphisms (SNPs) that have 
been identified in the HTT gene region are tightly linked to CAG 

expansion, and population genetics studies have shown that a 
panel of silencing reagents targeting as few as three to five of these 
HD-associated SNPs could provide an allele-specific therapeutic 
option for up to 85% of HD patients.20–22 We are developing anti-
sense oligonucleotides (ASOs) targeted to HD-associated SNPs as 
novel muHTT lowering HD therapeutics.

ASOs are short, synthetic DNA molecules that bind to tar-
get RNA and catalyze downstream actions, including RNase 
H-mediated degradation, resulting in gene product reduction.23 
We have previously generated a large number of ASOs targeting 
six different HD-associated SNPs and counter screened them in 
cellular systems homozygous for either the targeted or nontar-
geted allele. This allowed for independent assessments of ASO 
potency by targeted allele knockdown (KD), or ASO selectivity 
by nontargeted allele KD,24 and demonstrated the feasibility of 
a SNP targeted ASO-mediated selective muHTT gene silencing 
approach.

We have used Hu97/18 mice to evaluate ASOs targeted to 
HD-associated SNPs in acute in vivo studies. The Hu97/18 mice 
lack Hdh, but express both human wt and muHTT genes, includ-
ing the coding, noncoding and associated SNPs in the region.25 
This precisely models the human genetic condition of HD, and 
allows us to identify ASOs with the greatest therapeutic poten-
tial. This includes screening of both previously reported and novel 
ASOs, scoring KD potency and SNP discrimination in the same 
cells for the first time, as well as assessments of multiple measures 
of tolerability. Additionally, we have evaluated the drug-like prop-
erties of our ASOs, including investigation of ASO persistence in 
tissue, duration of silencing action in the brain, ASO distribution, 
KD efficacy regionally throughout the CNS, and dosing of leads 
(Figure 1).

Figure 1 Study overview. (a) Diagram of intracerebroventricular (ICV) 
antisense oligonucleotides injection and tissue processing method to 
allow assessment of HTT mRNA and protein and immunohistochemical 
analyses from the same brains. (b) Study flow chart.
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Figure 2 Antisense oligonucleotides (ASOs) in the HTT locus. Diagram showing the location of each targeted single-nucleotide polymorphism 
(SNP) in the HTT locus and how each evaluated ASO aligns at the SNP. Black-PS, Orange-MOE, Blue-cEt, Green-FHNA, Red-3′ Phosphonate linkage, 
Target SNP is underlined. Nonunderlined ASOs are from primary screen, underlined ASOs are from secondary screen. Sequence and chemistry of 
control (CTRL), pan-huntingtin (PH) and human-huntingtin (HH) specific ASOs is also shown.
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RESULTS
Primary screen
To determine which SNP sites would be amenable for targeting 
with ASOs, ASOs targeting six different HD-associated SNPs 
(Figure 2) previously identified as having significant patient pop-
ulation coverage and being sites of ASO silencing activity24 were 
delivered by unilateral intracerebroventricular (ICV) injection at 
a single dose of 300 µg into the right lateral ventricle of Hu97/18 
mice. ASOs targeted to all HTT (pan-HTT, PH) or human HTT 
(H-HTT, HH), which should induce nonselective HTT lower-
ing in Hu97/18 brains, or ASOs that do not match any genes in 
the mouse genome or lack catalytic silencing activity (control, 
CTRL), which should not alter HTT levels in Hu97/18 brains, 
were also evaluated as controls. Four weeks after injection, brains 
were collected and ASO delivery and distribution were verified by 
immunohistochemistry (IHC) using an antibody that recognizes 
the common phosphorothioate (PS) backbone24 (Supplementary 
Figure S1). WT and muHTT protein levels were assessed by 
quantitative allelic separation immunoblotting (Figure 3a). HTT 
levels were quantified by normalizing the density of HTT bands 

to the density of calnexin loading control and then to the density 
of the same allele from phosphate-buffered saline (PBS)-treated 
animals and expressed as % HTT remaining (Figure 3b). An N 
of four animals per treatment was used and each hemisphere of 
the brain was analyzed independently, giving eight data points per 
condition.

Activity of ASOs was assessed by the percentage of muHTT 
KD as compared to PBS-injected animals (Supplementary 
Table S1). No reduction of HTT protein was observed with 
either control ASO; however, a slight induction of both alleles 
was observed with ASO CTRL1, and thus it is not a good can-
didate for extended in vivo studies. Between 76 and 85% KD of 
muHTT protein was observed after treatment with pan-HTT 
or H-HTT ASOs. Treatment with allele-specific ASOs resulted 
in muHTT KD between 28 and 94%. Consistent with previous 
counter screen data,24 S-constrained ethyl (cEt)26-modified ASOs 
showed enhanced potency compared to 5-9-5 2′-O-methoxyethyl 
(MOE)27-modified ASOs. Selectivity of ASOs was assessed by the 
ratio of muHTT KD to wtHTT KD (Supplementary Table S1). 
Selectivity of pan-HTT and H-HTT ASOs was ~1 as expected, 

