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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease whose
neuropathological signature is a selective loss of medium spiny neurons in the striatum. Despite this
selective neuropathology, the mutant protein (huntingtin) is found in virtually every cell so far studied,
and, consequently, phenotypes are observed in a wide range of organ systems both inside and
outside the central nervous system. We, and others, have suggested that peripheral dysfunction
could contribute to the rate of progression of striatal phenotypes of HD. To test this hypothesis, we
lowered levels of huntingtin by treating mice with antisense oligonucleotides (ASOs) targeting the
murine Huntingtin gene. To study the relationship between peripheral huntingtin levels and striatal
HD phenotypes, we utilized a knock-in model of the human HD mutation (the B6.Htt?11+* mouse).
We treated mice with ASOs from 2-10 months of age, a time period over which significant HD-
relevant signs progressively develop in the brains of Htt?111* mice. Peripheral treatment with ASOs
led to persistent reduction of huntingtin protein in peripheral organs, including liver, brown and white
adipose tissues. This reduction was not associated with alterations in the severity of HD-relevant
signs in the striatum of HttQ111+ mice at the end of the study, including transcriptional dysregulation,
the accumulation of neuronal intranuclear inclusions, and behavioral changes such as subtle
hypoactivity and reduced exploratory drive. These results suggest that the amount of peripheral
reduction achieved in the current study does not significantly impact the progression of HD-relevant

signs in the central nervous system.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a
glutamine-encoding CAG expansion near the 5’ end of the Htt gene [1]. The symptoms of HD are
progressive cognitive, affective and characteristic motor symptoms, generally beginning in mid-life
and progressing inexorably to death approximately 15 years after initial symptoms present [2]. These
symptoms have been linked to progressive dysfunction and cell death in corticostriatal circuits in
mutation carriers [3], though atrophy in widespread brain regions are also implicated to varying
degrees [4]. By late stages of the disease, nearly complete loss of striatal projection cells has
occurred [5].

Thanks to HD’s complete penetrance, and the wider interest in the pre-symptomatic
progression of neurodegenerative diseases, HD mutation carriers are amongst the most robustly
studied populations in medicine. Asymptomatic HD mutation carriers progressive phenotypes have
been characterized in many dozens of studies, in some cases for longer than 10 years of continuous
observation [6,7]. These observational studies reveal widespread peripheral signs associated with
carrying the HD mutation, in addition to progressive neurological symptoms [8]. The appearance of
peripheral phenotypes may not be surprising, given that the Huntingtin protein (HTT) and transcript
(Htt) are widely, and consistently, expressed in every cell type so far studied [9]. Observed peripheral
changes in HD mutation carriers include: subtly enhanced immune activation [10], progressive
reductions in hepatic mitochondrial function [11,12], and progressive loss of lower limb strength [13].
We have proposed [9] that these symptoms are worth understanding for several reasons: first -
peripheral dysfunction may contribute to CNS pathology directly; second — they may autonomously
lead to patient morbidity and/or mortality; and, finally - they may uncover novel aspects of HTT
function by revealing physiological pathways impacted by its mutation in other organs.

We set out to test the first of these hypotheses by peripherally silencing HTT in the B6.HttQ111/*

