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Editor's Summary

Whole-genome sequencing of DNA from patients with different diseases is proving useful for identifying new
disease-causing mutations, but can it help physicians make better decisions about treatment options for these
patients? A new study by Bainbridge and colleagues suggests that it can. Bainbridge et al. sequenced the complete
genomes of a male and female fraternal twin pair, who had been diagnosed 9 years earlier with the movement
disorder dopa (3,4-dihydroxyphenylalanine)−responsive dystonia (DRD). This complex disorder is difficult to diagnose
and may be mistaken for other movement disorders involving loss of the neurotransmitter dopamine. The standard
treatment for DRD is to replace dopamine by providing a dopamine precursor called l-dopa, the drug that is also used
to treat the common movement disorder Parkinson disease. When the twins were diagnosed with DRD, they seemed
to fit the classic description of DRD and were given l-dopa, which did help to alleviate many of their symptoms. When
Bainbridge and colleagues analyzed the full genome sequences of the twins, they were surprised to discover no
mutations in the two genes most commonly mutated in DRD. Instead, they pinpointed a mutation in the SPR gene
encoding sepiapterin reductase, which synthesizes a cofactor needed for the action of enzymes that make not only
dopamine but also the neurotransmitter serotonin. This finding suggested to the authors that supplementing the twin's
current l-dopa treatment with a serotonin precursor, 5-hydroxytryptophan, might provide further improvement in their
symptoms. Sure enough, when the twins were given both l-dopa and 5-hydroxytryptophan instead of l-dopa alone,
they showed improvement in their symptoms after 1 to 2 weeks, including greater attention in school, better motion
and coordination, and reduced hand tremor as evidenced by more legible handwriting. Although this study involved
only one twin pair, it does demonstrate how whole-genome sequencing could be applied to glean more detailed
information about a patient's disease, leading to more optimized treatment and a better outcome.
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Whole-Genome Sequencing for Optimized
Patient Management

Whole-genome sequencing of patient DNA can facilitate diagnosis of a disease, but its potential for guiding
treatment has been under-realized. We interrogated the complete genome sequences of a 14-year-old fraternal
twin pair diagnosed with dopa (3,4-dihydroxyphenylalanine)–responsive dystonia (DRD; Mendelian Inheritance in
Man #128230). DRD is a genetically heterogeneous and clinically complex movement disorder that is usually
treated with L-dopa, a precursor of the neurotransmitter dopamine. Whole-genome sequencing identified
compound heterozygous mutations in the SPR gene encoding sepiapterin reductase. Disruption of SPR causes
a decrease in tetrahydrobiopterin, a cofactor required for the hydroxylase enzymes that synthesize the neurotransmitters dopamine and serotonin. Supplementation of L-dopa therapy with 5-hydroxytryptophan, a serotonin
precursor, resulted in clinical improvements in both twins.

