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ABSTRACT: Background: We describe a 4-generation
Dutch pedigree with a unique dominantly inherited clini-
cal phenotype of a combined progressive chorea and
cervical dystonia carrying a novel heterozygous dopa-
mine D2 receptor (DRD2) variant.

Objectives: The objective of this study was to identify
the genetic cause of the disease and to further investi-
gate the functional consequences of the genetic variant.
Methods: After detailed clinical and neurological exami-
nation, whole-exome sequencing was performed.
Because a novel variant in the DRD2 gene was found as
the likely causative gene defect in our pedigree, we
sequenced the DRD2 gene in a cohort of 121 Hunting-
ton-like cases with unknown genetic cause (Germany).
Moreover, functional characterization of the DRD2 variant
included arrestin recruitment, G protein activation, and G

determined in a cell model, and G protein-regulated
inward-rectifying potassium channels measured in mid-
brain slices of mice.

Result: We identified a novel heterozygous variant c.634A
>T, p.lle212Phe in exon 5 of DRD2 that cosegregated
with the clinical phenotype. Screening of the German
cohort did not reveal additional putative disease-causing
variants. We demonstrated that the D2g,-I?'?F receptor
exhibited increased agonist potency and constitutive acti-
vation of G proteins in human embryonic kidney 239 cells
as well as significantly reduced arrestin3 recruitment. We
further showed that the D25-12"2F receptor exhibited aber-
rant receptor function in mouse midbrain slices.
Conclusions: Our results support an association between
the novel p.lle212Phe variant in DRD2, its modified D2
receptor activity, and the hyperkinetic movement disorder

protein-mediated  inhibition of adenylyl cyclase reported in the 4-generation pedigree. © 2020 The Authors.
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Dopamine (DA) regulates diverse physiological func-
tions, including movement, motivation, reward, and
learning." DA acts on its G protein-coupled DA recep-
tors, D1, D2, D3, D4, and D5,>® to modulate G
protein-dependent and G protein-independent signaling
cascades. Activation of the former results in dissocia-
tion of the G protein apy heterotrimer into a and Py
subunits, each of which regulates other signaling pro-
teins. The D2 receptor activates Gy, subunits that
inhibit adenylyl cyclase thereby decreasing cyclic adeno-
sine monophosphate (cAMP) levels, a key regulator of
many intracellular signaling pathways including ion
channels and transcription factors.>> The Py subunits
bind directly to many proteins involved in intracellular
signaling, including G protein-coupled inwardly rectify-
ing potassium channels (GIRKs), which mediate D2
autoreceptor inhibition of DA neuron firing.* One
mechanism of G protein-independent signaling is
recruitment of arrestin, which is implicated in both
receptor desensitization and activation of G protein-
independent signaling pathways.>*®

Dysfunction within dopaminergic pathways is linked
to movement disorders including Parkinson’s disease
and, to a certain extent, Huntington’s disease.””” These
diseases, and the dopaminergic pathway itself, are also
associated with a wide range of psychiatric com-
orbidities, including depression, anxiety, and hallucina-
tions.'® Studies examining the genetic depletion of DA
receptors using transgenic mouse models have shown
that a loss of D2 receptors results in impaired locomo-
tion that is comparable to the clinical phenotype of
Parkinson’s disease,''"® while upregulation of the D2
receptor in medium spiny projection neurons of the
nucleus accumbens in mice results in enhanced
locomotion.'

Here, we studied a large Dutch family with a domi-
nantly inherited hyperkinetic movement disorder,
identified a novel DRD2 variant that cosegregated
with the movement disorder, and excluded the poten-
tial existence of a similar genetic defect in a German
cohort with Huntington-like cases without a known
genetic cause. The novel D2 receptor variant activates
G proteins more efficiently and recruits arrestin3 less
effectively than the reference receptor in a cellular
model and also exhibits aberrant function in DA neu-
rons in mouse midbrain slices. To the best of our
knowledge, this is the first DRD2 variant with
in vitro and ex vivo demonstrated dysfunction to seg-
regate with a movement disorder described in
humans.

Materials and Methods

A full version of the Materials and Methods
section can be found in the Supporting Information.