Figure 3 Single dose screen of 5-9-5 2′-O-methoxyethyl (MOE) and cEt antisense oligonucleotides (ASOs). 300 µg of ASO was delivered by 
intracerebroventricular (ICV) bolus injection to the right lateral ventricle of 2–3-month-old Hu97/18 mice. Four weeks later, brains were collected and 
sectioned in a 2 mm coronal rodent brain matrix. The first section containing mostly olfactory bulb was discarded. The second section, containing 
anterior cortex and striatum, was used for HTT quantitation by allelic separation immunoblotting. The remaining posterior portion of the brain was 
used for immunohistochemical evaluation of ASO distribution and tolerability. (a) Example western blots showing wt and muHTT protein. ASOs in 
orange contain only MOE modifications. ASOs in blue contain cEt modifications. (b) Quantitation of HTT protein in both hemispheres of 4 animals. 
Density of HTT bands was normalized to calnexin loading control and then expressed as a percentage of the same allele (either wtHTT or muHTT) 
from brain lysates of PBS injected animals on the same membrane. Error bars are SEM. *P < 0.05, **P < 0.01, ***P < 0.001 difference between wt and 
muHTT by Bonferroni post hoc analysis following two-way analysis of variance. (c) Example immunohistochemistry demonstrating the range of astro-
gliosis (GFAP reactivity) observed with screened ASOs, as a measure of tolerability. Scale bars are 250 µm for 5× image and 100 µm for 20× image.
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indicating no allelic preference. Selectivity of allele-specific ASOs 
ranged from a ratio of 1.2 to 6.3, demonstrating preferential KD 
of muHTT. Tolerability of ASOs was assessed by adverse events at 
the time of surgery and/or during the 4-week interval before sac-
rifice (Supplementary Table S1), as well as by qualitative loss of 
DARPP-32 and NeuN reactivity as a measure of general neuronal 
health (only observed with ASO F1) or induction of GFAP reac-
tivity as a measure of gliosis (Figure 3c; Supplementary Figure 
S1 and Supplementary Table S1). GFAP induction was found to 
be the most sensitive of these measures, and in some cases was the 
only indicator of reduced tolerability of an ASO. Control ASOs 
did not induce any adverse effects by these measures. The H-HTT 
ASO HH1 was the most tolerated nonselective ASO, causing no 
adverse effects at the time of surgery or over the 4-week inter-
val, and only resulting in very mild gliosis, which is sometimes 
observed after PBS injection. While no conclusions regarding 
the long-term tolerability of nonselective HTT reduction can be 
drawn from these results as the experiments lasted only 4 weeks, 
this ASO was selected for further study. Allele-specific ASOs that 
induced adverse effects in any of the tolerability measures were 
not studied further. ASO D1 was identified from this screen as 
having moderate activity, excellent selectivity, and excellent toler-
ability. ASO A3 was identified as having excellent activity, moder-
ate selectivity, and excellent tolerability.

Combinatorial silencing
We next sought to determine if targeting multiple SNPs in the HTT 
gene could simultaneously induce synergistic rather than addi-
tive silencing. Synergistic silencing could potentially increase KD 
activity while preserving selectivity and limiting adverse effects 
by reducing the required dose of each independent molecule. 
For this evaluation, ASOs A1 and D1 were selected because they 
share common chemistry and design. They are both 5-9-5 MOE 
gapmers, meaning that the only difference between them is their 
target sequence. Hu97/18 mice received ICV injections of 150 µg 
ASO A1 or D1, 300 µg ASO A1 or D1, or a combination of 150 µg 
each of ASOs A1 and D1. Four weeks later, brains were processed 
for wt and muHTT levels by immunoblotting (Supplementary 
Figure S2). The 150 µg doses of ASOs A1 and D1 alone induced 
21 and 45% muHTT reduction, respectively. Delivering the com-
bined 150 µg dose of both ASOs together resulted in 56% muHTT 
reduction. muHTT reduction was found to not be synergistic, and 
was in fact less than that achieved by delivering the higher dose of 
the more active molecule, ASO D1, alone (69%). This data suggest 
that rather than treating a patient simultaneously with multiple 
ASOs targeted to different SNPs, which could increase potential 
side effects, it would be most beneficial to treat each patient with 
the best available single ASO.

Duration of action
We have previously shown that the incorporation of cEt-modi-
fied nucleotides increases the potency of ASO-mediated muHTT 
KD beyond that of molecules containing only MOE-modified 
nucleotides.24 To compare the kinetics of ASO-mediated muHTT 
silencing between MOE-modified and cEt-modified ASOs, 
2-month-old Hu97/18 mice were injected ICV with 300 µg of 
MOE-modified ASO D1, cEt-modified ASO A2, or PBS vehicle. 

ASOs D1 and A2 were selected for this evaluation because they 
were, respectively, the most active MOE-modified and cEt-mod-
ified molecules identified through primary screening. Mice were 
sacrificed 1, 2, 4, 8, 12, or 16 weeks later and brains were pro-
cessed for ASO distribution (Figure 4a,b) and GFAP induction 
(Supplementary Figure S3a–c) by IHC, wt and muHTT mRNA 
by RT-qPCR (Supplementary Figure S3d), wt and muHTT pro-
tein by immunoblotting (Figure 4c–f), and muHTT protein by 
time resolved fluorescence resonance energy transfer (TR-FRET) 
(Supplementary Figure S3e). For both ASOs, maximal silencing 
was observed 4 weeks postinjection (Figure 4 and Supplementary 
Figure S3). For MOE-modified ASO D1, muHTT protein 
returned to approximately basal levels by 16 weeks postinjection 
(Figure 4c,e and Supplementary Figure S3e), which is consistent 
with previous reports of duration of MOE ASO-induced HTT 
lowering.15 However, for cEt-modified ASO A2, which exhibits 
increased silencing activity compared to MOE-modified ASOs, 
75–85% muHTT reduction was observed at 16 weeks postinjec-
tion (Figure 4d,f and Supplementary Figure S3d,e). In an effort 
to measure the complete duration of action of ASO A2, a second 
group of mice was treated with PBS or ASO A2 and sacrificed 
20, 24, 28, 32, or 36 weeks postinjection. Over these time points, 
muHTT protein slowly increases toward baseline. However, at the 
longest postsurgical interval evaluated, 36 weeks, 25–35% muHTT 
reduction was still observed in ASO A2-treated brains (Figure 
4d,f). IHC of ASO in the brain at all time points revealed similar 
levels of ASO for MOE- and cEt-modified oligos (Figure 4a,b),  
indicating that this increased duration of action for ASO A2 is 
not the result of increased tissue persistence, but is a function of 
increased silencing potency. At the longest time point evaluated, 
36 weeks postinjection, ASO puncta are still apparent in ASO A2 
treated, but not in PBS-treated brain (Figure 4b).

