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Clinical and biochemical features guiding
the diagnostics in neurometabolic cutis laxa

Thatjana Gardeitchik1, Miski Mohamed1,19, Björn Fischer2,19, Martin Lammens3, Dirk Lefeber4, Baiba Lace5,
Michael Parker6, Ki-Joong Kim7, Bing C Lim7, Johannes Häberle8, Livia Garavelli9, Sujatha Jagadeesh10,
Ariana Kariminejad11, Deanna Guerra12, Michel Leão13, Riikka Keski-Filppula14, Han Brunner15,
Leo Nijtmans1, Bert van den Heuvel1,16, Ron Wevers1,16, Uwe Kornak2,17 and Eva Morava*,1,18

Patients with cutis laxa (CL) have wrinkled, sagging skin with decreased elasticity. Skin symptoms are associated with variable

systemic involvement. The most common, genetically highly heterogeneous form of autosomal recessive CL, ARCL2,

is frequently associated with variable metabolic and neurological symptoms. Progeroid symptoms, dysmorphic features, hypotonia

and psychomotor retardation are highly overlapping in the early phase of these disorders. This makes the genetic diagnosis often

challenging. In search for discriminatory symptoms, we prospectively evaluated clinical, neurologic, metabolic and genetic features in

our patient cohort referred for suspected ARCL. From a cohort of 26 children, we confirmed mutations in genes associated with

ARCL in 16 children (14 probands), including 12 novel mutations. Abnormal glycosylation and gyration abnormalities were mostly,

but not always associated with ATP6V0A2 mutations. Epilepsy was most common in ATP6V0A2 defects. Corpus callosum dysgenesis

was associated with PYCR1 and ALDH18A1 mutations. Dystonic posturing was discriminatory for PYCR1 and ALDH18A1 defects.

Metabolic markers of mitochondrial dysfunction were found in one patient with PYCR1 mutations. So far unreported white matter

abnormalities were found associated with GORAB and RIN2 mutations. We describe a large cohort of CL patients with neurologic

involvement. Migration defects and corpus callosum hypoplasia were not always diagnostic for a specific genetic defect in CL.

All patients with ATP6V0A2 defects had abnormal glycosylation. To conclude, central nervous system and metabolic abnormalities

were discriminatory in this genetically heterogeneous group, although not always diagnostic for a certain genetic defect in CL.
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INTRODUCTION

In inherited cutis laxa (CL), patients have progeroid, inelastic, sagging
skin, associated with abnormal structure or function of elastic fibers.
These abnormalities are either because of direct structural defects, or
abnormal maturation and secretion of the involved proteins. The skin
symptoms are associated with variable systemic involvement.
The underlying pathomechanism of this multisystem involvement is
not fully understood.
CL syndromes show two major phenotypes: syndromes with severe

multiorgan involvement and syndromes with central nervous system
(CNS) involvement and growth delay.1,2 CL has an estimated
incidence of 1:2–400 000, and shows X-linked, autosomal dominant
and autosomal recessive inheritance.2 Only around 100 cases have

been described with a known mutation, and in most patients the
underlying genetic defect has not been discovered yet. Diagnosis based
on clinical features is highly challenging because of significant
phenotypic overlap.
X-linked CL (XLCL or occipital horn syndrome, OHS, MIM

304150) is clinically distinct from the other CL syndromes
because of early presentation, occipital horns and variable CNS
involvement. XLCL is caused by mutations in ATP7A, a copper
transporter gene.3,4 Diagnosis can be made based on clinical
features, low serum levels of copper and ceruloplasmin and
mutation analysis.3,4

In autosomal dominant CL (MIM 123700), the family history,
the appearance of skin signs and organ involvement is variable.
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Mental development is normal. Some patients carry mutations in the
elastin (ELN) or fibulin 5 (FBLN5) gene.5,6 Autosomal recessive CL
(ARCL) is the most prevalent and variable form of inherited neonatal
CL. ARCL is divided in three major groups: type 1, 2 and 3 (ARCL1,
MIM 219100; ARCL2A, MIM 219200; ARCL2B, MIM 612940; WSS,
MIM 278250; ARCL3A, MIM 219150; ARCL 3B, MIM 614438;
geroderma osteodysplasticum (GO), MIM 231070; De Barsy
Syndrome (DBS), MIM 219150; macrocephaly, alopecia, CL,
scoliosis syndrome (MACS), MIM 613075). ARCL1 is a life-
threatening disease with generalized neonatal CL and severe
systemic, mainly cardiopulmonary involvement because of
mutations in FBLN4 (EFEMP2), FBLN5 or LTBP4.7–11

