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Abstract
Huntington disease (HD) is a neurodegenerative disease caused by a mutation in the huntingtin (HTT) gene. HTT is a large
protein, interacts with many partners and is involved in many cellular pathways, which are perturbed in HD. Therapies
targeting HTT directly are likely to provide the most global benefit. Thus there is a need for preclinical models of HD
recapitulating human HTT genetics. We previously generated a humanized mouse model of HD, Hu97/18, by intercrossing
BACHD and YAC18 mice with knockout of the endogenous mouse HD homolog (Hdh). Hu97/18 mice recapitulate the genetics
of HD, having two full-length, genomic human HTT transgenes heterozygous for the HD mutation and polymorphisms associ-
ated with HD in populations of Caucasian descent. We have now generated a companion model, Hu128/21, by intercrossing
YAC128 and BAC21 mice on the Hdh�/� background. Hu128/21 mice have two full-length, genomic human HTT transgenes
heterozygous for the HD mutation and polymorphisms associated with HD in populations of East Asian descent and in a mi-
nority of patients from other ethnic groups. Hu128/21 mice display a wide variety of HD-like phenotypes that are similar to
YAC128 mice. Additionally, both transgenes in Hu128/21 mice match the human HTT exon 1 reference sequence. Conversely,
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the BACHD transgene carries a floxed, synthetic exon 1 sequence. Hu128/21 mice will be useful for investigations of human
HTT that cannot be addressed in Hu97/18 mice, for developing therapies targeted to exon 1, and for preclinical screening of
personalized HTT lowering therapies in HD patients of East Asian descent.

Introduction
Huntington disease (HD) is an autosomal dominant neurode-
generative disease caused by the pathogenic expansion of a pol-
yglutamine (PolyQ) encoding CAG tract in exon 1 of the
huntingtin (HTT) gene to greater than 35 repeats (1). The HTT
gene is pleiotropic likely because the HTT protein has many
interactors and mutant HTT (muHTT) perturbs many cellular
pathways resulting in a complex pathogenesis (2,3). The clinical
features of HD include psychiatric disturbance, motor and cog-
nitive deficits, weight loss, sleep disturbance and immune
hyperactivation (4–6). Moderately effective symptomatic thera-
pies are used in the treatment HD because disease modifying
therapies are not available (7). Considering the promiscuous na-
ture of the muHTT protein, therapeutics targeting muHTT di-
rectly are likely to provide the most global benefit. A variety of
therapeutic strategies targeting muHTT are in development in-
cluding those targeting the gene, the transcript and the protein.
The mouse Huntington disease homolog (Hdh) is 86% identical
to human HTT at the cDNA level and 91% identical at the pro-
tein level (8), suggesting that it may be possible to perform pre-
clinical evaluation of some HTT targeted therapeutics in murine
systems. However, some strategies, such as antisense oligonu-
cleotides (ASOs) that recognize intronic polymorphisms (9,10),
target regions that are not conserved and require model sys-
tems with only human HTT.

There are two HD mouse lines expressing full-length, geno-
mic human HTT; BACHD with 97Q (11) and the YAC series with
18, 46, 72 or 128Q (12,13). We previously intercrossed BACHD
and YAC18 mice on the background of Hdh�/� to generate a hu-
manized mouse model of HD, Hu97/18 (14). Hu97/18 mice are a
unique tool for preclinical studies of human HTT and display a
wide range of HD-like behavioral, neuropathological and elec-
trophysiological changes (14,15). Aside from the mutation re-
gion, the BACHD and YAC transgenes differ at therapeutically
relevant single nucleotide polymorphism (SNP) sites. BACHD
mice express human HTT from an A haplogroup HTT gene,
while the YAC HD mouse lines express human HTT from a C
haplogroup HTT gene (14). Hu97/18 mice have A haplogroup
muHTT from BACHD and C haplogroup wtHTT from YAC18.
The A haplogroup is most frequently associated with CAG ex-
pansion in populations of Caucasian descent (16,17), and Hu97/
18 mice have previously been used for preclinical development
of ASOs targeted to A haplogroup polymorphisms for therapeu-
tic allele-specific suppression of muHTT (10,18–20). HTT hap-
logroup C is most frequently associated with CAG tract
expansion in populations of East Asian descent (21), and a hu-
manized mouse line with haplogroup C muHTT (YAC) and hap-
logroup A wtHTT (BAC) would be useful for developing ASOs
targeted to haplogroup C polymorphisms for allele-specific
muHTT suppression in HD patients of East Asian descent. In ad-
dition, the CAG expansion commonly occurs on the C hap-
logroup in Black South African HD patients (22), and in a small
proportion of European patients that would be untreatable with
other priority allele targets tailored to this population (17).

The BACHD and YAC128 mouse models of HD share many
characteristics. However, significant phenotypic differences
have been reported (23). YAC128 mice display prepulse

inhibition deficits, downregulation of HD-associated striatal
genes, and robust muHTT inclusions in brain, all of which are
consistent with HD and not apparent in BACHD mice (23). As a
result, these aspects of HD cannot be investigated in BACHD
mice or the derivative Hu97/18 line. Phenotypic differences be-
tween BACHD and YAC128 mice may be explained by differ-
ences in the respective transgenes. When compared with the
BACHD transgene, the YAC128 transgene includes an additional
4 kb upstream and 66.8 kb downstream of the HTT gene (23),
which may include regulatory regions. Additionally, the BACHD
transgene includes a floxed, synthetic exon 1 sequence (11).
This provides a powerful research tool, allowing for temporal
and tissue-specific inactivation of the transgene by the cre
recombinase and subsequent studies on the contribution of se-
lect pools of muHTT to the pathogenesis of HD. However, this
alteration of the HTT gene could also lead to functional differ-
ences. Finally, the BACHD CAG repeat region is fully interrupted
with CAAs, having only two contiguous CAGs in any location
(23). For this reason, therapeutics and reagents targeting the ex-
panded CAG tract cannot be investigated in BACHD mice or the
derivative Hu97/18 line. The interrupted CAG tract in the BACHD
transgene may also result in loss of or production of non-
physiologic repeat-associated-non-ATG (RAN) translation prod-
ucts. RAN proteins are toxic and thought to contribute to the
pathogenesis of HD (24), so their loss could diminish or abolish
certain HD-like changes. The YAC128 repeat region is less inter-
rupted, containing only nine CAA repeats and 116 CAG repeats.
Moreover, there is a contiguous stretch of 80 CAGs from repeat
29 to repeat 109 (23), suggesting that YAC128 mice, or derivative
humanized lines, could be used for studies requiring expanded
CAG or RAN translation.

To provide a humanized HD mouse model for studies of HTT
exon 1, HTT with contiguous expanded CAG, or muHTT on hap-
logroup C, we first required a mouse line with wtHTT on hap-
logroup A. We generated a BAC21 transgenic mouse line
expressing full-length, genomic A haplogroup human wtHTT
with no synthetic alterations to the gene sequence. BAC21 mice
were then intercrossed to YAC128 mice on the Hdh�/� back-
ground to generate a new humanized HD mouse line, Hu128/21.
We have characterized Hu128/21 mice for HD-like behavioral,
neuropathological, biochemical and striatal gene expression
changes. Additionally, in a proof of concept study, we have used
Hu128/21 mice to screen ASOs targeted to HTT haplogroup C
polymorphisms for allele-specific suppression of muHTT.

Results
Hu128/21 mice can be used to evaluate therapeutics
targeted to human HTT exon 1

Direct sequencing of exon 1 of the BACHD transgene revealed
that it differs from the human HTT reference sequence at 31 po-
sitions outside of the CAG repeat region (Supplementary
Material, Fig. S1). Each of these changes is silent at the amino
acid level and 26 of 31 changes are G/C to A/T substitutions,
which would reduce GC content of the synthetic, floxed exon 1
sequence. Although this does not affect protein targeted
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therapeutics, reagents targeted to exon 1 DNA or transcripts,
such as HTT miRNAs (25) will likely not recognize BACHD exon
1. As a result, our previously generated humanized HD mouse
line, Hu97/18, which carries muHTT from the BACHD transgene,
cannot be used to evaluate therapeutics targeted to human HTT
exon 1. Conversely, the BAC21 transgene is a perfect match to
the human HTT exon 1 reference sequence (Supplementary
Material, Fig. S1), meaning that Hu128/21 mice can be used for
preclinical studies of reagents targeting human HTT exon 1.