Secondary screen of enhanced selectivity ASOs
Primary screening identified two well-tolerated lead allele-specific 
ASOs. ASO A3, which exhibited excellent activity but only mod-
erate selectivity, and ASO D1, which exhibited excellent selec-
tivity but only moderate activity. Based on our hypothesis that 
enhancing selectivity through chemical and design modification 
would be more tractable than enhancing activity, ASO A3 was 
chosen for further structure activity relationship studies. In an 
effort to improve the selectivity of ASO A3 while maintaining the 
potency and tolerability, several strategies were employed (Figure 
2), including microwalking the sequence around the target SNP, 
changing the number and position of high-affinity MOE- and cEt-
modified nucleotides in the wings (Figure 5a), incorporation of 
other modifications such as FHNA and methyl phosphonate link-
age, and limiting minor RNase H cleavage sites by shortening the 
gap region (Figure 5b).28 We found that ASOs with a shorter gap 
region retain the potency of ASO A3 with enhanced selectivity. 
To expand upon this strategy, gap shortening was then applied to 
ASOs targeting two other SNPs: rs363088 (D) and rs6446723 (G). 
Secondary screening of enhanced selectivity ASOs was performed 
as above using HTT quantitation by immunoblotting (Figure 5c,d). 
KD of muHTT from 40 to 85% was observed (Supplementary 
Table S2), and ASOs that induced less than 50% KD were excluded 
from further study. Selectivity ratios from 1.94 to greater than 85 
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were observed (Supplementary Table S2), and ASOs that were less 
than 10-fold selective were excluded from further study. In many 
cases, KD of wtHTT was not observed, making this ratio impos-
sible to accurately calculate. For these data, 1% KD of wtHTT 
was used to calculate selectivity. These values are proceeded by 
a > sign, indicating that the selectivity ratio is greater than the 
given value. Tolerability was assessed by adverse events at the time 
of surgery or during the four week interval, as well as by GFAP 
IHC (Supplementary Table S2 and Supplementary Figure S4).  
Interestingly, all ASOs from this enhanced selectivity screen that 
were targeted to rs363088 (ASOs D4, D5, and D6) were toxic. As 
a result, this SNP target was not pursued further. ASOs targeting 
the other two SNPs, A or G, that caused adverse time of surgery 
events or induced anything more than very mild gliosis, which is 
sometimes seen with PBS injection, were excluded from further 
study. Eight ASOs, six targeting rs7685686 (ASOs A9, A16, A18, 
A20, A21, and A23) and two targeting rs6446723 (ASOs G1 and 
G2), emerged from this secondary screen as lead ASOs having 
high activity, high selectivity, and good tolerability.

Distribution and regional silencing
To determine the full CNS distribution of ASOs and the 
regional effects of HTT silencing, 300 µg of lead ASO A16, the 
most active and selective lead identified through secondary 
screening, H-HTT ASO HH1, or PBS vehicle was injected into 
the right lateral ventricle of 2 month old Hu97/18 mice. Four 
weeks later, brains were removed and bilaterally dissected into 
three separate regions of cortex (an anterior portion similar to 
the region used for assessing HTT protein levels in our screen-
ing experiments-CTX1, a medial portion adjacent to the stri-
atum-CTX2, and a posterior portion-CTX3), striatum (STR), 
hippocampus (HIP), the most posterior portion of cerebellum 
(CBL), in addition to a piece of spinal cord (SC) (Figure 6a).  
Each of these regions were processed for wt and muHTT pro-
tein levels by immunoblotting and densitometry (Figure 6b–g).  
PBS-injected mice showed uniform HTT protein levels 
throughout the brain with lower basal levels in the spinal cord 
(Figure 6b). In all areas evaluated, wt and muHTT levels were 
approximately equivalent (Figure 6c). HH1 treatment resulted 

Figure 4 Duration of antisense oligonucleotides (ASO) action. Hu97/18 mice received a single 300 µg intracerebroventricular (ICV) injection of 
ASO. At the indicated intervals brains were harvested and assayed for HTT protein and for ASO by immunohistochemistry (IHC). (a,b) IHC from the 
central portion of the striatum showing (a) MOE modified ASO D1 or (b) cEt modified ASO A2 in red with DAPI nuclear stain in blue. Scale bar is 25 
µm. (c,d) Example western blots showing wt and muHTT protein. (e,f) Quantitation of HTT protein in both hemispheres of two animals. Density of 
HTT bands was normalized to calnexin loading control and then expressed as a percentage of the same allele (either wtHTT or muHTT) from brain 
lysates of phosphate-buffered saline–injected animals from the same interval and on the same membrane. Errors bars are SEM.
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in reduced levels of both wt and muHTT protein with mainte-
nance of the basal wt to muHTT ratio in all areas of the CNS 
(Figure 6d,f) indicating nonselective HTT lowering, while 
ASO A16 induced allele-specific muHTT reduction resulting 
in increased wt to muHTT ratios throughout the CNS (Figure 
6e,g). ASO silencing was found to be least robust in the cerebel-
lum (Figure 6d,e). Because ASO effect was greater in the spinal 
cord than the cerebellum, which is further from the injection 
site, the reduced action in the cerebellum is not likely the result 
of less ASO reaching this tissue. Comparison of ASO distribu-
tion by IHC in the striatum (Figure 6h) versus the cerebellum 
(Figure 6i) revealed that ASOs distribute evenly in the striatum 
while concentrating in the Purkinje cell layer of the cerebellum, 
which likely accounts for the reduced activity observed when 
this tissue is processed as a whole.

Dose response of lead ASOs
In parallel with the wt tolerability screens, ASOs that passed 
secondary screening in Hu97/18 mice were also evaluated at 
several doses to determine optimal therapeutic dosing and to 
further evaluate candidates (Supplementary Table S3). ASO 
was delivered to Hu97/18 mice by unilateral ICV injection at 
25, 75, 150, 300, or 500 µg to the right lateral ventricle. Four 
weeks later, brains were collected and processed for wt and 
muHTT protein levels (Figure 7), ASO distribution, and general 
CNS tolerability (Figure 8a and Supplementary Figure S5) as 
above. Additionally, wt and muHTT mRNA was quantified at 
the lowest dose evaluated, 25 µg (Figure 8b,c) to identify the 
ASOs with the broadest therapeutic window. ASOs that did not 
induce sufficient muHTT silencing (<75% max KD, ED50 >100 
µg), or induced significant wtHTT silencing at any dose (>10%), 

Figure 5 Secondary screen of enhanced selectivity antisense oligonucleotides (ASO). (a) Typical design of a “gapmer” ASO with high affinity, 
non-RHaseH cleavable wings surrounding a PS, RNaseH cleavable gap. (b) One strategy for increasing selectivity of a potent ASO by shortening 
the gap: replacing PS nucleosides at minor cleavage sites with RNAseH noncleavable nucleosides thus restricting cleavage to the main site at the 
single-nucleotide polymorphism (SNP) of interest.28 Modified ASOs were then screened in Hu97/18 mice. (c) Example western blots showing wt and 
muHTT protein. ASOs in orange contain only 5-9-5 2′-O-methoxyethyl modifications. ASOs in blue contain cEt modifications. (d) Quantitation of 
HTT protein in both hemispheres of four animals. Errors bars are SEM. **P < 0.01, ***P < 0.001 difference between wt and muHTT by Bonferroni post 
hoc analysis following two-way analysis of variance. Data from the primary screen for the parent molecule, A3, are included on the graph to allow 
direct comparison.
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were discarded due to lack of potency or selectivity, respectively. 
Additionally, any ASO that induced adverse events greater than 
sedation at the time of surgery or very mild gliosis by GFAP 
IHC were discarded due to lack of tolerability. ASO A9, the only 
9-base gap ASO included in the dosing study, was discarded 
due to low potency (muHTT ED50 216 µg), low selectivity (max 
wtHTT KD 49%), and poor tolerability (weight loss and gliosis 
observed at highest dose). ASO G2 was discarded due to lack of 

potency (max muHTT KD 67%), and ASOs A18 and A23 were 
discarded due to poor tolerability (Hind limb ataxia and gliosis 
observed at highest dose). This is consistent with the wild-type 
animal screens where ASOs A9, A18, A23, and G2 failed due 
to poor tolerability. Three lead ASOs targeting rs7685686, A16, 
A20, A21, and one lead ASO targeting rs6446723, G1, met all 
of our criteria and were determined to be excellent candidate 
therapeutic ASOs for further preclinical validation.