Patient Demographics

A total of 8 family members from this 4-generation
pedigree underwent clinical anamnesis and a standard-
ized neurological examination by 2 neurologists (C.C.S.
and M.A.].) who were blinded to patient and relation-
ship status. Their basic characteristics are described in
Table 1. In addition, cognitive function was tested
using the Mini-Mental State Examination (MMSE) and
Frontal Assessment Battery (FAB). All methods were
performed in accordance with the relevant guidelines
and regulations. All patients gave written informed con-
sent. In addition, a cohort with Huntington-like pheno-
types was collected from the Institute of Medical
Genetics and Applied Genomics of the University of
Tuebingen in Germany. This Huntington’s disease-like
cohort was composed of sporadic and familial cases
with chorea of unknown genetic origin. Chorea was the
only symptom in 48 patients, 13 patients also had dys-
tonia, 23 patients had accompanying memory prob-
lems, 13 patients also had psychiatric problems,13
patients had ataxia as well, 8 patients had accompany-
ing orofacial dyskinesia, and 3 had accompanying
tremor. The study was performed in accordance with
the Declaration of Helsinki and approved by the Medi-
cal Ethical Committees of the University Medical Cen-
ter Groningen and the University of Tuebingen.

Genetic Studies

The proband of the family was tested for an in-house
dystonia gene panel (Table S1) and repeat expansions
(CAG, CAA, CTG) in HTT; Huntington’s disease-like
(HDL) genes including PRNP (HDL-1), JPH3 (HDL-2),
and TBP (HDL-4/ Spinocerebellar ataxia (SCA) type 17);
and benign hereditary chorea (NKX2-1) (Table S2). When
these tests came back negative, whole-exome sequencing
(WES) was performed using Macrogen (Macrogen Inc.).
Data derived from WES were analyzed using Cartagenia
software (Agilent Technologies). The p.Ile212Phe variant
was confirmed using Sanger sequencing with forward
S’GGACATGAATGGGCTCTTGT3' and reverse S'TCC
TGGGAATTCCTTTAGCC3 primers. In the German
cohort, sequencing of the DRD2 coding region was per-
formed using Sanger sequencing (for primer sequences,
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iy 2 3 6 g’ 7 5 gam O\ 9[:|_ 10 ADNA 4 12 13 A=DNA
C.634A>T C.634A>T ﬂc B634A>T c.634A c.634A
: L
1 2 3 4 ONA 6 7 8 9 10 1 12 13 14
v H N O
C.634A>T c.634A>T
DRD2 - Dopamine Receptor -
H.sapiens 206 LLVYIK|I|[YI VLR R 218 DRDI 211 I VT YTR|I[YRIA QK 223
P.troglodytes 206 LLVY IK[I|[YIVLRR 218 DRD2 206 LLV Y I K[I[Y I VI[LRR 218
M.mulatta 206 LLVYIK|I|]YI VLRR 218 DRD3 205 VLV YAR|I[YVVLKQ 217
Clupus 206 LLVYIK|I[]YIVLRR 218 DRD4 209 LLL YWA[T[F RGLQR 221
Btaurus 206 LLVYIK|[I|{YIVLRR 218 DRD5 22 I VT YTR|I[YRI AQYV 254
M.musculus 206 LLVYIK|I|]YIVLRK 218
Ronorvegicus 206 LLVYIK|I|YI VLRK 218
Gugallus 203 LLVYVQ[I|YIVLRK 215
X.tropicalis 200 L LVYVQ|I|YIVLRK 212
Drerio 207 LLVYVQ|I|YVVLRK 219

FIG. 1. Four-generation pedigree and amino acid sequence homology. (A) Four-generation pedigree carrying the missense variant c.634A > T, p.
lle212Phe in DRD2. Genetic analysis was performed in the individuals indicated by “DNA.” Proband is indicated by an arrow. Individuals marked by an
asterisk underwent whole-exome sequencing. The variant (c.634A > T) was identified in 5 affected subjects and was absent in 3 unaffected subjects.
Male = square, female = circle, sex unknown = hexagon. Filled symbols = affected. Open symbols = unaffected. Sequence alignments showing the
amino acid sequence identity of the affected amino acids in (B) multiple species orthologs of DRD2 and (C) among the human dopamine receptor fam-
ily. The mutated amino acid isoleucine at position 212 is indicated by the vertical box. The region of arrestin-binding (IYIV) in DRD2 is indicated by the

horizontal box. [Color figure can be viewed at wileyonlinelibrary.com]

see Table S3). Mutation analysis was performed using
Mutation Surveyor version 5.1.2 (Softgenetics LLC).

Positron Emission Tomography Scan Imaging

In vivo D2 receptor positron emission tomography
(PET) imaging was performed using [''C]raclopride, a
selective DRD,/; antagonist, on individuals II1:8, IV:4,
and IV:5. Subjects were asked to refrain from smoking
for 12 hours and from drinking alcohol for 24 hours
and to not eat 4 hours prior to the PET scan. Striatal
DA D,/; receptor availability was measured following a
60-minute dynamic acquisition protocol after a
1-minute bolus injection of 200 (204-220) MBq of
["'C]raclopride on a Siemens Biograph mCT system
(Siemens Medical Solutions USA, Inc). All images were
spatially normalized using PMOD (PMOD Technolo-
gies Ltd). Brain regions were defined using the Ham-
mers Atlas. Binding potentials (BPs) were calculated for
each patient using a simplified reference tissue model,
using the cerebellum as the reference region, and com-
pared with BPs of healthy subjects (healthy,
nonsmoking, nonmedicated subjects). Age-dependent
decline of BP values was taken into account as
described in Nakajima and colleagues."’

