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ABSTRACT: Background: Pathogenic variants in 5
genes (GCH1, TH, PTS, SPR, and QDPR), involved in
dopamine/tetrahydrobiopterin biosynthesis or recycling,
have been linked to Dopa-responsive dystonia (DRD).
Diagnosis and treatment are often delayed due to high
between- and within-group variability.

Objectives: Comprehensively analyzed individual genotype,
phenotype, treatment response, and biochemistry information.
Methods: 734 DRD patients and 151 asymptomatic GCH1
mutation carriers were included using an MDSGene sys-
tematic literature review and an automated classification
approach to distinguish between different forms of mono-
genic DRDs.

Results: Whereas dystonia, L-Dopa responsiveness, early
age at onset, and diurnal fluctuations were identified as red
flags, parkinsonism without dystonia was rarely reported
(11%) and combined with dystonia in only 18% of patients.
While sex was equally distributed in autosomal recessive
DRD, there was female predominance in autosomal domi-
nant DYT/PARK-GCH1 patients accompanied by a lower
median age at onset and more dystonia in females com-
pared to males. Accordingly, the majority of asymptomatic
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heterozygous GCH1 mutation carriers (>8 years of age) were
males. Multiple other subgroup-specific characteristics were
identified, showing high accuracy in the automated classifi-
cation approach: Seizures and microcephaly were mostly
seen in DYT/PARK-PTS, autonomic symptoms appeared
commonly in DYT/PARK-TH and DYT/PARK-PTS, and
sleep disorders and oculogyric crises in DYT/PARK-SPR.
Biochemically, homovanillic acid and 5-hydroxyindoleacetic
acid in CSF were reduced in most DRDs, but neopterin and
biopterin were increased only in DYT/PARK-PTS and DYT/
PARK-SPR. Hyperphenylalaninemia was seen in DYT/
PARK-PTS, DYT/PARK-QDPR, and rarely reported in auto-
somal recessive DYT/PARK-GCH1.

Conclusions: Our indicators will help to specify diagno-
sis and accelerate start of treatment. © 2021 The
Authors. Movement Disorders published by Wiley Period-
icals LLC on behalf of International Parkinson and Move-
ment Disorder Society
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Monogenic dopa-responsive dystonia (DRD) comprises
a group of rare treatable monogenic dystonia.! Even
small doses of levodopa (L-dopa) can tremendously
reduce motor symptoms and increase patients’ quality of
life.” Pathogenic variants in the guanosine triphosphate
cyclobydrolase-1 (GCH1) gene are the most frequent
causes of monogenic DRD, with the autosomal dominant
form with heterozygous variants being the most common
subgroup.>* In addition, recessive/biallelic mutations in
GCH1 as well as in four other genes (¢yrosine hydroxy-
lase [TH],> 6-pyruvoyl tetrahydrobiopterin synthase
[PTS),° sepiapterin reductase [SPR],’ and quinoid
dibydropteridine reductase [ODPR]®) have been fre-
quently associated with monogenic DRD. All of these
genes encode enzymes involved in tetrahydrobiopterin
(BH4) and dopamine biosynthesis or recycling
(Figure S1). Previous studies have described early-onset
dystonia in combination with parkinsonism as one of the
phenotypic hallmarks of DRD.” Thus, the Movement
Disorder Society Task Force for the Nomenclature of
Genetic Movement Disorders recommends the use of the
prefix “DYT/PARK” preceding the specific gene name to
classify the different DRD syndromes (i.e., DYT/PARK-
GCHI1, DYT/PARK-TH, DYT/PARK-PTS, DYT/PARK-
SPR, and DYT/PARK-QDPR).'® However, strong phe-
notypic and genotypic variability with wide within- and
between-subgroup differences'! that can result in long
diagnostic delay and high rates of misdiagnoses have
been described, hindering early diagnosis and treat-
ment.'? The identification of subgroup-specific character-
istics is important to accelerate the classification of
patients to certain DRD subgroups and thus allow for
timely initiation of specific treatment.

In this systematic MDSGene review, we aimed for a
comprehensive overview and analysis of available infor-
mation by combining individual genetic, clinical, treat-
ment, and biochemical data in the six most frequent
monogenic forms of DRD caused by mutations in five
genes, which can guide clinicians to facilitate diagnosis
and adequate therapy in these treatable conditions.

Patients and Methods

Our MDSGene review follows a standardized data
extraction protocol based on a systematic literature
review as described previously."> We searched the
PubMed database (http://www.pubmed.ncbi.nlm.nih.
gov) by applying gene-specific search terms (Table S1)
for publications on GCH1, TH, SPR, PTS, and QDPR
mutation carriers until December 2020 in the English
literature. A comprehensive, searchable, and filterable
overview of abstracted data can be found on the
MDSGene website (www.mdsgene.org). Specified inclu-
sion and exclusion criteria as well as pathogenicity
scoring of variants were applied to distinguish

definitely, probably, or possibly pathogenic from
benign variants (www.mdsgene.org/methods). For
methodological details including the automated classifi-
cation approach, see Supplementary Methods.

If not indicated differently, data in percentage refer to
the total number of patients with the particular sign/
symptom present in correspondence to all included
patients per group (including patients without informa-
tion on the specific variable). The percentage of sex and
L-dopa response was calculated in correspondence to all
patients with available information (excluding patients
with missing information). Biochemical data were ana-
lyzed only if values of at least 3 individuals were
reported. Missing data are reported in the text when-
ever it was greater than 50%.

Results

Our literature search revealed 3012 articles. After
being screened for reported information on genotype
and phenotype, 205 articles were included (Table S2),
and data of 734 patients (488 autosomal dominant
DYT/PARK-GCH1, 25 autosomal recessive DYT/
PARK-GCHI1, 104 DYT/PARK-TH, 64 DYT/PARK-
PTS, 42 DYT/PARK-SPR, and 11 DYT/PARK-QDPR)
and an additional 151 heterozygous asymptomatic
GCH1 mutation carriers were extracted (Figure S2).