Figure 6 A single intracerebroventricular (ICV) injection of antisense oligonucleotides (ASO) induces HTT silencing throughout the cen-
tral nervous system (CNS). Hu97/18 mice received a 300 µg ICV injection of ASO or phosphate-buffered saline (PBS) vehicle. Four weeks later, 
brains were microdissected into the indicated areas and wt and muHTT were quantified by immunoblot. (a) Diagram of brain areas evaluated.  
(b) Immunoblot of PBS treated brain demonstrating approximately equivalent wt and muHTT levels in all evaluated regions. (c,f,g) Density of HTT 
bands is normalized first to calnexin and then to wtHTT density of the same lane. Error bars for bilateral structures are SEM between the two hemi-
spheres. (c) quantitation of HTT in PBS-treated brain. (d) Immunoblot of human-HTT ASO HH1 treated brain showing nonselective reduction of HTT 
throughout the CNS. (e) Immunoblot of allele-specific ASO A16 treated brain showing selective reduction of muHTT protein throughout the CNS. 
(f,g) Quantitation of wt and muHTT protein in HH1 and A16 treated brains, respectively. (h,i) immunohistochemistry (IHC) of sagitally sectioned 
ASO A16 or PBS-injected brain stained for ASO in red, calbindin in green, and 4',6-diamidino-2-phenylindole (DAPI) in blue. (h) In the striatum, ASO 
distributes evenly, while (i) in the cerebellum it is concentrated in the Purkinje cell layer. Scale bar is 100 µm.
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Tolerability of leads in wild-type animals
To further investigate the tolerability of the ASOs identified in 
the secondary screen, we performed assessments in wt mice 
and rats (Supplementary Table S4). As these ASOs do not tar-
get rodent Htt, assessment in wt animals allows for analysis of 
ASO tolerability without any potential influence from lowering 

Htt levels. The eight lead ASOs identified through secondary 
Hu97/18 screening were first taken into an 8-week tolerabil-
ity screen in wt mice. Mice were assessed for acute tolerability 
and monitored weekly for 8 weeks for body weight and adverse 
events. Following the 8-week screen, tissue was collected for 
quantification of microgliosis by qRT-PCR of Aif1 (Iba1) mRNA 

Figure 7 Lead antisense oligonucleotides (ASO) potently and selectively lower muHTT at a broad range of doses. ASO was delivered by intra-
cerebroventricular (ICV) injection at the indicated doses and brains were processed as in screening. Quantitation of HTT protein was performed in 
both hemispheres of four animals. Density of HTT bands was normalized to calnexin loading control and then expressed as a percentage of the same 
allele (either wtHTT or muHTT) from brain lysates of phosphate-buffered saline–injected animals on the same membrane. Error bars are SEM. Lead 
ASOs that passed all screening and dosing criteria are in green.

PBSASO µg

muHTT
wtHTT

Calnexin

150

wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0

150
wtHTT
muHTT

wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150 wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150
wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150
wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150
wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150
wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

150 wtHTT
muHTT

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

0 100 200 300

ASO dose (µg)

400 500

150

100

%
 H

T
T

 p
ro

te
in

 r
em

ai
ni

ng

50

0
0 100 200 300

ASO dose (µg)

400 500

R R RL L R L R L R L L

25 75 150 300 500 PBS

PBSASO µg

muHTT
wtHTT

Calnexin

R R RL L R L R L R L

25 75 150 300 500 PBS

R R RL L R L R L R L

25 75 150 300 500 PBS

R R RL L R L R L R L

25 75 150 300 500 PBS

L

PBS

L

PBS

R R RL L R L R L R L L

25 75 150

ASO A9 ASO A16ASO HH1

ASO A18 ASO A20 ASO A21

PBSASO µg

muHTT
wtHTT

Calnexin

R R RL L R L R L R L

25 75 150 300 500 PBS

R R RL L R L R L R L

25 75 150 300 500PBS

L

PBS

R R RL L R L R L R L

25 75 150 300 500

ASO A23 ASO G1 ASO G2

300 500 PBS PBS

R R RL L R L R L R L

25 75 150 300 500

2100� www.moleculartherapy.org  vol. 22 no. 12 dec. 2014



© The American Society of Gene & Cell Therapy
ASO-mediated Selective Mutant Huntingtin Suppression

(Figure 8d). The data between the Hu97/18 mice and the wt 
mice were remarkably consistent and five SNP ASOs (A9, A16, 
A20, A21, and G1) and the nonallele selective ASO (HH1) were 
sufficiently tolerated to warrant further screening in rats. Three 
of the ASOs (A18, A23, and G2) that passed the Hu97/18 screen 
failed the longer more rigorous screen in the wt mice, as one or 
more of the animals scored positive for an adverse event dur-
ing their weekly neurological examination. Despite failing the 
wt screen, these ASOs were sufficiently tolerated to include in 
subsequent dose response studies to further understand their 

activity profiles, but are not sufficiently tolerated to be consid-
ered lead ASOs.