ARCL2 is a group of syndromes due to variable gene defects,
resulting in overlapping phenotypes without major cardiopulmonary
symptoms, but with frequent CNS involvement. ARCL2A (including
ATP6V0A2-CDG, Debré-type CL and wrinkly skin syndrome) is
caused by mutations in the ATP6V0A2 gene.2,12,13 Generalized CL is
already present at birth and intriguingly improves over time. Patients
have suggestive facial features with hanging eyelids, down-slanting
palpebral fissures, muscle hypotonia, epilepsy and mild-to-moderate
developmental delay.2,12,14 The combination of the biochemical
marker of abnormal protein glycosylation (congenital disorder of
glycosylation (CDGII)) and cobblestone-like brain dysgenesis in
ARCL2 is pathognomonic for ARCL2A.2,15,16 The recently defined
ARCL2B is caused by mutations in the PYCR1 gene, involved in
de novo mitochondrial proline synthesis, leading to a progeroid

appearance, parchment-like skin, triangular face, joint luxations,
muscle hypotonia, dystonic posturing and developmental delay.17,18

Some patients have normal intelligence.19,20 Corpus callosum
dysgenesis is common in ARCL2B.18 The similar and metabolically
related P5CS deficiency (P5CSD) is caused by mutations in
ALDH18A1.21,22

Patients with DBS, or ARCL3, have CL, growth retardation,
corneal clouding, athetoid movements and developmental delay.23

Some children with a clinical diagnosis of DBS also carry mutations
in the PYCR1 or ALDH18A1 genes.18,24

GO, caused by GORAB mutations is another ARCL involving the
Golgi apparatus function. Frequent bone fractures and joint luxations
are characteristic, however, intellectual disability is unusual.25

MACS syndrome, caused by mutations in the RIN2 gene is a
disorder with very characteristic, discriminatory facial features with
sagging chin and severe developmental delay.26–28

Several other syndromes are described in which CL is an associated
feature. Intriguing examples are the syndromes caused by genetic
alterations in the RAS-MAPK pathway. It is well accepted that
Costello syndrome (CS; MIM 218040) can present with CL, however,
skin manifestations in other RAS-MAPK-associated syndromes are
more variable. CL has been recently described in patients with both
BRAF and PNTP11 mutations (causing cardiofaciocutaneous syn-
drome (CFC; MIM 115150) and Noonan syndrome (NS; MIM
163950), respectively, Figure 1a. The typical features diagnostic for
the syndromes were not apparent at birth29 and patients could be

Figure 1 CL in patients with different genetic defects. (a) Patients with RAS-MAPK pathway-related defects (BRAF, SHOC2 and PTPN11 mutations,

respectively). (b) Patient with RIN2 mutation, (c) patient with ATP6V0A2 mutation, (d) patient with ALDH18A1 mutation, (e) patient with GORAB mutation

and (f) patient with PYCR1 mutation.
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therefore initially evaluated for a possible ARCL. Especially, progeroid
features in patients with SHOC2 mutations overlap with those with
PYCR1.
Other syndromes with neurological symptoms include, for exam-

ple, Keutel syndrome, a disorder with hearing loss, cartilaginous
ossification and intellectual disability and mild CL (MIM 245150);
Sotos syndrome, an overgrowth syndrome with spasticity and
developmental delay (MIM 117550); and Cantu syndrome, a syn-
drome of hypertrichosis, skeletal dysplasia, cardiomyopathy and
intellectual disability (MIM 114620).30

In this article, we evaluate a large cohort of patients suspected with
ARCL based on the clinical phenotype and the presence of neurolo-
gical features. In search for discriminatory symptoms to find the
underlying molecular defect, we propose a diagnostic approach in this
genetically heterogeneous neurological disease.