INTRODUCTION
Subclassification of phenotypically similar but genetically heterogeneous conditions by identifying underlying causative alleles
can be pivotal for precise disease diagnosis and treatment. Highthroughput sequencing of patient genomes could potentially facilitate the diagnosis of rare diseases. Identified variants can be
cross-checked with databases for previous associations with disease,
and benign variants with high allele frequency can be eliminated
from consideration using population-variation databases (1). The remaining variants can be assessed for their effects on genes and those
genes can be assessed for their association with disease. These approaches require integrated and accurate databases as well as best
practices guidelines (2).
Dopa (3,4-dihydroxyphenylalanine)–responsive dystonia (DRD)
[Mendelian Inheritance in Man (MIM) #128230], formally known
as “hereditary dystonia with marked diurnal variation” (Segawa dystonia), is a genetically and clinically heterogeneous movement disorder
(3). DRD typically begins in childhood after a period of normal development and frequently manifests variable severity during the day (reduced dystonia upon awakening, increased dystonia by midday). The
differential diagnosis for DRD includes early-onset parkinsonism,
cerebral palsy, and early-onset primary dystonia (4–6). The clinical
diagnosis of DRD is based on neurological presentation, age of onset
and progression of the disease, mode of inheritance, concentrations of
neurotransmitter metabolites and pterins (cofactors for neurotransmitter1
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producing enzymes) in the cerebrospinal fluid (CSF), and the degree
of responsiveness to L-dopa treatment. Sustained clinical benefit from
very low dose L-dopa administration is a clinical hallmark of DRD.
However, a range of clinical responses to L-dopa therapy have been
documented (7) and L-dopa therapy alone may not be sufficient for
complete alleviation of clinical symptoms.
DRD can be inherited as either an autosomal dominant or recessive
trait and is associated with mutations in genes encoding guanosine
5′-triphosphate (GTP) cyclohydrolase (GCH1), tyrosine hydroxylase
(TH), and sepiapterin reductase (SPR) (Fig. 1). GCH1 and SPR are
enzymes of the tetrahydrobiopterin (BH4) biosynthesis pathway. BH4
serves as a cofactor for tyrosine and tryptophan hydroxylases in the
initial biosynthesis of the neurotransmitters dopamine, noradrenaline,
and serotonin. TH converts tyrosine to L-dopa, a precursor of dopamine
and noradrenaline (8) (Fig. 1). In a study of 64 patients diagnosed with
DRD, ~83% of cases were caused by autosomal dominant or de novo
point mutations and deletions in GTP cyclohydrolase, whereas autosomal
recessive cases were caused by mutations in tyrosine hydroxylase (~5%),
sepiapterin reductase (~3%), or parkin (encoded by the PARK2 gene, a
gene implicated in juvenile-onset Parkinson disease) (~3%). Five percent
of DRD cases had unknown genetic causes (9). Molecular genetic testing
has proved a valuable tool for diagnosing DRD; however, until recently,
clinical molecular genetic assays were limited to the identification of
mutations in the TH and GCH1 genes (10). Heterozygous deletion of
the entire TH gene, which potentially results in decreased endogenous
dopamine production, has also been reported in a patient with adultonset Parkinson disease (11), a common movement disorder caused by
loss of dopamine-producing neurons in the brain’s nigrostriatal pathway.
Here, we studied a fraternal twin pair diagnosed with DRD, who had
no identified deleterious variants in the TH or GCH1 genes. Sequencing
of the SPR gene was not available through a clinical laboratory at the
time this study was initiated and was not performed (see Materials
and Methods). Because the primary candidate genes for DRD were
eliminated, we used high-throughput sequencing (12, 13) to interrogate the whole genomes of the male and female twin to identify potential causative genetic variants.
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RESULTS
Clinical presentation
The patients were two affected 14-year-old fraternal twins, who were
diagnosed with DRD at age 5 after L-dopa was found to alleviate the
clinical symptoms of dystonia in one twin. The subjects were born at
36 weeks of gestation after a pregnancy complicated by a hypercoagulable state in their mother that required heparin treatment. The
perinatal history was uneventful. Well-child evaluations in the first
year of life revealed generalized hypotonia and global developmental
delay. These clinical observations prompted an initial evaluation including imaging studies of the brain (magnetic resonance imaging)
that revealed periventricular leukomalacia in the male patient and
basic metabolic tests that were normal in both twins. CSF was not
obtained before treatment with L-dopa. The female twin was more
severely affected and subsequently developed dystonic movements,
hypokinesia, rigidity, tremor, oculogyric crises (ocular dystonic movements), and seizures. Her brother had milder disease symptoms and
was originally diagnosed with static encephalopathy (cerebral palsy).
However, later serial examinations showed the appearance of progressive subtle dystonia at age 5 years. Whereas the female patient had
a diurnal fluctuation of neurological symptoms with less severe sympGuanosine triphosphate (GTP)
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Fig. 1. Metabolic pathways of neurotransmitter production. DRD has been
associated with mutations in the genes encoding GTP cyclohydrolase (GCH1),
tyrosine hydroxylase (TH), and sepiapterin reductase (SPR) (boxed), which are
enzymes associated with production of the neurotransmitters dopamine and
serotonin. The catalytic action of GCH1 is the rate-limiting step in production
of tetrahydrobiopterin (BH4), a cofactor for the tyrosine and tryptophan hydroxylases. Disruption of the GCH1 gene can cause autosomal dominant
DRD. Autosomal recessive DRD is caused by mutations in TH and SPR. Both
5-hydroxytryptophan (5-HTP) and dopamine production are disrupted by
mutations in SPR, whereas only dopamine production is disrupted by mutations in TH.