In human patients, ASOs are delivered to the CSF via lumbar 
puncture into the intrathecal (IT) space. To mimic this in an ani-
mal model, rats were implanted with IT catheters and subcutane-
ous ports and given 300 µg of ASO every 2 weeks for 8 weeks (total 
of 1.2 mg). Rats were assessed weekly for 8 weeks and at the end of 
8 weeks, tissue was collected for quantification of microgliosis and 
astrocytosis by qRT-PCR of Iba1 (Figure 8b) or GFAP, respec-
tively. Four of the SNP ASOs were well tolerated (A16, A20, A21, 

Figure 8 Lead antisense oligonucleotides (ASO) identified in secondary screen are tolerated at a broad range of doses and efficacious at 
very low doses. (a–c) ASO was delivered by intracerebroventricular (ICV) injection into Hu97/18 at the indicated doses and brains were pro-
cessed as in screening. (a) ASO and GFAP immunohistochemistry (IHC) for lead ASO A16 dose response. Induction of gliosis was not observed 
even at the highest dose. Scale bars are 250 µm for 5× image and 100 µm for 20× image. (b,c) Quantitation of HTT mRNA after ICV delivery of 
25 µg of the indicated ASO. (b) relative levels of allelic HTT mRNA in both hemispheres of four animals. *P < 0.05 difference between wt and 
muHTT by Bonferroni post hoc analysis following two-way analysis of variance (ANOVA). Error bars are SEM. (b) muHTT:wtHTT mRNA ratio. ***P 
< 0.001 different from phosphate-buffered saline (PBS)–injected animals by Bonferroni post hoc analysis following two-way ANOVA. Error bars 
are SEM. (d) ASO was delivered to wild-type mice and assessed for tolerability. Aif1 mRNA levels in striatum. PBS compiled from four studies. 
Error bars are SD (e) ASO was delivered by repeated IT bolus into rats and assessed for tolerability. Aif1 mRNA levels in lumbar spinal cord. PBS 
compiled from three studies. Error bars are SD. ***P < 0.001 different from PBS-injected animals by Bonferroni post hoc analysis following one-
way ANOVA. Data from A20 reported previously.28
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and G1), as they did not cause an acute response at the time of 
dosing, weight loss or induce microgliosis or astrocytosis. A9 was 
not sufficiently tolerated, as one of the six animals exhibited neu-
rological dysfunction after the third dose. The nonallele specific 
ASO (HH1), which does not alter rodent Htt levels, did increase 
Iba1, a marker for microglia, and is not sufficiently tolerated either 
(Figure 8e).

Lessons learned for ASO design
Each ASO at each SNP has different tolerability, toxicity and 
efficacy of KD and, therefore, must be evaluated independently. 
Through these studies, we have attempted to derive a better 
understanding of the determinants of these properties, and 
build some general guidelines that can be employed during ASO 
design to limit the number of molecules that must be evaluated. 
We found that ASO activity can vary by SNP target. In previous 
studies we have found that ASOs targeted to some SNPs do not 
display any silencing activity.24 In this study, we have found that 
ASOs that are identical in chemistry and design and only vary 
by target sequence, such as ASOs A1 and D1, can have different 
levels of activity. These differences in target site activity may be 
the result of differences in the tertiary structure of the transcript, 
aptameric, or protein binding effects, or in the case of intronic 
SNP targets, the kinetics of transcript splicing. For our lead SNP 
target, A, we found that SNP discrimination is most effective 
with the SNP centered in the gap region. For this SNP, moving 
the SNP toward to 5′ end of the gap resulted in diminished toler-
ability (Figure 2; Supplementary Table S2 and Supplementary 
Figure S4), while moving it toward the 3′ end resulted in dimin-
ished activity (data not shown). However, this is not expected to 
be the case for all SNP targets. Incorporation of cEt nucleosides 
in the wings can increase activity over molecules with entirely 
MOE modified wings. For SNP target A, ASOs with entirely cEt-
modified wings were not as well tolerated as those containing 
both MOE and cEt nucleosides (Figure 2; Supplementary Table 
S2 and Supplementary Figure S4). Both total number of cEt 
modifications and arrangement of MOE and cEt modifications 
appear to impact activity and tolerability, though we were unable 
to determine specific guidelines for these effects. Additionally, 
we found that ASO length affects tolerability; in some cases, 
removing a single base, such as from ASO A19 (a 16-mer) to 
ASO A20 (a 15-mer), can change tolerability from poor (induc-
tion of hind limb ataxia and gliosis) to excellent (no adverse 
events). In other cases, removing a single base, such as from 
ASO A15 (a 17-mer) to ASO A16 (a 16-mer) can change toler-
ability from excellent (no adverse events) to poor (decreasing 
survival and inducing gliosis) (Figure 2; Supplementary Table 
S2 and Supplementary Figure S4). For each of these proper-
ties: SNP position, wing modification, and oligo length, we were 
unable to define governing principles of ASO design and rec-
ommend evaluation of multiple molecules to identify optimal 
ASO candidate drugs. However, we have observed for multiple 
molecules and SNP targets, that minimizing secondary cleavage 
sites with shorter gap regions yields more selective molecules 
without negatively impacting activity or tolerability (Figure 2; 
Supplementary Table S2 and Supplementary Figure S4). This 
strategy can be applied to new ASO target sites, facilitating ASO 

design and shortening the time required for generation of poten-
tial ASO drugs for human use.

DISCUSSION
It has been over 30 years since identification of the first DNA 
marker for HD29 and the development of genetic predictive test-
ing, and over 20 years since discovery of the causative mutation,2 
yet there is still no effective treatment available for HD suffer-
ers. One difficulty with development of effective and/or disease-
modifying treatments for HD is the complex pathogenesis. The 
HTT protein is a large, promiscuous protein that associates with 
many molecular partners and cellular components and plays roles 
in numerous cellular processes including transcriptional regula-
tion, apoptosis suppression, ER stress signaling, calcium homeo-
stasis, axonal transport, endocytosis, and synaptic transmission.3 
Without a central pathologic process to target, small molecule 
drugs are unlikely to be effective, necessitating development of 
genetic interventions. Though HD may not result from a simple 
pathologic process, it does result from a single cause: CAG tract 
expansion in the HTT gene, which provides an obvious gene 
therapy target. Reducing expression of the muHTT gene and thus 
lowering levels of muHTT protein should ameliorate all aspects of 
HD pathogenesis and prevent or delay onset or slow progression 
of the disease. There is even evidence from animal studies that 
lowering muHTT postsymptomatically could result in functional 
recovery,15,16 rather than just halting progression.