PATIENTS AND METHODS
We prospectively evaluated the clinical, metabolic, neurological and genetic

features of a cohort of patients referred between 2008 and 2011 for consult to

our clinical center at the Institute of Genetic and Metabolic Disease (IGMD)

with a suspected ARCL syndrome. In this period, 36 patients were referred

from 12 countries. None of the patients included in this cohort had previous

genetic diagnostic tests or metabolic analysis for glycosylation disorders or

evaluation of mitochondrial function. However, screening for abnormal copper

or ceruloplasmin levels to rule out OHS had been performed.

To exclude other inheritance patterns and ARCL type 1, we used the

following diagnostic criteria for suspected ARCL (non-type 1) in our cohort:

(1) neonatal CL, (2) no affected parents and (3) absence of severe

cardiopulmonary or urogenital involvement. In order to evaluate the clinical

association between CL and neurologic involvement and to select a coherent

group, we used the additional selection term (4) central nervous involvement

(see Supplementary Figure 1). Applying these criteria we excluded 10 patients.

Based on clinical features and history, three patients were clinically diagnosed

with either acquired CL (post infection; n¼ 1) or autosomal dominant CL

(n¼ 2). One patient was clinically diagnosed with ARCL type 1 (this patient

had lethal cardiopulmonary involvement and an affected brother, but the

patient remained genetically unconfirmed).31 One patient, with a severe

multiple malformation syndrome, suspected with a chromosomal

abnormality had a de novo paternal inverted duplication of the entire short

arm of chromosome 11 including the HRAS locus, described recently.32 In five

children with progeroid skin anomalies and/or syndromal presentation

associated with wrinkled skin, a MAPK pathway-related defect has been

considered and confirmed. In one patient, a HRASmutation was found, in two

patients BRAFmissense mutations were found, already described in association

with CL29 and in two patients the common missense mutation in the SHOC2

gene33 was confirmed. This led us to a cohort of 26 patients meeting the

criteria for suspected autosomal recessive inheritance non-type 1 (see

Supplementary Figure 1). The same geneticist at IGMD evaluated all patients

regarding clinical features, disease history and family history following our

diagnostic flowchart protocol (Figure 2).

Patients
All patients were initially evaluated after birth because of CL and clinically

followed for a minimum of 2 years (2–18 years). Patients 1, 2, 6–8, 14 and 15

were offspring of consanguineous parents. Patients 9 and 13 and patients 14

and 15 are siblings. All children, except for patients 2, 12, 13 and 15 underwent

skin biopsy (for histology and methods see Supplementary Data). Clinical and

neurological evaluation, ophthalmologic investigation, skeletal survey, echo-

cardiogram and ECG, standard developmental assessment and IQ measure-

ment and a standard cranial MRI were performed in all cases, except in

patients 8 and 11. For clinical details see Table 1.

Metabolic investigations
Blood lactate, blood gas, glucose, ammonia, liver function tests, creatine

kinase, triglycerides, cholesterol, serum amino acids, serum acyl-carnitines,

urine organic acids, amino acids and purines/pyrimidines were assessed by

standard methods in all patients. Ceruloplasmin levels were previously

screened. Transferrin isoelectric focussing (TIEF) and apolipoprotein-C

isoelectrophoresis (ApoC-III IEF) were carried out as screening for glycosyla-

tion disorders by standard methods (see Supplementary Data).34,35

Molecular genetic studies
Genomic DNAwas extracted from peripheral blood lymphocytes using standard

salting out procedures.36 Genotyping was performed by using the Affymetrix

GeneChip Mapping 10K 2.0 array or the Affymetrix NspI 250K SNP array.

All SNP array experiments were performed and analyzed according to the

manufacturer’s protocols (Affymetrix, Santa Clara, CA, USA). Homozygosity

mapping was performed using pLINK v1.06 (Shaun Purcell, http://pngu.mgh.

harvard.edu/purcell/plink/; Boston, MA, USA) using a homozygous window of

50 SNPs tolerating two heterozygous SNPs and 10 missing SNPs per window.

Mutation analysis of ATP6V0A2, GORAB, ALDH18A1, PYCR1, FBLN5,

PTPN11, BRAF, HRAS, SHOC2, NSD1 and RIN2 was performed by standard

methods and as described previously.4,12,13,17,18,24,25,33 PCR products were

Figure 2 Diagnostic flowchart for evaluation of a new CL patient with suspected autosomal recessive inheritance (non-type 1). The facial features of PYCR1,
ALDH18A1 and GORAB-related syndromes are similar to each other and different from the ATP6V0A2-related ARCL2A. Mild mental retardation and

frequent bone fractures suggest GORAB gene mutations and severe mental retardation and CCA on MRI is indicative of PYCR1 gene mutations. If no

mutation is found in these genes, ALDH18A1 should be screened. N.B. RAS-MAPK-related defects are not part of the ARCL syndromes, however, because

of the possible absence of the typical features diagnostic for these syndromes in early life some patients, later diagnosed with an MAPK-related defect,

could be initially evaluated for a possible ARCL.
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sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing V2.0

