
Molecular Genetics and Metabolism 112 (2014) 310–316

Contents lists available at ScienceDirect

Molecular Genetics and Metabolism

j ourna l homepage: www.e lsev ie r .com/ locate /ymgme
Severe congenital cutis laxa with cardiovascular manifestations
due to homozygous deletions in ALDH18A1
Björn Fischer a,b, Bert Callewaert c, Phillipe Schröter a, Paul J. Coucke c, Claire Schlack a, Claus-Eric Ott a,b,
ManricoMorroni d,WolfgangHomann e, StefanMundlos a,b,f, EvaMorava g, Anna Ficcadenti h, Uwe Kornak a,b,f,⁎
a Institut fuer Medizinische Genetik und Humangenetik, Charité-Universitaetsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin, Germany
b Max-Planck-Institut fuer Molekulare Genetik, FG Development & Disease, Ihnestr. 63-73, 14195 Berlin, Germany
c Center for Medical Genetics, Ghent University Hospital, Ghent, Belgium
d Department of Experimental and Clinical Medicine, Section of Neuroscience and Cell Biology, School of Medicine, Università Politecnica delle Marche and Electron Microscopy Unit, United Hospitals,
Ancona, Italy
e Neonatologie, Christliches Kinderhospital Osnabrück, Osnabrück, Germany
f Berlin-Brandenburg Center for Regenerative Therapies, Charité-Universitaetsmedizin Berlin, Germany
g Tulane University Medical Center, Hayward Genetics Center, New Orleans, LA, USA
h Rare diseases Regional Centre, Pediatric Institute of Maternal-Infantile Sciences Department, Polytechnic University of Marche, Salesi Hospital of United Hospitals of Ancona, Italy
⁎ Corresponding author at: Institut fuer Medizinisch
Charité-Universitaetsmedizin Berlin, Augustenburger Plat

E-mail address: uwe.kornak@charite.de (U. Kornak).

http://dx.doi.org/10.1016/j.ymgme.2014.05.003
1096-7192/© 2014 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 March 2014
Received in revised form 9 May 2014
Accepted 10 May 2014
Available online 21 May 2014

Keywords:
Autosomal recessive cutis laxa
ALDH18A1
Homozygous deletion 10q24.3
Progeroid features
PYCR1
Mitochondria
Autosomal recessive cutis laxa (ARCL) type 2 constitutes a heterogeneous group of diseasesmainly characterized
by lax and wrinkled skin, skeletal anomalies, and a variable degree of intellectual disability. ALDH18A1-related
ARCL is themost severe formwithin this disease spectrum. Herewe report on the clinical andmolecular findings
of two affected individuals from two unrelated families. The patients presented with typical features of de Barsy
syndrome and an overall progeroid appearance. However, the phenotype was highly variable including cardiovas-
cular involvement in themore severe case. Investigation of a skin biopsy of one patient revealed not only the typical
alterations of elasticfibers, but also an altered structure ofmitochondria in cutaneousfibroblasts. Using conventional
sequencing and copy number analysis we identified a frameshift deletion of one nucleotide and amicrodeletion af-
fecting theALDH18A1 gene, respectively, in a homozygous state in both patients. Expression analysis in dermalfibro-
blasts from the patient carrying the microdeletion showed an almost complete absence of the ALDH18A1 mRNA
resulting in an absence of the ALDH18A1 protein. So far, only 13 affected individuals from seven unrelated families
suffering from ALDH18A1-related cutis laxa have been described in literature. Our findings provide new insights
into the clinical spectrum and show that beside point mutations microdeletions are a possible cause of
ALDH18A1-ARCL.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Syndromeswith cutis laxa (CL) are a heterogeneous groupof diseases
mainly characterized by lax and wrinkled skin, generalized connective
tissue weakness, pulmonary and cardiovascular involvement, low bone
mass, and a variable degree of intellectual disability. These conditions
can either be inherited in an X-chromosomal, autosomal dominant
(AD) or autosomal recessive (AR) fashion. The recessive forms show
the most variable phenotypes and causative genetic defects. They can
be subdivided into three distinct groups. AR cutis laxa type 1 (ARCL1;
OMIM 219100) is associated withmarked cardiovascular and/or pulmo-
nary defects. Alterations in fibulin-5 (FBLN5) and latent transforming
e Genetik und Humangenetik,
z 1, 13353 Berlin, Germany.
growth factor beta binding protein 4 (LTBP4) cause clinically resembling
cutis laxa syndromes with severe pulmonary emphysema and gastroin-
testinal and genitourinary abnormalities [1,2]. Mutations in fibulin-4
(FBLN4, also known as EGF-containing fibulin-like extracellular matrix
protein 2) were shown to cause a severe CL phenotype with serious
cardiovascular problems including arterial tortuosity and aneurysm for-
mation [2,3]. Another form with severe cardiovascular involvement, but
oftenmild cutis laxa symptoms, is the arterial tortuosity syndrome (ATS;
OMIM 208050) due to mutations in the SLC2A10 gene encoding a facili-
tated glucose transporter [1,4]. Autosomal recessive cutis laxa type 2,
Debré type (ARCL2A; OMIM 219200) is caused by mutations in the
ATP6V0A2 gene which encodes the a2 subunit of the V-ATPase localizing
to theGolgi apparatus. This subtype is characterized byfine skinwrinkles,
downslanting palpebral fissures, delayed fontanel closure and variable
cortical brain anomalies [5,6]. MACS syndrome (Macrocephaly, Alopecia,
Cutis laxa, and Scoliosis; OMIM 613075) is secondary to mutations in
RIN2 encoding a component of the endosomal compartment which
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interacts with the small GTPase RAB5 [7]. Gerodermia osteodysplastica
(GO; OMIM 231070), due to mutations in the GORAB gene, shows rela-
tively mild cutis laxa, but a prematurely aged aspect and severe osteopo-
rosis. GO belongs to ARCL type 2. The GORAB protein is an interaction
partner of the small GTPase RAB6 and, similar to ATP6V0A2 and RIN2,
very likely involved in intracellular transport [8].