toms in the morning and more severe symptoms in the afternoon, the
male patient did not.
At age 5 years, a trial of L-dopa/carbidopa at a ratio of 10:100, onequarter tablet a day increasing to one-quarter a tablet three times per
day over several days, reduced clinical symptoms by day 3 but was accompanied by mild dyskinesia. The dosage, therefore, was reduced
initially but then was reinstated. Both patients are in middle school
following a regular curriculum and have excellent academic performance despite reportedly a reduced attention span. At age 14 years and
on L-dopa/carbidopa 25:100 three times per day, the affected male was
found to have mild tremor and dystonic posturing of the hands upon
neurological examination. His sister demonstrated slightly unsteady
gait; mild choreiform movements in the tongue; mild dysphonia; mild
dystonia in the neck, shoulder, and hands; and mild bradykinesia. Her
history is also significant for respiratory difficulties thought to be secondary to intermittent laryngospasm. The immediate family history
was negative for movement disorders or other neurological diseases
apart from fibromyalgia and depression. The diagnosis of recessive
dystonia in the probands was complicated by the presence of a first
cousin with reported juvenile seizures and a third cousin and her four
children diagnosed with an unspecified neurological disorder (Fig. 2).
Genome variation
DNA was extracted from peripheral blood cells obtained from both
affected twins, an unaffected sibling, and their parents. DNA from
the twins was subjected to whole-genome sequencing on the SOLiD
platform. In total, 178.4 giga–base pairs (Gbp) of sequence data was
produced and aligned to the human reference genome, resulting in an
average sequence coverage of 29.4 and 30.0 for the male and female
twin, respectively (59-fold for sites shared by both twins).
A set of putative, high-quality sequence differences between each
twin and the reference genome (hg18) was identified, and variants
shared by both twins were subsequently analyzed. About 90% of the
variants discovered were also identified in the dbSNP database (http://
www.ncbi.nlm.nih.gov/projects/SNP/), with one variant discovered
per 1100 bp on average across the genome, which is similar to reported values (14). The degree of variant overlap confirmed that the
twins were dizygotic, consistent with the model of recessive dystonia
in this family. The variant data were next filtered to allow removal
of likely benign variants with the dbSNP v.129 (15) and Thousand
Genomes (1) databases of common and likely non–disease-causing
mutations, as well as the Baylor Human Genome Sequencing Center’s
maintained database of common variants from other sequencing projects. Finally, mutations that caused nonsynonymous changes to protein products were classified (Table 1). There were no remaining rare
homozygous mutations shared between both twins, and no large genomic regions with stretches of homozygous mutations, which is consistent with the absence of consanguinity.
After overlapping shared mutations, filtering, and genetic annotation,
only three genes were identified that contained two or more predicted
amino acid–altering heterozygous mutations (table S1). One of these
(ZNF544) encodes a computationally predicted zinc finger protein with
no known function or targets, another predicts an open reading frame
(C2orf16), and the third is the SPR gene encoding sepiapterin reductase. Subsequent automated annotation of these genes by comparison
to the MIM disease database (16) indicated a known association of SPR
with DRD and no associations of either of the other two genes with any
disease.
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Fig. 2. Pedigree of a family
segregating recessive DRD, depression, and fibromyalgia. PedD Depression
Unaffected
igree of the family with the two
DRD dystonia
Deceased
DRD-affected probands (shaded),
Miscarriage
Other neurological disorder
male and female fraternal twins.
F Fibromyalgia
Their DRD is due to disruption of
SPR activity resulting in impaired
BH4 cofactor synthesis, leading to disruption in the production of the neurotransmitters dopamine, noradrenaline, and serotonin. In addition to DRD in the probands, the family has a history of depression and
fibromyalgia on either side of the pedigree. Segregation of the two SPR mutations is shown for all individuals evaluated.