Recombinant cDNA Constructs

Descriptions of the plasmids used in this study can be
found in the Supporting Information.

Bioluminescence Resonance Energy Transfer
Assays

After 48 hours of transfection, human embryonic kid-
ney 239 (HEK293) cells were harvested, washed, and
resuspended in phosphate-buffered saline containing
0.1 mM CaCl, and 0.5 mM MgCl, and plated at
~100,000 cells/well in 96-well OptiPlates (PerkinElmer
Life Sciences). Emission of the donor (460 pm) and
acceptor (535 pm) was measured at several timepoints
after adding quinpirole followed by the luciferase sub-
strate coelenterazine b at room temperature, and biolu-
minescence resonance energy transfer (BRET) ratios
were calculated as previously described.'®!”

Data Analysis

Concentration-response curves and radioligand satu-
ration binding curves were analyzed by nonlinear regres-
sion using Prism 7 or 8 (GraphPad Software Inc.).
Statistical significance between 2 groups was determined
using the Student’s #-test. For comparisons with more
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than 2 groups, we used analysis of variance followed by
the Tukey’s multiple comparisons test. For [*H]spi-
perone binding, the geometric mean (mean of logKd)
was calculated and used for statistical comparison.

Results

Identification of a Family with Unique
Hyperkinetic Movement Disorder

Patient demographics are presented in Table 1. The
proband (III:8; Fig. 1A) visited our outpatient clinic at
age 60 years. Her history revealed dance-like irregular
movements and abnormal posturing of the head that
started at age 20 years, progressed over time, and extended
to orofacial involvement (Video S1). In addition, the subject
reported that, with increasing age, she developed memory
problems and generalized anxiety with panic attacks. Gen-
eralized anxiety was treated with sertraline, which gave no
perceptible relief of the irregular movements. Neurological
examination showed choreatic movements of the orofacial
region and all extremities, dystonic posturing of the head,
and eye movement apraxia. Cognitive function (MMSE
and FAB) was normal. The proband’s older sister by
2 years (III:6; Fig. 1A) was noted to have abnormal postur-
ing of the head and wringing movements of the hands in
early childhood. Her symptoms progressed over time, and
during stressful situations she developed involuntary move-
ments of the eyebrows and upper lip. Starting at age
30, she suffered from agoraphobia, which was treated with
paroxetine but did not lead to reported improvement of the
irregular movements. At age 62, neurological examination
revealed a phenotype closely resembling the proband’s
(II:8), with choreatic movements of the trunk, head, and
orofacial region and dystonic posturing of the head. Her
MMSE and FAB were normal.

The eldest affected sister (II1:4) developed progressive
irregular movements of the head, trunk, arms, and
hands starting in early childhood, followed by dystonic
posturing of the neck and dyskinesia of the mouth. At
age 64 years, she exhibited orofacial, head, truncal, and
limb choreatic movements. She also developed dystonic
posturing of the right arm, right shoulder, and fingers.
Her MMSE and FAB were normal.

Affected male IV:4 (Fig. 1A, Table 1) started
exhibiting irregular choreatic movements of the head,
trunk, and upper extremities at age 14 years. He later
developed abnormal posturing of the neck and upper
extremities. Upon examination at age 30 years, he had
choreatic movements of the head, trunk, and upper
extremities and eye movement apraxia. Dystonic pos-
turing of the head, left shoulder, and both arms was
also present. His younger sister (IV:5; Fig. 1A, Table 1)
developed similar symptoms at age 18 years and also
followed a similar course. At examination at age
29 years, she showed mild choreatic movements of the

r GAIN-OF-FUNCTION
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head, trunk, and all extremities together with mild dys-
tonia of the neck and right shoulder. No cognitive or
psychiatric symptoms were detected in IV:4 and IV:S.

