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ARTICLE INFO ABSTRACT

Article history: Autosomal recessive cutis laxa type 2B (ARCL2B; OMIM # 612940) is a segmental progeroid disorder caused by
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:53?12 Lelg Zﬁlﬁlueg;f Azuogljst . varying between wrinkly skin syndrome, gerodermia osteodysplastica, De Barsy syndrome or more severe pro-

geria syndromes. Given the difficult differential diagnosis of ARCL syndromes we performed a systematic com-
parison of clinical features of PYCRI-related ARCL. Intrauterine growth retardation, a characteristic triangular

ii{‘ggg;l recessive cutis laxa facial gestalt, psychomotor retardation, and hypotonia were the most relevant distinctive hallmarks of ARCL
PYCR1 due to proline de novo synthesis defects. Corneal clouding or cataracts, athetoid movements, and finger contrac-
Proline tures were rather rare features, but had a high predictive value. In our cohort we identified 20 different PYCR1
Mitochondria mutations of which seven were novel. Most of the mutations accumulated in exons 4 to 6. Missense alterations
Segmental progeroid disorders of highly conserved residues were most frequent followed by splice site changes and a single nonsense mutation.
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Analysis of genotype-phenotype correlation revealed that patients with mutations in the first two exons had
lower average clinical scores and absent or only mild intellectual disability. Structural analyses predicted interfer-
ence with PYCR1 multimerization for a subset of missense mutations. These findings have implications for the
clinics as well as the pathomechanism of PYCR1-related ARCL.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction inherited either in an X-linked, autosomal dominant, or autosomal reces-

sive fashion. In autosomal dominant forms of cutis laxa (ADCL) mutations

Although cutis laxa disorders were named after the characteristic skin in genes encoding diverse components of the extracellular matrix are
phenotype present in patients, they are usually multi-systemic disorders found [1]. Autosomal recessive cutis laxa (ARCL) is more heterogeneous
involving the skeletal, cardiovascular, pulmonary and central nervous in terms of clinical manifestations and the underlying genetic defect.
systems, depending on the underlying genetic defect. Cutis laxa can be The disease spectrum can be subdivided into autosomal recessive cutis

T
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Fig. 1. Facial phenotype of patients carrying PYCR1 mutations. (A) Facial images are arranged according to the ages of the affected individuals, the number of each individual is given in the
upper left of each picture. (B) Changes of the facial phenotype in patients 7 and 28, ages given at the lower right. In all patients a triangular face, short nose, long philtrum and large ears are
visible. Note the striking variability of the phenotype in the first months of life. While patient 23 had a severe progeroid appearance, patients 20 and 1 were less dysmorphic and patient 2
was stated to have a normal facial appearance. Lax facial skin was pronounced in patients 7 and 17, but less obvious in the other patients. In general skin laxity became less severe with age,

which is especially obvious in patient 7. In the older patients the dysmorphism became weaker, but the chin became very prominent resulting in prognathism. Patient 10 was also partially
described by Gardeitchik et al. [34].
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laxa types I and II. Autosomal recessive cutis laxa type I (ARCL1; OMIM
219100) is mainly characterised by severe systemic involvement in-
cluding pulmonary emphysema, cardiovascular problems, and gastroin-
testinal manifestations. It is caused by mutations in Fibulin-5 (FBLN5)
and EGF-containing fibulin-like extracellular matrix protein 2 gene
(EFEMP2) (formerly fibulin-4 (FBLN4)), which results in a more severe
phenotype [2-4]. Another form of ARCL1 is caused by mutations in latent
transforming growth factor-beta binding protein-4 (LTBP4) [5,6]. The
mutations identified in ARCL2 affect intracellular gene products with
functions in Golgi apparatus, endosomes, or mitochondria. Gerodermia
osteodysplastica (GO; OMIM 231070) resides at the milder end of the
ARCL2 phenotypic spectrum. The condition is characterised by lax skin
and wrinkles at the dorsa of hands and feet, spontaneous bone fractures
due to osteoporosis, jaw hypoplasia and usually normal intellectual de-
velopment. Hennies and colleagues described disease-causing mutations
in GORAB, encoding a newly identified golgin and interaction partner
of RAB6 [7]. Another form of ARCL, wrinkly skin syndrome/autosomal re-
cessive cutis laxa Debré type (ARCL2A; OMIM 219200), is due to muta-
tions in ATP6VOA2 [8]. This gene encodes the V-type H"-ATPase subunit
a2, which resides in the Golgi apparatus of skin fibroblasts and plays a
role in Golgi membrane trafficking. Clinical hallmarks are generalized
cutis laxa, delayed closure of the enlarged anterior fontanel, varying
degree of developmental delay, cobblestone-like brain malformations
and occasionally a neurodegenerative phenotype with seizures and
dementia. On biochemical evaluation a specific combined defect
of N- and O-glycosylation of serum proteins (CDG type II) is found in
these patients [8-12].