ARCL3 (DBS; OMIM 219150) refers to de Barsy syndrome, the most
severe disease of the autosomal recessive cutis laxa spectrum. These
patients show thin and translucent skin, visibility of the veins and a
specific facial gestalt with triangular face and prognathism resulting in
a progeroid appearance. Additionally, affected individuals show skeletal
and ophthalmological abnormalities, intrauterine growth retardation
and in the majority of cases considerable intellectual disability [9,10].
ARCL patients with de Barsy-like symptoms may harbor mutations in
either PYCR1 (pyrollin-5-carboxylate reductase 1) (ARCLIIB; OMIM
612940) or ALDH18A1 (P5CS) (pyrrolin-5-carboxylate synthase 1)
(ARCLIIIA; OMIM 219150). Both gene products aremetabolic enzymes
involved in the de novo biosynthesis of proline and were shown to be
associated to mitochondria [11,12].
2. Material and methods

2.1. Patients

In this studywe report on two affected individuals from twounrelat-
ed families which fulfilled themajor diagnostic criteria for de Barsy-like
CL or PYCR1- and ALDH18A1-related ARCL. These criteria included: gen-
eralized skin wrinkling, intrauterine growth retardation, a typical facial
gestalt, variable CNS involvement and corneal clouding or cataract.
From patient 1, a skin biopsy was taken and amino acid profiles were
analyzed from plasma according to standard procedures. In both fami-
lies DNA was isolated from peripheral blood samples.
2.2. Mutation screening

Sequencing of all exons and the flanking intron regions of the PYCR1
(NM_006907.2) and ALDH18A1 (NM_002860.3) genes was performed
in the affected individual using BigDye Terminator cycle sequencing
kit (Applied Biosystems) and run on a ABI 3730 DNA Analyzer (Applied
Biosystems). Copy number analyses on genomic DNA were performed
on ABI Prism 7900HT System as described previously [13]. All primer
sequences are available on request. The molecular diagnostic tests
were performed in an accredited laboratory (No.: DAP-ML-3869.00
(ISO 15189:2003 and ISO/IEC 17025:2005)).
2.3. Cell culture

Skin fibroblasts from patient 1 and from control individuals were
cultivated in DMEM (Lonza) supplemented with 10% fetal calf serum
(Gibco), 1% ultraglutamine (Lonza) and 1% penicillin/streptomycin
(Lonza).
2.4. Transmission electron microscopy