mouse model of the HD mutation, which precisely recapitulate the genetics of human HD, expressing
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a single mutant allele from the endogenous murine Htt locus [14]. Compared to HD patients and
transgenic mouse models, these mice have relatively subtle signs of disease but do present with a
wide range of molecular changes, especially in the striatum, the most vulnerable region of the brain in
HD [15],[16]. To study the relationship between peripheral huntingtin levels and disease, we silenced
huntingtin (and mutant huntingtin) using peripherally-restricted antisense oligonucleotides (ASOSs).
ASOs are short strands of chemically-modified deoxyribonucleotides which hybridize with target
MRNA and modulate its processing in various ways, including RNAseH-mediated degradation [17].
Because they are large charged molecules, peripherally-administered ASOs are effectively excluded
from the brain by the blood brain barrier [18]. We took advantage of this selective localization to
investigate whether peripheral silencing of HTT would impact signs of the disease in the central
nervous system (CNS). We were patrticularly interested in the impact of hepatic silencing of Htt on
HD symptoms, because the liver is an important nexus for brain-body cross-talk. The liver
synthesizes glucose (via gluconeogenesis) and ketone bodies (via ketogenesis), which serve as
critical substrates for the brain between meals and while fasting [19]. The liver also regulates whole-
body levels of nitrogenous waste products, including urea, a critical function for the preservation of
brain health. Increased brain urea levels have been reported in human HD patients and model sheep
[19,20]. Likewise, increased circulating ammonia has been reported in mouse models of disease [21].
Generally, liver failure is associated with neurological sequelae, hepatic encephalopathy, which, like
HD, involves dysfunction in corticostriatal circuits, increased inflammation and excitotoxicity [22].

Peripheral interventions have been successful at relieving central signs of disease in other

models of genetic neurodegenerative disease. For example, peripheral silencing of polyglutamine
expanded androgen receptor in mouse models of spinal muscular bulbar atrophy leads to robust
rescue of a number of phenotypes, including motor improvement and survival extension [23].
Similarly, peripherally administration of ASOs guiding enhanced exon skipping in the transcript for

survival motor neuron 2 gene leads to dramatic improvement of phenotypes in mouse models of

spinal muscular atrophy [23]. In HD, protecting mice from urea cycle dysfunction via a low protein
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diet is sufficient to improve CNS-resident signs of HD [24]. In Parkinson’s Disease (PD), fibrillar
alpha-synuclein has been proposed to travel from neurons in the enteric nervous system, via the
vagus, to the brainstem [25]. This mechanism is supported by the markedly reduced risk of sporadic
PD in patients undergoing vagotomy [26], and the ability of fibrillar alpha-synuclein to travel from the
gut to the brainstem of experimental animals [27]. Similar prion like spreading has been proposed in
HD - transplantation of human HD fibroblasts into the ventricles of wild-type animals results in the
formation of mutant Huntingtin aggregates in wild-type cells [28]. In short, peripheral silencing of
neurodegenerative disease proteins has the potential to impact disease progression.

Given the important links between peripheral organ function and brain health, and evidence
that the HD mutation is associated with alterations in whole-body physiology, we tested the
relationship between peripheral huntingtin silencing and striatal signs of HD in the B6.HttQ11* model
of HD. Using systemically-delivered ASOs, we silenced hepatic HTT during a window in which a
range of progressive striatal signs of disease develop. This treatment robustly reduced HTT levels in
liver and adipose tissues, but did not alter striatal signs of HD, suggesting these are independent of

hepatic dysfunction in this model.

Results

HTT knockdown

Beginning at 2 months of age, we intraperitoneally (IP) injected Htt*11Y+ and wild-type
littermates with Htt-targeted ASO to suppress both endogenous and expanded HTT (Fig 1A). Weekly
deliveries of 50 mg per kg body mass (mpk) of either an ASO targeting Htt (hereafter ‘Htt ASO’), an
off-target control ASO (hereafter ‘control ASQO’), or saline alone continued until 10 months of age, at
which point mice were sacrificed. Peripheral HTT knockdown by Htt ASO treatment was confirmed in