Macrocephaly, alopecia, cutis laxa, and scoliosis syndrome (MACS;
OMIM 613075) is caused by mutations in RIN2. RIN2 is localized on
endosomal vesicles and deficiency of this Rab5 effector protein causes
a very rare phenotype with a typical facial coarsening, sagging chin,

Typical Facial Gestalt

Psychomotor Retardation

thick lips, mild alterations in serum protein glycosylation and mental
retardation [13,14].

At the most severe end of the ARCL spectrum resides the De Barsy
syndrome (DBS; OMIM 219150), which has been also referred to as
ARCL type III (ARCL3). The clinical hallmarks are a progeroid appearance
with short stature, corneal clouding, hypotonia, a movement disorder
and pronounced intellectual disability [15,16]. The aetiology of DBS is
not fully understood. Mutations in ATP6V0A2 were described to cause
a DBS-like phenotype in a patient with a severe form of ARCL2A [17].
Recently, mutations in PYCR1 (ARCL2B; OMIM 612940) encoding the
pyrroline-5-carboxylate reductase 1 were identified in patients initially
diagnosed with DBS [18]. In addition, ALDH18A1 (P5CS) mutations also
cause a syndrome with severe progeroid and neurocutaneous features
highly comparable with ARCL2B and the spectrum of De Barsy-like pa-
thologies [19]. Both PYCR1 and ALDH18A1 are multimeric protein com-
plexes and reside in mitochondria where they are involved in de novo
proline biosynthesis and NAD(P)H + H* consumption, which was pos-
tulated to function as a proline cycle transporting redox equivalents into
mitochondria [20]. PYCR1 deficient patient fibroblasts show an altered
mitochondrial membrane potential (MMP), an increased fragmentation
of the mitochondrial network and higher apoptosis rates upon oxidative
stress [18]. Structural analysis revealed that the active PYCR1 enzyme
has a ring-like shape formed by five homodimers [21]. While the enzy-
matically active centres lie at the outside of this ring its inside forms a
negatively charged channel of unknown function. Homodimers are
held together by hydrophobic interactions and hydrogen bonds while
dimer-dimer binding is mediated by hydrogen bonds and interaction
of proline residues [21].

The current study focuses on the clinical features and the molecular
genetic basis of PYCR1-related cutis laxa. Here we describe 33 patients
carrying PYCR1 mutations and analyse genotype-phenotype
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Fig. 2. Further clinical manifestations in PYCR1-related CL affected individuals. (A) Clinical features: The number of each individual is given in the lower left of each picture. Severe cutis laxa
at abdomen of patient 22. Cutis laxa at the hand of patients 23 and 20. Excess skin in the armpit of patient 23. Loose skin fold of the abdomen of patient 20. Arthrogryposis of the wrist with
syn- and clino-dactyly in patient 20. (B) Frequency of clinical features of PYCR1-related ARCL patients described in literature and in our 33 patients investigated in this study. The most
common features (present in >75% of cases) that allow to distinguish PYCR1-related ARCL from the other forms of ARCL types Il and III are underlined.
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correlation as well as structural aspects of residues affected by mis-
sense mutations.

2. Material and methods
2.1. Patients

In this study we evaluated 33 patients with features suggesting
ARCL2B, PYCR1-related cutis laxa. These criteria included: generalized
skin wrinkling, intrauterine growth retardation, a typical facial gestalt,
and variable CNS involvement. Peripheral blood was obtained from
all patients analysed. Genomic DNA was extracted according to stan-
dard procedures. Initial laboratory evaluation included array CGH,
karyotype analysis and homozygosity mapping for some cases. Consent
for molecular studies was given by all individuals involved in this study
or from their legal representatives. The Charité Medical University
ethics committee approved the study. The study was performed
according to the declaration of Helsinki. Written consent for publication
of photographs in Figs. 1 and 2 was given by the patients or their legal
representatives.

2.2. Comparison of clinical features

To compare clinical features of individuals with PYCRT mutations we
determined the presence or absence of each clinical feature. From these
values, we calculated the frequency of features. These values were com-
pared to the data analysed previously for 54 individuals from literature
with PYCR1-related cutis laxa.

