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Communicated by Andreas Gal

Mutations in the AP1S2 gene, encoding the r1B subunit of the clathrin-associated adaptor protein complex
(AP)-1, have been recently identified in five X-linked mental retardation (XLMR) families, including the original
family with Fried syndrome. Studying four patients in two unrelated families in which AP1S2 nonsense and splice-
site mutations segregated, we found that affected individuals presented, in addition to previously described features,
with elevated protein levels in cerebrospinal fluid (CSF). Moreover, computed tomography scans demonstrated that
the basal ganglia calcifications associated with AP1S2 mutations appeared during childhood and might be
progressive. Based on these observations, we propose that AP1S2 mutations are responsible for a clinically
recognizable XLMR and autism syndrome associating hypotonia, delayed walking, speech delay, aggressive
behavior, brain calcifications, and elevated CSF protein levels. Using the AP-2 complex, in which the r subunit is
encoded by one single gene, as a model system, we demonstrated that r subunits are essential for the stability of
human AP complexes. By contrast, no major alteration of the stability, subcellular localization, and function of the
AP-1 complex was observed in fibroblasts derived from a patient carrying an AP1S2 mutation. Similarly, neither
macro- nor microscopic defects were observed in the brain of an affected fetus. Altogether, these data suggest that
the absence of an AP-1 defect in peripheral tissues is due to functional redundancy among AP-1 r subunits (r1A,
r1B, and r1C) and that the phenotype observed in our patients results from a subtle and brain-specific defect of the
AP-1-dependent intracellular protein traffic. Hum Mutat 29(7), 966–974, 2008. rr 2008 Wiley-Liss, Inc.

KEY WORDS: mental retardation; clathrin; adaptor protein complex 1; AP-1; cerebral calcifications; elevated CSF
protein levels; AP1S2

INTRODUCTION

Mental retardation (MR) is defined as cognitive functions
significantly below average, associated with deficits in adaptive
behavior. With a prevalence of about 2%, MR is the most common
cause for referral to geneticists. X-linked mental retardation
(XLMR) is a group of clinically and genetically heterogeneous
conditions and has been subdivided into nonsyndromic (or
isolated) forms and syndromic forms, in which the cognitive
deficit is associated with specific clinical, radiological,
or biochemical signs. In most cases, however, it is difficult
to clinically recognize the disease-causing gene, especially
as nonsyndromic and syndromic forms frequently overlap [Ray-
mond and Tarpey, 2006; Ropers, 2006].
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Recently, two groups have identified mutations in the AP1S2
gene (MIM] 300629) encoding s1B, a small subunit of the
clathrin-associated adaptor protein complex (AP)-1 [Tarpey et al.,
2006; Saillour et al., 2007]. Affected males had mild-to-profound
MR, hypotonia early in life, delayed walking, speech delay, and
aggressive behavior [Carpenter et al., 1999; Turner et al., 2003;
Tarpey et al., 2006; Saillour et al., 2007]. Interestingly, patients
from 1 of the 5 families had been diagnosed with Fried syndrome, a
distinct XLMR syndrome further characterized by basal ganglia
calcifications, hydrocephalus, and spasticity [Fried, 1972; Strain
et al., 1997; Saillour et al., 2007].

The clathrin-associated adaptor protein complexes AP-1 to AP-
4 play key roles in the transport of proteins between intracellular
organelles of the post-Golgi network, namely between the trans-
Golgi network and endosomes (AP-1), the plasma membrane (AP-
2), and lysosomes (AP-3 and AP-4) [Nakatsu and Ohno, 2003;
Robinson, 2004]. The heterotetrameric AP complexes share a
conserved structural organization and are composed of four
subunits (Supplementary Fig. S1; available online at http://
www.interscience.wiley.com/jpages/1059-7794/suppmat): two large
subunits or adaptins (�100 kD; a-e/b1–4), one medium (�50 kD;
m1–4), and one small subunit (�17 kD; s1–4) [Boehm and
Bonifacino, 2002]. In addition, the AP complexes share similar
functions, such as assembly of clathrin coats onto target
membranes and cargo selection through direct or indirect
interaction with sorting signals present in the cytoplasmic domains
of cargo proteins. While the role of the large and medium subunits
have been extensively studied, the functions of the small s
subunits remain largely unknown [Takatsu et al., 1998]. Yet,
triple-hybrid experiments have recently shown that s subunits
from AP-1, AP-2, and AP-3 interact with one of the respective
large subunits to recognize leucine-based sorting signals present in
the cytoplasmic tails of cargo proteins [Janvier et al., 2003;
Chaudhuri et al., 2007; Doray et al., 2007].