Ready Reaction Kit and analyzed with the ABI PRISM 3730 DNA analyzer

(Applied Biosystems, Foster City, CA, USA).

RESULTS

Patients
Patients were initially suspected with a clinical diagnosis based on
characteristic features, like characteristic face and alopecia (RIN2
mutations; MACS syndrome: patient 1), arthrogryposis or dystonia
(suspected PYCR1/ALDH18A1; ARCL2B), or typical facial features
suggesting ATP6V0A2 mutations (ARCL2A), or bone fractures
suggesting GORAB mutations (GO). Several patients had no dis-
criminatory features at initial clinical evaluation (further unspecified
ARCL2-like syndrome).
All patients underwent extensive neurologic evaluation. For neu-

rologic data see Table 1.

Mutation analysis
From the 26 patients, we confirmed a mutation in 16 cases (Table 2).
In patient 2, homozygosity mapping detected a homozygous region of
3.1Mb on chromosome 17q25.3 delimited by SNP_A-1939818 and
SNP_A-2039852 with PYCR1 in the region. Direct DNA sequencing
of PYCR1 revealed a homozygous splicing mutation. Homozygosity
mapping in the family of patients 14 and 15 showed that the largest
homozygous region of 24.8Mb was defined by 102 homozygous
SNPs on 1q23.3–1q31.1 and was delimited by SNP_A-1511542 and

SNP_A-1509763. The region contained GORAB. By direct DNA
sequencing of GORAB in both patients, we found a novel homo-
zygous missense mutation. Direct sequencing of the candidate gene
identified mutations in patients 1 (RIN2), 3, 4, 6, 7 (PYCR1),
5 (ALDH18A1), 8–13 (ATP6V0A2) and 16 (GORAB). For more
details and prediction of pathogeneicity of novel mutations, see
Table 2 and Supplementary Data, respectively.

Laboratory results
Lactate levels and blood alanine levels were increased in patient 7
once. No significant abnormalities were detected in the urine organic
acids, except for mild ethylmalonic aciduria in patient 7 (22 and
27mmol/mmol creatinine; normal o20mmol/mmol creatinine),
suspected with ARCL2B. Blood ammonia, triglycerides, cholesterol,
serum acyl-carnitines, urine amino acids and purines/pyrimidines
were normal in all patients.
TIEF results were abnormal in patients 8–12 showing a CDG type

II pattern and abnormal ApoC-III isoforms (ApoC-III1: 72–76%;
control range 33–67%) and ApoC-III2: 18–21% (control range
27–60%). In patient 13, no TIEF was performed. In patient 1, the
IEF was slightly abnormal.28

Ophthalmologic evaluation
Patients 2–8 had corneal clouding and/or cataract; patients 4, 7, 9, 10,
12, 13, 14 and 15 had strabismus.

Table 1 Clinical and neurological features of 16 patients with autosomal recessive cutis laxa type II

Patients Hypotonia

Developmental

delay Dystonia Spasticity Epilepsy Visual loss Abnormal brain MRI Dysmorphic features

Metabolic

abnormalities

Mutation

(gene)