Skin biopsy (tissue) from patient 1 was fixed in 2% glutaraldehyde/
2% paraformaldehyde in 0.1 M phosphate buffer for 3 h at 4 °C,
postfixed in 1% buffered osmium tetroxide, dehydrated in graded alco-
hols, and embedded in an Epon–Araldite mixture. Semithin sections
(2 μm) were obtained with a MICROM HM 355 microtome (Zeiss,
Oberkochen, Germany) and stained with toluidine blue. Thin sections
were obtained using an MTX ultramicrotome (RMC, Tucson, AZ, USA),
stained with lead citrate and examined with a CM10 transmission elec-
tron microscope (Philips, Eindhoven, The Netherlands).
2.5. mRNA expression-analysis

Cells were lysed with Trizol (Invitrogen) and total RNA was pre-
pared by a standard RNA extraction protocol. Total cDNAwas reverse
transcribed by RevertAid H Minus First Strand cDNA Synthesis Kit
(Fermentas). Quantitative PCR was performed using EVAgreen (Solis
BioDyne) on an ABI Prism 7500 (Applied Biosystems, Foster City, US).
All primer sequences are available on request.

2.6. Immunoblot

Cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris, 5 mM
EDTA, 1% Triton X-100, 0.25% desoxycholate, 0.1% SDS) supplement-
ed with complete proteinase inhibitor (Roche). 10 μg of protein per
lane were separated by 10% SDS-PAGE. After blotting overnight, mem-
branes were blocked and probed with antibodies against ALDH18A1
(Novus: NBP1-83324, Sigma: HPA008333 and Abcam: ab111977) or
GAPDH (Ambion). Membranes were washed and incubated with HRP-
conjugated secondary antibodies and signals were detected using ECL
reagent (Perkin Elmer). All blots were performed at least three times
using different cell lysates.

3. Results

3.1. Clinical presentation

3.1.1. Patient 1
This 18 month old girl was thefirst child from a consanguineous cou-

ple (parents are first degree cousins) of Tunisian origin (Fig. 1A). She
showed intrauterine growth retardation (weight: 1770 g (b3rd percen-
tile); length: 39 cm (b3rd percentile); OFC: 31 cm (b3rd percentile))
and failure to thrive. Her psychomotor development was retarded and
she developed intellectual disability and learning problems. No athetoid
movements were recognized but she presented with disseminated
tremors. On MRI no structural brain abnormalities were detectable. She
showed craniofacial dysmorphism consisting of a typical triangular
face, malar hypoplasia, prognathism and prominent ears leading to a
prematurely aged appearance. Furthermore, she showed amild cataract.
A classical connective tissue phenotype with thin, lax and wrinkled skin
at the abdomen and the dorsum of the hands and feet and visibility of
veins was observed (Fig. 1C). She had finger contractures and further-
more showed hand and foot malformations. The middle phalanx of the
fifth finger was hypoplastic on the right and absent on the left while
the distal phalanxwas normal bilaterally. Furthermore, thefirstmetacar-
pal was bowed bilaterally (Fig. 1E). Additionally the proximal phalanx of
the first toewas hypoplastic and she had a unilateral hip dislocation (Fig.
1F). The spine showed a dorsal humpdue to amarked kyphosis (Fig. 1G).
Further features were hypotonia, bilateral hearing loss and
cardiovascular problems. A ventricular septal defect, atrial septal defect
(ostium secundum type), patent ductus arteriosus and a persistence of
superior left vena cava were recognized. Analysis of serum amino acids
revealed low citrulline and arginine levels (Table 1). Additionally urinary
organic acids, oligosaccharides, purines and pyrimidines were normal
(data not shown). We performed a skin biopsy and analyzed the mor-
phology of dermal extracellular matrix and fibroblasts by transmission
electron microscopy. This investigation revealed alterations in the
number and shape of elastic fibers typical for cutis laxa syndromes
(Figs. 2A–B). Furthermore we found swollen mitochondria in 14% out
of 139 fibroblasts analyzed (Figs. 2C–D).