Red Flags of DRDs

Within the combined group of all patients (n = 734),
we identified clinical characteristics that point toward
the presence of a DRD, including an early age at onset
(AAO), a good L-dopa response of symptoms, the pres-
ence of dystonia in general, and diurnal fluctuations of
symptoms (Table 1). Dystonia, in general, was the most
frequent motor sign (80%, n = 587) with a mostly
multifocal or generalized distribution (38%, n = 278).
Dystonia without parkinsonism was present in 62%
(n =452), but parkinsonism without dystonia was
reported in only 11% (n = 84, 63% missing data) and
combined with dystonia in 18% (n = 135, 65% miss-
ing data). Diurnal fluctuations of symptoms were
observed in 31% (n=231, 63% missing data)
(Table 1). All DRD subgroups showed an early AAO
between infancy and childhood, with a median AAO
across all groups of 6 years (range 0-68 years). There
was a diagnostic delay with a median of § years and a
wide range from 0 to 61 years across all groups (65%
missing data) (Table 1). Several patients received misdi-
agnoses (14%, n = 98; 86% missing data), with cere-
bral palsy being most frequent (n = 48). Treatment of
symptoms with 1-dopa was observed in 90% (n = 663)
of all patients, with 86% reporting a positive (n = 572)
and 3% reporting a lack of response (n = 17) (Tables 1
and 2). Biochemically, all DRDs showed reduced
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TABLE 3  Biochemical data in cerebrospinal fluid, blood and urine [Color table can be viewed at wileyonlinelibrary.com|

CSF Blood Urine

HVA 5HIAA Neo Bio BH,; Sepia 3-OMD Phe Pro Neo Bio

DYT/PARK-GCH1
autosomal dominant

DYT/PARK-GCH1

autosomal recessive
DYT/PARK-TH
DYT/PARK-PTS

DYT/PARK-SPR 103)

DYT/PARK-QDPR na na na na na na na 1 (3) 33)
Reference value (min—max) 324° 189° 12¢ 154 20°  of 08 oh 2f 1) 0.5*
1379 1380 30 40 61 05 50 120 20 4 3

Mean values are shown. Number of patients are indicated in brackets. na refers to not available because of n < 3; unit of CSF: nmol/L, unit of blood: ng/mL, units of urine:
neopterin and biopterin: mmol/mol creatine. Blue-labeled values are values lower than the reference value range; red-labeled values are values higher than the reference value
range; gray-labeled values are those not available because of n < 3; reference values are marked in boldface with the lowest border in the upper and the highest border in the
lower column; Superscript letters a, b, ¢, and d, Table S2 reference D9; superscript letter e, Table S2 reference B16; superscript letters f and i, Table S2 reference ES8; superscript
letter g, Table S2 reference E1; superscript letters h, j, and k, Table S2 reference D4.

Note that reference values can differ with age and laboratory.

Abbreviations: CSF, cerebrospinal fluid; HVA, homovanillic acid; 5HIAA, 5-hydroxyindoleacetic acid; Neo, neopterin; Bio, biopterin; BH,, tetrahydrobiopterin; Sepia,
Sepiapterin; 3-OMD, 3-O-methyldopa; Phe, phenylalanine; Pro, prolactin; GCHI1, guanosine triphosphate cyclohydrolase-1; TH, tyrosine hydroxylase; PTS, 6-pyruvoyl

tetrahydrobiopterin synthase; SPR, sepiapterin reductase; QDPR, quinoid dihydropteridine reductase.

homovanillic and/or 5-hydroxyindoleacetic acid in the
cerebrospinal fluid (CSF) (Table 3). We recognized a
high amount of missing data, especially in studies
reporting mutational screening results (41% missing
data) in comparison to case reports (25% missing data)
or family studies (34% missing data).

Phenotypic and Mutational Characteristics by
Subgroups

Besides the aforementioned shared features that are
important to differentiate DRDs from other movement
disorders, the six different monogenic DRD subtypes
showed characteristic within-group signs and symptoms.

Autosomal Dominant DYT/PARK-GCH1

The vast majority of all included monogenic DRD
patients (66%, n = 488) suffered from autosomal domi-
nant DYT/PARK-GCH1. Patients descended from 278
families. They were mostly of white European (39%,
n = 188) or Asian (26%, n = 127) ethnicity. Family his-
tory was positive in 69% (n = 336). In comparison to
the other DRD subtypes, patients showed the highest
median AAO with 8 years (range: 0-68 years), with the
majority of patients (56%, n = 274) developing symp-
toms in childhood (3-12 years) and only 11% (n = 54)
starting after the age of 40 years. Dystonia without par-
kinsonism was the most prominent motor sign (70%,
n = 340) (Fig. 1) and, in contrast to most of the other
DRDs, dystonia, in general, was the initial sign in the
majority of patients (35%, n = 171; 58% missing data),

with onset mostly in the foot (19%, n = 91) or leg (7%,
n = 34) (Table 1). The body distribution was mostly
multifocal (24%, n = 116) or generalized (16%, n = 78)
(Figure S3). In contrast to all other non-GCH1 DRD
subtypes, dystonia was more frequently isolated (67%,
n = 327) and combined (16 %, n = 80) than complex. It
was located in the lower limbs (67%, n = 327), upper
limbs (25%, n = 120; 66% missing data), trunk (18%,
n = 86; 71% missing data), and neck (12%, n = 60;
79% missing data). Parkinsonism without dystonia was
present in 11% (n = 53, 63% missing data) and com-
bined with dystonia in 17% (n =81, 63% missing
data). In terms of treatment, 89% (n = 436) of patients
received L-dopa, with 87% (n = 379) having a positive
response (mean dose: 236 mg/d, range: 25-1800 mg/d,
or mean dose: 5.5 mg/kg/d, range: 0.4-20 mg/kg/d) and
1% (n = 5) having a lack of response (no data on dos-
age reported). Residual motor signs (mostly dystonia
n =22 or tremor n = 2, 78% missing data) after L-dopa
treatment were reported in 36 patients (mean dose:
270 mg/d, range: 125-800 or 5.2 mg/kg/d, range: 2-
10 mg/kg/d) (Tables 1 and 2).

Deep brain stimulation was used in 4 patients (bilat-
eral subthalamic nucleus in 3 and missing data on
stimulation target in 1). All 4 patients were reported
to suffer from wearing off and r-dopa-induced dyski-
nesia despite frequent dopaminergic medication and
therefore required deep brain stimulation.'*'® When
studying all included autosomal dominant DYT/
PARK-GCH1 patients, we identified 14 patients with
reported abnormal dopamine transporter density
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FIG. 1. Categories of dystonia and motor and nonmotor signs and symptoms across genes. The circles (left) indicate the percentage of patients with
isolated (light blue), combined (blue), complex (dark blue) dystonia, parkinsonism without dystonia (red), and no/unknown dystonia (gray). The diagrams
indicate the presence (red), absence (blue), or missing data (gray) of motor (middle) and nonmotor signs and symptoms (right). Absolute numbers are
stated above the bares. Signs and symptoms with a frequency above 10% are shown in the figure. For DYT/PARK-GCH1, all nonmotor signs and
symptoms with a frequency equal to or above 2% are shown. Other demographic and clinical information is presented in Table 1 and Table S6.

(DaT) and 1 with abnormal dopa decarboxylase activ- or isolated parkinsonism (n = 6) and 1 with an onset
ity on nuclear imaging. Eleven of these patients pres- in adolescence of isolated parkinsonism. Three
ented with adult-onset dystonia parkinsonism (n = §) patients showed childhood-onset dystonia without
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FIG. 1. (continued)

parkinsonism. Twenty-five patients were reported to
have undergone a DaTSan without a reported pathol-
ogy, and for 446 patients no information was avail-
able (Table S3).