1 þ /� þ � � þ � Cystic white matter

lesion

Sagging chin Long

face

ApoC-III RIN2

2 þ þ þ þ þ Corneal

clouding

Cerebral atrophy Progeria, beaked

nose

� PYCR1

3 þ þ þ � þ Corneal

clouding

Corpus callosum

dysgenesis

Triangular face large

ears

� PYCR1

4 þ þ � � þ Cataract

Esotropia

Corpus callosum

dysgenesis

Triangular face, long

ears

� PYCR1

5 þ þ þ þ þ Cataract Corpus callosum

dysgenesis, CA

Long face large ears � ALDH18A1

6 þ þ þ þ þ Corneal

lesions

CCA, poli-microgyria Triangular face, long

ears

� PYCR1

7 þ þ � � þ Cataract

esotropia

Cerebral atrophy Progeria, beaked

nose

Lactate, EMA PYCR1

8 þ � þ � � Corneal

clouding

NA Down-slanting droopy

eyes

TIEF/ApoC-III ATP6V0A2

9a þ þ � � � Esotropia Cobblestone-like

dysgenesis

Down-slanting droopy

eyes

TIEF/ApoC-III ATP6V0A2

10 þ þ � � þ Esotropia Cobblestone-like

dysgenesis

Down-slanting droopy

eyes

TIEF/ApoC-III ATP6V0A2

11 þ þ � � þ � NA Down-slanting droopy

eyes

TIEF/ApoC-III ATP6V0A2

12 þ þ � � � Esotropia Cobblestone-like

dysgenesis

Down-slanting droopy

eyes

TIEF/ApoC-III ATP6V0A2

13a þ þ � þ /� � � Cobblestone-like

dysgenesis

Down-slanting droopy

eyes

NA ATP6V0A2

14a þ þ � þ þ þ /� White matter lesions Long face, large ears � GORAB

15a þ þ � þ � � White matter lesions Long face, large ears � GORAB

16 þ þ � � þ � � Extreme face laxity � GORAB

Abbreviations: ApoC-III, apolipoprotein CIII isoelectrophoresis; CA, cerebellar atrophy; EMA, ethylmalonic acid; NA, not available; TIEF, transferrin isoelectric focussing.
aPatients 9 and 13 and patients 14 and 15 are siblings.
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Cranial imaging
Cranial MRI in patient 1 at the age of 18 years showed cerebral
atrophy. The gyration was normal. There were bilateral, cystic-gliotic,
parietal periventricular white matter abnormalities observed
(Figure 3a). The pontocerebellar structures and the corpus callosum
were normal, and no abnormalities of the basal ganglia were present.
Patients 3, 4 and 6 had partial dysgenesis of the corpus callosum.
MRI in patient 5 revealed cerebellar vermis hypoplasia and a thin
corpus callosum. In patient 6, cranial CT imaging showed severe
cerebral atrophy, abnormal frontal gyration (polimicrogyria) and
agenesis of the corpus callosum. Patients 9, 10, 12 and 13 had a
frontotemporal cobblestone-like dysgenesis (Figure 4). MRI in patient
14 revealed mild periventricular white matter changes, besides cortical
atrophy from the age of 10 years (Figure 3b). Patient 15 had only
minimal, nonspecific periventricular white matter changes at the age
of 16 years (Figure 3c). The cranial MRI of patient 16 at the age of 6
years was normal. Patients 2 and 7 had no specific MRI abnormalities,
only variable degrees of cortical atrophy. A summary of the MRI
findings is given in Table 1.

Histology
From all children, except for patients 2, 8, 9 and 11, a skin biopsy was
taken from either the lower forearm, the upper thigh or the lower

abdominal region (not necessarily the location with the most severe
CL). Light microscopy showed severe elastin abnormalities in all
patients. In all samples, a decreased amount of irregular, short, thick
and often fragmented elastic fibers was seen in addition to a more
general disorganized extracellular matrix. Electron microscopy was
performed in patients 1, 3, 7, 9, 16 and was characteristic for the
disease localization in patients 1 and 9 and patients 3 and 7 (Golgi
and mitochondrial involvement, respectively, for more details see
Supplementary Data).

DISCUSSION

Since CL or wrinkled skin has been described in 450 syndromes
(Oxford Medical Database), most of which are associated with
neurological involvement, it is not easy to suggest a diagnostic
strategy. Making the correct diagnosis is complicated because of
phenotypic diversity in patients with the same genetic defect, but on
the other hand there is a significant phenotypic overlap between the
different syndromes.
There are only a few discriminatory or even pathognomonic

symptoms for each type of disease. In addition, although not always,
discriminatory metabolic alterations might give some clues, as they
are surprisingly common.