Table 1. Single-nucleotide variants in the sequence of the DRD twins.
All high-quality variants first observed from primary alignment of
sequence reads to the current reference haploid human genome were
then filtered for coding regions and annotated if they cause protein
coding mutations. These variants were filtered further against databases of known and common variation to enrich for rare variants,
which are more likely to be disease-causing. Finally, candidate genes
were identified, under a recessive inheritance model, by homozygosity
or by identifying genes that harbor two or more variants.
IV-2
(male subject)

IV-3
(female subject)

Shared

2,427,038

2,504,162

1,631,770

88.7

88.1

Variant density (bp−1)

1/1112

1/1078

Coding

Nucleotide variants
All variants
% dbSNP129

13,352

14,961

9531

Nonsynonymous

6432

7141

4605

Rare nonsynonymous

174

175

77

6

9

3

Candidate genes

The identified variants in SPR were NM_003124:c.448A>G (chromosome 2: 72,969,094, p.Arg150Gly) and NM_003124:c.751A>T
(chromosome 2:72,972,139, p.Lys251X). The former mutation occurs in a b strand secondary structure element in close proximity to
a substrate binding region, and the latter results in a truncation of
the last 10 amino acid residues of SPR destroying one entire b
strand (17). Both mutations have been previously identified in two

Caucasian families (18, 19), but in both
cases, the mutation was homozygous
rather than a compound heterozygote.
Functional studies for each of the putative pathogenic variants were reported
and found to be deleterious to SPR activity (18, 19). In these studies, SPR activity was measured with a biochemical
assay either using skin fibroblasts taken
from the patient or by cloning the mutated gene in a bacterial vector and subsequent purification. Disruption of SPR
prevents the regeneration of BH4, which
is an important cofactor for the production of both dopamine and serotonin
(Fig. 1). Thus, the recommended treatment of DRD caused by SPR mutations
is with both the dopamine precursor
L-dopa, which the twins were already prescribed, and the serotonin precursor
5-hydroxytryptophan (5-HTP), which
the twins were not receiving. Both compounds can readily cross the blood-brain
barrier. The serotonin pathway may be
further enhanced by the addition of selective serotonin reuptake inhibitors (SSRIs)
used to treat depression.

Validation and segregation
To test for a pattern of segregation of these alleles that is consistent
with their causative role in DRD, we designed oligonucleotide primers
to correspond to sequences that flank both mutations, and we used
them to PCR (polymerase chain reaction) amplify and capillary
sequence all members of the immediate family. Both mutations were
confirmed as compound heterozygous mutations in the affected twins,
and the c.751A>T (p.Lys251X) nonsense mutation and the c.448A>G
(p.Arg150Gly) missense mutation were found in the heterozygous
state in the mother and father, respectively. Neither mutation was
found in the unaffected sibling, although the individual alleles were
identified in members of previous generations (Fig. 3).
Efficacy of 5-HTP treatment
As a consequence of the molecular diagnosis, the treatments for the male
and female twin were modified to include 5-HTP (0.8 and 1.2 mg/kg,
respectively). They have been on this therapy for ~4 months at the time
of writing. Both patients underwent periodic follow-up visits at the same
time of day with one physician (J.F.) who assessed the impact of the
medications. According to the physician report, both patients showed
the first signs of improvement after 1 to 2 weeks, and their condition
reached a plateau after 2 months of therapy. The male DRD patient
reported improved focus in school, as well as improved coordination
in athletics. Further, the male showed reduced drooling and hand tremor,
and objective evidence for the latter was provided by serial handwriting
samples (fig. S1). The female twin reported reduced frequency of laryngeal spasms, improved sleep and focus, and improved tolerance for exercise and was able to resume participation in sports after a 14-month
absence. In the female DRD patient, there were also reduced choreiform
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movements of the tongue by objective physical examination (J.F.). Neither
twin reported significant side effects from the therapy.