HTT levels in Hu128/21 mice are similar to those in
YAC128 mice

Cortical HTT protein was assessed in 4-month-old animals by
allelic separation immunoblotting. Comparison of human HTT
levels in Hu128/21 and parental lines YAC128 and BAC21 dem-
onstrate that human muHTT levels are similar in Hu128/21 and
YAC128 brain and that human wtHTT levels are similar in
Hu128/21 and BAC21 brain (Fig. 1A and B). This indicates no
change in transgene levels by humanization. Comparison of to-
tal cortical HTT protein in Hu21, and Hu128 humanized founder
lines vs. Hu128/21 mice revealed that intercrossing did not re-
sult in changes in transgenic HTT level (Fig. 1C and D).
Comparison of total cortical HTT levels in Hu128/21 and YAC128
mice demonstrates that wt and muHTT levels are similar in
these lines (Fig. 1E and F). When compared with the parental
BACHD line, Hu97/18 mice have reduced BACHD-derived
muHTT and a concomitant delay in onset or reduction in sever-
ity of some HD-like phenotypes (14). Although the mechanism
of this downregulation remains unknown, similar brain muHTT
levels between Hu128/21 mice and the parental YAC128 line
suggests that it is not the result of humanization. Additionally,
because phenotypic severity of HD mouse lines is tightly linked
to muHTT levels (26), these results indicate that HD-like pheno-
types in Hu128/21 mice will likely be similar to those observed
in YAC128 mice.

Hu128/21 mice display weight gain and testicular
atrophy

Weight loss is a feature of HD (5). However, YAC128 and BACHD
mice display weight gain (11,27). To evaluate body weight in the
Hu128/21 line, Hu128/21 and Hu21 littermate controls were
weighed at 2-month intervals from 2 to 12 months of age.
Comparison to historical age matched FVB/N body weight data
demonstrates that Hu128/21 males are significantly overweight
(genotype effect P < 0.0001) with post hoc differences observed at
6 and 12 months of age (Fig. 2A). Weight gain was more pro-
nounced in female mice with both Hu21 and Hu128/21 mice
showing significant weight gain from 4 months of age (Fig. 2B).
These results are consistent with Hu97/18 mice, which display
weight gain in both HD and control lines and greater magnitude
weight gain in females (14) and with YAC128 mice, which dis-
play weight gain that is greater in females (28).

Testicular degeneration is a feature of HD that is recapitu-
lated in YAC128 mice (29). To evaluate this measure in Hu128/21
mice, weight of post-perfusion testes were scored at 3, 6, 9 or 12
months of age. Although testis weight was found to decline
with age in both Hu128/21 and Hu21 mice (age effect P < 0.0001),
this decline was exacerbated in Hu128/21 mice (genotype effect
P < 0.0001). When compared with Hu21 littermate controls
Hu128/21 mice displayed smaller testis by post hoc analysis from
9 months of age (Fig. 2C). YAC128 mice do not display smaller
testis than WT littermates until 12 months of age (29). This
analysis was also performed in Hu97/18 and Hu18/18 mice to al-
low comparison. Although testis weight was found to decline
with age in both genotypes (age effect P ¼ 0.01), no effect of ge-
notype was observed (genotype effect P ¼ 0.6354) (Fig. 2D).

Hu128/21 mice display progressive motor deficits

Motor deficits are a cardinal feature of HD that define clinical
onset (30), and YAC128 mice display progressive motor deficits
(12). Hu128/21 mice were evaluated for motor learning during

Figure 1. Cortical HTT protein levels in Hu128/21 mice. Total protein was isolated from cortices of 4-month-old animals and assessed for HTT levels by allelic separa-

tion immunoblotting. (A, B) Human HTT in Hu128/21 brain was compared with the founder lines, YAC128 and BAC21 demonstrating no changes in transgenic protein

after humanization. (C, D) Total HTT levels were compared in Hu128/21, Hu21 and Hu128 mice demonstrating no change in HTT levels after interbreeding. (E, F) Total

HTT levels in Hu128/21 were compared with YAC128 mice demonstrating that the ratio of wt and muHTT in these two lines is similar. (A, C, E) Representative immuno-

blots. (B, D, F) Quantitation from an number of four animals per genotype.
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rotarod training at 2 months of age. When compared with Hu21
littermates, Hu128/21 mice fell more frequently with lower la-
tency to the first fall during training (Fig. 2A and B). This may be
indicative of a motor learning deficit similar to what has been
reported for YAC128 mice (31). However, when considering ac-
celerating rotarod testing only at 2 months of age, Hu128/21
mice had a shorter latency to fall than Hu21 littermates (not sig-
nificant by Bonferroni post hoc analysis of longitudinal data, P ¼
0.0320 by student’s t test at 2 months of age) (Fig. 3C). This sug-
gests that the poor performance during rotarod training in
Hu128/21 mice may be the result of an early onset motor deficit,
rather than a deficit in motor learning.

During longitudinal accelerating rotarod testing from 2 to 12
months of age, both Hu21 and Hu128/21 mice displayed progres-
sive decline in motor performance (Fig. 3C). This may be related
to the weight gain observed in both genotypes, which would
confound motor testing. The performance of Hu128/21 mice
was consistently worse than Hu21 littermate controls (genotype
effect P < 0.0001), though this failed to reach post hoc signifi-
cance at any time point. These results are consistent with the
Hu97/18 line for which progressive rotarod deficits have been
observed in both HD and control animals, with HD animals
demonstrating greater deficit (14).

Mice were evaluated for motor performance during sponta-
neous climbing at 2 months intervals from 2 to 12 months of
age. Climbing performance of both genotypes of mice was found
to decline over time with increasing latency to the first climb
(Fig. 3D), decreasing number of climbing events (Fig. 3E) and de-
creasing total time spent climbing (Fig. 3F). No effect of geno-
type was noted for any of these measures, indicating that this is

not an appropriate test for use in this model. Although no geno-
typic effects were noted in older mice from the Hu97/18 line, at
2 months of age Hu97/18 mice were found to climb significantly
less than Hu18/18 littermates (14). Climbing performance also
declines with age in YAC128 mice (28). However, because they
are compared with WT littermate controls, which perform bet-
ter in this task than humanized control mice, a substantial ge-
notypic difference is apparent for this measure in the
YAC128 line.

Hu128/21 mice display anxiety-like and depressive-like
behaviors

Psychiatric disturbance, including anxiety and depression, are
features of HD that often precede onset of motor symptoms (32)
and are recapitulated in YAC128 (28,33) and other HD model
mice (34,35). Mice were evaluated for anxiety during exploration
of a brightly lit open field or an elevated plus maze at 3, 6 or 9
months of age. Exploratory activity was found to be normal
with no effect of genotype in either paradigm (Fig. 4A and C).
Hu128/21 mice were found to display anxiety-like behavior dur-
ing open field exploration spending significantly less time in the
center of the field (genotype effect P ¼ 0.0008) with differences
reaching post hoc significance at 3 and 9 months of age (Fig. 4B).
Hu128/21 mice also displayed anxiety-like behavior during ele-
vated plus maze exploration spending significantly less time in
the open arms (genotype effect P ¼ 0.0432) with differences
reaching post hoc significance at 9 months of age (Fig. 4D). These
results are consistent with YAC128 (28,33) and Hu97/18 (14)

Figure 2. Hu128/21 mice display weight gain and testicular degeneration. Mice were weighed at 2-month intervals from 2 to 12 months of age. (A) Male Hu128/21 mice

were significantly heavier than age matched historical FVB mice (14) at 6 and 12 months of age. (B) Female Hu21 and Hu128/21 mice displayed greater magnitude

weight gain than males and were significantly heavier than age matched FVB mice from 4 months of age. Post-perfusion testis was weighed at the indicated ages. (C)

Testis weight declines with age in both Hu21 and Hu128/21 mice, but decline is greater in Hu128/21 mice leading to significantly smaller testis from 9 months of age.

(D) Testis weight declines with age in both Hu18/18 and Hu97/18 mice. No effects of genotype were noted. *Different from Hu21, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Hu128/21 mice display progressive motor deficits. Motor performance was evaluated longitudinally at 2-month intervals from 2 to 12 months of age

using the (A–C) accelerating rotarod and (D–F) spontaneous climbing tests. (A, B) When compared with Hu21 mice, Hu128/21 (A) fell more frequently and (B) had a re-

duced latency to the first fall during training on a fixed speed rotarod. (C) Longitudinal rotarod performance of both genotypes progressively declined. Although there

was a significant effect of genotype by two-way-ANOVA (P < 0.0001), this difference failed to reach significance by post hoc analysis at any time point. (D–F) Both geno-

types of mice displayed progressive decline in spontaneous climbing during a 5 min exploration of an inverted wire mesh pencil holder as measured by (D) latency

to begin climbing, (E) climbing events and (F) total time spent climbing. No effect of genotype was observed for any of these measures. *Different from Hu21, *P < 0.05,

**P < 0.01.

Figure 4. Hu128/21 mice display anxiety- and depressive-like behaviors. (A, B) Mice were evaluated during exploration of a brightly lit open field at the indicated ages.