3.1.2. Patient 2
This male patient originated from a consanguineous Turkish couple

(first degree cousins) that previously had three healthy daughters and
three early abortions (Fig. 1B). The pregnancy was complicated by ma-
ternal gestational diabetes necessitating insulin therapy. Prenatal ultra-
sounds indicated a single umbilical artery, rather short ribs and long
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Fig. 1. Clinical appearance of the affected individuals: A and B) Pedigree of the family from patient 1 and patient 2 respectively. C) Affected individual 1 (age: 18 months) shows a typical
facial gestalt. Note the triangular shape of the face, with large and prominent ears and a prominent chin. Furthermore, she shows thin and wrinkled skin over her whole body. D) Affected
individual 2 (age: 1 month) shows a more severe progeroid facial appearance shortly after birth with generalized thin and lax skin. E) X-ray imaging from patient 1 shows bowing of the
first metacarpal, F) a unilateral hip dislocation (arrowhead) and a missing middle phalanx of the fifth finger. G) The spine displays a severe kyphosis.
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Table 1
Selected plasma amino acid concentration in patient 1.

Amino acid Plasma

Patient μmol/l Reference range μmol/l

Ornithine 23 21–77
Citrulline 3 27–43
Arginine 39 49–129
Proline 105 71–303
Glutamate 61 8–64
Aspartate 8 b14
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bones, as well as a possible aortic stenosis. The proband was born at
35 weeks of gestation. He had intrauterine growth restriction birth
length: 38 cm (b3rd percentile), birth weight 1370 g (b3rd percentile)
and microcephaly (OFC at birth was 29.5 cm (3rd–10th percentile)).
APGAR scores were 5, 9, and 9 after 1, 5, and 10 min, respectively. The
patient was intubated because of insufficient respiratory efforts. He
showed agenesis of the corpus callosum, presented with seizures, and
had a typical facial gestalt, prominent ears and corneal clouding leading
to a prematurely aged appearance (Fig. 1D). He had a remarkable thin,
translucent, lax and wrinkled skin throughout the body with clearly
visible veins (Fig. 1D). He showed joint hypermobility and had shorten-
ing of the extremities, and adducted thumbs and the fingers II and V
crossed fingers III and IV. Additionally, he showed congenital luxation
of the left hip. Postnatal investigations confirmed a rather narrow aortic
Control

Control

A

C D

Fig. 2. Transmission electronmicroscopy of skin biopsy from patient 1 (B,D) and control (A,C). B
1,whereas in the control A) such alteration (arrow) is not visible. D) The fibroblast in the skin bi
fibroblast of normal skin shows only small mitochondria (arrows). col = collagen fibers. Scale
arch without a clear stenosis, short ribs and long bones, and a dilated
pyelon of the right kidney. The neonatal course was further complicated
by an intraventricular bleeding, grade III, probably secondary to an aneu-
rysm near the cranial end of the arteria basilaris, progressive respiratory
failure and a urosepsis causing death at 3 months of age. Unfortunately,
no plasma, fresh blood or a fibroblast sample was available from this
affected individual, norwas an autopsy performed to evaluate pulmonary
emphysema.
3.2. Identification of the causative genetic defect

Due to the high frequency of PYCR1 mutations in our cohort of CL
affected individuals, we first sequenced the coding region of this gene
in both affected individuals without detecting any mutation. Subse-
quently, we amplified the coding exons 2 to 18 of the ALDH18A1 gene
in both affected individuals.

In patient 1 amplification of ALDH18A1 exon 15 repeatedly revealed
no product, whereas all other exons yielded PCR products. The ampli-
fied products were sequenced and showed no pathogenic alterations.
To investigate whether a suspected microdeletion of exon 15 in the
ALDH18A1 gene is the cause of the disease we performed copy number
analysis by qPCR. The amplicons representing exons 14 and 16 showed
normal signal intensities in all individuals analyzed. For the exon 15
amplicon we observed a dramatic reduction in signal intensity in the
DNA from the affected individual suggesting a homozygous deletion.
The parents showed an approximately 50% reduction as expected for
B

