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Lowering the levels of disease-causing proteins is an attractive treatment strategy for neurodegenerative disorders, among which
Huntington�s disease is an appealing disease for testing this strategy because of its monogenetic nature. Huntington�s disease is
mainly caused by cytotoxicity of the mutant HTT protein with an expanded polyglutamine repeat tract. Lowering the soluble
mutant HTT may reduce its downstream toxicity and provide potential treatment for Huntington�s disease. This is hard to achieve
by small-molecule compound drugs because of a lack of effective targets. Here we demonstrate Gpr52, an orphan G protein-
coupled receptor, as a potential Huntington�s disease drug target. Knocking-out Gpr52 signi�cantly reduces mutant HTT levels in
the striatum and rescues Huntington�s disease-associated behavioural phenotypes in a knock-in Huntington�s disease mouse model
expressing endogenous mutant Htt. Importantly, a novel Gpr52 antagonist E7 reduces mutant HTT levels and rescues
Huntington�s disease-associated phenotypes in cellular and mouse models. Our study provides an entry point for Huntington�s
disease drug discovery by targeting Gpr52.
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Abbreviations: DMSO = dimethyl sulfoxide; GPCR = G protein-coupled receptor; hGpr52 = human Gpr52; HTRF = homoge-
neous time resolved �uorescence; iPSC = induced pluripotent stem cell; mHTT = mutant HTT

Introduction
Neurodegenerative disorders, characterized by progressive
loss of neurons in the CNS, in�uence millions of people in
the aged population. Treatment of such diseases has been
extremely challenging, and there is currently no disease pro-
gression-modifying treatment. A common hallmark for these
diseases is the accumulation of misfolded and aggregation-
prone proteins, and lowering their levels is considered as an
appealing therapeutic strategy (Soto, 2003). Among differ-
ent neurodegenerative disorders, the monogenetic disorder
Huntington�s disease provides appealing genetic models to
study the disease-protein lowering strategy, because the gen-
etics and the disease-causing protein is clear. Huntington�s
disease is caused by the mutation of the HTT gene encoding
the mutant HTT protein (mHTT) with expanded polygluta-
mine tract (polyQ) (The Huntington�s Disease Collaborative
Research Group, 1993). Lowering the mHTT level amelior-
ates mHTT toxicity in multiple models. In a transgenic
Huntington�s disease mouse model expressing inducible
mHTT N-terminal fragments, turning off the transgene re-
versed neuropathology and motor de�cits (Yamamoto et al.,
2000). Delivery of short hairpin RNAs (shRNAs), small
interference RNAs (siRNAs) or antisense oligonucleotides
reducing mHTT attenuate neuropathology and disease-
related phenotypes in several mouse models (Harper et al.,
2005; Rodriguez-Lebron et al., 2005; DiFiglia et al., 2007;
Kordasiewicz et al., 2012). CRISPR/Cas9-mediated genome
editing of mHTT ameliorated Huntington�s disease neuro-
toxicity (Yang et al., 2017). Several screening studies re-
vealed that genetic modi�ers of mHTT levels rescued
Huntington�s disease-associated phenotypes (Zhang et al.,
2010; Baldo et al., 2012; Lu et al., 2013). A clinical trial
using a non-allele speci�c antisense oligonucleotide to lower
HTT levels has also been launched for Huntington�s disease
treatment (https://www.clinicaltrials.gov/ct2/show/NCT02
519036). In most studies, both mHTT and the wild-type
HTT were lowered, and bene�cial effects were still
observed.

Meanwhile, delivering antisense oligonucleotides, siRNA/
shRNAs or genome editing reagents into patient�s brains is
challenging and expensive, and thus small molecule drugs
that reduce HTT levels are highly desired. This is extremely
challenging because of a lack of reliable drug targets. G
protein-coupled receptors (GPCRs) constitute the largest
drug target family of FDA-approved drugs (Overington
et al., 2006). They are located on the plasma membrane
and modulated by endogenous extracellular molecules,
making them ideal targets for small molecule compounds.

We have previously identi�ed an orphan GPCR, Gpr52,
as a striatal-enriched modulator of soluble mHTT levels ex

vivo and in vivo (Yao et al., 2015). Knocking-down Gpr52
or loss of function mutation of Gpr52 rescues Huntington�s
disease-associated phenotypes in Huntington�s disease
�y models and patient induced pluripotent stem cell
(iPSC)-derived neurons (Yao et al., 2015). To investigate
its therapeutic potential as a Huntington�s disease drug
target further, we tested its effect in modulating
Huntington�s disease-associated phenotypes in vivo in a
knock-in mouse model, which expresses mHtt (indicating
the mouse mutant HTT protein) from its endogenous
locus. We then discovered a novel Gpr52-speci�c small
molecule antagonist E7, and tested the possibility of
lowering soluble mHtt levels and treating Huntington�s
disease via targeting Gpr52 by E7. Our data provide
the proof-of-concept evidence of treating Huntington�s
disease by reducing soluble mHtt via Gpr52 blockade
with compound drugs.