(A) Exploratory activity of both genotypes declined with age. However, no genotypic differences were observed. (B) When compared twith Hu21 mice, Hu218/21 mice

displayed anxiety-like behavior spending significantly less time in the center of the open field at 3 and 9 months of age with a trend toward reduced center time at 6

months of age. (C, D) Mice were evaluated during exploration of an elevated plus maze at the indicated ages. (C) Exploratory activity of both genotypes was similar at

all evaluated ages. (D) When compared with Hu21 mice, Hu128/21 mice displayed anxiety-like behavior spending significantly less time in the open arms at 9 months

of age with a strong trend toward less open arm time observed at 6 months of age. (E, F) Mice were evaluated during forced swimming at the indicated ages. (E) When

compared with Hu21 littermates, Hu128/21 mice displayed non-progressive depressive-like behavior, spending significantly more time immobile at 6 and 9 months of

age with strong trends toward more time immobile noted at 3 and 12 months of age. (F) When compared with Hu18/18 littermates, Hu97/18 mice displayed non-pro-

gressive depressive-like behavior, spending significantly more time immobile at 3, 9 and 12 months of age with strong trends toward more time immobile noted at 6

months of age. Data for Hu97/18 line at 12 months of age were previously reported in (14) and is included here to allow direct comparison. *Different from Hu21 or

Hu18/18 same age, *P < 0.05, **P < 0.01.
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mice, which have been previously reported to have normal ex-
ploratory activity and increased anxiety-like behaviors during
both open field and elevated plus maze exploration.

Depressive-like behavior was evaluated during forced swim-
ming at 3, 6, 9 or 12 months of age. When compared with Hu21
littermate controls, Hu128/21 mice were found to display
depressive-like behavior, spending significantly more time im-
mobile (genotype effect P < 0.0001), with differences reaching post
hoc significance at 6 and 9 months of age and strong trends noted
at 3 and 12 months of age. No effect of age or interaction of age
and genotype was noted (age effect P ¼ 0.6070, interaction P ¼
0.6750), indicating that this phenotype is not progressive. This is
consistent with what has previously been reported in YAC128
mice (36). This analysis had previously been reported at 12
months of age for Hu97/18 mice demonstrating a depressive-like
phenotype (14). To allow comparison, we performed this analysis
at 3, 6 or 9 months of age in Hu18/18 and Hu97/18 mice and com-
bined the data with our historical 12-month data. We found that
Hu97/18 mice also display non-progressive depressive-like be-
havior spending significantly more time immobile than Hu18/18
littermates (genotype effect P < 0.0001, age effect P ¼ 0.2803, in-
teraction P ¼ 0.6224) with differences reaching post hoc signifi-
cance at 3, 9 and 12 months of age, and a strong trend observed
at 6 months of age (Fig. 4F).

Hu128/21 mice display progressive spatial learning and
object recognition deficits

Cognitive deficits often precede motor deficits in HD (37), and this
is recapitulated in YAC128 mice (31). Cognition was evaluated in
Hu128/21 mice by spontaneous alternation and by object spatial
learning and recognition assays. These assays were chosen be-
cause they can be performed using only olfactory and tactile
clues by physical interaction with objects and the environment
and do not rely on sight, which is lost in mice on the FVB/N back-
ground strain due to progressive retinal degeneration (38). Spatial
learning was assessed at 4 months of age by spontaneous alter-
nation during exploration of a T maze. Although Hu21 mice per-
formed normally, preferentially entering the unexplored arm on
the second trial (68% of mice), Hu128/21 mice performed near the
level of chance with no preference for the previously unexplored
arm (47% of mice) (Fig. 5A left). This is consistent with what has
previously been reported for the YAC128 line (39). This test was
also performed on Hu97/18 and Hu18/18 littermate controls, and
both genotypes demonstrated a preference for the unexplored
arm (85% of mice and 71% of mice, respectively) (Fig. 5A right), in-
dicating that at this age and in this paradigm, Hu97/18 mice dis-
play intact spatial learning.

Spatial object learning and object recognition were assessed
at 3, 6 or 9 months of age by the novel object location and novel
object preference assays (Fig. 5B). Hu21 mice displayed intact
spatial learning and object recognition at all ages, showing a
significant preference for either a known object in a novel loca-
tion (Fig. 5C, E and G) or for a novel object (Fig. 5D, F and H).
Hu128/21 mice displayed a strong trend toward a preference for
a known object in a novel location at 3 months of age, but no
preference at 6 or 9 months of age (Fig. 5C, E and G), indicating
impaired spatial learning. Hu128/21 mice also displayed pro-
gressive loss of object recognition, showing a preference for a
novel object at 3 months of age, a trend toward a preference at 6
months of age and no preference at 9 months of age (Fig. 5D, F
and H). This is similar to what has previously been reported for
Hu97/18 mice (14) and YAC128 mice (33).

Hu128/21 mice display progressive forebrain-specific
atrophy

Selective forebrain atrophy that is most pronounced in the stria-
tum, but also apparent in the cortex and in white matter (40), is a
feature of HD that is recapitulated in YAC128 mice (12,41). Whole
brain weight, forebrain weight and cerebellum weight were as-
sessed at 3, 6, 9 or 12 months of age. When compared with Hu21
littermate controls, Hu128/21 mice display reduced whole brain
weight at 12 months of age (Fig. 6A) and forebrain weight from 9
months of age (Fig. 6B). There was no effect of genotype on cere-
bellum weight (Fig. 6C), indicating that atrophy is forebrain-
specific, which is consistent with previous reports for 12-months
old YAC128 (12) and Hu97/18 mice (14) and with HD, in which the
cerebellum is relatively spared (40). When compared with Hu21
littermates, Hu128/21 mice were found to have smaller striata
from 3 months of age (genotype effect P < 0.0001), the earliest
time point evaluated (Fig. 6D). There was no effect of age or inter-
action of age and genotype in this measure (age effect P ¼ 0.1064,
interaction P ¼ 0.7106), indicating that this phenotype is not pro-
gressive, which is contrary to what has previously been reported
in YAC128 mice (41) and in HD (42). Cortical volume was signifi-
cantly lower in Hu128/21 mice than in Hu21 mice (genotype effect
P ¼ 0.0071). This difference failed to reach post hoc significance at
any time point evaluated, though a trend toward reduction was
observed in Hu128/21 cortices from 3 months of age, the earliest
time point evaluated (Fig. 6E). A significant effect of age but no in-
teraction of age and genotype was noted for this measure (age ef-
fect P ¼ 0.0002, interaction P ¼ 0.9408). Corpus callosum volume
was significantly reduced in Hu128/21 brain compared with Hu21
brain (genotype effect P < 0.0001) reaching post hoc significance at
6 and 12 months of age, with trends toward reduction noted at 3
and 9 months of age (Fig. 6F). A significant effect of age but no in-
teraction of age and genotype was noted for this measure (age ef-
fect P ¼ 0.0002, interaction P ¼ 0.7176).

In order to compare the natural history of forebrain atrophy in
humanized lines, we also performed this analysis at 3, 6 or 9
months of age in Hu97/18 and Hu18/18 littermate controls and
combined the data with our historical data at 12 months of age.
When compared with Hu18/18 littermate controls, Hu97/18 exhibit
reduced whole brain (genotype effect P ¼ 0.0126) and forebrain
weight (genotype effect P ¼ 0.0007) reaching post hoc significance at
12 months of age (Fig. 6G and H). There was no effect of genotype
on cerebellum weight (Fig. 6I), indicating that, similar to Hu128/21
mice, atrophy is forebrain-specific. When compared with Hu18/18
littermates, Hu97/18 display progressive striatal (genotype effect P
< 0.0001, age effect P ¼ 0.0021, interaction P ¼ 0.0021) and cortical
(genotype effect P < 0.0001, age effect P ¼ 0.0043, interaction P ¼
0.0043) volume loss reaching post hoc significance at 9 and 12
months of age (Fig. 6J and K). Corpus callosum volume was signifi-
cantly less in Hu97/18 brain than in Hu18/18 brain (genotype effect
P ¼ 0.0093) reaching post hoc significance at 9 months of age, with a
trend toward reduction noted at 12 months of age (Fig. 6L). No ef-
fect of age or interaction of age and genotype was noted for this
measure (age effect P¼ 0.6556, interaction P¼ 0.6556).