Putative Pathogenic Novel DRD2 Variant
Segregates with the Clinical Phenotype within
the Family

To identify the genetic cause underlying the progressive
chorea and dystonia phenotype within this family, and
because proband III:8 tested negative for mutations in
known genes present in an in-house gene panel (design
2017, Table S1) and was negative for repeat expansions in
the HTT, HDL genes JPH3 (HDL-2) and TBP [HDL-4/
spinocerebellar ataxia (SCA17)], and benign hereditary
chorea (NKX2-1) (Table S2), WES was performed in
affected individuals 1II:8 and IV:5 and unaffected family
member III:14. We then generated an overview of all het-
erozygous variants that were shared between the affected
cases but not present in the unaffected family member.
After removing all variants annotated as benign in our in-
house genetic pipeline and all variants present in the
GnomAD browser (assessed December 2018), we identi-
fied 4 missense variants. Two had a relatively high minor
allele frequency and were therefore excluded as potential
candidates, and 1 variant turned out to be a false positive
and was therefore excluded (Table S4). The fourth variant
was a novel heterozygous variant in exon 5 of DRD2
[126450]: c.634A > T, p.dle212Phe. Segregation of this
variant with the clinical phenotype was confirmed in a
total of 5 clinically affected and 3 clinically unaffected fam-
ily members (Fig. 1A). The pathogenicity of this variant
was assessed by the in silico prediction programs Sorting
Intolerant From Tolerant (SIFT), Polyphen2, and
MutationTaster and the tool Combined Annotation
Dependant Depletion (CADD) (Table S5), which all
predicted the variant to be damaging. The putative patho-
genicity of the novel DRD2 variant is further substantiated
by the fact that the exchange of amino acids in the
211-213 region seems quite intolerant, as no missense var-
iants are reported at these positions in GnomAD (assessed
January 2020). Moreover, the isoleucine at this position is
highly conserved among orthologous genes of the D2
receptor (Fig. 1B) and among human DA receptor sub-
types (Fig. 1C), with the exception of the D4 receptor. The
variant results in a change of the strongly hydrophobic
amino acid isoleucine at position 212 into a hydrophobic
and aromatic phenylalanine that is predicted to mildly
alter the secondary structure of this intracellular extension
of the fifth transmembrane domain (TMJ5) (Grantham
score 21).

Variants in DRD2 May Only Rarely Associate
with Huntington-Like Phenotypes

To assess whether this variant was present in other
populations with Huntington-like phenotypes, we
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screened a cohort of 121 DNA samples collected by the
Institute of Medical Genetics and Applied Genomics of
the University of Tuebingen, Germany, for rare variants
throughout the coding region of DRD2 (see Materials
and Methods). We identified several relatively common
variants in multiple cases and 1 rare variant,
¢.62517C > T, p.Pro347Ser in exon 7 of DRD2, that
was predicted in silico to be benign (Table S6).

Cerebral D2 Receptor Levels Are Not Altered in
Patients

To assess the impact of variant c.634A > T, p.lle212Phe
on cerebral DRD2 expression levels, we performed D2
receptor PET imaging using [''C]raclopride, a selective
DRD,;; antagonist, on individuals III:8, IV:4, and IV:5.
When an age-dependent decline was taken into account as
described in Nakajima and colleagues,'® the BPs of the
caudate nucleus of patients were within normal range
(Table S7). When age-dependent declines in BPs of the
putamen were considered, patient values were close to the
lower limit of the normal range but were still within nor-
mal range.

The p.lle212Phe Variant Impairs D2 Receptor
Recruitment of Arrestin3

To investigate the effect of the sequence polymorphism on
D2 receptor function, we investigated the ability of the
mutant D2 receptor to recruit arrestin3. We hypothesized
that the arrestin3 recruitment may be affected, as the p.
[le212Phe variant is located in a 4 amino acid motif
(212-215), which was previously linked to arrestin3 recruit-
ment to the D2 receptor.!”'® Arrestin3 recruitment is
required for terminating G protein-coupled receptor signal-
ing, facilitating receptor internalization, and engaging non-
canonical, G protein-independent signaling pathways."”
Because the D2 receptor has alternatively spliced long and
short isoforms that differ in the third cytoplasmic loop,
which is involved in binding arrestin and G proteins, we
tested the consequence of the p.lle212Phe variant in both.
The D2 receptor agonist quinpirole produced a
concentration-dependent increase in arrestin3 recruitment
for both wild type (WT) and I*'?F D2 receptors, but maxi-
mal recruitment of arrestin3 by D2¢-I*'“F and D2;-I*'*F
was 68% = 1% and 48% = 2%, respectively, of the maxi-
mal recruitment by D2g;-WT (Fig. 2A,B; Table S8). There
was also a significant interaction between genotype and the
time course of maximal arrestin3 recruitment (Fig. 2 legend),
with the BRET signal decreasing more rapidly for D2 -
I*?F than for D2g;-WT (Fig. 2C,D). In addition, the
potency of quinpirole was modestly but significantly
enhanced for D2g;-I*'°F compared with D2g-WT
(Table S8). The membrane expression of D2¢-I*'*F and
D2, -I*"?F receptors was 50% and 38% of D2g-WT
expression, respectively (Table S9), but did not explain the
lowered ability to recruit arrestin3 by D2-*'*F, as a similar

impairment of arrestin3 recruitment was observed in an
independent experiment where a doubled amount of D2;-
I*'?F DNA was transfected (data not shown). Coexpression
of D2-WT and D2-I*'?F (D2¢-WT/I*'?F and D2, -WT/I*'%F)
in cells resulted in arrestin3 recruitment that was more simi-
lar to D2-WT than to D2-I*'?F (Fig. 2A-D; Table S8).