2.3. PYCR1 mutation screening

Sequencing of all exons and the flanking intron regions of the PYCR1
(NM_006907.2) gene was performed as described previously [18] in
each tested individual or the parents as obligate heterozygous carriers.
All mutations were tested for segregation in the patient's families
(if available). Sequencing reaction was performed with the BigDye
Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA),
and run on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA). Sequences were evaluated and compared to reference se-
quences with DNASTAR (DNASTAR Madison, USA). The molecular diag-
nostic tests were performed in an accredited laboratory (No.: DAP-ML-
3869.00, ISO 15189:2003 and ISO/IEC 17025:2005). Functional effects
of missense mutations were examined by assessing evolutionary con-
servation of the affected residues by BLAST alignment and interspecies
comparison using MutationTaster and PolyPhen2 and Bioedit [22].

2.4. Phenotype-genotype statistics

Scores for each clinical feature were given according to a scale
from 0 = absent to 3 = severe. For hip dislocation, adducted
thumb, hernia, and corneal clouding/cataract 1 corresponds to uni-
lateral, mild, 2 to bilateral, mild, and 3 to bilateral, severe. The rating
was done by the referring clinicians using a standardized question-
naire. The sum of all individual scores divided by the number of features
for which a score was determined gave the average clinical score. Since
neurodevelopmental clinical features (psychomotor retardation, dys-
genesis/agenesis of corpus callosum, athetoid movements, corneal
clouding/cataract) play a greater role for the overall disease severity
scores for these features were multiplied by 2. The significance of the
correlation between types and position of PYCRT mutations and clinical
scores were calculated by two-sided, unpaired t-test using the Excel
(Microsoft, Seattle, USA) software.

2.5. Structural modelling

The 3D structure of PYCR1 was reconstructed by loading the PDB file
2GER containing the published structure [21] into PyMOL1.1 (DeLano
Scientific, Palo Alto, CA, USA). Mutated residues were coloured in yellow
and the structure surface was inspected.

3. Results
3.1. Clinical findings and comparison with literature

A detailed overview of the clinical features and the corresponding
HPO terms in the individual patients is presented in Table 1 [23].
Most newborns, except for patient 2, already presented with a unique
facial gestalt, which comprises a typical triangular face due to a hypo-
plastic viscerocranium (Fig. 1). In some patients a very pronounced
progeroid facial appearance was evident at birth (Fig. 1 patients 1 and
23). Although in relation the neurocranium seemed enlarged, micro-
cephaly was noted in 19 patients. Most cases had large, prominent
ears and older affected individuals tended to show a prominent chin
and prognathism (Fig. 1). All patients presented with lax, wrinkled
skin, most prominent on the abdomen, on hand and feet (Fig. 2A).
Sagging facial skin was only noted in a subset of patients (Fig. 1). Trans-
lucent skin with visible veins was reported in 24 patients (Fig. 2A).
Growth parameters were available from 27 patients. In 23 patients the
growth restriction was noted prenatally and in 21 it continued postna-
tally. Progeroid features and growth delay usually got milder during the
first years of development. The two affected individuals from family III
(4, 5) died in childhood due to a trauma and for unknown reason, re-
spectively. A relation to the genetic disease is unclear.

Central nervous system involvement was described in 28 patients.
27 patients had psychomotor developmental delay and three normal in-
tellectual development. Hypotonia was noted in 25 patients, nine pa-
tients showed extrapyramidal symptoms and three patients suffered
from epilepsy. A brain MRI was performed in 11 patients. Four patients
had corpus callosum dysgenesis and in one patient the cingulate
gyrus was also affected. In addition, cranial CT imaging in three indi-
viduals showed severe cerebral atrophy and abnormal frontal gyration
(segmental pachygyria).

Ophthalmological features were described in 20 patients: 12 patients
had strabismus, 13 patients had blue sclera, four had either cataract or
corneal clouding and one patient had congenital glaucoma. Adduction
of the thumbs was described in 13 patients, however, affected individual
20 additionally showed clino- and syndactyly (Fig. 2A).

In comparison to the clinical features of patients with PYCRT muta-
tions reported in the literature (Fig. 2B) we found a significant overlap
in the clinical manifestations. Features observed in more than 75%
of the cases analysed are thin, wrinkled skin, joint hyperlaxity, typical
facial gestalt, intrauterine growth retardation (IUGR), osteopenia, hypo-
tonia and psychomotor retardation (Fig. 2B). While a considerable
number of patients showed finger contractures, Wormian bones, blue
sclerae and/or strabismus only a minority suffered from corneal clouding
or cataract (Fig. 2B).