Hu128/21 mice display HD-like histological changes
in the brain

Loss of striatal dopamine- and cAMP-regulated neuronal phospho-
protein (DARPP-32) immunoreactivity, which is a marker of healthy
striatal medium spiny neurons, and deposition of muHTT contain-
ing inclusions in the brain are features of HD (43,44) that are recapit-
ulated in YAC128 mice (12,45). Striatal DARPP-32 immunoreactivity
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was quantified by integrated optical density at 3, 6, 9 or 12 months
of age. When compared with Hu21 littermate controls, Hu128/21
mice display reduced striatal DARPP-32 (genotype effect P ¼ 0.0456,
age effect P ¼ 0.8763, interaction P ¼ 0.8767). This difference failed
to reach post hoc significance at any age tested, though a trend to-
ward reduction was noted at 6, 9 and 12 months of age (Fig. 7A and
B). This is consistent with Hu97/18 mice, in which we previously re-
ported a trend toward reduced striatal DARPP-32 immunoreactivity
at 12 months of age (14). To allow comparison of the natural history
of DARPP-32 loss in these two lines, we evaluated Hu97/18
and Hu18/18 littermate controls at 3, 6 or 9 months of age and
combined the data with our historical data at 12 months of age.
Similar to Hu128/21 mice, we observed reduced striatal DARPP-32
immunoreactivity in Hu97/18 mice (genotype effect P ¼ 0.0135, age
effect P ¼ 0.5247, interaction P ¼ 0.4965) that did not reach post hoc
significance at any age, but showed trends toward reduction at 6, 9
and 12 months of age (Fig. 7C).

muHTT inclusions were evaluated at 3, 6, 9 or 12 months of age
by EM48 staining, which recognizes aggregated human HTT (46).
No staining was observed in Hu21 brain at any age. In Hu128/21
brain diffuse nuclear staining was apparent at 3 months of age.
Staining became more intense and condensed with age, resulting
in robust striatal and cortical muHTT inclusions at 9 and 12
months of age (Fig. 7D), with regional staining consistent with
what has been previously reported for YAC128 mice (12,47). BACHD
mice lack robust striatal muHTT inclusions (23), and muHTT in
Hu97/18 mice is derived from the BACHD transgene at a lower
expression level than the parental line (14). As a result, Hu97/18
mice are not expected to recapitulate this feature of HD.

Hu128/21 mice recapitulate HD-like striatal gene
expression changes

Striatal gene expression changes have been extensively charac-
terized in HD (48–52), and YAC128 (52–54) and other HD mice

(55–58) recapitulate many of these. Expression of five genes that
are downregulated in HD striatum was assessed by RT-qPCR at 3,
6 or 9 months of age (Fig. 8A–E). Glutamate transporter 1 (GLT1)
expression was similar in Hu21 and Hu128/21 striata at all ages
(genotype effect P ¼ 0.0686, age effect P ¼ 0.0879) (Fig. 8A). This is
consistent with a previous report demonstrating that GLT1 ex-
pression is not altered in YAC128 mice (59). When compared with
Hu21 littermates, phosphodiesterase 10A (PDE10A) expression
was reduced by 7.2% in striata of 9-month-old Hu128/21 mice
(genotype effect P < 0.0001, age effect P ¼ 0.0004, interaction P ¼
0.0004) (Fig. 8B). Dopamine receptor D2 (DRD2) expression was re-
duced in Hu128/21 striata by 6.9% at 6 months of age and 19.9% at
9 months of age (genotype effect P < 0.0001, age effect P < 0.0001,
interaction P < 0.0001) (Fig. 8C). Similarly striatal DARPP-32 ex-
pression was reduced by 6.8% at 6 months of age and 23.8% at 9
months of age (genotype effect P < 0.0001, age effect P < 0.0001,
interaction P < 0.0001) (Fig. 8D). Significant reductions in striatal
expression of DRD2 and DARPP-32 have been reported from 9
months of age in YAC128 mice, but were not apparent at 6
months of age (23,60). Although onset of these changes was ear-
lier in Hu128/21 mice, the magnitude of reduction was lower than
that reported in YAC128 mice. These variations may be due to
the use of different qPCR systems (TaqMan for YAC128 vs.
Universal Probes for Hu128/21). Similar to what has been reported
for YAC128 mice (60), a modest but significant 10.5% reduction in
cannabinoid receptor 1 (CNR1) was observed in Hu128/21 striata at
9 months of age (genotype effect P < 0.0001, age effect P < 0.0001,
interaction P < 0.0001) (Fig. 8E). Taken together these data dem-
onstrate that Hu128/21 mice are an appropriate model for investi-
gation of HD-like striatal gene expression changes.

Hu128/21 mice display elevated circulating IL-6

Elevated circulating pro-inflammatory cytokines have been re-
ported in HD mutation carriers as much as 16 years before onset

Figure 5. Hu128/21 mice display progressive spatial and object recognition learning deficits. (A) Four-month-old mice were evaluated in the spontaneous alternation

test of spatial learning. Hu21 mice showed a preference for entering the previously unexplored arm, while Hu128/21 mice showed no arm preference, indicating im-

paired spatial learning. Hu18/18 and Hu97/18 mice both preferentially entered the unexplored arm, indicating no deficit in this paradigm. Mice were tested at the indi-

cated ages in the (B) novel object location test of spatial learning and the novel object preference test of object recognition. (C, D) At 3 months of age both genotypes of

mice show a preference for the target object, (C) the one in the new location or (D) the novel object, indicating intact spatial learning and object recognition at this age.

(E, F) At 6 months of age Hu21 mice perform both tasks well, while Hu128/21 mice display (E) disrupted spatial learning but (F) intact object recognition. (G, H) At 9

months of age Hu21 mice perform both tasks, indicating intact learning, which Hu128/21 display deficits in both tasks, indicating impaired spatial learning and object

recognition. *Difference between indicated columns, *P < 0.05, **P < 0.01.
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of disease, and HD monocytes and macrophages exhibit hyper-
active IL-6 release when stimulated (4). YAC128 mice recapitu-
late this pro-inflammatory immune state with elevated
circulating IL-6 (61) and hyperactive release of IL-6 from stimu-
lated macrophages and microglia that is directly attributable to
cellular muHTT (4,62). Serum IL-6 was evaluated at 9 or 12
months of age by Meso Scale Discovery assay. When compared
with Hu21 littermates, Hu128/21 mice were found to have sig-
nificantly elevated circulating IL-6 at 12 months of age with a
trend toward elevation noted at 9 months of age (genotype
effect P ¼ 0.0094, age effect P ¼ 0.1630, interaction P ¼ 0.1630)
(Fig. 8F).

Allele-specific silencing of muHTT in Hu128/21 mice

We have previously shown that SNP rs7685686_G is targetable
in neurons from YAC128 mice (18). However, we were not able
to evaluate true allele-specificity because there is no homology
between Hdh and human HTT at this intronic location. As a
proof of concept for preclinical therapeutic development,
Hu128/21 mice were used to screen ASOs for allele-specific si-
lencing of muHTT by targeting SNP rs7685686_G, a polymor-
phism linked to HD in populations of East Asian descent and in
a minority of patients in other ethnic groups. ASO designs were
based on previous data targeting the rs7685686_A allele. To limit

Figure 6. Hu128/21 mice display forebrain specific atrophy. Weights and structure volumes were assessed at 3, 6, 9 and 12 months of age. When compared with Hu21

control mice, Hu128/21 mice displayed reduced (A) total brain weight at 12 months of age and (B) forebrain weight from 9 months of age. (C) Cerebellum weight was not

different between the genotypes. (D) Hu128/21 mice displayed striatal volume reduction from 3 months of age, the earliest time point evaluated. (E) There was a consis-

tent trend toward reduced cortical volume at all ages, and a significant effect of genotype by two-way-ANOVA (P ¼ 0.0071), but this failed to reach post hoc significance.

(F) When compared with Hu21 brain, corpus callosum volume was significantly reduced in Hu128/21 brain at 6 and 12 months of age, with a trend toward reduction

noted at 3 and 9 months of age. When compared with Hu18/18 control mice, Hu97/18 mice displayed reduced (G) total brain weight and (H) forebrain weight at 12

months of age. (I) Cerebellum weight was not different between the genotypes. Hu97/18 mice displayed significantly reduced (J) striatal volume and (K) cortical volume

from 9 months of age. (L) When compared with Hu18/18 brain, corpus callosum volume was significantly reduced in Hu97/18 brain at 9 months of age, with a trend to-

ward reduction noted at 12 months of age. Data for Hu97/18 line at 12 months of age were previously reported in (14) and is included here to allow direct comparison.

*Different from Hu21 or Hu18/18 same age, *P < 0.05, **P < 0.01, ***P < 0.001.
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undesirable RNase H cleavage events the gap region was short-
ened to eight or seven nucleotides (X1, X2, X5 and X7) (20) or
modified with nucleotide analogs at sensitive positions in the
gap region (X3, X4 and X8) (63). Furthermore phosphodiester
linkages were incorporated into the wings to modulate tolera-
bility and distribution (X6 and X9).

ASOs were evaluated in a single dose in vivo screen in Hu128/
21 brain. 300 mg of ASO was delivered by bolus injection to the
right lateral ventricle. Allelic HTT protein was quantified 4
weeks later in anterior forebrain by allelic separation immuno-
blotting (Fig. 9). ASOs X1, X2, X3, X6 and X8 were found to be suf-
ficiently potent, each inducing greater than 60% muHTT
suppression (Table 1). ASOs X1, X3 and X8 were found to be the
most selective, inducing only negligible reduction of wtHTT pro-
tein. ASO X6 failed to meet selectivity criteria, inducing a signifi-
cant mean 24.6% suppression of wtHTT (Table 1). ASOs that met
the potency criteria for this single dose screen were next evalu-
ated in a dose response study in primary Hu128/21 neurons.