three tissues of interest - liver, perigonadal white adipose tissue, and interscapular brown adipose
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tissue - using mesoscale discovery (MSD) assays, which quantify total and polyglutamine expanded
HTT (Fig 1B) [29]. Compared to control ASO-treated mice, Htt ASO-treated mice had significantly
reduced HTT levels in all peripheral tissues examined (effect of treatment in the liver: Fq, 15 = 79.6, p
= 2.2 x 1077, white adipose tissue: Fq, 15) = 39.6, p = 1.4 x 10, and brown adipose tissue: F, 15) =
89.2, p = 1.1 x 107). To confirm the non-allele-specificity of the chosen Htt ASO, mutant HTT (mHTT)
levels were independently determined using an antibody pair specific for mutant huntingtin.
Consistent with the lack of sequence difference between wild-type and mutant Htt at the ASO target
sequence, similar patterns of suppression of mHTT are observed in all peripheral tissues tested
(effect of treatment in the liver: Fq, 15) = 163.2, p = 1.8 x 10°°, white adipose tissue: Fq, 15 =53.2, p =
2.7 x 10°%, and brown adipose tissue: F, 15) = 233.3, p = 1.5 x 10°19). In contrast to its effects in
peripheral tissues, intraperitoneal injection with Htt ASO-treatment had no effect on total HTT (F(2, 1s)
=0.73, p =0.49) or mutant HTT (F, 9 = 0.16, p = 0.86) levels in the striatum (Fig 1C-D). Amongst
examined tissues, ASO-mediated suppression of total HTT was most efficient in the white adipose
tissue (71% knockdown), and least efficient in the liver (65% knockdown). These data confirm that
we were able to robustly silence HTT in peripheral organs (liver, white adipose and brown adipose)
without reducing levels in the striatum. To verify HTT levels did not fluctuate throughout the trial, we
examined two interim silencing cohorts, which were sacrificed prior to study completion (Fig 1A). We
selected two timepoints approximately one- and two-thirds through the 8-month trial and quantified
HTT levels using the MSD assay. Interim results were consistent with the endpoint analysis described
above (Figure in S3 Figure). As a qualitative assessment of Htt ASO uptake in other peripheral
tissues, we stained fixed organs with an antibody reactive to the ASO backbone. We find that Htt

ASO uptake appears most efficient in the liver, spleen, and kidney, with modest uptake in the heart

and skeletal muscle (Figure in S4 Figure).
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Central pathological signs

Striatal-specific accumulation of neuronal intranuclear inclusions (NII's) is a defining feature of
the aging HttQ11Y+ mouse [15]. We therefore considered whether peripheral suppression of HTT
affected central aggregate load by counting aggregates immunoreactive for p62/Sqstm-1, a receptor
for cargos destined to be degraded by selective macroautophagy [30]. In order to restrict our analysis
to neurons, we created a mask for our images by selecting only cells immunoreactive for Rbfox3 (also
known as NeuN), a pan-neuronal marker protein [31]. Consistent with previous investigations [32],
we observe accumulation of p62-immunoreactive NII's in striatal neurons from HttQ11+ mice (22.5 +
0.14% of HttQ11Y+ striatal neurons have NliIs (0.5 - 5 um? size cutoff) compared to 0 + 0.3% of Htt*/*
neurons, Fig 2). Peripheral treatment of HttQ111/+ mice with Htt ASOs does not impact this phenotype

(effect of treatment: F224)= 1.6, p = 0.2, Fig 2).
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Fig 2. Peripheral silencing of Htt does not alter p62-immunoreactive neuronal intranuclear
inclusions in the dorsolateral striatum. (A) Representative images show nuclei (DAPI, blue) and
autophagy adapter p62 (green) for each genotype and treatment condition. For clarity, staining for
neuronal marker NeuN was omitted in (A). However, a neuronal (NeuN) mask was used to selectively
guantify p62 aggregates in neurons, therefore a representative image of an HttQ11+* mouse is shown
in (B). Quantification of staining among HttR111+ mice (C) reveals no differences in the percent of
neurons with intranuclear inclusions between treatment groups.
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Progressive, striatal-specific, transcriptional dysregulation is another feature of HD mouse
models, including the HttQ11Y+ mouse [15,16]. We therefore examined striatal transcriptional
dysregulation using both targeted (QRT-PCR) and untargeted (RNA Sequencing, RNASeq) methods.
As expected, 10-month-old HttR11* mice have reduced levels of key striatal synaptic and signaling
genes, including Drdla and Pdel0a (Fig 3). In each case, transcript levels were reduced in the
striatum of HttR111* mice relative to Htt** mice using both RNASeq (Drdla: F(1,20) = 103.78, FDR =
1.66 x 1012, Pdel0a: F1,29) = 168.06, FDR = 5.94 x 10-%%) and QRT-PCR detection methods (Drd1a:
Fs3) = 67.97, p = 4.57 x 1011, Pdel0a: F53) = 44.47, p = 1.54 x 10®). To ensure neither our QRT-
PCR or RNAseq methods preferentially detected only downregulated genes, we quantified HD-
relevant transcripts previously reported as upregulated in the striatum of HttQ11Y/+ mice [15]. For
instance, we successfully replicated increased levels of IsIr2 and N4bp2 in 10-month HttQ11/+ mice
(Fig 3) using both RNAseq (IsIr2: F(1,20) = 42.84, FDR = 3.45 x 108 and N4bp2: F,20) = 10.96, FDR =
1.67 x 10%) and QRT-PCR (IsIr2: F,52) = 10.65, p = 1.95 x 102 and N4bp2: F53 = 7.68, p = 7.68 X
103%). Peripheral treatment with Htt ASO did not impact expression level of any of these transcripts,