Misdiagnoses were found in 41 patients (8%, 91%
missing data), with cerebral palsy (n = 15) and ortho-
pedic conditions (n =9) being the most prominent

ones. Twenty patients were reported to have undergone
unnecessary operations in most of the lower extremities
(n = 15). The median diagnostic delay was 8 years with
a wide range from 0 to 61 years (71% missing data)
(Table 1). The biochemical profile was characterized
by a reduction in homovanillic acid and 35-
hydroxyindoleacetic acid, as well as neopterin,
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[ MDSGene
biopterin, and BH,4 in CSF (Table 3). We identified 173
different pathogenic variants, including missense (46 %,
n=79), frameshift (15%, n = 26), nonsense (11%,
n=19), and structural variation variants (10%,
n = 16). Of these variants, 106 were scored probably,
53 possibly, and 14 definitely pathogenic. De novo var-
iants were reported in 5 patients (85% missing data)
(Fig. 2A). Information on benign variants or excluded
variants of all DRD subtypes is presented in Tables S4
and SS.

In addition to the 488 heterozygous DYT/PARK-
GCH1 patients (symptomatic mutation carriers
[SMC]), we extracted data (eg, current age and sex) of
151 asymptomatic, heterozygous GCH1 mutation car-
riers (AMC). All AMC had a positive family history.
Information on AAO or age at examination and sex
was available for 397 SMC (276 female and 121 male)
and 59 AMC (21 female and 38 male) and was plotted
in a Kaplan—-Meier curve to illustrate and estimate the
probability of disease manifestation. Interestingly,
whereas only 33% (n = 154) of SMC were male, 64%
of the AMC were of male sex and beyond the median
AAO of autosomal dominant DYT/PARK-GCH1
(8 years). When all AMC were evaluated, including car-
riers of pathogenic variants aged 0 to 8 years, there was
an equal distribution among sexes (49%, n =74
males). The median AAO in women (8 years, range: 0—
66 years, confidence interval [CI]: 6.9-9.0) was lower
than that in men (19 years, 0-68 years, CI: 3.4-34.6).
Figure S4 shows that the 25th/75th percent rank (e.g.,
the time when 25% or 75% of all included subjects car-
rying a heterozygous pathogenic GCH1 variant develop
the disease) was 5 (25%) or 15 years (75%) in women
and 6 (25%) or 52 years (75%) in men. At the age of
30 years, 53% of males but already 85% of females
developed the disease.

When comparing AMC versus SMC regarding the
frequency of truncating (eg, frameshift, nonsense,
splice site, or structural variations) and nontruncating
variants (eg, missense variants and in-frame dele-
tions), there was a higher frequency of truncating var-
iants compared to nontruncating variants among the
SMCs (SMC: truncating variants = 61% [n = 299]
and nontruncating = 36% [n = 177] vs. AMC: trun-
cating variants = 51% [n = 77] and nontruncating =
47% [n=71]; P =0.02, Fisher’s exact test). This
might indicate that the penetrance of truncating muta-
tions is higher as that of nontruncating variants in
SMC compared to AMC. However, the publication
bias should be considered and conclusions drawn
with caution.

When analyzing SMC regarding sex and clinical signs
and symptoms, 58% (n = 281) of all DYT/PARK-GCH1
patients were females and suffered from dystonia and
14% (n=67) from parkinsonism, whereas 24%
(n = 119) of all patients were male carriers with dystonia

REVIEW:

GCH1, TH, SPR, PTS, AND QDPR
and 10% (n = 50) with parkinsonism (Figure S5). In gen-
eral, patients who initially developed parkinsonism with-
out dystonia had a much higher median AAO of 43 years
in comparison to those who showed dystonia as initial

symptom with an AAO of 8 years.

Autosomal Recessive DYT/PARK-GCH1

We analyzed the data of 25 biallelic autosomal reces-
sive DYT/PARK-GCHI1 patients, comprising 12 homo-
zygous and 13 compound-heterozygous mutation
carriers from 19 different families. Asian and white
European ethnicity were most frequent (each 16%,
n = 4) (68% missing data). Most patients had an infan-
tile AAO at a median below 1 year (range: 0-8 years)
(Table 1). Positive family history was observed in 54%
(n =13). Some of the most frequent motor signs were
dystonia without parkinsonism (60%, n = 15) and dys-
tonia-parkinsonism (24%, n = 6; 76% missing data),
dyskinesia (24%, n =6), and muscular hypotonia
(20%, n = 5; 52% missing data) (Table 1; Fig. 1). Par-
kinsonism without dystonia was very rare in this DRD
subgroup and observed only in 8% (n =2, 68% miss-
ing data) (Table 1). Dystonia was isolated (40%,
n = 10) or complex (32%, n = 8) and rarely combined
(12%, n = 3). The majority of patients showed dysto-
nia in the lower limbs (52%, n = 13), trunk (40%,
n=10; 60% missing data), or upper limbs (20%,
n = 5; 80% missing data) (Fig. 1). Dystonia was gener-
alized in 40% (n = 10, 56% missing data) (Figure S3).
Nonmotor features were common: global developmen-
tal delay was found in 36% (n =9, 52% missing data),
motor delay in 48% (n = 12), and cognitive impair-
ment in 8% (n=2, 68% missing data) of patients
(Fig. 1). At the start of the disease, dystonia (24 %,
n = 6), tremor (of any kind 20%, n = 5), and motor
delay (12%, n =3) were most commonly present
(Table 1). L-Dopa treatment was used in 92% (n = 23)
of patients. All of them showed a positive response
(Tables 1 and 2) with a mean L-dopa dose of 208 mg/d
(range: 80-625 mg/d) or 8.4 mg/kg/d (range: 1.5-20 mg/
kg/d). Dyskinesias were observed in 24% (n = 6) and
residual motor signs in 16% (n =4, 72% missing data)
of patients, with 3 of them suffering from residual dysto-
nia. Misdiagnoses were reported in 5 patients (20%, 72%
missing data), with cerebral palsy being most frequent
(n = 3). The median diagnostic delay was 1 year (range:
0-6 years, 80% missing data). Biallelic DYT/PARK-
GCH1 patients showed reduced neopterin, biopterin,
BH,4, 5-hydroxyindoleacetic acid, and homovanillic acid
in CSF, as well as mildly reduced neopterin and biopterin
values in urine and hyperphenylalaninemia in blood
(Table 3). Hyperphenylalaninemia can also be absent in
this subgroup of DRDs.