Primary Hu128/21 neurons were treated with bath applied
ASO on day two in culture with ASO concentrations ranging
from 4 to 1000 nM and evaluated 6 days post-treatment by alle-
lic separation immunoblotting. The protein level of the two HTT
alleles was normalized to calnexin loading control and then to
the same allele from untreated neurons on the same mem-
brane, and dose–response curves were generated (Fig. 10). HTT
KD at each dose was evaluated by two-way ANOVA and prefer-
ential suppression of muHTT was found from 16 nM for ASOs
X1, X2 and X3 and from 250 nM for ASOs X6 and X8. All ASOs
were found to be sufficiently potent, reducing muHTT by
60–92% at 1000 nM with limited reduction of wtHTT protein

(13–39%). Similar to the in vivo screen, ASO X6 was the most po-
tent ASO and the least selective, significantly reducing wtHTT
by 39%. ASO IC50 values were calculated using non-linear re-
gression for each allele. All ASOs had IC50 values in the nanomo-
lar range of 30–286 nM for muHTT KD, which is comparable to
our previous study of ASOs targeting the other allele at this SNP
(rs7685686_A) (18). Because <50% reduction of wtHTT was seen
at the highest ASO concentration tested, it was not possible to
calculate IC50 values for wtHTT. To account for this, selectivity
was assessed by dividing the highest concentration (1000 nM)
by the IC50 value for muHTT (18). Selectivity ranged from 4- to
more than 29-fold (Table 1). ASOs X3 and X6 showed the great-
est selectivity. However, it must be noted that this method of
assessing selectivity is dependent on ASO potency and the high
selectivity value of X6 despite significant KD of wtHTT is related
to its higher potency rather than true higher selectivity of X6
than other ASOs evaluated.

Based on screen and dose response results, ASO X3 was
identified as a lead candidate for allele-specific suppression of
muHTT on C haplogroup.

Discussion
We have generated a novel humanized mouse model of HD,
Hu128/21, to be used as a companion model to the existing
Hu97/18 line. Hu128/21 mice derive muHTT from the YAC128
transgene and have similar wt and muHTT levels as the paren-
tal YAC128 line, indicating that variety and severity of HD-like
phenotypes should be similar in the two lines. We found this to
be true. The vast majority of evaluated HD-like phenotypes

Figure 7. Hu128/21 display HD-like histological changes in the brain. (A,B) DARPP-32 immunoreactivity was assessed at 3, 6, 9 or 12 months of age by integrated optical

density. (A) representative mid-striatal micrographs of Hu21 and Hu128/21 DARPP-32 stained brains at 12 months of age. (B) When compared with Hu21 controls,

Hu128/21 mice display reduced striatal DARPP-32 (genotype effect P ¼ 0.0456). This difference failed to reach post hoc significance at any age, but a trend toward reduc-

tion was noted at 6, 9 and 12 months of age. (C) When compared with Hu18/18 controls, Hu97/18 mice display reduced striatal DARPP-32 (genotype effect P ¼ 0.0135).

This difference failed to reach post hoc significance at any age, but a trend toward reduction was noted at 6, 9 and 12 months of age. Data for Hu97/18 line at 12 months

of age was previously reported in (14) and is included here to allow direct comparison. (D) Hu128/21 mice display progressive deposition of striatal EM48 positive

muHTT inclusions. Diffuse nuclear staining is apparent by 3 months of age and becomes progressively more intense with age. By 9 months of age, robust striatal inclu-

sions are present. Inclusion deposition was also noted in cortex. Scale bars ¼ 50 mm high magnification images and 500 mm low magnification images.
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previously validated in YAC128 mice were also apparent in
Hu128/21 mice (Table 2).

The exception to this is cortical volume loss, for which
YAC128 mice display a significant reduction at 12 months of age
and Hu128/21 mice display a significant effect of genotype, but
atrophy did not reach significance by post hoc analysis at 12
months of age, which was the latest time point evaluated.
Additionally, Hu128/21 mice did not have a genotypic difference
in climbing performance from Hu21 control mice. This was due
to progressive deficits in the control Hu21 line rather than im-
proved performance of Hu128/21 mice compared with YAC128
mice. Therefore, this does not result from the absence of an HD-
like phenotype in Hu128/21 mice, but rather the confounding
factors present in both the HD and control lines, such as weight
gain and loss of endogenous mouse wtHtt.

Phenotypic age of onset was similar in YAC128 and Hu128/
21 mice. However, a number of phenotypes were accelerated
in the humanized model, including testicular degeneration,
accelerating rotarod deficits, and corpus callosum atrophy.
Acceleration of certain phenotypes could be related to the in-
ability of human wtHTT to fully compensate for the loss of
mouse endogenous wtHtt. Conversely, while the onset of fore-
brain atrophy is the same in YAC128 and Hu128/21 mice, whole
brain atrophy has been reported at 9 months of age in YAC128
mice (12) and was not apparent in Hu128/21 mice until 12
months of age. Despite these slight variations in onset, the vari-
ety and severity of HD-like phenotypes were found to be similar
in YAC128 and Hu128/21 mice. This is useful because the
YAC128 mouse has been extensively characterized in over 130
Pubmed articles. Our data suggests that the vast amount of
knowledge about the YAC128 model is likely applicable to the
Hu128/21 model alleviating the need for extensive characteriza-
tion of further endpoints prior to preclinical studies.

Variety and severity of HD-like phenotypes were also com-
pared with Hu97/18 mice (Table 2). Many phenotypes were
found to be similar with similar onset, including body weight
gain, rotarod training deficits, anxiety-like behavior, depressive-
like behavior and whole brain atrophy. Some phenotypes were
accelerated in Hu128/21 mice compared with Hu97/18 mice, in-
cluding accelerating rotarod deficits, object location and recog-
nition learning deficits, forebrain atrophy and striatal and
corpus callosum atrophy. Although other phenotypes were de-
layed in Hu128/21 mice as compared with Hu97/18 mice, includ-
ing anxiety during elevated plus maze exploration and cortical
atrophy. These variations are likely related to the differences in
the BACHD and YAC128 muHTT transgenes.

It should also be noted that while both Hu97/18 and Hu128/
21 mice display a progressive decline in motor performance,
these models are not ideal for motor testing. The weight gain in
the control humanized lines, Hu18/18 and Hu21 leads to pro-
gressive motor deficits that confound evaluation of muHTT
specific effects. Some HD-like phenotypes were apparent in

Figure 8. Hu128/21 mice display HD-like striatal gene expression changes and

increased circulating IL-6. (A–E) Striatal gene expression was assessed through

qRT-PCR at the indicated ages. (A) There was no effect of genotype on GLT1 ex-

pression. (B) Hu128/21 mice displayed a modest but significant reduction in

striatal PDE10a expression at 9 months of age. (C, D) D2 dopamine receptor and

DARPP-32 expression was progressively reduced in Hu128/21 striata from 6

months of age. (E) A modest but significant reduction in striatal CNR1 expression

was noted in 9-month old Hu128/21 mice. (F) Serum IL-6 was quantified by MSD

at the indicated ages. A trend toward increased circulating IL-6 was noted at 9

months of age with a significant increase at 12 months of age. *Different from

Hu21 same age, *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 9. Single dose screen of C HTT haplogroup ASOs in Hu128/21 brain. 300 mg

of ASO was delivered by unilateral ICV bolus injection to 6-week-old Hu128/21

mice. Four weeks later protein was isolated from a 2 mm coronal section from

each hemisphere and evaluated for HTT protein by allelic separation immuno-

blotting. HTT levels were normalized to calnexin from the same sample as a

loading control and then to the same allele from PBS injected animals on the

same membrane. (A) Representative blot images. (B) Quantification of both

hemispheres from an N of four animals per ASO. *Different from same allele

PBS-treated animals, *P < 0.05, ***P < 0.001.
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Figure 10. Dose response of C HTT haplogroup ASOs in primary Hu128/21 neurons. Primary Hu128/21 neurons were treated with the 5 most potent ASOs (>60%KD

in vivo) at 4–1000 nM for 6 days. HTT KD was evaluated by allelic separation immunoblotting. Each HTT allele was normalized to the loading control calnexin and then

to the same allele for the untreated sample. Representative images are shown for each ASO. Number of 4–12 per data point. Data are presented as mean 6 SEM. Two-

way ANOVA with Bonferroni post hoc test was performed. *Different from same allele untreated neurons, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Table 1. Summary of ASOs
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Hu128/21 mice but not in Hu97/18 mice, including testicular de-
generation and spontaneous alternation deficits. This is consis-
tent with previous reports of HD-like phenotypes apparent in
YAC128 mice that are absent in BACHD mice (23). Phenotypes
previously noted to be absent in BACHD mice (23) were not eval-
uated in Hu97/18 mice. Hu97/18 muHTT is derived from the
BACHD transgene at a reduced expression level, and phenotypic
severity is decreased or delayed in Hu97/18 mice compared with
BACHD mice (14). Thus, Hu97/18 mice would not be expected to
display phenotypes that are absent in BACHD mice. The Hu128/
21 mouse provides a humanized mouse model of HD for studies
of these phenotypes that could not previously be addressed in
Hu97/18 mice, including some striatal gene expression changes,
robust muHTT aggregation and testicular degeneration.