D2-1?"2F Receptors Exhibit Increased Basal G
Protein Activation and Enhanced Agonist
Potency

To investigate how the p.Ile212Phe variant in DRD2
could affect the Gay,, protein-mediated signaling path-
way, we measured the ability of D2-I*'?F to activate
Ga;; protein and to inhibit forskolin-stimulated activa-
tion of adenylyl cyclase. The potency of quinpirole for
activation of Gaj; was significantly increased for
D2-I*'?F (both D2g and D2;) relative to D2-WT,
reflected in the leftward shift in the dose-response curve
(Fig. 3A,B; Table S8). The shift in potency was also seen
in cells coexpressing D2s-WT/I?'?F and D2;-WT/
I*'?F. Cells expressing D2-I*!F also exhibited increased
basal G protein activation (Fig. 3A,B; mean = SEM:
—0.01% = 0.01% of maximal stimulation for D2g-WT
vs. 35% = 6% for D2s-I*'*F, P <0.001, n = 4, and
0.01% = 0.02% for D2;-WT vs. 26 + 10% for D2;-
I*'?F, P <0.05, n = 4). G protein-coupled receptors
exhibit differing degrees of constitutive activity (ie, sig-
naling in the absence of agonist), and many mutations
increase constitutive activity.”’ Upon correction for base-
line activity, maximal activation of Go;; did not differ
significantly among the different genotypes (Table S8).
The increased agonist potency and constitutive activity
occurred despite significantly lower membrane expres-
sion of D2-I*'?F compared with D2-WT (Table S9).

We then investigated cAMP accumulation in cells
expressing D2¢q -WT, D241 -I2'2F or D2g; -WT/?'?F and
cAMP sensor using YFP-Epac-Rluc (CAMYEL), a
BRET-based cAMP sensor.'” D2g;-I*?'?F showed
increased quinpirole potency for inhibiting forskolin-
induced cAMP compared with D2g7-WT, reflected by
left-shifted concentration-response curves (Fig. 3C,D;
Table S8). No significant difference was observed between
D2-WT and D2-I*'*F in maximal inhibition of cAMP
accumulation (Table S8). In these experiments, D2g;-
I*'?F was again expressed less abundantly at the plasma
membrane compared with D2g;-WT (Table S9). D2 -
WT/I*'2F significantly differed in quinpirole potency com-
pared with both D2g;-WT and D2g; -I*'*F (Table S8).

Altered D2-12'?F Receptor-GIRK Currents and
Inhibitory Postsynaptic Currents in Mouse
Midbrain Slices
D2 autoreceptors on DA neurons in the midbrain

produce G protein-mediated activation of GIRK cur-
rents that hyperpolarize the neurons and thus decrease
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cell firing and DA release.**! To investigate the effect
of the p.Ile212Phe variant on D2 receptor activity in a
more physiological environment, we assessed D2 recep-
tor regulation of GIRKs in neurons.”> We used an
adeno-associated virus (AAV) vector to express D2g-
WT or D2¢-I*'*F in DA neurons present in midbrain
slices of mice in which the D2 receptor has been geneti-
cally deleted (Supporting Information Materials and
Methods). Whole-cell voltage-clamp recordings were
performed in green fluorescent protein(GFP)-marked
neurons expressing either D2¢-WT or D2¢-I*'*F. D2
receptor-GIRK currents in response to bath-applied DA
or quinpirole were significantly smaller in DA neurons
expressing D2s-I*'?F compared with those expressing
D2s-WT (Fig. S1B,E). During continued agonist applica-
tion, the D2-GIRK currents declined equally in ampli-
tude for D2¢-WT and D2¢-I*'*F (Fig. S1C). We then
electrically stimulated the slice to produce D2 receptor-
GIRK inhibitory postsynaptic currents (IPSCs) in
response to somatodendritic DA release. In neurons
expressing D2g-I*'?F, the IPSCs peaked later (for both
1 and 5 pulses at 40 Hz; Fig. 4C,F) and had significantly
longer half-widths (Fig. 4D,G) compared with D2s-WT.
In addition, 5-pulse IPSCs were significantly larger for
D2¢-WT compared with D2¢-I*'*F (Fig. 4B), although

not for 1 pulse IPSCs (Fig. 4E). While recording, sponta-
neous D2 receptor-GIRK IPSCs** were detected in DA
neurons expressing either D2s-WT or D2¢-I*!’F
(Fig. 4H). The amplitudes of the spontaneous IPSCs did
not differ between DA neurons expressing D2s-WT or
D2¢-I?'?F (Fig. 41), but their width was significantly
greater in neurons expressing D2¢-1*'*F (Fig. 4]).