In this autosomal recessive form of DYT/PARK-
GCHI1, we identified 25 different biallelic pathogenic
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-

(A)  GCH1

NM_000161.3

efinitely pathogenic
robably pathogenic
ossibly pathogenic

Ex1-6del
Ex1-4del Ex5-6del
Ex1-3del Ex4-6del
Ex1del Ex2del Ex3del Ex5del Ex6del
Ex2-6del
Ex3-6del
Ex3-5del
Ex2-3del
Ex3-ddel
Ex2dup
©.235_240delCTGAGC
©.233delT
©.229_246delCCATCCTGAGCTCGCTG ¢.653dupT
©.228delG ©.635_636delGT
©.209delA ©.631_632delAT
c.193delG ©.628delC ©.745delA
©.172-175delCCCC c.329dupA  #c.353delA ©.627-2dupA ©.726_727insTTCCC
©.159delG ©.320_329delAGGGCTACCA ©.536_538delTAC c.626+2dupT ©.706delG
©.141_142delGC ©.313_315dupTTC ©€.509+2dupT  €.532_534delAGA ©.626+3_626+6delAAGT  c.695Gdel

¢.119dupC ©.309delG

©.410_446delTGTTTTCCATGTGTGAGCATCACTTGGTTCCATTTGT

©.618_626+6del ©.689_690deITG

©.-189-44_-189-62deITGACGCGAGGCGGGGCCG ©.61_62delGGinsAACC ©.267_284delAGGGCTGCTCAAGACGCC ¢.400delG ©¢.568delG ¢.612_617delAGTGGT  ¢.676_677insA
-22C>T ©.54C>A €142C>T  c193G>T c265C>T  #0323G>A  €.344-2A>G  CA01A>G cA542A>G  C500+1G>A ¢.524A>G €.592C>T c629A>G  C6Y0G>A  "C.747G>C
C1A>G c.166G>T #.206C>T ~ ©.269G>T  c328C>G  ¢350T>G  C404T>C C455T>A  €509+2T>C  C539A>C ©.595C>T €.630C>G cB95G>A  C751T>C
cAA>T c170G>A *c218C>A c271C>G  ¢.328C>T ©.358G>T CA404T>A c458A>G  C509t5G>A  C541G>A *c.595C>G #.631A>G  ¢.695G>T
c2T>C #.175C>G c.221C>A  ¢272T>G #0.339C>G C.409A>G c461T>G €.541+1G>A C.B01G>A *c.633G>A €703C>T
€.3G>C c181G>T €224A>G  c281C>A  C341C>A €.410T>G C.463G>A ©.541+1G>C c.607G>A c.B46C>T  "C.703C>G
C5A>G C.224A>C  c.281C>T c.341C>G c431A>C c470T>C c.544C>T c.608G>A c.650G>T  ¢.706G>T
©.22_23GC>TA ©227C>A  #0.283C>T  ©.343G>A €.440C>A €.488T>G ©544C>G c610G>A C.B56A>C c721C>T
©230C>G  ©284C>T  C.343+1G>T ©.453+1G>C C547G>A c611T>G C662T>G  #C.722G>A
©241T>C ©.284C>G ©.343+5G>C C.453+1G>A ©550C>T #0.614T>G €.669C>A
©.242C>A ¢.287G>A 0.453+3A>T #.551G>A  *c817T>C C.670A>T
©.245T>C ©.202G>A *C.551G>A ©.623C>A C.670A>G
©.248G>C 6.2903C>T ©.554T>G ©.625A>C C671A>G
6250G>T ©.295G>C ©.557C>A ©.626C>T c.679A>G
©.262C>G c308A>C €.557C>T ¢.626+1G>C

€.263G>A *¢.309G>C
©.263G>T c.312C>A

©317C>T C578T>A  C.626+2T>G
GTP_cyclohydro1 (catalytic domain)
I ohosphorylation site
NP_000152.1
P.Lys220Ginfs*27
p.ProS8Alafs's p.Ser77Profs'3 pAsn118Thris"13 p.GIN219Thrfs"31  p.Glu236Argfs’10
P.Glus6* p.Ser76* p.TP96* p.Ser114* p.Arg216* p.Glu236*
p.TrpS3" pASN70Thris™10  p.GIngg* p.Glu111Glyfs*13 pCys212Tyifs'37  p.Gly232Valfs*14
p.GIndBAIals 16 p.GlueSSerfs'2 p.Glus4* p.GIn110* p.Ala190Leufs"2 p.Me211Valfs'38  p.Met230llefs™19 p.Ter251Argext'36
p.Gly21Glufs"47 p.GIndg* p.Glues* S p.Lys107Argfs"8 p.Phe138GIufs'23 p.Gin18s* pHis210Thris'5  p.Val226Aspfs*24 p.Arg249Glyfs*77
pAlag®  p.Cysig" p.Pro40Alafs24 p.GlusT* p.lle78Thrfs*2 P.GIn103Hisfs*15 p.Asp134Thrfs*2 p.Gin182" PGIU207Cysfs™s  p.Lys224* p.Glu243Phefs’s

©.562C>T C.626+1G>A
C571G>A  c626+1G>T

Ll Ly

‘lll Pl L L Ly

I
1 T et

T T7 i e oo

p.Metille p.AIGS7GIn  p.Pro69Leu p.Glyg0Val  p.GIn103Pr0 p.ASp115ASn pAsp134Gly p.Val152Asp p.Leu163Arg p.Tyr175Cys p.Val9ilie p.His210GIn pThi227Ala  p.ArG241Trp
p.MettThr PAGSGlY  p.AlaT3Asp pLeugiArg p.GIN103His  pLeuti7Arg p.liet35Thr P His153Arg pAGI78del  plie193Asn p.His210Arg p.Met230lle p.Arg241Gin
p.MetiLeu pAla74Asp pleudiVal pPhetodleu  pAlai20Ser  plleldlys plle154Ser p.Leut7del pAIg198Tp  p.Met211Val p.Gly232Asp p.Arg249Ser
p.Met1val p.TY75Cys p.Thr94lys  p.Phe105dup p.Met137Arg p.Gly155Ser p.GIn180Pr0 p.Pro199Ser p.Met211lle p.Gly232Val
p.Glu2Gly p.Tyr75Ser p.Thi94Met  p.Thri06lle p.Met137Val p.Leut57Pro pValigille p.Pro199AIa p.Gly217val p.AG235Gly
P.Ser77Cys pProgiles  pGly108Asp p.His144Pro0 p.GIN182GIu p.Gly201Ag p.GIn219Pr0 P.ArG235Tp
p.Ser77_Leus2del  p.Pro95Ser p.GIn110GIu p.Pro147GIn p.Glu183Lys p.Gly203Arg p.Met221Thr
p.Leu79_Ser80del p.Pro95Arg plle113Met pArg184His P.GIy203Glu p.Ser223Arg
p.Ser81Pro p.Alag8Thr P.Arg184Cys p.Val204ile p.Lys224Arg
p.LeuB2Pro p.Al298Val p.LeutB5Arg P.Val204Gly p.Lys224Glu
p.GlyB3Ala P.Alag9Pro P.Thr186Lys P.Val204_Val205del
p.Arg8BGIN p.Thrigslle P.Val205Gly
p.ArgBEGly p.Val206Ala
p.Arg8BLeu p.Ala208Glu
p.GInB9HisGlya0_Prog5del p.Thr209lle
p.Thr209Pro