suggesting that striatal transcriptional dysregulation was not rescued by this treatment.
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Fig 3. Peripheral Htt silencing
does not rescue striatal
transcriptional dysregulation in
HttQ111* mice. Using both RNAseq
(A) and QRT-PCR (B), we assessed
transcriptional markers of HD-like
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Behavior and Body Weight

One month prior to sacrifice, we investigated whether peripheral ASO treatment improved any
HD-relevant behavioral changes in the HttQ11Y* mouse. We first examined exploratory behavior in an
open field task, testing mice during the first 8 hours of their dark cycle in an illuminated room
maintained at approximately 475 lux. Consistent with previous investigations [33], exploratory activity
in a 10 minute open field task was modestly reduced in HttQ11Y+ mice, compared to Htt”* mice (Fig
4A; 8.95% reduction, effect of genotype, Fa,93 = 6.6, p = 0.01). There was no main effect of
treatment (F,93) = 0.3, p = 0.7) or genotype/treatment interaction (F,93 = 0.3, p = 0.7), suggesting
that peripheral Htt-ASO treatment was not able to improve the mildly hypoactive phenotype observed
in HD mice. To determine if the reduction in exploratory activity observed in HD mice may be caused
by subtle motor deficit, we calculated the average velocity of each mouse and observe a mild
reduction in HttR11* mice (4.9% reduction; Fa,03 = 5.7, p = 0.02), but no effect of treatment (F(2,93) =
0.5, p = 0.6) or genotype/treatment interaction (F2,93) = 0.2, p = 0.86). We also quantified
thigmotaxis, the tendency to explore the outer walls of the open field arena compared to the center,
as a proxy for anxiety levels [34]. We observed a modest increase in thigmotaxis in HttQ111/+* mice
(Fig 4B; 8.3% increase; genotype, Fa.93 = 6.3, p = 0.01), but no effect of treatment (F,93) = 1.9, p =
0.2) or genotype/treatment interaction (F2,93) = 0.6, p = 0.6). These results suggest that 9-month-old
HttQ111* mice are mildly hypoactive and potentially anxious, but that reducing peripheral HTT levels

does not improve these phenotypes.
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along the outer walls of the arena (B). This thigmotactic tendency combined with observations that Htt?1%/*
mice initiate fewer total investigations of both objects during the novel object location task (C) suggest that
Htt?1/+ mice exhibit anxiety-like phenotypes and are less motivated to explore. However, Htt ASO treatment
failed to modulate these phenotypes.
fp<0.05 #f p<0.01, ¥¥# p <0.001: by factorial ANOVA