Discussion

We here report the identification of a gain-of-function
variant in DRD2 that cosegregates with a mixed phe-
notype of chorea and dystonia in a large Dutch family.
The putative pathogenic effect of the novel c.634A > T,
p.Ile212Phe variant in DRD2 was supported by in sil-
ico prediction models. Screening of a German cohort of
Huntington-like cases for DRD2 variants suggests that
variants in DRD2 may only rarely associate with
Huntington-like phenotypes. We further provide sub-
stantial functional evidence using in vitro and ex vivo
models that the clinical phenotype may be the result of
a constitutively active D2 receptor leading to over-
stimulation of G protein-dependent signaling derived
from a combination of increased signaling efficiency of
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the G protein-dependent signaling itself and reduced
activation of arrestin.

The importance of amino acid isoleucine at position
212 for D2 receptor functioning is substantiated by
prior work reporting that changing the amino acids
212-215 into alanines results in a D2 receptor that
lacks arrestin3 recruitment upon agonist stimulation,
whereas mutating the amino acids 213-215 (D2-A3) or
214-215 (D2-A2) into alanines only partially decreases
agonist-induced arrestin3 recruitment.'”>'® The reason
that D2-I*!%F is less expressed at the plasma membrane
is not yet known, however this was not a direct cause
for the reduced arrestin3 recruitment, as experiments
with double the amount of D2;-I?'F DNA showed a
similar impairment of arrestin3 recruitment upon ago-
nist stimulation. Our results indicate that isoleucine at
position 212 is key in agonist-dependent arrestin3
recruitment and binding by the D2 receptor, and when
changed into a phenylalanine would lead to aberrant
receptor functioning.

The role of arrestin3 in movement regulation is further
substantiated in animal models of Parkinson’s disease
where arrestin3  knockout reduces the beneficial

locomotor effect of levodopa and enhances dyskinesias,
including tongue protrusions and continuous rapid limb
movements, whereas overexpression of arrestin3 reduces
dyskinesias while maintaining beneficial locomotor effects
of levodopa.”* These dyskinesias are equivalent to abnor-
mal orolingual and limb movements in humans and simi-
lar to the phenotype seen in the family we are reporting.
In addition, expression of a mutant D2 receptor that
recruits arrestin3, but has little ability to activate G pro-
teins (D2R-arrestin-biased mutant, D2R-ARB), reverses
the reduced locomotion phenotype in D2 receptor knock-
out mice, and overexpression of D2R-ARB significantly
enhances locomotion compared with control mice.>®

In our report, 2 of 5 affected family members were
diagnosed with an anxiety disorder at a later age. This
was not present in the unaffected family members of sim-
ilar age. DRD2 has been linked to psychiatric problems
in myoclonus dystonia.>®*” However, the underlying
mechanism is unknown. Within our family constitutive
activation of the G protein-dependent pathway may give
a potential explanation for the psychiatric symptoms of
generalized anxiety and panic attacks as the current main
treatment for psychiatric diseases are DRD2 antagonists.
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Moreover, mice treated with D2 receptor antagonists
show reduced anxiety measured by elevated plus maze
test scores.”®*” This effect was also observed in patients
with psychotic disorders, where DA antagonists reduce
social anxiety.*® Together, these lines of evidence suggest
that arrestin3-mediated D2 receptor signaling regulates
locomotion, while dyskinesia is a consequence of G
protein-activation.

Our current results of G protein activation support
the literature findings. Together, the G protein-
activation and cAMP data strongly suggest enhanced
efficiency of coupling of D2, -I*'*F to G proteins com-
pared with D2g;-WT. Thus, the D2-I*'?F receptor may
be biased towards G protein-mediated signaling, in part
reflecting increased D2 receptor constitutive activity.

To further evaluate D2 receptor activation, we
assessed D2 receptor regulation of GIRKs in DA neu-
rons. The data derived from the midbrain slices of mice
expressing D2-WT or D2-I*'?F support the notion of
aberrant G protein-mediated signaling by D2s-
I*!?F. We hypothesize that the reduced peak current
amplitude under some conditions in DA neurons
expressing D2-I*'?F may reflect low receptor expression
as seen in HEK293 cells. The time to peak and IPSC
half-width were consistent between 1-pulse or 5-pulse
stimulations for D2¢-I*'?F, indicating that the pro-
longed IPSC mediated by D2¢-I*'?F reflects a change
intrinsic to the receptor-GIRK interaction rather than
altered DA release or uptake. The increased peak width
seen in IPSCs mediated by D2-I*'?F is consistent with
enhanced activation of G proteins by D2-I*'’F. The
slow onset and decay of the response to D2-I*'?F may
indicate that recruitment of arrestin is responsible for
the rapid on and off rates of response to D2-WT.