The AP-1 complex is involved in the trafficking of cargo
between the trans-Golgi network and endosomes. It is composed
of two large adaptin subunits (g and b1), a medium subunit (m1),
and a small subunit (s1) (Supplementary Fig. S1A). There is a
single gene encoding the AP-1 s subunit in S. cerevisiae, C. elegans,
and D. melanogaster, but there are three s1-encoding genes in
mouse and human: AP1S1, AP1S2, and AP1S3, encoding
the s1A, s1B, and s1C subunits, respectively. The AP1S2
gene maps to chromosome Xp22.2 and encodes s1B, a 157–amino
acid protein.

Here, we report two novel families with AP1S2 mutations.
Clinical data show that AP1S2 mutations result in a recognizable
XLMR syndrome. Moreover, we present functional analyses
of an AP1S2 nonsense mutation that shed new light on
the role of AP1S2/s1B in the stability and function of the
AP-1 complex.

SUBJECTSANDMETHODS
Clinical Reports

Family1. The propositus (Patient 1; III.1, Fig. 1A) was born
to unrelated French parents after a normal pregnancy (birth
weight 3,210 g, length 48 cm, and occipitofrontal circumference
[OFC] 34 cm). Hypotonia was present in the first years of life and
he was described as a calm and passive baby. He sat at 18 months
and walked at 2 years. There was a marked speech delay, with his
first words spoken at 7 years. He had hypermetropia and a small
penis. He had profound MR with a developmental age between 2.4
years (cognition) and 4.6 years (fine motor skills) at a

chronological age of 15.7 years, as assessed by the psychoeduca-
tional profile-revised scale (PEP-R). He had a normal stature and
relative microcephaly (OFC between �0.5 and �2 standard
deviations [SD]) and developed obesity. At age 20 years, his
height was 173 cm (mean), weight 91 kg (14 SD), and OFC 55 cm
(–0.5 SD). He had stereotypic hand movements, repetitive
activities, poor eye contact, and no social contacts. He had very
limited speech, with echolalia. In the autism diagnostic interview-
revised (ADI-R), his subscores for socialization, communication,
and stereotyped behaviors were 24, 14, and 3, respectively,
consistent with autism spectrum disorder (ASD).

His younger brother (Patient 2; III.4) was born with a
birth weight of 3,170 g, length of 50 cm, and OFC of 34 cm.
He was hypotonic and had feeding problems. He sat at 15 months
and walked at 2 years. He said two words at 1 year of age
but his subsequent speech development was very poor. At 8 years
of age, his height was 120 cm (�1 SD), weight 20 kg (�1.5 SD),
and OFC 50 cm (�1.5 SD). He had a supernumerary nipple
and was hypermetropic. He had profound MR with a develop-
mental age between 5 months (cognition) and 15 months (gross
motor skills) at a chronological age of 3.3 years (PEP-R). Poor eye
contact, stereotypic movements of the hands, no play, and
echolalia with no meaningful speech were noted. He had episodes
of aggressiveness. Based on these observations and the results of
the ADI-R, a Diagnostic and Statistical Manual of Mental
Disorders (DSM)-IV diagnosis of ASD was made. ADI-R
subscores were significant in the three domains: socialization
subscore 24, communication subscore 14, and stereotyped
behaviors subscore 8.

Their maternal uncle (Patient 3; II.4) had reportedly profound
MR. As an adult, he was not toilet trained, had no communication,
and was dependent in most daily activities including eating and
dressing. He lives in an institution for the mentally handicapped.

Based on the molecular results described below, prenatal
diagnosis was offered to individual II.5. The male fetus carried
the disease-associated haplotype and the couple elected, after
counseling, to terminate the pregnancy at 20 weeks of gestation.