Additionally, unlike the BACHD transgene, which carries a
floxed, synthetic exon 1 sequence with 31 point mutations out-
side of the CAG tract region, exon 1 of the YAC128 and BAC21
transgene sequences shares 100% homology with the human
HTT reference sequence. This means that therapeutics target-
ing human HTT exon 1 at the DNA or transcript level can be
evaluated in Hu128/21 mice, which is not possible in Hu97/18
mice. Moreover, the CAG tract of the YAC128 transgene is less
interrupted, and contains 80 contiguous CAG repeats compared
with only two contiguous CAGs in any portion of the BACHD
CAG tract (23). Thus, the Hu128/21 model can be used for studies

of human HTT requiring contiguous CAG repeats that would
not be possible in Hu97/18 mice, such as studies of RAN transla-
tion products or preclinical evaluation of experimental thera-
peutics targeting expanded CAG.

Finally, Hu128/21 mice have inverse HTT haplogroup alleles
of Hu97/18 mice. Hu97/18 mice are an appropriate model for de-
velopment of experimental therapeutics targeting muHTT with
A haplogroup alleles, while Hu128/21 mice are an appropriate
model for preclinical development of experimental therapeutics
targeting muHTT with C haplogroup alleles. Thus, the genera-
tion of the Hu128/21 line greatly increases the proportion of the
HD population for which a genetically relevant mouse model is
available for the development of personalized gene silencing
therapeutics. HTT haplogroup C is most frequently associated
with CAG tract expansion in HD populations of East Asian de-
scent (21). Additionally, 43% of Black South African HD muta-
tions, and between 3.2 and 4.5% of HD mutations in patients of
European ancestry, occur on the HTT haplogroup C (17,22).
These patients would not benefit from allele-specific therapy
targeted to the most common HD haplotypes in patients of
European ancestry, and therefore represent a genetically dis-
tinct group for personalized allele-specific therapy targeting the
C haplogroup (17,18). Gene silencing reagents targeting both al-
leles of rs7685686, or any other SNP distinguishing the A and C
haplogroups, could also offer the possibility of allele-specific

Table 2. Comparison of onset of HD-like phenotypes in YAC128, Hu97/18 and Hu128/21 mouse lines

YAC128 Hu97/18 Hu128/21

Transgene
muHTT haplogroup C A C
100% homology to h HTT Yes No Yes

Pathology
Body weight increase 2 months (27) 4 months (14) 4 months
Testicular degeneration 12 months (29) ns 9 months
Whole brain atrophy 9 months (12) 12 months (14) 12 months
Forebrain atrophy 9 months (28) 12 months (14) 9 months
Striatal loss 3 months (41) 9 months 3 monthsa

Cortical loss 12 months (12) 9 months ns
Corpus Callosum loss 12 months (28) 9 months 6 months
Cerebellum loss None (12) None (14) None

Behaviour
Rotarod training 2 months (31) 2 months (14) 2 months
Rotarod 4 months (45) 4 months (14) 2 monthsa

Climbing 6 months (28) 2 monthsa (14) None
Exploratory activity Normal (28) Normal (14) Normal
Open field anxiety 6 monthsa (33) 3 monthsa (14) 3 monthsa

Plus maze anxiety 8 months (28) 6 months (14) 9 months
Forced swim depression 3 monthsa (36) 3 months 3 monthsa

Spontaneous alternation 4 monthsa (28) Normal 4 monthsa

Object location 6 monthsa (33) 6 months (14) 3 monthsa

Object recognition 6 monthsa (33) 9 months (14) 6 months
Transcript and protein levels

EM48 positive inclusions 12 monthsa (12) ND 9 months
DARPP-32 loss-protein 12 monthsa (45) ND 6 monthsa

DARPP-32 loss-mRNA 9 months (60) ND 6 months
Cnr1 loss-mRNA 9 months (60) ND 9 months
GLT1 loss-mRNA None (59) ND None
PDE10a loss-mRNA ND ND 9 months
Drd2 loss-mRNA 9 months (60) ND 6 months
Elevated circulating IL-6 12 months (61) ND 12 months

ND, not determined; ns, not significant (trend).
aEarliest time point evaluated.
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treatment for approximately half of HD patients from diverse
ethnic origins, coupled with non-specific silencing for all re-
maining patients (18).

In this proof of concept study, Hu128/21 mice were used to
screen and evaluate ASOs targeting a HTT haplogroup C poly-
morphism. A panel of nine ASOs (X1–X9) was designed for high
potency and selectivity using knowledge gained from previous
studies (10,18,20,63). ASOs were evaluated both in a single dose
in vivo screen and in a dose response in primary cultured neu-
rons. All ASOs showed activity against muHTT with five of nine
showing high potency with >60% muHTT suppression. High se-
lectivity, as noted by no significant suppression of wtHTT and
IC50 for wtHTT > 1000 nM, was observed for eight of the nine
ASOs. ASO X3 was identified as a lead ASO for allele-specific
suppression of C haplogroup HTT, validating the Hu128/21
model as a tool for preclinical therapeutic evaluations.

The Hu128/21 mouse model of HD recapitulates a wide vari-
ety of HD-like phenotypes, including psychiatric and cognitive
behavioral changes as well as biochemical, neuropathological
and gene expression changes. Hu128/21 mice display HD-like
phenotypes not apparent in Hu97/18 mice, allowing for their
study in a humanized HD mouse for the first time. Additionally,
the Hu128/21 mouse has novel applications in preclinical devel-
opment of experimental therapeutics targeting human HTT
exon 1, human HTT with expanded CAG, and C haplogroup HTT
polymorphisms.

Materials and Methods
Mice and breeding

Mice were maintained under a 12-h light:12-h 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 of the University of British Columbia (UBC) or
the Institute Animal Care and Use Committee of the University
of Los Angeles at California. Cohorts of mice used for characteri-
zation of the Hu128/21 line consisted of approximately equal
numbers of males and females and Hu21 and Hu128/21
genotypes.

For generation of BAC21 mice, BAC DNA was purified from
human Huntingtin BAC clone (RP11-866L6) using our estab-
lished method (11). BAC DNA was linearized with PI-SceI and
microinjected into fertilized eggs from FVB/NJ mice prior to
transferring into pseudo-pregnant female mice. Transgenic
founder mice were confirmed by PCR genotyping and CAG re-
peat length was sized by Laragen (Los Angeles, CA). The expres-
sion of full-length human huntingtin in the BAC21 mice was
confirmed by Western blot analysis.

BAC21 mice were imported to UBC and intercrossed with
Hdhþ/� mice (64) to generate BAC21 mice on the Hdh�/� back-
ground (Hu21). YAC128 mice (12) on the Hdh�/� (Hu128) back-
ground were generated in a similar way. Male Hu21 and female
Hu128 mice were then intercrossed to generate Hu21, Hu128
and Hu128/21 mice. Genotyping was performed using CAG tract
spanning PCR with the following reagents; 10% DMSO, 0.4 mM
each primer, 1� BSA, 2.2 mM dNTPs, 1� GB buffer (5� GB buffer:
3.35 ml 1M TRIS, 35 ml b-mercaptoethanol, 830 ml 1M (NH4)2SO4,
100 ml 1M MgCl2, dH2O to 10 ml), and 0.63 U Taq polymerase
(Roche), the following primer sequences; CAG3_F: 50 ATT GCC
CCG GTG CTG AGC G 30, CAG3_R: 50 GCG GGC CCA AAC TCA CGG
TC 30 and the following reaction conditions; 94�C 30 s, 34�(94�C
30 s, 61�C 30 s, 72�C 90 s), 72�C 10 min. Intergenerational CAG
tract length was compared with confirm stability of the YAC128

muHTT CAG tract, which has been previously reported in (65).
Crosses of female Hu21 and male Hu128 mice produced no lit-
ters indicating sterility of one of these breeder types.
Additionally, litter size for the Hu128/21 line is small because
the cross generates �25% Hdh�/� mice, which are resorbed as
embryos (64), resulting in �75% live births.