Because the HTT protein plays so many important cellular 
roles, allele-specific muHTT lowering strategies will likely exhibit 
greater long-term safety and tolerability than nonselective HTT 
lowering strategies. Allele-specific muHTT silencing can be 
achieved either by directly targeting the expanded CAG tract or 
by targeting genetic elements in linkage with the expanded CAG 
tract. While targeting the expanded CAG tract is the simplest 
approach and has the potential for multidisease therapy, it is asso-
ciated with certain caveats, principally the potential for off-target 
silencing of normal CAG tract containing genes19 including, but 
not limited to, the wtHTT gene. Selectivity for muHTT has been 
demonstrated with CAG tract-targeting ASOs or ss-siRNAs.30–36 
However, these reagents become less selective as the upper and 
lower CAG tract lengths approach one another.30–32,34,36 The mean 
normal CAG tract length is 17, but high normal (20–26) and inter-
mediate allele (27–35) tract lengths are common as well,37 making 
it unlikely that a CAG targeting reagent could easily distinguish all 
of the potential upper and lower allelic combinations.

Alternatively, allele-specific muHTT silencing can be achieved 
by targeting genetic polymorphisms that are linked to, but dis-
tinct from the CAG tract expansion. Toward this end, previous 
studies have identified SNPs that are enriched in muHTT genes 
and heterozygous in significant portions of the HD population.20,24 
Gene silencing reagents targeting 3–5 HD-associated SNPs with 
minimally overlapping populations could provide a therapy for 
>85% of the HD population.20,21 It is important to note that this 
SNP-targeted approach would require additional patient geno-
typing to determine which ASO(s) could be used, and that some 
patients are expected to be homozygous at all target SNPs; unfor-
tunately, these patients would not be candidates for SNP-targeted 
allele-specific treatment. Because neither the CAG-targeting nor 
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SNP-targeting approaches can provide an allele-specific option for 
all HD patients, both strategies should be pursued.

We selected ASOs to target HD-associated SNPs for several 
reasons, including targeting, delivery, and clinical accessibility. 
ASOs are especially well-suited for SNP targeting in HD because 
>90% of the SNPs identified in the HTT gene are intronic,38 mean-
ing they cannot be targeted for degradation by the RNAi machin-
ery, which works in the cytosol on mature mRNA. Conversely, 
RNase H-mediated degradation can take place in the cytosol, or 
in the nucleus on pre-mRNA,23 greatly increasing the number 
of potential silencing targets for an ASO-mediated approach. 
Moreover, ASOs are freely taken up by neurons, glia, and epen-
dymal cells, thus do not require viral or lipid carriers, and dis-
tribute throughout the CNS when delivered to the CSF.15,39 Due to 
the broad CNS distribution, the intrathecal delivery capabilities, 
and the potential for treatment termination in the case of adverse 
events, ASOs are currently in development for the treatment of 
a number of neurodegenerative disorders.38,40 In fact, two phase 
1 clinical trials of intrathecally delivered ASOs for the treatment 
of neurodegenerative diseases have been completed (clinicaltri-
als.gov identifiers: NCT01041222, NCT01494701), and adverse 
events related to treatment have not been reported.41 Several simi-
lar clinical trials are planned, which will further increase clinical 
accessibility of CNS ASO drugs in man.

We have previously generated and screened a large number 
of ASOs targeted to 6 different HD-associated SNPs, each hetero-
zygous in ~50% of the sequenced HD population.24 These SNPs 
are in high linkage disequilibrium with one another, meaning that 
they each target the same or similar portions of the HD popula-
tion and could not be used to develop a panel of complimentary 
ASO therapeutics. Our strategy is instead to use these SNP targets 
to develop the best single candidate ASO therapeutic, after which 
complimentary molecules targeting other SNPs could be devel-
oped in subsequent studies. ASOs were first evaluated for HTT 
mRNA reduction in HD patient derived fibroblast lines homozy-
gous for either the targeted (on-target) or nontargeted (off-target) 
allele. ASOs that showed sufficient activity (on-target reduction) 
and selectivity (lack of off-target reduction) were then counter 
screened for HTT protein lowering in HD mouse primary neuro-
nal cultures. Cultures from either BACHD mice,42 which express 
human muHTT with HD-associated SNPs, or YAC18 mice,43 
which express human wtHTT without HD-associated SNPs, were 
used to provide independent assessments of potency and selectiv-
ity. KD of muHTT between 39 and 68% and negligible wtHTT 
KD was observed. Finally, one lead ASO was injected intrastria-
tally into the brains of either BACHD or YAC18 mice resulting in 
55% reduction of muHTT and negligible reduction of wtHTT.24

In an effort to provide a more relevant model system for eval-
uation of ASOs with both the targeted and nontargeted alleles 
expressed in the same brains and cells, we interbred BACHD 
and YAC18 mice on the Hdh-/- background to generated a fully 
humanized mouse model of HD that is genetically similar to 
HD patients, the Hu97/18 mouse.25 Hu97/18 mice express trans-
genic full-length human muHTT with 97Q and HD-associated 
SNPs, transgenic full-length human wtHTT with 18Q without 
HD-associated SNPs, and lack murine endogenous Htt. Hu97/18 
mice develop a progressive HD-like phenotype and allow direct 

evaluation of human HTT single nucleotide discrimination in the 
living brain.

In the Hu97/18 mouse model, we began screening the ASOs 
that had demonstrated potency and selectivity in our previ-
ous cultured neuron counter screen: a 5-9-5 MOE gapmer and 
a 15-mer cEt-modified ASO at each of 6 SNPs (ASOs 1 and 3 
at SNP targets A-F), a pan-HTT ASO, PH1, and a control ASO 
CTRL1. Additionally, we screened novel ASOs including a 17-mer 
cEt modified ASO at each SNP site (ASOs A2, B2, C2, D2, E2, 
and F2) as well as two new pan-HTT ASOs, PH2, and PH3, two 
human HTT specific ASOs, HH1 and HH2, and an additional 
control ASO, CTRL2. Our primary screen consisted of ICV injec-
tion of ASO at a single 300 µg dose followed by assessment of wt 
and muHTT protein KD, and multiple assessments of tolerability. 
ICV injection of ASO A1, the one lead ASO previously counter-
screened in vivo in BACHD and YAC18 mice, resulted in 58% 
muHTT KD, a value similar to previous findings.24 However, in 
Hu97/18 brain, 27% KD of wtHTT was observed. In counter-
screened mice, this ASO did not induce any wtHTT KD, indicat-
ing that the Hu97/18 system is more sensitive for evaluating SNP 
discrimination, and highlighting the necessity of using appropri-
ate model systems that contain both the targeted and nontargeted 
alleles in the same cells. Two lead ASOs emerged from our pri-
mary screen as candidates for further study: ASO A3, which dem-
onstrated excellent activity, moderate selectivity, and excellent 
tolerability, and ASO D1, which demonstrated moderate activity, 
excellent selectivity, and excellent tolerability. Because we believed 
it would be more feasible to enhance selectivity than activity, ASO 
A3 was selected for further structure activity relationship studies.