3.2. PYCR1 mutation screening

We screened all PYCR1 exons including the alternative additional
exon 8 for mutations (Supplementary Fig. 1A). In order to estimate the
relevance of transcript B containing this alternative exon transcript-
specific qPCR was performed showing a very low expression of this tran-
script in all cell types tested (Supplementary Fig. 1B). We detected 20
different mutations in 33 patients: one nonsense, five splice site, and
14 missense alterations (Table 2). Seven of these mutations (p.Gly4Val,
p.Gly4Asp, c138 + 2T>C, p.Vall17Phe, p.Gly192Val, p.Ala241Asp,
p.Ala260Pro) were novel and resided in exons 1, 2, 4, 5, and 6 (Fig. 3A).
Five patients were compound heterozygous for a missense and a splice
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Table 1
Phenotypic findings and scoring.
Phenotypic findings
HPO terms HP:0001511 HP:0001510 HP:0000973 HP:0000963 HP:0001388 HP:0001181 HP:0002827 HP:0100790 HP:0000938 HP:0002645
Family Patient Origin IUGR Postnatal Lax Thin, Joint Adducted Hip Hernias Osteopenia Wormian
no. no. growth wrinkled translucent hyperlaxity — thumb dislocation bones
delay skin skin
[ 1 India 2 2 2 2 2 0 1 0 1 n.d.
Il 2 India 2 1 1 1 1 0 1 0 0 0
3 India n.d. 1 1 0 2 0 1 0 0 0
11 4 Brazil 1 1 1 0 1 1 n.d. 0 n.d. n.d.
5 Brazil 1 1 1 0 1 1 n.d. 1 n.d. n.d.
v 6 Pakistan 2 0 2 2 1 0 0 0 3 1
\Y 7 France 2 0 2 0 1 0 0 1 n.d. n.d.
VI 8 Latvia 1 1 1 1 1 0 0 0 1 n.d.
VI 9 Turkey 1 0 3 2 2 1 1 0 2 1
VI 10 Iraq 0 1 1 1 1 1 1 0 1 0
IX 11 Czech 1 1 3 0 n.d. n.d. n.d. n.d. n.d. n.d.
Rep.
X 12 Italy 2 2 2 2 3 0 2 0 n.d. nd.
XI 13 Turkey 0 1 1 1 1 0 0 0 nd. n.d.
Xl 14 Syria n.d. 3 1 3 0 n.d. n.d. 1 1 n.d.
15 Syria nd. n.d. 1 2 n.d. nd. nd. 1 n.d. nd.
16 Syria nd. n.d. 3 2 nd. nd. n.d. 1 nd. nd.
Xl 17 India 2 2 3 3 3 2 2 0 n.d. n.d.
XV 18 Italy 1 0 1 1 2 0 1 0 2 1
XV 19 India n.d. 2 1 1 1 2 2 2 1 2
XVI 20 Turkey 3 2 2 2 2 1 0 2 1 0
XVII 21 Turkey 3 0 2 2 2 0 0 0 1 1
XVII 22 Turkey 1 1 3 3 n.d. 1 1 n.d. n.d. nd.
XIX 23 Turkey 2 1 2 2 1 2 0 0 n.d. nd.
24 Turkey n.d. nd. 1 1 n.d. n.d. 1 nd. nd. n.d.
XX 25 Croatia 2 1 2 0 2 2 0 0 2 n.d.
XXI 26 Turkey 1 1 1 1 1 1 0 0 n.d. n.d.
XXII 27 Germany 2 1 3 1 1 0 2 1 1 n.d.
XXII 28 France 3 1 2 0 1 0 0 1 n.d. n.d.
XXIV 29 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
XXV 30 Turkey n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
31 Turkey 1 0 2 2 2 0 2 0 1 1
XXVI 32 Turkey 1 0 3 2 2 1 1 2 2 1
XXVII 33 UK 2 1 2 1 3 1 2 0 n.d. 1

IUGR = intrauterine growth retardation; n.d. = not determined; 0 = not present; 1 = mild; 2 = moderate; 3 = severe; neurodevelopmental features (psychomotor retardation,
corpus callosum dysgenesis, athetoid movements, cataracts/corneal clouding) were given a double weight in the scoring.

site mutation, respectively. Evaluation by MutationTaster, PolyPhen2
and comparison with six vertebrate PYCR1 orthologs revealed that all
residues affected by missense mutations are highly conserved and the
changes were predicted to be pathogenic (Supplementary Fig. 3) [22].
Furthermore, we investigated whether these variants are present in the
1000 Genomes Project or the Exome Variant Server (EVS) data set. Inter-
estingly, in the EVS data we found some of the known PYCR1 mutations
and other changes with high pathogenic potential with low frequency.
On this basis, we estimate a frequency of 2 x 10> for pathogenic
PYCR1 mutations in the general population resulting in a frequency of
homo- or compound heterozygous carriers of around 4 x 107,