Exon 1 sequencing

Genomic DNA was extracted from BACHD or BAC21 tail biopsies
using the DNeasy Blood and Tissue Kit (Qiagen). For BACHD, 100
ng of genomic DNA and KODXtreme Hot Start DNA Polymerase
(Novagen) were used in a total reaction volume of 50 ml for the
amplification of exon 1. The primers used were LKH5
(50 TGGGTTGCTGGGTCACTCTGTC 30) and LKH1 (50 CCCATTC
ATTGCCCCGGTGCTG 30). The cycling conditions were: (i) 94 �C
for 3 min, (ii) 30 cycles of 94 �C for 30 s, 60 �C for 30 s and 72 �C for
1 min and (iii) 72 �C for 10 min. For BAC21, Platinum Pfx poly-
merase with 1 mM MgSO4 and PCR enhancer solution
(Thermofisher) were used for the amplification of exon 1. The
primers used were HTT_CAG_3F (50 ATTGCCCCGGTGCTGAGCG
30) and HTT_CAG_3R (50 GCGGGCCCAAACTCACGGTC 30). The cy-
cling conditions were: (i) 94 �C for 3 min, (ii) 35 cycles of 94 �C for
30 s, 61 �C for 45 s and 72 �C for 1 min and (iii) 72 �C for 7 min. The
resultant amplicons were separated and visualized using aga-
rose gel electrophoresis. The corresponding band was excised
and the amplicon was extracted using QIAquick Gel Extraction
Kit (Qiagen). For BACHD sequencing, the fragment was cloned
into pBLUNT using Zero Blunt PCR Cloning Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The
cloned plasmids were sequenced using the universal M13F pri-
mer. For BAC21 sequencing, the gel purified amplicon was di-
rectly sequenced using the HTT_CAG_3F and R primers.

HTT levels

Four-month old Hu128/21, Hu128, Hu21, YAC128, BAC21 and FVB
mice were killed with an overdose of 2.5% Avertin IP. Brains
were removed, chilled briefly on ice and microdissected by re-
gion. Left cortices from four mice per genotype were used for
HTT quantitation by allelic separation immunoblotting as previ-
ously described in (14). Briefly, 40 mg of total protein was resolved
on 10% low-BIS acrylamide gels (9), transferred to 0.45 mm
nitrocellulose and blotted for human HTT (MAB2168, Millipore)
or total HTT (MAB2166, Millipore) and calnexin (Sigma C4731)
loading control. Primary antibodies were detected with IR dye
800CW goat anti-mouse (Rockland 610-131-007) and AlexaFluor
680 goat anti-rabbit (Molecular Probes A21076)-labeled secondary
antibodies, and the LiCor Odyssey Infrared Imaging system.
Expression intensities were quantified with LiCor Image Studio
Lite software, and HTT intensities were normalized to calnexin
loading control.

Behavior testing

Longitudinal accelerating rotarod was performed at 2-month in-
tervals from 2 to 12 months of age as previously described in
(14). Briefly, 2-month old mice were trained over three 120 s tri-
als per day for 3 days on an 18 rpm fixed speed rotarod. Mice
that fell were returned immediately to the rod. Mean latency to
the first fall and mean falls for the three trials were scored.
Mice were tested over three 300 s trials on an accelerating
rotarod (5–40 rpm). Mean latency to fall for the three trials was
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scored. Body weight was also scored on the day of rotarod test-
ing prior to the test.

Longitudinal climbing was performed at 2-month intervals
from 2 to 12 months of age as previously described in (14).
Briefly, mice were recorded by video camera during a 5 min ex-
ploration of an inverted wire pencil holder on the bench top.
Latency to begin climbing (all 4 ft off of the bench top), number
of climbing events and total time spent climbing were scored.

Open field exploration and object learning were performed
at 3, 6 or 9 months of age (in different cohorts) as previously de-
scribed in (14). Briefly, mice were placed in a 50 � 50 cm open
top box under bright lighting and recorded via ceiling-mounted
video camera during a 10 min exploration. Distance traveled
and time spent in the center of the field were scored using
Ethovision XT 7 animal tracking software (Noldus) as measures
of activity and anxiety, respectively. Data for any mouse with
mean velocity under 2 cm/s were excluded for lack of explora-
tion. After a 5-min inter-trial interval (ITI), mice were returned
to the box, now containing two objects in the upper corners of
the box �7 cm from the sides. After a 5-min exploration, mice
were given a 5-min ITI during which the object on the right was
moved to the lower corner. Mice were given another 5-min ex-
ploration. Investigations to the target object on the right were
scored as a measure of spatial learning. On the following day
mice were returned to the box for a 5-min acclimation, given a
5-min ITI, and then allowed to explore the box for 5 min with
the same two objects in their original positions. After a 5-min
ITI, the object on the right was replaced with a novel object, and
the mice were given another 5-min exploration. Investigations
to the target objet on the right were scored as a measure of ob-
ject recognition. Data for any mouse that failed to investigate
both objects were excluded.

Elevated plus maze exploration was performed at 3, 6 or 9
months of age (in different cohorts) as previously described in
(14). Briefly, mice were placed in the center of an elevated plus
maze, and exploration was recorded during a 5-min trial by a
ceiling-mounted video camera. Total distance traveled was
scored as a measure of exploratory activity and time spent in
the open arms and number of head dips off the edge of the open
arms was scored as a measure of anxiety. Data for any mouse
with mean velocity of <2 cm/s were excluded for lack of
exploration.

A modified Porsolt forced swim test was performed at 3, 6, 9
or 12 months of age (in different cohorts) as previously de-
scribed in (36). Briefly, mice were placed in a transparent cylin-
der filled with room temperature water for 6 min and recorded
with a video camera. Time spent immobile was scored for the fi-
nal 5 min of the trial as a measure of depression. Due to the
stressful nature of this test it was the final behavior test per-
formed for each group of mice.

Spontaneous alternation was performed at 4 months of age
as previously described in (39). Briefly, mice were placed at the
base of a T maze and allowed to choose a goal arm. A barrier
was lowered to prevent exit from the goal arm during a 1-min
exploration. Mice were then immediately placed at the base of
the T and once again allowed to choose a goal arm. The percent-
age of mice alternating (entering the previously unexplored goal
arm) was scored as a measure of spatial learning.

Neuropathology and brain histology

Mice were anesthetized with 2.5% Avertin IP followed by trans-
cardiac perfusion with phosphate buffered saline (PBS) and 4%

paraformaldehyde (PFA). Brains and testes were removed and
post-fixed in 4% PFA in PBS for 24 h at 4�C. The following day
testes were weighed and brains were cryoprotected in 30% su-
crose with 0.01% sodium azide. Once equilibrated, brains were
weighed whole, divided into forebrain and cerebellum and
weighed again. Forebrains were then frozen on dry ice, mounted
in Tissue-TEK O.C.T. embedding compound (Sakura) and cut via
cryostat (Leica CM3050S) into a series of 25 mm coronal sections
free-floating in PBS with 0.01% sodium azide.

Stereological volumetric analysis was performed as in (14).
Briefly, a series of sections spaced 200 mm apart and spanning
the striatum was stained for NeuN (1:1000, Millipore) using
biotinylated anti-mouse secondary antibody (1:1000, Vector
Laboratories), the ABC Elite Kit (Vector) to amplify signal, and
3,30-diaminobenzidine (DAB) (Thermo Scientific) detection.
Structures were traced using Stereo Investigator software (MBF
Bioscience) and volumes determined using the Cavalieri
principle.

Striatal immunohistochemistry was performed as in (14).
Briefly, a series of 4 mid-striatal sections were stained for
DARPP-32 (1:500, R&D Systems) or HTT (EM48 1:100, Millipore)
using biotinylated goat anti-rat (1:1000, Vector) or goat anti-
mouse (1:500, Vector) secondary antibodies, the ABC Elite Kit,
and DAB detection. Sections were imaged with a 5� or 40� ob-
jective (Zeiss) using a Zeiss Axioplan 2 microscope and
Coolsnap HQ Digital CCD camera (Photometrics, Tucson, AZ,
USA) and MetaMorph software (Molecular Devices). Staining in-
tensity and integrated optical density of DARPP-32 were deter-
mined using ImageJ software. Values were normalized to the
mean value for Hu21 mice from the same age and cohort.

Striatal gene expression

Striatal expression of HD-associated genes was evaluated at 3, 6
or 9 months of age as previously described in (66,67). Briefly, to-
tal RNA was isolated using Qiagen’s RNeasy kit and reverse
transcribed to cDNA using SuperScript III reverse transcriptase
(Thermo Fisher). cDNA was amplified using FastStart Universal
Probe Master (Rox)(Roche), Universal Probe Library probe
(Roche), and gene-specific primer, using an ABI 7500 Fast Real-
Time PCR System (Applied Biosystems). The mean of the Ct val-
ues from triplicate wells was assessed for each sample. Relative
quantity of target genes; Drd2, DARPP-32, Cnr1, PDE10a and
GLT1, was normalized to the mean quantity for three house-
keeping genes; ATP5b, EIF4A2 and Ubc, for which no genotype
specific effects were observed. Values were then normalized to
the mean value for Hu21 mice of the same age.