DISCUSSION
This work demonstrates the application of whole-genome sequencing
to the discovery of the cause of autosomal recessive DRD in an affected fraternal twin pair. Whole-genome sequencing of both twins
implicated three genes with variants potentially causative of autosomal
recessive DRD. Only one of these genes, SPR, was a high-priority candidate by functional criteria. This gene encodes the enzyme sepiapterin
reductase, which catalyzes the reaction of 6-pyruvoyl-tetrahydropterin
to BH4, and has been implicated previously in DRD. BH4 is an important coenzyme for the production of the neurotransmitters dopamine,
g.72972139A T
p.Lys251X

g.72969094A G
p.Arg150Gly

A/A

A/T

A/G

A/A

A/A

A/A

A/G

A/T

A/G

A/T

Fig. 3. Validation and segregation of two deleterious SPR alleles. Shown
is the pedigree of the two DRD-affected probands (shaded), their unaffected sibling, and their parents. Squares indicate male subjects and
circles female subjects. The Sanger sequencing traces showing the SPR
genotype of each member of the pedigree are shown. p.Arg150Gly refers
to the A→G mutation on chromosome 2 at nucleotide 72,969,094, leading
to the amino acid missense mutation; p.Lys251X indicates the A→T mutation on chromosome 2 at nucleotide 72,972,139, causing an amino acid nonsense mutation. The variants are deleterious to SPR activity but have only
been observed, separately, as homozygous mutations from presumed consanguineous kindreds. The unaffected mother is homozygous (A/A) for the
wild-type allele at the first locus but heterozygous (A/T) for the pathogenic
p.Lys251X allele at the second locus. Similarly, the unaffected father is heterozygous (A/G) for the pathogenic p.Arg150Gly allele at the first locus and
homozygous (A/A) for the wild-type allele at the second locus. Each DRDaffected proband is heterozygous (A/G and A/T) for the pathogenic mutations at both alleles, indicating a new compound heterozygous combination
of mutant alleles that is causative for DRD. The mutations result in reduction
of SPR-mediated synthesis of BH4, a coenzyme needed for neurotransmitter
production. Absence or reduction of the neurotransmitter dopamine causes
distinct clinical symptoms including dystonia.

noradrenalin, and serotonin. The involvement of SPR was unexpected
in the twin pair given their clinical symptoms including the lack of
intellectual disability, their sustained response to monotherapy with
L-dopa (18, 20), and a family history of neurological disorders that
complicated the interpretation of the potential inheritance pattern
(Fig. 2). Our observations highlight both the challenges of clinical
phenotyping, especially for rare diseases by nonspecialists, and the
ability of whole-genome sequencing to identify susceptibility variants,
especially when initial candidate genes have been eliminated by more
traditional locus-specific gene testing. Whole-genome sequencing facilitated both the diagnostic workup and the medical management of
the fraternal twins with DRD.
The nonsense (p.Lys251X) and missense (p.Arg150Gly) mutations
in the SPR gene are predicted to be deleterious by disrupting the
secondary structure and binding to NADP (nicotinamide adenine dinucleotide phosphate) of the SPR protein, respectively. Critically, both
variants have been previously reported and deemed to be deleterious
for SPR activity through functional biochemical assays (18, 19, 21).
Both SPR mutations were originally reported as homozygous alleles
but, in this study, were found to be compound heterozygous alleles.
The identification of the involvement of the SPR gene in this family
manifesting DRD has directly influenced clinical management of the
individuals with DRD. Although DRD caused by mutations in SPR
can be treated with dopamine therapy alone, typically the response
is limited when compared to treatment of DRD caused by autosomal
dominant mutations in GCH1. The administration of 5-HTP, a serotonin precursor, in addition to L-dopa has been shown to greatly improve cognitive abilities and gait and to minimize pyramidal signs in
DRD caused by mutations in SPR (18). Moreover, supplementation
with 5-HTP potentially allows tapering of the dosage of L-dopa in
these patients. Treatment with BH4 has also been shown to reduce
clinical symptoms in DRD (22). The identification of these medically
actionable alleles in the fraternal twin pair in this study prompted
administration of 5-HTP as a prelude to other possible adjuvant therapies that directly stimulate the serotonin pathways. 5-HTP therapy
led to improvements in the male twin’s fine motor skills, including
handwriting and athletic ability. Furthermore, in the more severely
affected female twin, 5-HTP therapy appears to have led to abatement
of a severe recurrent laryngospasm, which would often end in vomiting, preventing physical activity and greatly reducing quality of life.
Although identification of mutations that cause recessive disorders
has previously been demonstrated (12, 23) and in some cases has led
to the alteration of treatment (24, 25), the application of whole-genome
sequencing to a direct alteration in clinical management has not yet
been fully realized. This study demonstrates the utility of whole-genome
sequencing and databases of deleterious variants to facilitate both diagnostic and therapeutic medical management decisions.
Because genetic diagnosis using whole-genome sequencing in individual families is becoming more accessible, the debate concerning the
underlying value of the extensive information that is generated has
intensified (26). Here, we demonstrate the application of the technique
to a recessive disease of unknown cause. Further, the new knowledge
afforded by the molecular testing resulted in the implementation of
additional treatment options and further optimized patient care.
The identification of mutations in SPR accounts for the previous
history and diagnosis of DRD in this family. With hindsight, SPR
deficiency is a logical potential differential diagnosis. However, before whole-genome sequencing, implication of SPR mutations in this
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MATERIALS AND METHODS