Unfortunately, no additional Huntington’s disease—
like cohorts were available for screening besides the
cohort from Germany. Future studies are needed to
confirm whether mutations in DRD2 are a more com-
mon cause of chorea. When a patient with an early
onset autosomal dominant chorea-dystonia phenotype
presents at any outpatient clinic, we may recommend to
test first for repeat expansions in early-onset chorea
genes, including HTT, HDL genes, and benign heredi-
tary chorea genes, followed by an up-to-date dystonia
gene panel and subsequently Human Phenotype Ontol-
ogy (HPO)-labelled dystonia and chorea genes.

In short, the D2 receptor is well established in regula-
tion of movement, and overstimulation of G protein-
dependent signaling by the mutant D2 receptor together
with reduced arrestin recruitment and activation may be
the cause of the hyperkinetic movement disorder
described in this study. Our findings may have important
therapeutic implications because a biased D2 receptor
ligand that decreases G protein-mediated signaling, while
sparing arrestin-mediated signaling, might be an effective
treatment in hyperkinetic movement disorders. @

Acknowledgments: We thank the patients for their participation in this
study, the referring neurologist H.M.A van Gemert for the referral of the
index patient, K. Mclntyre for editing the manuscript, D. Buck for intrace-
rebral AAV injections, and Prof. O. Riess for providing samples and clini-
cal information of the Huntington-like cohort. Prof. M.A.]. Tijssen is a
member of the European Reference Network for Rare Neurological Dis-
eases - Project ID No 739510.

References

1. Korchounov A, Meyer MF, Krasnianski M. Postsynaptic
nigrostriatal dopamine receptors and their role in movement regula-
tion. J Neural Trans 2010;117(12):1359-1369.

2. Gurevich EV, Gainetdinov RR, Gurevich VV. G protein-coupled
receptor kinases as regulators of dopamine receptor functions.
Pharmacol Res 2016;111:1-16.

3. Mishra A, Singh S, Shukla S. Physiological and functional basis of
dopamine receptors and their role in neurogenesis: possible implica-
tion for Parkinson’s disease. ] Exp Neurosci 2018;31(12):
1179069518779829.

4. Luscher C, Slesinger PA. Emerging roles for G protein-gated
inwardly rectifying potassium (GIRK) channels in health and dis-
ease. Nat Rev Neurosci 2010;11(5):301-315.

5. Beaulieu J-M. Beyond cAMP: the regulation of Akt and GSK3 by
dopamine receptors. Front Mol Neurosci 2011;1(4):38.

6. Del’Guidice T. Role of beta-arrestin 2 downstream of dopamine
receptors in the basal ganglia. Front Neuroanat 2011;5:58.

7. Charvin D, Vanhoutte P, Pages C, Borrelli E, Caboche J. Unraveling
a role for dopamine in Huntington’s disease: the dual role of reactive
oxygen species and D2 receptor stimulation. Proc Natl Acad Sci
2005;102(34):12218-12223.

8. Mullin S, Schapira AHV. Pathogenic mechanisms of neu-
rodegeneration in Parkinson disease. Neurol Clin 2015;33(1):1-17.

9. Klein C, Brin MF, Kramer P, et al. Association of a missense change
in the D2 dopamine receptor with myoclonus dystonia. Proc Natl

Acad Sci 2002;96(9):5173-5176.

10. Cummins G, Zandi M, Barker RA. Movement disorders and psychi-
atry: five new things. Neurol Clin Pract 2015;5(2):143-149.

11. Lemos JC, Friend DM, Kaplan AR, et al. Enhanced GABA transmis-
sion drives Bradykinesia following loss of dopamine D2 receptor sig-

naling. Neuron 2016;90(4):824-838.

12. Baik JH, Picetti R, Saiardi A, et al. Parkinsonian-like locomotor
impairment in mice lacking dopamine D2 receptors. Nature 1995;
377(6548):424-428.

13. Kelly MA, Rubinstein M, Phillips TJ, et al. Locomotor activity in
D2 dopamine receptor-deficient mice is determined by gene dosage,
genetic background, and developmental adaptations. ] Neurosci

1998;18(9):3470-3479.

14. Gallo EF, Salling MC, Feng B, et al. Upregulation of dopamine D2
receptors in the nucleus accumbens indirect pathway increases loco-
motion  but  does not reduce alcohol  consumption.
Neuropsychopharmacology 2015;40(7):1609-1618.