Materials and methods
Experimental design
The overall objective of this study was to test the possibility of
targeting Gpr52 for Huntington�s disease treatment and drug
discovery by in vivo experiments.

To this end, we used Huntington�s disease in vivo knock-in
mouse models and Huntington�s disease in vivo Drosophila
models. In addition, we used the HEK293 stable cell line ex-
pressing hGpr52 was used for compound screening of hGpr52
antagonists.

For validation of Gpr52 per se, Huntington�s disease or
wild-type mice with different genotypes of Gpr52 were tested
for Huntington�s disease-relevant phenotypes and HTT levels,
the animals were allocated by their genotypes and no random-
ization was necessary (Wang et al., 2014). For validation of
Gpr52 antagonist E7, cellular, Drosophila and mouse
Huntington�s disease models were used. For cellular experi-
ments, cells were resuspended and randomly distributed
during plating for each cell type. For Drosophila experiments,
the �ies were randomly sorted in the testing tubes for each
type of �y. For mouse experiments, a random number between
0 and 1 was generated for each mouse by Microsoft Excel to
determine the E7 versus dimethyl sulphoxide (DMSO) intra-
cerebroventricular injection (E7: 5 0.5, DMSO: 50.5). The
mouse behavioural experiments were all performed blind, and
the mouse genotypes or drugs delivered were not revealed
before data analysis. For statistical analysis, suf�cient sam-
ples/replicates were collected (power 4 0.8) and the sample
sizes are comparable or higher than similar studies (Park
et al., 2013). All representative images were repeated multiple
times, and the replication numbers are indicated in the quan-
ti�cation and/or �gure legends.

2 | BRAIN 2018: Page 2 of 17 H. Song et al.

Downloaded from https://academic.oup.com/brain/advance-article-abstract/doi/10.1093/brain/awy081/4955844
by guest
on 17 April 2018

https://www.clinicaltrials.gov/ct2/show/NCT02519036
https://www.clinicaltrials.gov/ct2/show/NCT02519036


For detailed experimental procedures and information of
materials in cellular and animal models, refer to the
Supplementary material.

Results
Knockout of Gpr52 rescues beha-
vioural phenotypes in a Huntington�s
disease knock-in mouse model
We have previously demonstrated that lowering Gpr52 res-
cues Huntington�s disease-associated phenotypes in cellular
and Drosophila models (Yao et al., 2015). To investigate
the therapeutic potential of Gpr52 as a Huntington�s disease
drug target further, we tested whether heterozygous or
homozygous knockout of Gpr52 rescues Huntington�s
disease-associated behavioural phenotypes in vivo in mice.
We crossed the Gpr52 knockout mice to a well-established
Huntington�s disease knock-in mouse model expressing
endogenous mHtt proteins with 140Q (HdhQ140/Q140; the
wild-type HTT protein has 7Q) (Menalled et al., 2003).
This model expresses mHtt from its original genomic locus,
and thus has high �delity to human Huntington�s disease
patients in the aspects of disease genetics and mHtt protein
levels. In addition, mHtt expression in this model does not
lead to weight changes (Menalled et al., 2003), minimizing
potential artefacts due to weight differences.

Consistent with other groups (Menalled et al., 2003; Hickey
et al., 2012), we observed several motor function-related def-
icits in the homozygous Huntington�s disease (HdhQ140/Q140)
mice, including less activity (measured by the frequency of
rearing) in a pen holder with mashed surface, locomotion
de�cits in the open-�eld, abnormal gait behaviours and
rotarod de�cits (Figs 1 and 2). Meanwhile, using the hetero-
zygous Huntington�s disease mice (HdhQ7/Q140) at similar
ages, the Huntington�s disease-associated behavioural pheno-
types were much less reliable and failed to give us a suf�cient
window to test potential rescue effects (Yu et al., 2017), and
thus we tested Gpr52�s effects mainly in homozygous
Huntington�s disease mice.

We performed power analysis based on the effect size
and variation estimated by our preliminary and previously
published studies, and determined that at least �ve mice
were needed for each group to reach a statistical
power 4 0.8. We also calculated the post-experiment
powers for all the experiments showing signi�cance to
ensure suf�cient statistical power (indicated above each
�gure panel). The number of mice used for each group is
similar or higher than similar studies from other groups
(Park et al., 2013; Wang et al., 2014; Ochaba et al., 2016).