In an effort to improve the selectivity of ASO A3 while main-
taining the activity, many analogs were generated with either the 
SNP position moved within the gap region, an altered number 
and position of high affinity MOE- and cEt-modified nucleotides, 
or a shortened gap region. These A3 analogs were then screened 
for HTT mRNA suppression in HD patient derived fibroblasts to 
identify those suited for in vivo characterization (ASOs A20, A21, 
A22, and A23).28 Secondary screening with these ASOs and novel 
ASOs designed by similar strategies (ASOs A4-A19) was then 
performed in Hu97/18 brain. Six active and well-tolerated mol-
ecules with enhanced selectivity were identified (ASOs A9, A16, 
A18, A20, A21, and A23). All but one of these ASOs is a short 
gap ASO, and the other, ASO A9, has a phosphonate modification 
within the gap that may act in a similar way to disrupt secondary 
cleavage sites. Interestingly, ASO A9 was the only one of these six 
leads targeting SNP A to induce any reduction of wtHTT protein 
at this dose. Gap shortening was then applied to two other SNP 
targets, D and G. All of the shorter gap ASOs tested for target D 
(ASOs D4, D5, and D6) were not well tolerated. The same was 
true for the cEt modified ASOs targeting SNP D from our primary 
screen (ASOs D2 and D3), indicating that this SNP sequence may 
be in some way toxic. Conversely, both of the shorter gap ASOs 
for target G (ASOs G1 and G2) were reasonably active, very selec-
tive, and well-tolerated. While many ASOs against SNP A were 
generated and screened to identify leads that met our criteria, only 
these two were required for target G. This acts as validation of 
our ASO designs and demonstrates that as long as SNP targets are 
active (i.e., available for ASO binding) and nontoxic (i.e., tolerant 
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of high potency molecules), the design principles we employed 
can be applied to new targets, greatly shortening the required time 
to develop safe and efficacious candidate therapeutics. Although 
there are guiding principles, it is important to keep in mind that 
each ASO is a distinct molecule, with specific tolerability, efficacy, 
and dosing properties, and just like other small and large mol-
ecules drugs, each must be evaluated independently.

With this in mind, it is important to employ rigorous screen-
ing paradigms to ensure that the best candidates are chosen. To 
this end, our lead compounds were tested in both wt and HD 
mouse lines, in a repeated dosing rat study, and were assessed 
independently in two laboratories. The compounds identified 
here were well tolerated in both the Hu97/18 mice and non-
transgenic animals, and were selected because they did not 
induce any significant changes in any of the endpoints assessed. 
Taken together, these data consistently affirm the tolerability of 
the lead compounds and support their consideration for further 
development.

In addition to screening, we have investigated the drug-like 
properties of our lead ASOs, including duration of action, distri-
bution, and dosing. First, we compared the duration of action of 
a moderately potent MOE-modified ASO, D1, and a very potent 
cEt-modified ASO, A2. Both ASOs reached maximal muHTT 
lowering at 4 weeks postinjection and were detectable for long 
periods in the brain as assessed by IHC. By 16 weeks postinjec-
tion, muHTT protein levels in the MOE ASO-injected brain had 
returned to nearly basal levels, consistent with previous reports 
of ASO duration of action.15 However, at this time point, the 
more potent ASO still induced greater than 75% muHTT reduc-
tion, and muHTT levels had still not returned to basal levels at 36 
weeks postinjection. Though we were unable to evaluate the full 
duration of action of ASO A2 since muHTT had not returned 
to basal levels after our longest evaluated interval, at greater 
than 36 weeks, the duration of action of our enhanced ASOs far 
exceeds the 16-week duration of action previously reported for 
therapeutic HTT ASOs.15 Combined with previous findings that 
the period of therapeutic benefit from HTT-lowering far out-
reaches the actual period of HTT protein reduction,15 these data 
indicate that treatment with the maximum tolerated ASO dose 
could prolong duration of action and provide long lasting thera-
peutic benefit from intermittent treatment. Considering these 
data, we envision that intrathecal ASO treatments for HD could 
be performed intermittently or infrequently while still providing 
a therapeutic benefit.

Next we sought to explore ASO distribution and activity 
throughout the CNS. We have found that a single unilateral ICV 
injection of ASO is sufficient to silence muHTT expression in the 
entire brain and spinal cord of a mouse. Silencing is less robust in 
the cerebellum due to the focused concentration of ASO in the 
Purkinje cells, which would be expected to result in maximal HTT 
lowering in Purkinje cells and minimal HTT lowering in other 
cell types leading to moderation of effect when cerebellar tissue is 
homogenized. However, we feel this is acceptable and even poten-
tially beneficial because the cerebellum is relatively spared from 
HD pathology,44 with the greatest effect being early and dramatic 
loss of Purkinje cells,45 where silencing and therapeutic benefit is 
expected to be highest.

Distribution of ASOs delivered into the CSF, though still 
broad and reaching all areas, is less uniform in larger brains, such 
as in nonhuman primates, resulting in a gradient with high ASO 
concentrations in more superficial areas such as cortex, and lower 
concentrations in deeper structures such as the caudate.15,46 For 
this reason, it is necessary to identify ASOs with a large thera-
peutic window of safe and efficacious doses. To investigate this, 
we performed dose response studies using the six ASOs target-
ing SNP A and the two ASOs targeting SNP G that passed our 
secondary screening criteria. Four of these ASOs, ASOs A16, 
A20, A21, and G1, maintained activity at low doses and selectiv-
ity and tolerability at high doses, indicating that they would be 
efficacious across the concentration gradient that is expected after 
delivery to a larger brain. Three of these ASOs, ASOs A16, A20, 
and A21, induced significant suppression of muHTT mRNA and 
protein after delivery of only 25 µg, an extremely low dose. The 
allele-selectivity of our leads surpasses that of previously reported 
therapeutic HTT ASOs. In fact, two of these ASOs, ASOs A21 
and G1, did not induce any reduction of wtHTT protein even at 
the highest dose evaluated, 500 µg. Moreover after high doses in 
mice and repeated dosing in rats, these ASOs did not induce any 
adverse events or neuroinflammatory signatures, indicating excel-
lent tolerability.