Table 2 Confirmed mutations in 16 patients with cutis laxa

Patient Gene cDNA Consequence Mutation previously reported in other patients

1 RIN2 c.1731delC p.Ile578Serfs*4 Albrecht et al27; Basel-Vanagaite et al26

c.1731delC p.Ile578Serfs*4

2 PYCR1 c.540þ1G4A splicing Reversade et al18; Yildirim et al20

c.540þ1G4A

3 PYCR1 c.355C4T p.Arg119Cys —

c.356G4A p.Arg119His Reversade et al18

4 PYCR1 c.355C4T p.Arg119Cys —

c.355C4T p.Arg119Cys —

5 ALDH18A1 c.1273C4T p.Arg425Cys Zampatti et al38

c.2225G4T p.Ser742Ile

6 PYCR1 c.772G4A p.Val258Met —

c.772G4A p.Val258Met —

7 PYCR1 c.535G4A p.Ala179Thr Reversade et al18

c.535G4A p.Ala179Thr

8 ATP6V0A2 c.754delT p.Tyr252Ilefs*15 —

c.754delT p.Tyr252Ilefs*15

9a ATP6V0A2 c.600delC p.Ile201Serfs*20 Fischer et al44

110-kb deletion p. deletion

10 ATP6V0A2 c.1101delC pThr368Leufs*43 —

c.1562_1563delins9 p.Ile521Metfs*16

11 ATP6V0A2 c.1326þ1G4A; splicing/ —

c.2287C4T p.His763Tyr

12 ATP6V0A2 c.1605þ1G4A splicing —

c.1605þ1G4A

13a ATP6V0A2 c.600delC p.Ile201Serfs*20 —

110-kb deletion p. deletion

14a GORAB c.524C4T p.Ser175Phe —

c.524C4T p.Ser175Phe

15a GORAB c.524C4T p.Ser175Phe —

c.524C4T p.Ser175Phe

16 GORAB c.3676G4T p.Glu123* —

c.3676G4T p.Glu123*

aPatients 9 and 13 and patients 14 and 15 are siblings.
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Our study confirms that the combining of biochemical analyses,
neurological findings and neuroimaging in CL patients will facilitate a
guided mutational analysis and a quick correct diagnosis (see
suggested diagnostic chart Figure 2).

Neurological features and the use of neuroimaging in ARCL2
Several CL syndromes are presenting with muscle hypotonia
(ATP6V0A2 and PYCR1 defects), spasticity (PYCR1 and ALDH18A1
defects), dystonic, athetoid movements (ALDH18A1 and PYCR1
defect) or epilepsy (ALDH18A1 and ATP6V0A2 defects). Develop-
mental delay is frequent in patients with ATP6V0A2 and PYCR1
mutations.19,25 Up until now, no neurological involvement has been
described in GO patients carrying GORAB mutations and most of the
patients had a normal mental development.25 The finding of

spasticity, intellectual disability and white matter involvement in
our patients with GORABmutations is therefore unique, and could be
either because of a broad spectrum of phenotypic variability, or a
consequence of a possible second disease based on the high
consanguinity in this family.
Interestingly, several forms of CL syndromes occur in association

with congenital brain developmental defects. As our first description
of a novel CL syndrome with variable cortical anomalies and a genetic
defect in ATP6V0A2, several new patients have been reported.12,16

In children diagnosed with ATP6V0A2 mutations, the presence of
cobblestone-like brain dysgenesis in combination with glycosylation
abnormalities is pathognomonic; the cerebral abnormalities are
dominated by bilateral cortical malformation of the posterior parts
of the frontal lobes or the temporal lobes and enlarged perivascular

Figure 3 White matter anomalies in patients diagnosed with RIN2 and GORAB mutations. (a) Axial FLAIR images of patient 1 diagnosed with MACS

syndrome at the age of 18, showing periventricular white matter disease with cystic lesions in the white matter. The U fibers are spared. (b, c) Mild white

matter changes in the periventricular white matter and in the corpus callosum on axial T2 images in patients 14 and 15 at age of 10 and 16 years,

diagnosed with GO syndrome, intellectual disability and spasticity.