FIG. 2. Overview of mutations per gene/protein. The gene is shown with exons as boxes and introns as shortened lines. Exons are to scale.
Untranslated regions are abbreviated if long and illustrated in gray. For proteins, functional domains are highlighted based on NCBI (https://www.ncbi.
nim.nih.gov/protein/). The position of point mutations or small indels is indicated by arrows and large exon deletions and multiplications by a respective
number of lines. Truncating variants are illustrated above the gene/protein. Predicted pathogenicity is indicated by color (red, definitely pathogenic;
black, probably pathogenic; blue, possibly pathogenic); * indicates homozygous and # indicates compound-heterozygous variants. Variants scored as

benign are not included and are presented in Table S4. Excluded variants are listed in Table S5. (A) GCH1. (B) TH. (C) PTS. (D) SPR. (E) QDPR.

variants, 10 of which were also carried by heterozygous
patients. All variants were missense variants except for

two frameshift deletions and one variant of unknown genic (Fig. 2A).

effect. Of these variants, 18 were classified as probably
pathogenic, 5 as possibly, and 2 as definitely patho-
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NM_199202

REVIEW:

GCH1, TH, SPR, PTS, AND QDPR

I Definitely pathogenic
I Probably pathogenic
I Possibly pathogenic

©c.296delT €.1071-1_1112delGCCAGCATGGGCACGTGCCCCAGCAGCTCGTGGCAGCAGTCCC
©.-2188_103-194del c.291delC C.737+8_737+9delGCinsTT ©.1197+25_1397del
1 3 4 5 T 8 9 H 1" 12 13 H 14
WA A AIH . Tyvy
6. 71C>T ©.385C>T  c457C>T ©.581-1G>A ©739G>A  cB17C>T ©.938G>T c1070+1G>T  G1141-1G>A c.1216G>C  G.1321C>T ©.1428G>T
©-70G>A ©.505C>T ©.668C>T C746C>T  C.826A>C c.941C>T ©1076G>T .1145T>C  ©.1222G>C  ©.1322G>C ©1451G>T
©694C>T ©752C>T  €.836G>T ©.943G>A c1083C>A C.1154C>T  C.1240G>A C1399A>G ©.1451G>A
C698G>A  C.767C>T c880G>C  ©.956G>C c.1083C>G  ¢.1169C>T ©.1282G>A 1471G>C
C707T>C  ©.772G>C CBB7G>A .982C>T c1125C>G c.1181T>C c1475C>G
©.728A>C ©901C>G  C.983G>A c.1127C>T c.1198C>T ©.1481C>T
©734G>T c926T>C  c.1004C>T c.1197+5G>C c.1493A>G
©.736C>T 6.1010G>A C.1198-24T>A .1520T>A
©€.738-34G>C ©1039C>T
©738-2A>G 6.1045T>C
tyrosine 3-monooxygenase, tetrameric
[II ACT domain of the nonheme iron-dependent aromatic amino acid hydroxylase, tyrosine hydroxylases
[N Biopterin-dependent aromatic amino acid hydroxylase
I phosphorylation site
N cofactor binding site
[N metal binding site [ion binding
p.Ag129" p.R169" ol ol
p.Leug9Argfs*15 pAg153* p.GIn232*

. nmrm T 1

i

(iALRLNA

p.Pro223Leu p.Leu273Phe pAIg319PI0  p.Ser349Pro p.Ser390Leu pArg4d1Pro p.Serd67Gly pLeus10Gin
p.Arg233His p.Thr276Pro pAIG328Tp  pCys359Phe  p.lle3sdThr p.Argad1Trp p.Arga76Ser
p.Leu236Pro p.Cys279Phe pAG328GIn  pHis361GIn p.ThragoMet p.Arg48aLeu
p.GIn243Pro p.Gly294Arg p.Ala335Val pPhes7sleu  p.GIu406Gin p.Arg484His
p.Arg245Met PArg296Gin p.Arg337His pAIa376Val  p.Glyd08Arg p.Asp491His
P.His246Tyr p.Pro301Ala P.His347Tyr p.lle382Thr p.Glyd1dArg P.Pro492Arg
p.Gly247Ser p.Phe309Ser p.Ala385Val p.Gly428Arg p.Thr494Met
p.Pro24sleu pArg313Leu p.ASp498Gly
p.Pro251Leu p.Thr314Met
p.Thr256lle p.Gly315Ser
p.Glu258GIn
I Definitely pathogenic
NM_000317 [ robably pathogenic
I Possibly pathogenic
¢.187-37insG
©45_46insGGC  ¢.82_83insA ©.169_171delGTG ©.393delA
/
; %ﬁ : P%{3P4 : ; :
/
C3G>A  ©25C>T  53T>C ¢73C>G  ©.84-3C>G C.104A>G c139A5G .166G>A .200C>T .238A<G €259C>T  C.286G>A ©317C>T ¢.367C>T c407A>T
€.73C>T c147T>G €.260C>T €3316>T c385A>G c.407A>G
©.155A>G ©.272A>G ©.340A>G
©.342C>G
6-pyruvoy tetrahydropterin synthase
[ homohexamer interface
[ rhosphorylation site
[ pterin binding site
p.Ser28Lysfs2
pArg25* pVal132Tyrfs*19
pMet1? pArgdCys p.Sert5_Arg16insGly p.Lys29_Ser32del pAsnd7Asp  p.Vals6Met P.Thr67Met p.MetBoval  p.Pro87Ser p.Asp9BAsn p.Thr106Met p.Pro123Ser p.Asp136Vval
plle18Thr p.Glu35Gly pHis49GIn  p.Vals7del p.Prog7Leu p.Alati1Ser pleut27Phe  pAsp136Gly
p.Arg25Gly p.Asns2Ser pLys91Arg p.lle11dMet p.Lys129GIu
p.llet14val
FIG. 2. (continued)
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WEISSBACH ET AL w

(D)  SPR

I Definitely pathogenic

I Frobably pathogenic

NM_003124

I Possibly pathogenic
c.43delG ©.304+2_304+13del12 ©.354_355delTCinsCT ©.448_452delAGAAC
l l l i /
‘ ‘ ' i ° ‘ /
C1A>G €.304G>T C.368A>G C407C>T c448A>G c488C>T €.596-2A>G c.655C>T C.751A>T
€.370T>C  c413T>A €.512G>A
©381C>G €517G>T
€.527C>T
©.530G>C