3.3. Spectrum and distribution of PYCR1 mutations and
genotype-phenotype correlation

Analysis of the PYCRT mutation spectrum described so far revealed
an accumulation of mutations in exons 4, 5, and 6 [18,24-36]. Except
the p.Gly4Val, p.Gly4Asp and p.lle30Lys mutations, which are in exons 1
and 2, respectively, 84% of the missense mutations observed resided in
exons 4 to 6 (Fig. 3A). Also the mutations p.Gly4fs*50, ¢.138 + 1G>A,
¢.138 + 2T>C, and p.GIn10* were found in or adjacent to exons 1 and
2 (Fig. 3A). In order to gain insight into the structural and functional
consequences of the missense mutations we mapped all known PYCR1
mutations to the 3D structure of the protein (Fig. 3B, Supplementary
Fig. 2). Ten of the 16 amino acids affected by missense mutations were
found to protrude to the surface of the protein. Probably functionally

most relevant are the four residues (Arg119, Arg251, Arg266, Val258)
that form part of the lateral surface of the PYCR1 monomer. These resi-
dues could make contact to the neighbouring PYCR1 homodimer and be
involved in homodecamer formation [21]. In line with a role of Arg251
in homodimer interaction via hydrogen bonds predicted by the 3D
structure the p.Arg251His mutation was shown to only mildly affect
stability of the monomer [18]. On the other hand, the p.Arg119Gly mu-
tation severely destabilized the protein [18]. No protein expression
data was available for the p.Val258Met variant, which seems very likely
to also influence homodecamer formation. Since Ala241 and Gly192
lie in a part of the protein intercalating with another monomer the
p.Ala241Asp and p.Gly192Val mutations are likely to entail defective
homodimer formation. Ala179, Gly248, Ala257, and Ala260 point to
the inner surface of the ring-like PYCR1 homodecamer, which explains
why the quite drastic change p.Gly248Glu only mildly reduced expres-
sion of the monomer [26]. The p.Ala260Pro mutation is likely to disrupt
the long terminal alpha helix ot13 (Supplementary Fig. 2).

Our collaborative network has accumulated the largest cohort of
PYCR1-related ARCL affected individuals consisting of 68 patients
from 49 families, which had partially been described previously
[18,31]. Calculating the frequencies of different mutation types in
all patients described so far we found that missense alterations
(47%) are most frequent followed by splice site mutations (38%).
The combination of splice site and missense mutation is present in
9% of all cases whereas nonsense or frameshift alterations are under-
represented (5%) (Fig. 4A).
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Phenotypic findings
HPO terms HP:0000270 HP:0000252 HP:0001999 HP:0000592 HP:0000487 HP:0001274 HP:0006829 HP:0001263 HP:0002305 HP:0007957
Family  Patient Late Microcephaly Dysmorphic Blue sclerae  Strabismus  Corpus Hypotonia ~ Psychomotor Athetoid Cataract/ Clinical
no. no. fontanel features callosum retardation ~ movements corneal score
closure dysgenesis clouding
I 1 1 0 1 1 0 0 1 1 0 0 0.9
il 2 0 1 1 0 0 nd. 1 1 0 0 0.6
3 n.d. 0 1 0 0 n.d. n.d. 1 0 0 0.5
11 4 1 1 1 0 1 n.d. 1 2 n.d. 0 0.9
5 1 1 1 0 2 nd. 1 2 n.d. 0 1.1
v 6 0 0 1 0 0 0 0 0 0 0 0.5
\% 7 1 0 1 0 1 nd. 1 2 1 0 0.7
VI 8 nd. 1 1 0 1 1 1 1 1 0 09
Vil 9 1 1 1 1 1 0 0 2 0 0 1.1
VI 10 nd. 1 1 1 1 0 1 1 0 0 0.7
IX 11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 13
X 12 nd. 1 2 2 0 1 3 3 0 1 1.8
XI 13 nd. 1 1 0 0 0 1 1 1 1 0.8
X1 14 nd. 1 3 0 0 n.d. 1 3 1 nd. 1.7
15 n.d. n.d. 2 0 n.d. n.d. 1 3 1 n.d. 19
16 n.d. nd. 2 0 n.d. n.d. 1 3 1 n.d. 2
Xl 17 n.d. 2 2 0 0 n.d. 3 1 0 0 1.6
XV 18 0 0 1 0 0 0 1 1 0 0 0.7
XV 19 n.d. 2 1 0 0 n.d. 1 1 0 0 1.2
XVI 20 1 2 2 2 1 n.d. 3 3 0 0 1.7
XVII 21 1 0 2 2 0 0 0 0 0 0 0.8
XVII 22 2 0 1 1 0 nd. 1 1 0 0 1.1
XIX 23 2 1 2 1 0 n.d. 1 1 0 0 1.1
24 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1 n.d. n.d. 13
XX 25 2 1 2 0 2 n.d. 2 n.d. 0 0 12
XXI 26 1 1 1 1 1 1 1 1 1 1 1.1
XXII 27 1 1 2 0 0 n.d. 1 1 0 0 0.6
XX 28 0 1 0 0 1 n.d. 1 3 1 0 1.1
XXIV 29 n.d. nd. n.d. 2 2 n.d. 0 n.d. 1 2 1
XXV 30 n.d. n.d. 1 1 n.d. n.d. 1 1 n.d. n.d. 1
31 1 1 1 1 0 0 2 2 0 0 1.7
XXVI 32 1 0 1 1 1 0 0 2 0 0 12
XXVII 33 0 1 1 n.d. 0 1 2 n.d. 0 0 0.4