) Small, sparse and fragmented elasticfiber (arrow)were found in the dermis from patient
opsy from patient 1 shows numerous swollenmitochondria (arrows). C) For comparison, a
bar A,B = 1 µm, C = 1.5 µm, and D = 2 µm.
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Fig. 3. Identification of the genetic defects in patients 1 and 2: A) Copy number analysis by qPCR for two unrelated control individuals, the parents and patient 1. For exons 14 and 16 all
signal intensities are around1 implying a biallelic status. For exon15, both controls show signals around1, but in the parents the signal is reduced to 0.5. In the affected individual the signal
is almost absent indicating a homozygous deletion. B) Scheme of the ALDH18A1 locus from exon 14–16. Red bars represent the qPCR amplicons used. Below this scheme, the sequencing
result of a junction fragment spanning the deletion in patient 1 is shown, verifying a 1522 bp deletion including ALDH18A1 exon 15 (chr.10: 97373623–97372101 bp; chromosomal
positions according to hg19). C) In patient 2, a one base pair deletion c.2131delC in exon 17 of the ALDH18A1 gene was found indicated by the red arrow. On top, the sequence trace of
the affected individual is shown whereas the lower trace indicates the same region of an unaffected control. D) Comparison of the predicted polypeptides arising from the different
mutated alleles observed in our patients 1 and 2.
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heterozygous carriers. For all unrelated control individuals, the signal
intensities remained unchanged (Fig. 3A). For identification of the
breakpoints we analyzed different primer combinations within the
critical interval. We obtained a junction fragment of 643 bp only for
the patient's DNA whereas the control DNAs yielded no product.
Sequencing of this fragment finally corroborated a microdeletion of
exon 15 and the flanking intronic sequence with a size of 1522 bp
(chr.10: 97373623–97372101; chromosomal positions according to
hg19) and an insertion of a guanosine (Fig. 3B). The deletion leads to a
frameshift with a predicted premature termination codon after 24
additional codons (p.Val601Glyfs*24) (Fig. 3D). In patient 2, a homozy-
gous single-basepair deletion c.2131delC in exon 17 was found (Fig.
3C). This alteration leads to a frameshift and a predicted termination of
translation after three additional codons (p.Leu711Cysfs*3) (Fig. 3D).

To further investigate the consequence of themicrodeletion observed
in patient 1 we performed expression analyses by qPCR on human skin
fibroblasts. We found a severe reduction of the ALDH18A1 mRNA level
relative to control fibroblasts (Fig. 4A). To study the outcome on the
protein level we investigated ALDH18A1 expression by immunoblot. In
control fibroblasts we detected a bandwith the expected size of approx-
imately 85 KDa whereas in the fibroblasts from patient 1 no such band
was detectable (Fig. 4B).

4. Discussion

Both affected individuals presentedwithmanifestations typical for de
Barsy syndrome. Although the etiology of the severe neurocutaneous
disorder in the family originally described by de Barsy remains unknown
it was shown that de Barsy-like disorders can be due tomutations either
in PYCR1 or ALDH18A1 [11,12,14,15]. In our patients, we found clinical
features like facial dysmorphism, hypotonia, adducted thumbs and
cutis laxa, which are frequently found in progeroid cutis laxa syndromes.
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Fig. 4.A)RelativemRNAquantification infibroblasts frompatient 1 relative to control cells
shows a strong ALDH18A1mRNA reduction. B) Representative immunoblot results show
that the ALDH18A1 protein is detectable in control fibroblasts whereas it is absent in
fibroblasts from patient 1 using three independent antibodies against ALDH18A1. Equal
loading was shown analyzing GAPDH as an endogenous control.
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However, while osteoporosis or osteopenia is a skeletal feature found in
most CL disorders [6,8,15] absence or abnormal shape of distal skeletal
elements found in patient 1 is unusual. Clenched or adducted thumbs
are a typical sign for ARCL due to PYCR1 or ALDH18A1mutations. Often
the thumbs are subluxated and contractures make surgical intervention
necessary. How the special combination of bowing of thefirstmetacarpal
and abnormal fifth finger middle phalanges described in patient 1 could
be caused by impaired mitochondrial proline synthesis remains elusive.

Surprisingly, we found cardiovascular abnormalities in both pa-
tients. Cardiac septal defects are themost common heartmalformations
and therefore it is unclear whether these defects observed in patient 1
are really related to the genetic alteration. Also the significance of patent
ductus arteriosus and persistent superior left vena cava remainsunclear.
However, the intracranial arterialmalformation of patient 2 is previous-
ly unreported and had dramatic consequences. In two patients with
ALDH18A1-related CL, kinky tortuosity of brain vessels was reported
[16,17] demonstrating that in this severe form of CL vessels are
especially vulnerable. Therefore, vessels should not only be assessed in
ADCL, ARCL1, and ATS that are well known for their arterial
malformations [1,18,19], but also in proline biosynthesis pathologies.
This might be a potential diagnostic feature to differentiate between
PYCR1- and ALDH18A1-related CL [12,15,20,21].