NP_003115 short chain dehydrogenase

N acetylation site
[ NADP binding site
I phosphorylation site
N substrate binding site

p.Ala15Profs*100 p.Gin11g* p.Thri51Glyfs™2 p.Gly173" p.AG219* p.Lys251"

p.Met1? p.Gly102Cys p.Tyr123Cys p.Arg150Gly p.Pro163Leu
p.Trp124Arg p.Cys171Tyr
p.Asn127Lys p.Ala176Val
p.Ser136Phe pAg177Pro
p.Val138Asp

(E)  QDPR

I Definitely pathogenic
I Probably pathogenic

I Possibly pathogenic
NM_000320 il
©.523_524delGCinsAG ©.609dupA
i l /
1 A 2 A 3 A 4 5 6 f—# 7 /
c41T>C c176C>A ©322T>G c449A>G ©.508G>A ©.643T>C
©526>T ©353C>T C4B66G>A  c515C>T c.661C>T
c.68G>A c.488G>T
dinydropteridine reductase like
P acetylation site
NP_000311 [N NAD binding site
I homodimer interface
I aciive site
p.Ser59* p.Pro204Thrfs*7  p.Arg221"

l |
I L [ il |
il i !

p.LeutdPro p.Tip108Gly p.Tyr150Cys p.Gly170Ser p.Tp215Arg
P.Gly18Cys pSerii8Phe p.Ala156Thr p.Prot72Leu
p.Gly23Asp p.Seri6alle  p.Alal75Arg

FIG. 2. (continued)

DYT/PARK-TH of Asian (57%, n =59) and white European (19%,

We included 104 patients with DYT/PARK-TH des- 1 = 20) ethnicity with an infantile  AAO " (median:
cending from 89 different families. Patients were mostly <l year, range: 0-38years; 90% missing data)
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[ MDSGene
(Table 1), and 33 DYT/PARK-TH patients (32%)
reported a positive family history. Muscular hypotonia
(76%, n = 79), dystonia without parkinsonism (45 %,
n = 47), dystonia-parkinsonism (36%, n =37; 50%
missing data), and oculogyric crises (34%, n = 35;
54% missing data) were the most frequent motor signs.
Parkinsonism without dystonia was present only in
12% (n = 12) (Fig. 1). Dystonia was mostly generalized
(38%, n = 39) or multifocal (19%, n = 20) (Figure S3)
and localized in the limbs, with lower limbs (40%,
n =42; 59% missing data) being more often affected
than upper limbs (28%, n =29; 70% missing data),
and trunk (38%, n = 39; 62% missing data). Dystonia
was more frequently complex (69%, n = 72) than iso-
lated (5%, n = 5) or combined (5%, n = 5). Nonmotor
signs such as motor developmental delay (67%,
n = 70), global developmental delay (63%, n = 66),
and cognitive impairment (27%, n = 28; 60% missing
data) were frequent. Autonomic symptoms were present
in 24% (n =25, 75% missing data) and a decreased
body weight in 15% (n=16, 77% missing data)
(Table 1). Most patients showed muscular hypotonia
(22%, n = 23), dystonia (21%, n = 22), or a develop-
mental delay (12%, n = 12) at the start of the disease.
L-Dopa treatment was used in 98% of patients
(n=102), with 94% (n=96) having a positive
response with a mean dose of 208 mg/d (range: 40—
800 mg/d) or 5.0 mg/kg/d (range: 0.6-34.7 mg/kg/d),
whereas 7% (n = 7) showed a lack of response (mean
dose: 1.6 mg/kg/d, range: 0.2-2.4) (Tables 1 and 2).
Residual motor signs were reported in 35% (n = 36) of
patients who mostly suffered from residual dystonia
(n=6). The median diagnostic delay was 4 years
(range: 0-32 years, 51% missing data). Misdiagnoses
were reported in 33 patients (32%, 68% missing data),
with cerebral palsy being most frequent (n = 20). Our
literature-based analysis of biochemical variables rev-
ealed a decrease in neopterin and homovanillic acid
and an increase in 3-O-methyldopa in the CSF. Eleva-
tion of 3-O-methyldopa is a result of L-dopa therapy.
We identified increased prolactin blood levels, with
only 1 patient reporting clinical signs of hyper-
prolactinemia (galactorrhea) (Table 3). DYT/PARK-TH
is an autosomal recessive disease. We identified 30
homozygous and 74 compound-heterozygous mutation
carriers and found 69 different pathogenic variants,
mostly missense (74%, n = 51), intronic (13%, n=9),
and nonsense (6%, n = 4). Of these, 55 variants were
scored as probably, 8 possibly, and 6 definitely patho-
genic (Fig. 2B).

DYT/PARK-PTS

We included 64 patients with DYT/PARK-PTS from
58 different families, mostly of Asian (22, n = 14),

REVIEW:

GCH1, TH, SPR, PTS, AND QDPR
Arab (16%, n = 10), and Hispanic (8%, n = §) ethnic-
ity (52% missing data). Patients showed a median
AAO in infancy below 1 year with a range from 0 to
11 years (Table 1). Positive family history was reported
in 22% (n = 14, 72% missing data). Muscular hypoto-
nia (69%, n = 44), seizures (55%, n = 35), and spastic-
ity (48%, n =31) were the most prominent clinical
signs (Fig. 1). Of all subgroups, dystonia without par-
kinsonism was the rarest in DYT/PARK-PTS (31%,
n = 20; 61% missing data) and combined with parkin-
sonism in only 4 patients (6%, 92% missing data). Par-
kinsonism without dystonia was reported in 16%
(n = 10, 77% missing data). Dystonia was complex in
36% (n =23, 63% missing data). Frequent nonmotor
signs and symptoms were cognitive impairment (78%,
n = 50), global developmental delay (77%, n =49),
and microcephaly (28%, n = 18) and autonomic symp-
toms (28%, n=18; 61% missing data). Muscular
hypotonia was the most common initial sign (27%,
n = 17), followed by global developmental delay (13%,
n=29), dystonia (11%, n=7), and seizures (8%,
n = 5) (55% missing data). Of all DRD subtypes, DYT/
PARK-PTS patients showed the lowest L-dopa respon-
siveness. From 83% (n = 53) of patients who were
treated with L-Dopa, only 51% (n = 27) showed a posi-
tive response with a mean dose of 5.5 mg/kg/d (range:
1-10 mg/kg/d), and 6% of patients (n = 3) reported a
lack of response with a mean dose of 2.8 mg/kg/d
(range: 2-3.3 mg/kg/d) (Tables1 and 2). 35-
Hydroxytryptophan was used in 50 patients, with a
positive response in 17 of them (mean dose: 3.6 mg/kg/
d, range: 1-5.5 mg/kg/d). A lack of response was
reported in 12 patients (mean dose: 1.9 mg/kg/d, range:
1.5-2.3 mg/kg/d). Treatment with BH, was reported in
45, with a positive response in 31 patients (mean dose:
6.7 mg/kg/d, range: 1.2-21 mg/kg/d) and a lack of
response in 1 patient (dose: 8.8 mg/kg/d). Residual
motor signs were reported in only 2 patients who
received 1-dopa and BH4 and showed gait difficulties.
There was hardly any diagnostic delay with a median
below 1 year and a small range of 0 to 6 years. Bio-
chemically, DYT/PARK-PTS was characterized by an
increase in neopterin and a decrease in biopterin,
homovanillic acid, and 5-hydroxyindoleacetic acid in
CSF. Neopterin was increased and biopterin was
decreased in urine. Prolactin and phenylalanine were
elevated in blood, without clinical signs of hyper-
prolactinemia (Table 3). DYT/PARK-PTS follows an
autosomal recessive mode of inheritance. We identified
29 homozygous and 35 compound-heterozygous muta-
tion carriers. We found 31 different pathogenic vari-
ants, with the majority being missense variants (74 %,
n = 23). Most variants were considered probably path-
ogenic (n = 25), three possibly, and three definitely
pathogenic variants (Fig. 2C).
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J
DYT/PARK-SPR