An overall clinical score was calculated on the basis of the severity
or absence of up to 20 clinical features. The average score for all pa-
tients from our cohort was around 1 with a range between 0.4 and
1.9, indicating that each feature was on average mildly expressed
in all individuals. Comparing the overall scores associated with the dif-
ferent mutation types no significant differences were seen (data not
shown). Psychomotor retardation was present in all except of three
affected individuals. Although these three individuals also had lower
overall clinical scores, they had the typical outward appearance. Inter-
estingly, both cases carrying the homozygous c.138 + 1G>A mutations
were not intellectually disabled indicating that this splice site mutation
has a mild effect. Low clinical scores and mild intellectual disability
were associated with the most N-terminal mutations p.Gly4Val and
p.Gly4Asp. In summary, there was a significant association of lower
clinical scores and absent or only mild intellectual disability with muta-
tions in exons 1 and 2 when compared to mutations in exons 4, 5, and
6 (Fig. 4B).

4. Discussion

Common clinical features of PYCRI-related ARCL include wrinkled
and/or sagging skin, a typical facial dysmorphism, hyperlaxity of joints,
growth retardation, hypotonia, and psychomotor developmental delay
[18,24,31]. The difficulties of diagnosing the disorder on clinical grounds
are mirrored by the diverse initial clinical diagnoses made in our patient
group ranging from other cutis laxa syndromes to other progeroid

disorders like Hallermann-Streiff syndrome or neonatal progeria. In
mild cases, especially with normal psychomotor development, one
might misdiagnose patients with PYCRI mutations as having
gerodermia osteodysplastica [30,35]. More severe cases with significant
retardation, epilepsy and pachygyria can be very similar to ATP6V0A2-
related ARCL2A [12,17]. As already evident in the description by
Annemarie Sommer of a case, in which we later found a PYCR1 muta-
tion, progeroid features and growth delay usually get milder when the
children grow up [18,37]. The frequency of “common” PYCRI
mutation-related features in our patient group is comparable to that
of previously reported cases. However, it should be noted that there is
a discrepancy between the reported frequencies of hypotonia,
osteopenia, finger contractures, and late fontanel closure. Interestingly,
corneal clouding and cataracts have been suggested to be typical for
PYCR1 and ALDH18A1 mutations [31]. But this was not confirmed in
our study since only four patients suffered from these specific eye
problems.

The type of neurologic involvement was highly variable and mostly
not discriminative. Epilepsy, which has been up to now mostly observed
in ARCL2A patients, occurred in three of our patients [38]. Athetoid
movements, described as characteristic for PYCR1 mutations were only
present in nine patients, while a corpus callosum agenesis was present
in one third of the patients in which a MRI was performed, suggesting
that these signs support the diagnosis of PYCRI-related cutis laxa but
the absence of corpus callosum abnormalities or extrapyramidal symp-
toms does not rule out the diagnosis. In conclusion, IUGR, hypotonia,



358 A. Dimopoulou et al. / Molecular Genetics and Metabolism 110 (2013) 352-361

and psychomotor retardation together with the typical facial gestalt
should allow successful differential diagnosis. More unique features,
such as finger contractures, cataract, corneal clouding, agenesis of the
corpus callosum or athetoid movements can serve as sufficient features
making the diagnosis highly likely. However, it should be noted that due
to the close clinical overlap there are no clinical features that allow
distinguishing ALDH18A1- from PYCR1-related ARCL [31]. As a general
rule ALDH18A1-related ARCL is more severe, especially the intellectual
disability.