Figure 4 MRI images of patients with ATP6V0A2 mutations. (a, b) Demonstrate frontal and frontotemporal cobblestone-like brain dysgenesis on sagittal T1

weighed images in patient 9 at the age of 9 years. Note the enlarged Virchow space under the abnormally developed brain region. (c, d) Show a T2 weighed

(axial) and a T1 weighed (coronal) image both showing frontotemporal cobblestone-like brain dysgenesis. (e, f) Show axial images of frontotemporal

cobblestone-like brain dysgenesis respectively on T2- and T1-weighted images in patient 10 at the age of 2. (g) Shows an axial image showing mild, frontal

cobblestone-like brain dysgenesis.
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spaces. Surprisingly, one of the patients (patient 6) with a confirmed
PYCR1 mutation also had gyration anomalies: polymicrogyria, a
recognizably different type than the cobblestone brain-like
abnormalities and obviously, without glycosylation abnormalities.
An important observation is the common presence of corpus

callosum dysgenesis or corpus callosum agenesis (CCA) in patients
with PYCR1 mutations. Although the presentation of CCA is
nonspecific, the combination of a CL syndrome with progeroid
features and corpus callosum dysgenesis is highly suggestive.12,17,20

So far, no brain anomalies have been reported in the patients
diagnosed with MACS syndrome. The finding of periventricular cystic
lesions in our patient (patient 1) diagnosed with a RIN2 mutation
could be a coincidence, however, no suggestive perinatal history or
vascular aberrations could be confirmed as an underlying basis of
this feature. Similar, periventricular, cystic abnormalities have been
previously observed in other metabolic multiple malformation
syndromes as well; for example, in patients with Lowe syndrome
(MIM 309000), which is also due to defects in an endosomal
protein.37

Metabolic abnormalities
All patients with ATP6V0A2 mutations had a CDG type II pattern
and abnormal ApoC-III screening results. We also found metabolic
abnormalities suggestive for mitochondrial dysfunction (lactate,
alanine and Krebs cycle intermediates elevation) in one of the five
patients diagnosed with PYCR1 mutations (patient 7). This is in line
with the findings of Kornak et al, demonstrating mitochondrial
dysfunction, altered membrane potential and apoptosis rate, abnor-
mal mitochondrial network on oxidative stress and ultrastructural
changes by electomicroscopy.18 In the medical literature, no metabolic
abnormalities have been described in patients carrying PYCR1
mutations, however, out of the almost 30 reported patients17–20,38–41

metabolic studies have been only performed in four cases.
Until now, ten patients have been described with mutations in

ALDH18A1.21,22,38,42,43 The two patients, presented by Baumgartner
et al,22 showed low ornithine, arginine, citrulline and proline. Except
for low ornithine levels in two of the patients described by Bicknell
et al,21 no amino-acid profile abnormalities have been described in
the other patients. Ammonia was increased in three of the ten cases.
Although not present in all patients, the finding of metabolic
abnormalities is indicative for these two diseases and therefore we
advise to evaluate lactate, ammonia and the serum amino acids in
unsolved CL patients.

Clinical flowchart
Using this protocol combining clinical/neurological features, bio-
chemical abnormalities and neuroimaging, we genetically solved 16
(14 probands) out of 26 patients with suspected ARCL2 (or 24 out of
36 unselected CL patients) from our patient cohort. Hereby, we
suggest to follow this diagnostic flowchart (Figure 2). Although the
facial features related to PYCR1, ALDH18A1 and GORAB mutations
overlap, in case of unique clinical features like scoliosis with alopecia
(RIN2) or frequent bone fractures (GORAB), seizures associated with
improving CL pattern with aging (ATP6V0A2) or dystonia associated
with peripheral distribution of CL (PYCR1) direct mutation analysis
can be performed.
In patients with a CL syndrome, especially those with neurologic

involvement, but without the obvious presence of clinical discrimi-
natory features, we suggest to perform glycosylation studies, measure
blood lactate, ammonia, serum amino acids, alanine and proline-
related metabolites and perform urine organic acid analysis.

MRI brain imaging is suggested in all patients because of the high
prevalence of characteristic findings in different CL types.

CONCLUSION

Here we describe a large cohort of patients presenting with CL and
variable neurological involvement. As a novel finding, we detected
white matter anomalies in patients diagnosed with GORAB or RIN2
mutation. In nine patients (eight probands), the type of neurological
involvement (eg, dystonia or cobblestone-like brain dysgenesis) served
as a hallmark for the clinical and molecular diagnosis, while in seven
cases combining the clinical information with metabolic data
(eg, TIEF/ApoC-III, lactate) led to the correct genetic diagnosis, see
also Table 1. We suggest to perform careful neurologic evaluation and
neuroimaging in CL patients.
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