Our review comprised 42 patients with DYT/PARK-
SPR from 30 different families, and 64% (n=27)
reported a positive family history. Patients were either
white Europeans (33%, n = 14), Asians (10%, n = 4),
or Arabs (2%, n = 1) (55% missing data). The disease
started in infancy with a median AAO of 1 year (range
from 0 to 7 years). Muscular hypotonia (76 %, n = 32),
oculogyric crises (62%, n = 26), dystonia without par-
kinsonism (60%, n = 25), and spasticity (29%, n = 12;
67% missing data) were some of the most prominent
motor signs (Fig. 1). Parkinsonism without dystonia
was reported only in 10% (n =4, 76% missing data)
and combined with dystonia in 14% (n = 6, 76% miss-
ing data). Dystonia was mostly localized in the upper
extremities (29%, n = 12), lower extremities (17%,
n="7; 57% missing data), trunk (14%, n=6; 55%
missing data), and neck (12%, n=35; 62% missing
data). It was more frequently complex (69%, n = 29)
than isolated (3%, n=1) or combined (2%, n=1).
Prominent nonmotor signs and symptoms included
global developmental delay (83%, n = 35), motor delay
(81%, n = 34), cognitive impairment (52%, n = 22),
sleep disorder (26%, n = 11; 71% missing data), and
autonomic symptoms (17%, n = 7; 83% missing data)
(Fig. 1). The three most common initial features were
muscular hypotonia (36%, n = 15), global develop-
mental delay (17%, n=7), and oculogyric crises
(12%, n = 5). 1-Dopa treatment was reported in 93%
(n =39) of patients, all having a positive response
(mean dose: 96 mg/d, range: 25-150 mg/d, or mean
dose: 4.5 mg/kg/d, range: 0.65-20). 5-
Hydroxytryptophan was used in 40% (n=17) of
patients, of whom 76% (n = 13) reported a positive
response (mean dose: 3.5 mg/kg/d, range: 0.5-16 mg/
kg/d) (Tables 1 and 2). A lack of response was reported
in 16% (n = 3), with no data on dosage. Dyskinesias
were observed in 29% (n =12, 62% missing data) of
patients. Residual motor signs were present in 24%
(n=12, 67% missing data), mostly as dystonia
(n=9). The diagnostic delay of DYT/PARK-SPR
showed a median of 7 years, with a range of 0 to
24 years (50% missing data) (Table 1). Misdiagnoses
were reported in 13 patients (33%, 67% missing data),
with cerebral palsy being the most frequent one
(n = 8). The biochemical profile of DYT/PARK-SPR
was characterized by an increase in sepiapterin and
biopterin and a decrease in homovanillic acid, 5-
hydroxyindoleacetic acid, and BH, in the CSF. Prolac-
tin was increased (without clinical signs of hyper-
prolactinemia), whereas phenylalanine was normal in
blood, explaining the insensitivity of newborn screening
(Table 3). DYT/PARK-SPR is inherited in an autosomal
recessive fashion. We identified 33 homozygous and 9
compound-heterozygous mutation carriers harboring

20 different pathogenic variants. We found most fre-
quently missense (55%, n = 11) but also nonsense
(20%, n = 4), splice site (10%, n = 2), and frameshift
variants (10%, n = 2). Of these variants, 17 were con-
sidered probably pathogenic, 2 definitely, and 1 possi-
bly pathogenic (Fig. 2D).

DYT/PARK-QDPR

DYT/PARK-QODPR was the rarest group of mono-
genic DRDs in the literature, and our review could
identify 11 patients from 10 different families only. Eth-
nicity was reported for 2 patients as Asian. A positive
family history was indicated in 2 patients. All mutation
carriers developed the disease within their first year of
life. Dystonia without parkinsonism (45%, n=235),
muscular hypotonia (45%, n = 5; 55% missing data),
seizures (27%, n = 3; 64% missing data), and spasticity
(27%, n = 3; 73% missing data) were some of the most
frequent motor signs (Fig. 1). In general, data on motor
and nonmotor signs and symptoms were limited, with a
high number of missing data, and can be found in detail
in Figure 1, Table 1, and Table S6. 1-Dopa treatment
was used in 10 of all 11 patients (91%). A positive
response was reported in 8 patients (80%) (mean dose:
600 mg/d, range: 500-700 mg/d, or mean dose: 5.8 mg/
kg/d, range: 1-15 mg/kg/d). No response was indicated
in 2 patients (20%) (mean dose: 1.6 mg/kg/d, range: 0—
3.1 mg/kg/d) (Tables 1 and 2). There was no diagnostic
delay. DYT/PARK-QDPR was the only of our sub-
groups in which more than 50% of patients (n = 6)
were detected by newborn screening. Biochemically,
patients showed an increase in prolactin and phenylala-
nine in blood. Only 1 patient was reported with signs
of hyperprolactinemia (gynecomastia). Biopterin and
neopterin in urine were normal. Only 1 patient was
reported with a decrease in 5-hydroxyindoleacetic acid
and normal pterins in CSF (Table 3). The disease has
an autosomal recessive mode of inheritance. We identi-
fied 6 homozygous and 5 compound-heterozygous
mutation carriers, and 15 different pathogenic variants,
mostly missense (80%, n = 12), but also 2 nonsense
variants (13%) and 1 frameshift insertion were detected
(7%). We found 14 probably pathogenic and 1 possibly
pathogenic variant (Fig. 2E).