PYCR1 mutations are found in approximately 25% of ARCL2 cases and
are, together with ATP6V0OA2 mutations, the most common cause of this
disease spectrum [9]. In addition to the 37 patients we described previ-
ously we here present 33 individuals with PYCRI-related ARCL with
seven novel mutations [18,31]. Including these newly identified alter-
ations 30 different mutations in PYCR1 have been reported. The majority
are missense mutations, followed by splice site mutations, combina-
tions of splice site and missense mutations, and nonsense or frameshift
mutations. No significant correlation between mutation type and dis-
ease expression was detected. We previously described that all tested
mutations result in PYCR1 protein degradation up to a total loss of the
protein [18]. Given that the disease mechanism is therefore clearly a
loss of function it might be surprising that so far only one nonsense mu-
tation (p.GIn10*) has been identified. However, a similar underrepre-
sentation of nonsense mutations has been reported in other metabolic
disorders (e.g. phenylketonuria) [39]. The two siblings harbouring the
p.GIn10* mutation as well as the two non-related patients with this mu-
tation that have been described recently are of Brazilian origin [33]. It

cannot be excluded that these families are related or at least come
from the same region.

The majority of the missense mutations reside within exons 4 to 6,
which encode the most highly conserved parts of the PYCR1 protein
containing many residues involved in enzymatic function [21]. None
of the mutations found in PYCRI-related ARCL precisely affect amino
acids involved in enzymatic function, but often neighbouring residues.
In one patient, the alteration p.Gly297Arg encoded by the alternative
exon 8 was identified besides the known missense mutation
p.Gly248Glu [26]. The C-terminus encoded by this alternative transcript
is evolutionarily not conserved and we here show very low expression
levels suggesting that this splice variant and mutations in it are of low
clinical relevance.

Mutations affecting residues localized in the hydrophobic protein
core are more likely to entail an overall folding problem leading to deg-
radation. In contrast, changes in residues that lie at the protein surface
can influence protein-protein interaction. It was shown that PYCR1
forms a homodimer which assembles into a ring-shaped homodecamer,
which is finally biologically active [21]. We found that four mutated
residues lie at the lateral surface of the PYCR1 monomer, which potential-
ly gets in contact with the neighbouring homodimer. The p.Arg266GIn
mutation is exceptional since it also strongly affects splicing which very
likely impairs protein expression [24]. PYCR1 bearing the p.Arg119Gly
mutation was severely destabilized indicating misfolding [18]. In con-
trast, previous results suggest that mutating Arg251, which forms a
prominent protrusion on the protein surface and is known to stabilize
homodimer formation though H bonding, only has a minor effect of

Table 2
Additional clinical findings, diagnoses and mutations.
Mutations
Family no.  Patientno.  Additional clinical findings Initial diagnosis ~ Status ~ cDNA Consequence  Exon  Literature mutation
I 1 Macular opacities GO hom c.11G>A p.Gly4Asp 1 Novel
Il 2 - CL hom c11G>T p.Gly4val 1 Novel
3 - GO hom c11G>T p.Gly4val
11 4 Early death ARCL2B hom c28C>T p.Q10* 1 [33]
5 Early death ARCL2B hom c.28C>T p.Q10*
v 6 - n.d. hom c.138 + 1G>A Splicing 2 [18]
\ 7 - HS het c138 + 2T>C Splicing 2 Novel
het c.722C>T p.Ala241Val 6 [33]
VI 8 - DBS hom ¢.355C>T p.Arg119Cys 4 [36]
Vil 9 Tourette syndrome, ADHD GO hom ¢355C>G p.Argl19Gly 4 [18]
VIII 10 Epilepsy WSS hom c.535G>A p.Ala179Thr 4 [18,35]
IX 11 - n.d. hom c.535G>A p.Ala179Thr 4 [18,35]
X 12 Glaucoma, hydroureteronephrosis, DBS het c349G>T p.Val117Phe 4 Novel
clubfoot, platybasia het c540 + 1G>A Splicing 4 [18,30,31]
XI 13 - DBS hom c540 + 1G>A Splicing 4 [18,30,31]
X1 14 - nd. hom c540 + 1G>A Splicing 4 [18,30,31]
15 - nd. hom c540 + 1G>A Splicing
16 - n.d. hom c.540 + 1G>A Splicing
Xl 17 Late dentition, pectus excavatum n.d. hom c.540 + 1G>A Splicing 4 [18,30,31]
XV 18 Pes planus, ADHD, joint pain, pale optic discs GO hom c540 + 1G>A Splicing 4 [18,30,31]
XV 19 - nd. hom c540 + 1G>A Splicing 4 [18,30,31]
XVI 20 Abnormal fat pads, syndactyly Progeria hom c.575G>T p.Gly192val 5 Novel
XV 21 Sparse hair DBS hom c.616G>A p.Gly206Arg 5 [18,25]
XVIII 22 - DBS hom c575G>T p.Gly192val 5 Novel
XIX 23 Abnormal fat pads n.d. hom c.616G>A p.Gly206Arg 5 [18,25]
24 - n.d. hom c.616G>A p.Gly206Arg
XX 25 Epilepsy ARCL2B hom €797 + 2-797 + 5_del  Splicing 6 [18]
XXI 26 Epilepsy DBS hom c.772G>A p.Val258Met 6 [34]
XXII 27 - ACL2 het c.743G>A p.Gly248Glu 6 [26]
het c.797G>A Splicing 6 [18,24]
XXIII 28 - Progeria het c.752G>A p.Arg251His 6 [18]
het €797 + 2-797 + 5del Splicing 6 [18]
XXIV 29 - DBS hom c.752G>A p.Arg251His 6 [18]
XXV 30 - DBS hom c.722C>A p.Ala241Asp 6 Novel
31 Sparse hair CL hom c.722C>A p.Ala241Asp 6 Novel
XXVI 32 Hydronephrosis GO hom ¢.797 + 2-797 + 5_del  Splicing 6 [18]
XXVII 33 Absent cingulate gyrus, pectus carniatum, nd. het ¢.778G>C p.Ala260Pro 6 Novel
equinovarus feet het c.797G >A Splicing 6 [18,24]