So far, only 13 affected individuals with ALDH18A1 mutations from
seven unrelated families have been described, mainly with missense
or splice site mutations [11,14,16,17,22–24]. The ~1.6 kb microdeletion
identified here is the first mutation of this class found in ALDH18A1-
related CL. Due to the fact that no microhomologies were found and
given the insertion of a guanosine, the underlying mechanism for this
genomic rearrangement most likely is a non-homologous end joining
(NHEJ), a frequent cause for such non-recurrent rearrangements [25].
Recently, one patient was described carrying a homozygous splice site
mutation in ALDH18A1 [17]. In the case presented here, the underlying
mechanism is more likely a nonsense-mediated decay, shown by the
almost complete absence of the ALDH18A1 mRNA whereas in the case
by Skidmore et al. at least the splice product with open reading frame
could be partially stable. However, in both patients a total absence of
the protein was shown, which contrasts the different severities of the
phenotype. In patient 1 no alteration in the coding sequence of PYCR1
was detectable whereas the individual described by Skidmore et al.
showed the heterozygous p.Ala110Val substitution, which is also found
in the 1000 genome data in a heterozygous state. Our current findings
support the idea that this alteration in PYCR1mightmodulate the severity
due to a possible reduction of PYCR1 enzymatic activity [17]. However,
more solid information is necessary to prove this point. Unfortunately,
no living cells or tissue was available from patient 2 carrying the
p.Leu711Cysfs*3 mutation. The mutated transcript could be either de-
graded via the NMD pathway or lead to a truncated, but stable protein.
The clinical presentation in the two affected individuals varies from a
very early lethal to a severe CL phenotypewhich is in linewith phenotype
spectrumdescribed in the literature. So far, no clear genotype–phenotype
correlation has emerged for ALDH18A1-related cutis laxa.

Since ALDH18A1 is localized to mitochondria where it converts
glutamate to proline via pyrrolin-5-carboxylate [14,26] one would
imagine that dysfunction of this protein leads to abnormal metabolite
concentrations. The investigation of plasma amino acid profiles in
patient 1 revealed low levels of citrulline and arginine which is in line
with previous observations. Interestingly, only three out of seven stud-
ies describing mutations in ALDH18A1 report on those alterations [14,
16,17]. This might point to a possible compensation through the diet.
Alternatively, since both proteins, PYCR1 and ALDH18A1, are restricted
to mitochondria, intracellular amino acid concentrations could be
altered. Furthermore we found swelling of mitochondria in dermal
fibroblasts in the skin biopsy from patient 1. This might be a sign for
mitochondrial dysfunction in vivo. In cultured fibroblasts no such alter-
ation was detectable which could be due to the culture conditions.
Depletion of P5CDH, an enzyme of the reverse pathway that converts
proline to glutamate, also leads to the swelling of the mitochondria
in vivo in drosophila larvae [27]. In plants, intracellular proline was
described to have osmoregulatory functions [28]. Whether such a func-
tion also exists in human cells has to be further investigated.

The number of individuals with ALDH18A1mutations is very low [5].
It is possible that a negative selection occurs due to elevated intrauter-
ine lethality induced by biallelic ALDH18A1 mutations. This also might
explain the frequent abortions in the mother from patient 2, which,
however, could also be caused by other gene mutations given the con-
sanguinity of the parents. On the other hand low mutation frequency
could also be due to low mutation detection rates, e.g. by frequent
non-coding mutations or whole gene deletions, which are not detected
by standard diagnostic procedures. In the future the detection of possi-
ble hidden ALDH18A1mutations and of alterations in other genes with
modifying effects can be further enhanced using next-generation
sequencing based approaches.
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Web resources

Online Mendelian Inheritance in Man (OMIM) http://www.ncbi.nlm.
gov/Omim/ (for ADCL and ARCL1 and ARCL2A, ARCL2B, DBS, and MACS).
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