Automated Classification of Monogenic DRD
Subtypes

Our automated classification approach revealed high
accuracy for our extracted variables (Table S7) to dis-
tinguish between the different forms of monogenic
DRDs. With the prior class probabilities set to “uni-
form” (ie, without prior knowledge of class probabili-
ties/frequency of diagnoses), the classification resulted
in a total accuracy of 89.2% (95% CI: 89.1%-89.3%)
and a balanced accuracy of 72.6% (95% CI: 72.2%-
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72.9%). Figure S6 shows the confusion matrix with
individual results of all six DRD subgroups, including
true-positive and false-negative rates, positive predictive
values, and false discovery rates. The relative impor-
tance of the different 51 variables used for classification
is presented in Figure S7 in descending order. Impor-
tantly, a step-wise classification (eg, first comparing
autosomal dominant DYT/PARK-GCH1 against all
other [recessive] DRDs and afterward comparing reces-
sive DRDs against each other) did not provide any
advantage and did not improve performance results as
compared to “direct” classification of all groups in the
same run, the results of which are reported here.

Discussion

This is the first comprehensive review on monogenic
DRDs caused by mutations in five different genes that
are all related to dopamine biosynthesis or recycling.
Abstracted data combine individual genetic, clinical,
treatment, and biochemical data in 734 patients with
333 different pathogenic variants, extracted by screen-
ing of over 3000 scientific articles in English.

We identified dystonia, L-dopa responsiveness, early
AAO, and diurnal fluctuations as red flags for DRD. In
comparison, isolated monogenic dystonia forms
showed an overall later AAO, a mostly poor response
to L-dopa, and no diurnal fluctuations.!” Importantly,
in all DRD subgroups of our review, parkinsonism
without dystonia was rarely reported (11%) and was
combined with dystonia in only 18% of all included
DRD subtypes. Thus, parkinsonian features are rather
a minor presentation occurring in only 29% of patients
questioning the recommendation of the prefix “DYT/
PARK” to abbreviate monogenic DRDs."°

Importantly, the overall very good response of symp-
toms to L-dopa warrants an L-dopa treatment trial in
every patient with early-onset dystonia.'® However, the
definition of “good response” varies greatly across stud-
ies and is incompletely defined. Moreover, in the non-
GCH1 DRDs, dystonia appeared later in the disease
course, and hypotonia and developmental delay were
the most frequent initial signs. Moreover, dystonia in
these subtypes was mostly complex, for example, asso-
ciated with developmental delay and cognitive impair-
ment. In addition, we were able to identify specific
signs and symptoms for certain DRD subgroups. Our
automated classification approach revealed that our
extracted variables reached a high accuracy to distin-
guish between groups. On a descriptive level, seizures
and microcephaly were mostly observed in DYT/
PARK-PTS. Autonomic symptoms appeared commonly
in DYT/PARK-TH and DYT/PARK-PTS and sleep dis-
orders and oculogyric crises in DYT/PARK-SPR. Such
indicators can help to specify the diagnosis and

REVIEW:

GCH1, TH, SPR, PTS, AND QDPR
accelerate the start of replacement therapy. Impor-
tantly, we found that besides 1-dopa, BH4 and/or 5-
hydroxytryptophan are of particular relevance in the
treatment of autosomal recessive DRDs. For this,
Table 2 provides detailed information on effective dos-
ages and the number of treatment responses. This is of
practical relevance for clinicians when starting or
adjusting treatment in monogenic DRD patients.

Importantly, we highlight an often long diagnostic
delay in DRD subgroups without available newborn
screening.'? Surprisingly, in the era of advanced genetic
screening methods and availability, there was no improve-
ment in the diagnostic delay when comparing previously
and recently published papers. Of note, in DYT/PARK-
PTS and DYT/PARK-QODPR, the diagnosis was usually
established within <1 year. Half of the DYT/PARK-
QODPR patients were even identified on newborn screen-
ing, emphasizing the necessity of further development and
application of such early diagnostic screening tools, as
well as the further widespread application of next-genera-
tion sequencing techniques. Therefore, in this review, we
provide detailed genetic information and metabolite levels
in blood, CSF, and urine of all subgroups.

Across all included DRD forms, psychiatric symp-
toms such as depression, anxiety, sleep disorder, and
behavioral abnormalities were rarely reported. This is
of particular interest, as BH, is also a cofactor for the
enzyme tryptophan hydroxylase catalyzing the synthesis
of serotonin (Figure S1), decreased levels of which were
associated with psychiatric comorbidities such as
depression.!” Among the published mutation carriers,
all DRD patients with psychiatric comorbidities (except
for 2 with behavioral abnormalities) received L-dopa or
5-hydroxytryptophan, but only 1 patient was reported
to be treated with citalopram, illustrating the lack of
diagnosing these psychiatric comorbidities and ade-
quate psychotropic drug treatment.

Based on the systematic analysis of all published
mutation carriers with autosomal dominant DYT/
PARK-GCH1, we were able to narrow the rate of
asymptomatic mutation carriers to approximately 25%
(151 of 639), i.e., penetrance of 75%. Using studies on
single or a few individual families, the penetrance has
previously been estimated to be in the broad range of
38% to 85%.%2° Because there is a bias toward identi-
fying (and reporting) SMC, the population penetrance
cannot directly be calculated from these numbers and is
probably even lower. Notably, although sex was
equally distributed across all other DRD subtypes, in
autosomal dominant DYT/PARK-GCH1 only 33% of
patients were male, and males showed a later AAO and
less dystonia. Importantly, in the AMC group, sex was
initially equally distributed but increased to 64% males
among carriers older than the median AAO. The sex-
and age-dependent reduced penetrance in autosomal
dominant DYT/PARK-GCH1 and the less common
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occurrence of the disease in male than in female muta-
tion carriers imply sex-specific factors in the regulation
of the GCH1 enzyme activity or compensatory mecha-
nisms, such as physiologically lower levels of the
GCH1 enzyme in female mutation carriers or reduced
GCH1 mRNA levels, as found in brains from female
mice.>"*> However, the mechanisms causing reduced
GCHI1 penetrance require further investigation.

We identified 15 autosomal dominant DYT/PARK-
GCHI1 patients, with pathologic DaTScans as a sign for
nigrostriatal neurodegeneration. Importantly, the lack
of longitudinal clinical and imaging studies in DRD
limits the ability to more objectively investigate the
existence of neurodegeneration in DRD.*?

In summary, we here provide a comprehensive review
of 734 monogenic DRD patients. An important
strength of our review is that, for the first time, individ-
ual genetic, clinical, biochemical, and treatment
response data have been systematically analyzed. In
conjunction with the identified red flags and subgroup-
specific characteristics, our review can facilitate diagno-
sis and treatment. This is of particular relevance, as our
data expand the current knowledge on DRDs that was
so far limited to very small numbers of patients
reported in multiple different single case reports of
small case series. Our results have also been
implemented in the MDSGene database (www.
mdsgene.org) for online assistance with clinical diagno-
sis and treatment. A limitation for interpretation is the
high number of missing data for many of the variables
requiring caution when drawing conclusions. We would
like to encourage the clinical-scientific community to
more comprehensively report on detailed clinical,
genetic, treatment response, and biochemical character-
istics of their patients, as this lays the ground for the
development of new and expansion of already-existing
diagnostic screening tools and treatment strategies. ®
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