Circulating IL-6

Blood was collected by cardiac puncture and plasma isolated at
9 or 12 months of age (in different cohorts). 25 ml of plasma was
used to evaluate IL-6 level using the V-PLEX Plus Mouse IL-6 Kit
(MesoScale Discoveries) according to the manufacturer’s in-
structions. Samples were run in duplicate and the mean value
for each mouse was normalized to the mean value for Hu21
mice at each age.

ASO synthesis

ASOs were synthesized on a 40 mmol scale using an AKTA syn-
thesizer. ASO was synthesized on a polystyrene NittoPhase
unylinker support. Protected nucleosides were incorporated
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using standard solid-phase phosphoramidite chemistry and pu-
rified using ion-exchange HPLC as previously described in (20).
ASO purity and identity was determined using liquid
chromatography-coupled mass spectrometry.

In vivo ASO treatments

ASOs were evaluated for KD of wt and muHTT in Hu128/21 brain
as previously described in (10). Briefly, 300 mg of ASO in 10 ml in
sterile PBS was delivered by bolus injection to the right lateral
ventricle using a Hamilton syringe with 26-gauge needle
(Hamilton) at 0.3-mm anterior and 1-mm lateral to Bregma. The
needle was punched through the skull and lowered to 3 mm be-
low the surface. ASO was injected over 10 s, and the needle was
left in place for 2 min before slow withdrawal. Four animals
were treated with each ASO. Four weeks later mice were killed
and brains were sectioned in a 1 mm coronal brain matrix (ASI
Instruments). A section containing the second 2 mm was di-
vided into right and left hemispheres and snap frozen for pro-
tein isolation. Total protein lysates from each 2 mm coronal
hemisphere were evaluated for allelic HTT protein levels as
above. HTT intensities were normalized to calnexin loading
control and then to the mean value of the same allele from PBS
injected animals on the same membrane to determine %KD.

Neuronal culture and ASO treatments

Brains were collected from embryos on day 15.5–16.5 of gesta-
tion and transferred to Hibernate E (Invitrogen) for 24 h.
Gentoyping from tail biopsies was performed as earlier. Hu128/
21 mixed striatal and cortical cultures were established as previ-
ously described in (18). Briefly, tissue was trypsinized for 8 min
at 37�C and cells resuspended in complete culture media
(Neurobasal media (NBM) containing 2% B27, 100 U/ml PS, and
0.5 mM L-Glutamine (Gibco)), and treated with DNAse I (153 U/
ml) (Invitrogen). After trituration, 1.2 � 106 cells/well were
seeded in poly-D-lysine coated 6-well plates in 2 ml of
NBMþand maintained in a humidified incubator at 37�C and 5%
CO2. On the second day in vitro (DIV) neurons were treated with
ASO (0–1000 nM) in 200 ml fresh medium. Neurons were har-
vested at DIV 8 (6 days of treatment) by scraping in ice cold PBS.
Cells were collected by centrifugation at 3500 g for 5 min at 4�C
and pellets stored at �80�C until use. Pellets were lysed as in
(18) and 25–40 mg of total protein was used to evaluate HTT pro-
tein levels by allelic separation immunoblotting as above.

Statistical analysis

Mice exhibiting a reactive phenotype as determined by abnor-
mal brain morphology (enlarged triangular forebrain and total
brain weight over 500 mg) were excluded from analysis. Data
are expressed as mean 6 SEM unless otherwise noted. Data
from males and females were compared and combined when
not significantly different. Data presented are from combined
males and females unless otherwise noted. Analyses were per-
formed using one- or two-way-ANOVA and Bonferroni post hoc
tests unless otherwise noted. Differences were considered sta-
tistically significant for P < 0.05. For non-longitudinal tests n is
reported on the bar graphs. IC50 curves were generated using
non-linear regression with normalized response and a variable
curve. Allele specificity was calculated by dividing the highest
ASO concentration tested (1000 nM) by the IC50 for muHTT

reduction and expressed as >fold change. Analyses were per-
formed using GraphPad Prism V.5.

Supplementary Material
Supplementary Material is available at HMG online.

Acknowledgements

The authors thank Shaun Sanders for assistance optimizing
HTT immunoblotting, Boguslaw Felczak, Qingwen Xia and Mark
Wang for technical assistance and Mahsa Amirabbasi for ad-
ministrative support.

Conflict of Interest statement M.E.O., H.B.K., E.E.S, and P.P.S. are
employees of IONIS Pharmaceuticals. IONIS Pharmaceuticals
synthesized and provided the ASOs used in this study, and sup-
ported work in the laboratory of M.R.H. M.R.H. is an employee of
Teva Pharmaceuticals. No conflict of interest declared for all
other authors.

Funding
This work was supported by grants from the Canadian
Institutes of Health Research (CIHR) (MOP-84438) and the CHDI
foundation to M.R.H and postdoctoral fellowships for A.L.S. and
N.H.S. from CIHR and for A.L.S. from The Huntington Society of
Canada, The Michael Smith Foundation for Health Research,
and the Huntington’s Disease Society of America. M.R.H. is a
Killam University Professor and holds a Canada Research Chair.
J.O. and M.A.P. are supported by funding from the Agency for
Science Technology and Research (Singapore) and the National
University of Singapore.

References
1. The Huntington’s Disease Collaborative Research Group.

(1993) A novel gene containing a trinucleotide repeat that is
expanded and unstable on Huntington’s disease chromo-
somes. Cell, 72, 971–983.

2. Zuccato, C., Valenza, M. and Cattaneo, E. (2010) Molecular
mechanisms and potential therapeutical targets in
Huntington’s disease. Physiol. Rev., 90, 905–981.

3. Ross, C.A. and Tabrizi, S.J. (2011) Huntington’s disease: from
molecular pathogenesis to clinical treatment. Lancet Neurol.,
10, 83–98.

4. Bjorkqvist, M., Wild, E.J., Thiele, J., Silvestroni, A., Andre, R.,
Lahiri, N., Raibon, E., Lee, R.V., Benn, C.L., Soulet, D. et al.
(2008) A novel pathogenic pathway of immune activation
detectable before clinical onset in Huntington’s disease.
J. Exp. Med., 205, 1869–1877.

5. Ghosh, R. and Tabrizi, S. (2013) Clinical aspects of
Huntington’s disease. In Nguyen, H.H.P. and Cenci, M.A.
(eds.), Current Topics in Behavioral Neuroscience. Springer,
Berlin Heidelberg, pp. 1–29.

6. Petersen, A. and Bjorkqvist, M. (2006) Hypothalamic-endo-
crine aspects in Huntington’s disease. Eur. J. Neurosci., 24,
961–967.

7. Zielonka, D., Mielcarek, M. and Landwehrmeyer, G.B. (2015)
Update on Huntington’s disease: Advances in care and
emerging therapeutic options. Parkinsonism Relat. Disord., 21,
169–178.

8. Barnes, G., Duyao, M., Ambrose, C., McNeil, S., Persichetti, F.,
Srinidhi, J., Gusella, J. and MacDonald, M. (1994) Mouse

1129Human Molecular Genetics, 2017, Vol. 26, No. 6 |

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/26/6/1115/2926421 by guest on 24 April 2024

Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: rs
Deleted Text: above
Deleted Text: <sup>&hx25E6;</sup>
Deleted Text: x
Deleted Text: <sup>&hx25E6;</sup>
Deleted Text: <sup>&hx25E6;</sup>
Deleted Text: -
Deleted Text: <sup>&hx25E6;</sup>
Deleted Text: -
Deleted Text: &thinsp;&plusmn;&thinsp;
Deleted Text: was 
Deleted Text: is 
Deleted Text: p&thinsp;<&thinsp;
Deleted Text: &thinsp;>
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddx021/-/DC1


Huntington’s disease gene homolog. Somat. Cell Mol. Genet.,
20, 87–97.

9. Carroll, J.B., Warby, S.C., Southwell, A.L., Doty, C.N.,
Greenlee, S., Skotte, N., Hung, G., Bennett, C.F., Freier, S.M.
and Hayden, M.R. (2011) Potent and selective antisense oli-
gonucleotides targeting single-nucleotide polymorphisms
in the Huntington disease gene/Allele-specific silencing of
mutant huntingtin. Mol. Ther., 19, 2178–2185.

10. Southwell, A.L., Skotte, N.H., Kordasiewicz, H.B., Ostergaard,
M.E., Watt, A.T., Carroll, J.B., Doty, C.N., Villanueva, E.B.,
Petoukhov, E., Vaid, K. et al. (2014) In vivo evaluation of can-
didate allele-specific mutant huntingtin gene silencing anti-
sense oligonucleotides. Mol. Ther., 22, 2093–2106.

11. Gray, M., Shirasaki, D.I., Cepeda, C., André, V.M., Wilburn, B.,
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