These four lead ASOs are promising potential HD therapeu-
tics suitable for further pre-clinical validation including evalua-
tion of therapeutic efficacy in Hu97/18 mice and tolerability in 
nonhuman primates. Contingent on findings from those studies 
and using delivery and dosing information gained from ongoing 
CNS ASO clinical trials, a primary SNP-targeted ASO could be 
fairly rapidly translated for human applications.

MATERIALS AND METHODS
Mice. Experiments were performed using Hu97/18 HD model mice,25 
wt C57Bl6 mice, and Sprague Dawley rats. Animals were maintained 
under a 12-hour light:12-hour dark cycle in a clean facility and given free 
access to food and water. Experiments were performed with the approval 
of the animal care committee at the University of British Columbia and 
Isis Pharmaceuticals. All studies in Hu97/18 mice were performed at 
University of British Columbia and tolerability studies in wt mice and rats 
were conducted independently at Isis.

ASO injection surgery. ASO in a final volume of 10 µl in sterile PBS was 
delivered to mice by ICV injection to the right lateral ventricle. Mice were 
anesthetized with isoflurane and placed into a stereotaxic frame. The scalp 
was prepared and an incision made along the mid-line. The skull was then 
dried to enhance visibility of sutures and landmarks. A Hamilton syringe 
with 26 gauge needle (Hamilton, Reno, NV) was used to punch through 
the skull at 0.3 mm anterior and 1 mm lateral to Bregma. The needle was 
then lowered to 3 mm below the surface of the skull, and the ASO was 
injected over 10 seconds. The needle was left in place for 2 minutes and 
then withdrawn slowly. Tolerability studies in wild-type mice and rats were 
performed as described previously.28

Tissue collection and processing. Hu97/18 mice were anesthetized with 
an overdose of Avertin and brains removed. Brains were sectioned using 
a 1 mm coronal brain matrix (ASI Instruments, Warren, MI). A section 
containing the first 2 mm, predominately olfactory bulb, was discarded. 
A section containing the second 2 mm was divided into right and left 
hemispheres and snap frozen in liquid nitrogen for protein isolation. For 
animals used for dose and duration studies, an additional 1 mm coronal 
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section was divided into right and left hemispheres and snap frozen in liq-
uid nitrogen for RNA isolation. The remaining, posterior portion of the 
brain was postfixed overnight in 4% paraformaldehyde, cryoprotected in 
30% sucrose, and cut by cryostat into 25 µm free-floating coronal sections 
for IHC. For regional ASO distribution, whole brains were sectioned into 
25 µm free-floating sagital sections for IHC. Wild-type mice and rats in 
tolerability screens were euthanized with CO2, cortex, striatum, and lum-
bar spinal cord was dissected and immediately frozen on dry ice and stored 
at −80 °C until processing.

mRNA quantitation. Tissue was lysed in guanidinium thiocyanate con-
taining 8% β-mercaptoethanol. RNA was isolated using the RNeasy96 
Kit (Qiagen, Germantown, MD). Allelic HTT qPCR was performed as 
in ref. [28]. HTT mRNA levels were first normalized to total RNA levels 
using Ribogreen, and then to mean mRNA levels of the same allele from 
PBS-injected animals. The muHTT:wtHTT mRNA ratio was calculated as 
an assessment of allele-specificity. For quantification of Iba1 (marker for 
microgliosis) and GFAP (marker for astrocytosis) qPCR was performed as 
described previously.28

HTT protein quantitation. Each 2 mm coronal hemisphere was lysed and 
40 µg of total protein was resolved on 10% low-BIS acrylamide gels (200:1 
acrylamide:BIS) as in ref. [24]. Proteins were transferred to 0.45 µmol/l 
nitrocellulose membranes that were blotted for HTT (MAB2166, 1:2,000, 
Millipore, Billerica, MA) and calnexin (1:10,000, Sigma C4731, St Louis, 
MO). Proteins were detected with IR dye 800CW goat anti-mouse (1:250, 
Rockland 610-131-007, Gilbertsville, PA) and AlexaFluor 680 goat anti-
rabbit (1:250, Molecular Probes A21076, Eugene, OR)-labeled secondary 
antibodies and the LiCor Odyssey Infrared Imaging system. Mutant and 
wtHTT intensities were normalized to calnexin loading control and then 
to the average level of HTT of the same allele from PBS-injected animals.

For the quantitation of muHTT protein by FRET, 10 µg of total 
protein was mixed with 0.2 ng/ml terbium (FRET donor)-labeled BKP1 
anti-HTT antibody47 and 2 ng/ml of D2 (FRET acceptor)-labeled MW1 
antiexpanded CAG antibody,48 in a white 384-well plate. After excitation 
at 340 nm, FRET was measured as the ratio of 655 nm (D2)/615 nm (TB) 
emission. FRET signal was normalized to the mean signal from PBS-
injected animals of the same postinjection interval.

Immunohistochemistry. Sections were blocked for 30 minutes at room 
temperature (RT) in 3% bovine serum albumin, 10% normal goat serum, 
and 0.1% Triton X-100 in PBS. Primary antibodies: rabbit anti-ASO 
(1:7,500),24 rabbit anti-GFAP (1:1,000 Dako, Carpinteria, CA), mouse anti-
NeuN (1:1,000, Millipore), rat anti-dopamine- and cyclic AMP-regulated 
phosphoprotein (DARPP-32) (1:1,000, R&D Systems, Minneapolis, MN), 
or mouse-anti calbindin (1:200, Abcam, Cambridge, UK) were diluted in 
blocking solution and incubated on sections overnight at 4 °C. Secondary 
Alexa-fluro 488-conjugated goat anti-mouse or Alexa-fluor 568 conju-
gated goat anti-rabbit antibodies (1:250, Invitrogen, Carlsbad, CA) were 
incubated on sections for 1.5 hours at RT. Sections were then mounted 
on slides with ProLong Gold antifade reagent with DAPI (Invitrogen). 
Sections were photographed using a Zeiss Axioplan 2 microscope and 
Coolsnap HQ Digital CCD camera (Photometrics, Tucson, AZ).

SUPPLEMENTARY MATERIAL
Figure S1. IHC analysis from primary screen.
Figure S2. Treating with multiple ASOs does not yield synergistic 
silencing.
Figure S3. Duration of action of MOE and cEt modified ASOs 
Figure S4. IHC assessment of secondary screen.
Figure S5. IHC assessment of dose response.
Table S1. Summary of primary screen.
Table S2. Summary of secondary screen.
Table S3. Summary of dose response.
Table S4. Summary of tolerability assessment in wildtype animals.
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