ADHD = attention deficit hyperactivity disorder; CL = cutis laxa; DBS = De Barsy syndrome; HS = Hallermann-Streiff syndrome; GO = gerodermia osteodysplastica.
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Fig. 3. Mutational spectrum of PYCR1 and surface localization of residues affected by missense mutations. (A) A schematic overview of all known PCYR1 mutations. On top of the exon over-
view all missense whereas below all other types of mutations are shown. Mutations described previously are indicated in black. Novel mutations identified in the present study are given in
red. (B) 10 mutated amino acids affected by missense mutations (shown in yellow) are in contact with the surface of the PYCR1 protein. Four (Arg119, Arg251, Val258, Arg266) are at one
side which makes contact to other PYCR1 homodimers in the ring-like homodecamer structure. Four affected residues (Ala179, Gly248, Ala257, Ala260) reside at the “back” of the molecule,
which forms the inner surface of the ring-shaped homodecamer. Two mutated residues (Val192, Ala241) are at sites relevant for homodimer formation. No mutated residues are found at
the outer surface where catalysis takes place and at the other lateral surface (Supplementary Fig. 2). Arg251 (underlined) is the only surface-localized residue with a direct role in stabili-

zation of the inter-homodimer interaction.

protein stability [18,21]. Since patients bearing this mutation do not
show a milder phenotype the functional loss might stem from defec-
tive PYCR1 multimerization. The effect of the mutations p.Gly192 and
p.Ala241 on monomer stability and homodimer formation remains to
be investigated.

The only three missense alterations not residing in exons 4 to 6 are
p.Gly4Val, pGly4Asp and p.lle30Lys. Interestingly, affected individuals
with mutations in exons 1 and 2, including the “severe” p.GIn10* muta-
tion, show low average clinical scores and three of these individuals do
not show intellectual disability. The p.GIn10* mutation is highly likely to
cause nonsense-mediated decay and thereby a total absence of the
PYCR1 protein. A similar effect can be assumed for the c.138 + 1G>A
mutation. For the mutations p.Gly4Val, p.Gly4Asp and p.lle30Lys we
propose a different pathomechanism. Given that PYCR1 is very likely
an intra-mitochondrial protein, these mutations could affect mitochon-
drial import as well as sub-mitochondrial localization because of an
altered targeting signal, which usually resides in the N-terminus. All
these facts indicate that a reduction of the protein in mitochondria
due to either complete loss of the mRNA or the gene product, or defec-
tive protein import is less deleterious for tissue function than the pres-
ence of an altered protein that cannot form a homodecamer and carry
out its enzymatic function. This hypothesis is further underscored by
the fact that also patients with a deletion of the entire PYCR1 locus do
not show intellectual disability [25]. This indicates that the absence of
PYCR1 can be tolerated during development of the CNS. In contrast,
PYCR1 seems more important for the development of skeletal, fat and
connective tissues. In post-natal development, however, PYCR1 be-
comes less crucial explaining why the progeroid appearance and
growth delay get milder with age. The investigation of PYCR1 function
during different developmental stages and the consequences of muta-
tions is subject of ongoing research.
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In conclusion, our current study presents the second largest group of
patients with PYCR1-related ARCL and expands the clinical and genetic
spectrum. Furthermore, by comparison with all patients reported so
far we were able to determine the clinical features which are crucial
for diagnosis of this clinically variable progeroid disorder. The analysis
of the genotype-phenotype correlation might help to improve our un-
derstanding of the different functions of the PYCR1 protein during dif-
ferent phases of development.
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