15. Nakajima S, Caravaggio F, Boileau I, et al. Lack of age-dependent
decrease in dopamine D 3 receptor availability: a [11C]-(+)-PHNO
and [11C]-raclopride positron emission tomography study. ] Cereb
Blood Flow Metab 2015;35(11):1812-1818.

16. Pfleger KDG, Seeber RM, Eidne KA. Bioluminescence resonance
energy transfer (BRET) for the real-time detection of protein-protein
interactions. Nat Protoc 2006;1(1):337-345.

17. Clayton CC, Donthamsetti P, Lambert NA, Javitch JA, Neve KA.
Mutation of three residues in the third intracellular loop of the
dopamine D2 receptor creates an internalization-defective receptor.
J Biol Chem 2014;289(48):33663-33675.

18. Lan H, Liu Y, Bell MI, Gurevich VV, Neve KA. A dopamine D2
receptor mutant capable of G protein-mediated signaling but defi-
cient in Arrestin binding. Mol Pharmacol 2009;75(1):113-123.

19. DeWire SM, Ahn S, Lefkowitz R], Shenoy SK. p-Arrestins and cell
signaling. Annu Rev Physiol 2007;69:483-510.

738 Movement Disorders, Vol. 36, No. 3, 2021



20.

21.

22.

23.

24,

25.

26.

L

Pauwels PJ, Wurch T. Amino acid domains involved in constitutive
activation of G-protein- coupled receptors. Molecular Neurobiology

1998;17(1-3):109-135.

Beckstead M]J, Grandy DK, Wickman K, Williams JT. Vesicular
dopamine release elicits an inhibitory postsynaptic current in mid-
brain dopamine neurons. Neuron 2004;42(6):939-946.

Beckstead M]J, Williams JT. Long-term depression of a dopamine
IPSC. J Neurosci 2007;27(8):2074-2080.

Gantz SC, Bunzow JR, Williams JT. Spontaneous inhibitory synap-
tic currents mediated by a g protein-coupled receptor. Neuron 2013;
78(5):807-812.

Urs NM, Bido S, Peterson SM, et al. Targeting B-arrestin2 in the
treatment of [-DOPA-induced dyskinesia in Parkinson’s disease.
Proc Natl Acad Sci 2015;112(19):E2517-E2526.

Donthamsetti P, Gallo EF, Buck DC, et al. Arrestin recruitment to
dopamine D2 receptor mediates locomotion but not incentive moti-
vation. Mol Psychiatry 2018;25(9):2086-2100.

Klein C, Gurvich N, Sena-Esteves M, et al. Evaluation of the role of
the D2 dopamine receptor in myoclonus dystonia. Ann Neurol
2000;47(3):369-373.

r GAIN-OF-FUNCTION VARIANT OF D2 RECEPTOR

27. Doheny DO, Brin MF, Morrison CE, et al. Phenotypic features of
myoclonusdystonia in three kindreds. Neurology 2002;59(8):
1187-1196.

28. Rodgers R], Nikulina EM, Cole JC. Dopamine D1 and D2 receptor
ligands modulate the behaviour of mice in the elevated plus-maze.
Pharmacol Biochem Behav 1994;49(4):985-995.

29. Pavlova IV, Rysakova MP, Sergeeva MI. Effects of blockade of D1
and D2 receptors in the Basolateral amygdala on the behavior of
rats with high and low levels of anxiety and fear. Neurosci Behav

Physiol 2016;46:1059-1069.

30. Pallanti S, Quercioli L, Rossi A, Pazzagli A. The emergence of social
phobia during clozapine treatment and its response to fluoxetine
augmentation. J Clin Psychiatry 1999;60(12):819-823.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.

Movement Disorders, Vol. 36, No. 3, 2021 739



	 A Gain-of-Function Variant in Dopamine D2 Receptor and Progressive Chorea and Dystonia Phenotype
	  Materials and Methods
	  Patient Demographics
	  Genetic Studies
	  Positron Emission Tomography Scan Imaging
	  Recombinant cDNA Constructs
	  Bioluminescence Resonance Energy Transfer Assays
	  Data Analysis

	  Results
	  Identification of a Family with Unique Hyperkinetic Movement Disorder
	  Putative Pathogenic Novel DRD2 Variant Segregates with the Clinical Phenotype within the Family
	  Variants in DRD2 May Only Rarely Associate with Huntington-Like Phenotypes
	  Cerebral D2 Receptor Levels Are Not Altered in Patients
	  The p.Ile212Phe Variant Impairs D2 Receptor Recruitment of Arrestin3
	  D2-I212F Receptors Exhibit Increased Basal G Protein Activation and Enhanced Agonist Potency
	  Altered D2-I212F Receptor-GIRK Currents and Inhibitory Postsynaptic Currents in Mouse Midbrain Slices

	  Discussion
	  Acknowledgments
	  References