By crossing the Gpr52 knockouts to the Huntington�s dis-
ease mice for several generations, we obtained both Gpr52
heterozygous (Gpr52+ /�) and homozygous (Gpr52�/�)
knockout versus housemate controls (Gpr52+ / + ) in the
Huntington�s disease (HdhQ140/Q140) as well as wild-type

(HdhQ7/Q7) background. In the open �eld tests, Gpr52 homo-
zygous knockout signi�cantly (P 5 0.05) rescued de�cits in
the travel distance and the cross-number measurements at the
age of 7.5 and 10 months, and the Gpr52 heterozygous
knockout also had a similar effect (Fig. 1A and B, the right
three bars of each panel). At the age of 13.5 months,
Huntington�s disease mice also developed a signi�cant low-
ering of the ratio between the travel distance in the central
versus the peripheral region (Fig. 1C, right), suggesting an
increased anxiety level of Huntington�s disease mice com-
pared to the wild-type mice. This phenotype was not
observed at younger ages (Fig. 1A and B, right), suggesting
that Huntington�s disease mice develop psychological pheno-
types in addition to motor de�cits at later ages, consistent
with Huntington�s disease human patients. At the age of 13.5
months, Gpr52 knockout signi�cantly rescued the
Huntington�s disease-associated phenotypes in the travel dis-
tance, cross number and central/peripheral ratio in the open-
�eld tests (Fig. 1C, the right two bars of each panel). Thus,
lowering Gpr52 may rescue the Huntington�s disease-asso-
ciated phenotype in the open-�eld tests, and the effects may
persist at older ages. Noticeably, Gpr52 knockout had no
effect in the wild-type mice (Fig. 1A�C), con�rming that
the rescue effects in Huntington�s disease mice were disease-
relevant. Similarly, Gpr52 heterozygous or homozygous
knockout rescued the rearing phenotype in the
Huntington�s disease mice at all the ages tested (Fig. 2A).

Another disease-relevant phenotype of Huntington�s dis-
ease patients that in�uences the life quality of many
Huntington�s disease patients is abnormal walking behav-
iour (Daneault et al., 2015), and thus we tested potential
walking phenotype of these Huntington�s disease mice by
the CatWalk gait analysis system, which captured videos of
walking behaviours and gaits of mice passing through a
lane. While Huntington�s disease mice exhibited some gait
and movement abnormalities around 7 months, the pheno-
type was much more obvious and robust at 10 months.
The Huntington�s disease mice showed signi�cantly more
frequent stops, trembles, head turns and irregular steps
compared to the wild-type mice. We thus quanti�ed the
frequencies of these abnormal walking behaviours of
10-month-old mice as readout for Huntington�s disease
walking de�cits (Fig. 2B). Gpr52 + /� or Gpr52�/� signi�-
cantly rescued these walking de�cits in Huntington�s dis-
ease mice without in�uencing the wild-type mice (Fig. 2B).
We also quanti�ed the variation of the speed of each foot
and time spent passing the test lane, and Huntington�s dis-
ease mice exhibited larger variation of speed and longer
passing time, re�ecting gait irregularities and de�cits.
Gpr52�/� signi�cantly rescued these phenotypes in
Huntington�s disease mice, although Gpr52 + /� had little
effect (Supplementary Fig. 1), likely because Gpr52�/�

may lead to stronger rescue effects on walking and gait
abnormalities than Gpr52 + /�. Similar trends could be
observed in the open-�eld and rearing tests (Figs 1A, B
and 2A).
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The rotarod performance is another widely accepted read-
out for motor functions in�uenced in Huntington�s disease.
At the age of 15 months, Huntington�s disease mice exhibit
evident motor function de�cits in the rotarod tests quanti-
�ed by the latency to fall (Fig. 2C). The Gpr52 knockout
Huntington�s disease mice (Gpr52�/�; HdhQ140/Q140)
showed signi�cant improvement of the rotarod performance
(Fig. 2C), con�rming the rescue of rotarod phenotype that
exhibited at late ages. Similar to other behavioural tests,
Gpr52 knockout had no effect on the wild-type mice

(Fig. 2C), suggesting that the rescue effects were
Huntington�s disease-speci�c.

Knockout of Gpr52 rescues
Huntington�s disease-associated
biomarkers in vivo
We then investigated whether Gpr52 knockout rescued
Huntington�s disease-associated molecular phenotypes,

Figure 1 Knockout of Gpr52 rescued Huntington�s disease-associated open-�eld phenotypes in a knock-in Huntington�s
disease mouse model. (A) Travel distances, cross numbers and central/peripheral ratios in the open-field tests of 7.5-month-old mice of
the indicated genotypes. Each dot represents an individual mouse, and each corresponding bar represents mean � standard error of the mean
(SEM). The statistical analysis was performed by one-way ANOVA and post hoc Bonferroni’s tests for the indicated comparisons. n.s. = not
significant = P 4 0.1, *P 5 0.05, **P 5 0.01, ***P 5 0.001, and ****P 5 0.0001. P-values between 0.05 and 0.1 are presented by exact values.
Huntington’s disease mice showed significant lowering in the travel distance and cross number, which were rescued by Gpr52 + /� or Gpr52�/�.
(B and C) As in A, but using 10-month-old or 13.5-month-old mice, respectively.
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