DNA sequence analysis
Whole-genome sequencing was conducted with the SOLiD 4 sequencing
platform (27) on genomic DNA isolated from the blood of both twins.
Sequencing consisted solely of 50-bp reads generated from 1-kbp matepair libraries, which were subsequently aligned to the human reference
genome with the BFast application (28). High-resolution oligonucleotide
aCGH (array comparative genomic hybridization) was conducted with
Agilent 1M oligonucleotide arrays and sex-matched controls for both
patients with DRD. We did not observe any potentially pathogenic
copy number variants in candidate genes for dystonia. Sequence data
are available in dbGAP pending reconsent by the twins at age 18.
Bioinformatic discovery and analysis of variants
Single-nucleotide variants were discovered with the Pileup (29) application and were subsequently filtered for variants shared between the
twins. Variants that were uncommon in the population (minor allele
frequency <0.5%) and were nonsynonymous or otherwise affected protein translation, microRNA, or transcription factor binding were preferentially investigated (30). Assuming recessive inheritance, we identified
genes that contained either homozygous or two or more mutations
presumed to represent compound heterozygous alleles. These genes
were then annotated with known functional data and known association with disease and subsequently cross-referenced to a database
of known variants affecting genes involved in BH4 production and
utilization (20).
Variant validation and segregation analysis
The genomic regions flanking chromosome 2:72,969,094 (SPR:R150)
and chromosome 2:72,972,139 (SPR:K251) were amplified by PCR and
were capillary sequenced directly in all members of the study. Analysis
of the Sanger sequence was conducted by the SNP-detector application (31) and by manual visual inspection of the trace sequence with
the examiner masked as to the subject’s affected status.

SUPPLEMENTARY MATERIAL
www.sciencetranslationalmedicine.org/cgi/content/full/3/87/87re3/DC1
Fig. S1. Handwriting samples.
Table S1. The six identified compound heterozygous mutations shared by both twins.
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disease was hampered by an atypical DRD presentation and the presence of other neurological disorders in the family that were initially
thought to be related. Further, it is tempting to suggest the use of candidate gene sequencing rather than whole-genome sequencing for this
family now that the identified causative gene is a known good candidate. Candidate gene sequencing, however, suffers from several disadvantages that whole-genome sequencing does not. Candidate gene
sequencing may fail to analyze the correct genes, typically does not
interrogate all of the biologically important regions of a gene (for example, untranslated regions and promoters), does not eliminate other
genes from consideration, and rapidly becomes more expensive and
time-consuming compared with whole-genome sequencing as the number of loci deemed clinically relevant increases. Although candidate
gene sequencing would have been successful in this case, clinical testing
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