We next examined long term spatial memory in HttQ11* mice using a novel object location task
(OLT), which exploits the spontaneous tendency of rodents to preferentially explore an object that has
been displaced to an unfamiliar location following a delay period, in this case 24 hours. In contrast to
previous reports of impairments in small cohorts of 6-month old HttQ11* mice on this task [35], we
find both Htt** and Htt?11* mice have a preference for the novel object (group average of 58.2 +
12.3% of total nose pokes were towards the novel object; test for preference for novel object location:
Htt**: 112 = 50.4, p < .001; HttQ111/+: 12 = 23,1, p < .001). A 2x3 between subjects ANOVA revealed no
main effect of genotype, F@.92) = 0.2, p = 0.7, no main effect of treatment, Fi2,92) = 0.8, p = 0.5, and no
interaction between genotype and treatment F,92) = 2.2, p = 0.1, indicating that Htt?1* mice display
intact spatial long-term memory at 9 months of age (Figure in S6 Figure). Interestingly, a 2x3
between subjects ANOVA revealed a main effect of genotype (Fig 4C; Fa,92) = 14.15, p < 0.01), such
that HttQ11Y+ mice conducted significantly fewer investigations of either object during the novel object

location task (19.1% reductions in total investigations). These reductions suggest that previous

reports of altered long-term memory could be confounded by neophobia or motivational changes in
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HttQ111* mice at this age, rather than spatial memory deficits. There was no main effect of Htt ASO
treatment (Fi2.92) = 0.5, p = 0.6) and no interaction between genotype and treatment (F.92 = 0.3, p =
0.8), suggesting that ASO treatment was unable to rescue this altered behavior in HttR11/+ mice.

Throughout the study we observed body mass in order to track any toxic liabilities of ASO
treatment. We used a minP-based parametric bootstrap multiple comparison procedure [36],[37] to
assess differences in body mass throughout the 35 weeks of treatment. The minP procedure
provides adjusted p-values that correctly account for the familywise error rate as the error control
criterion based on the raw p-values that are calculated from Welch’s t-test. As the p-value adjustment
requires the knowledge of the underlying distribution of the minimum of p-values under the null
hypothesis of no weight difference, we approximated the distribution using the parametric bootstrap
with 10,000 bootstrap resamples from the mean-zero multivariate normal distribution with the
estimated covariance matrix [37]. Because the raw p-values are used as the test statistics in the minP
procedure, we report the minimum of the raw p-values (Pmin) as the test statistic for the hypothesis of
interest, and the adjusted p-value as the corresponding p-value.

Consistent with previous observations [15,33], we did not observe changes in body weight in
HttQ11Y* mice relative to wild-types (Pmin = 0.27, p = 0.92). Therefore, we solely focused on the
treatment effects by pooling weight observations from both the HttQR11Y+ and Htt** mice. As we were
interested in the mean weight difference (if any) between saline and control ASO treated mice, as
well as the mean weight difference between the grouped saline and control ASO treated mice
compared to Htt ASO treated mice, these two hypotheses were tested simultaneously using the
minP-based parametric bootstrap multiple comparison procedure. After 30 weeks of Htt ASO
treatment, mice exhibit modestly decreased body mass (Fig 5B), weighing 5% less than grouped
control and saline treated mice (Pmin <.001 , p = 0.0001). This is clearly exhibited in Fig 5A, where
the adjusted p-values are less than 0.05 after 30 weeks. On the other hand, there was no significant

difference at any week between the saline and control-ASO treated mice (Pmin = 0.04, p = 0.58).
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Fig 5. Prolonged treatment with Htt ASO leads to modest reductions in body weight. Body
mass was recorded weekly during IP injections and examined longitudinally using minP-based
parametric bootstrap multiple comparison procedure [36,37]. (A) No significant differences were
observed between control ASO and saline treated mice (p = 0.58) ; therefore, control ASO and saline
treated mice were grouped and compared to Htt ASO treated mice. (B) After 30 injections, the body
mass of Htt ASO treated mice was decreased by 5% (denoted by highlighted region; overall curve

comparison p = 0.0001) compared to grouped control ASO and saline treated mice.

Discussion

Peripheral phenotypes are widely observed in HD mutation carriers, thanks to the ubiquitous
expression of the mutant Htt allele. We have suggested that peripheral dysfunction could potentially
directly contribute to the progression of signs of HD in the CNS [9], a hypothesis we tested here by

silencing Htt in peripheral organs. We find that effective silencing of hepatic and adipose Htt during a
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