Family 2. Patient 4 (II.2, Fig. 1B) was born at term with
normal growth parameters (weight 3,180 g, length 48 cm, and
OFC 34.5 cm) to unrelated French parents. He had muscular
hypotonia during the first 2 years of life, developmental delay with
psychomotor regression, and a decline in OFC centile. He
developed behavioral problems with aggressive outbursts. There
was also delay in the onset of speech but he subsequently learned
to speak fluently. However, he was not able to read, write, or count
at age 11 years. At this age, his height was 127 cm (�2.5 SD),
weight 27 kg (�1 SD), and OFC 49 cm (�2.5 SD). There was no
facial dysmorphism. He had bilateral clinodactyly of the fifth finger
and a single café-au-lait spot. At age 12 years, he presented severe
MR with an intelligence quotient (IQ) of 46 (verbal IQ 5 53,
performance IQ 5 46).

None of the patients had a history of seizures.
In several affected individuals, the following tests showed

normal results: karyotype at 500-band resolution, search for fragile
X syndrome, electroencephalography, and routine biochemical
tests, including serum protein and calcium. Cerebral magnetic
resonance imaging (MRI) was normal in Patients 1 and 4. No
lactate peak was observed on magnetic resonance spectroscopy in
Patient 1. Positron emission tomography was performed in Patient
2 and showed normal cerebral blood flow, including in the basal
ganglia. None of the affected individuals had white matter
anomalies on MRI. Results of cerebral imaging of Patient 3 are
not known.
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Elevated cerebrospinal fluid (CSF) protein levels were first
incidentally found in Patient 2 on CSF analysis performed to rule
out meningitis during an acute illness. CSF was then controlled
twice after resolution of the symptoms. The first lumbar puncture
in Patient 4 had been performed because a diagnosis of lysosomal
storage disease had been considered.

No CSF analysis was performed in Patients 1 and 3.

MolecularAnalyses

Written informed consent was obtained from the parents of
subjects participating in the study.

We performed linkage analysis using 18 highly polymorphic
X-chromosomal microsatellite markers. Additional markers were
then selected in the candidate region and genotyped in all
members of Family 1. Candidate genes were sequenced on
genomic DNA of one affected boy. Based on the genomic
sequence, four primer pairs were designed for PCR amplification
of coding exons and splice sites of the AP1S2 gene (reference
sequence NM_003916.3). Nomenclature of the mutations is based
on their respective position in the AP1S2 mRNA sequence with
the A of the translation initiation codon, which is located in exon
2, being nucleotide11. Primers and PCR conditions are available
on request. PCR products were purified with Exo-SAP (Amer-
sham Biosciences, Orsay, France; www.amersham.com) and

directly sequenced on an ABI PRISM 3130 DNA Sequencer
(Applied Biosystems [ABI], Courtaboeuf, France; www.applied
biosystems.com) using the dye terminator method according to the
manufacturer’s instructions.

Total RNA was extracted from cultured fibroblasts (Patient 1),
or from fresh blood (Patient 4) using the PureLink Total RNA
Blood Purification Kit (Invitrogen, Cergy Pontoise, France;
www.invitrogen.com).

X chromosome inactivation patterns in carrier females were
determined on genomic DNA extracted from white blood cells
using the androgen receptor (human androgen receptor gene
[HUMARA]) assay as previously described [Allen et al., 1992].

Cells, Antibodies,Western Blot, and siRNA

HeLa cells (ATCC, Manassas, VA; www.atcc.org), RPE1 cells
(kind gift of M. Bornens, Institut Curie, Paris, France), and
fibroblasts were grown in DMEM supplemented by 10% fetal
bovine serum (Invitrogen).

Rabbit polyclonal antibody M-300 against the a-adaptin subunit
of AP-2 was from Santa Cruz Biotechnology (Santa Cruz, CA;
www.scbt.com), mouse monoclonal antibodies 100.3 and rabbit
polyclonal antibody against the g-adaptin subunit of AP-1 were
from Santa Cruz Biotechnology and Sigma (St. Louis, MO;
www.sigmaaldrich.com). Rabbit polyclonal antibodies against m1A
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FIGURE 1. Identi¢cation and characterization ofAP1S2 mutations. A: (top) Pedigree of Family1. Patients1, 2, and 3 are individuals
III.1, III.4, and II.4, respectively. The c.154C4T (p.R52X) mutation (MUT) cosegregates with MR in the family WT, wild-type. A:
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is found in Patient 4. Sequencing was performed on cDNA reverse-transcribed from fresh blood RNA. [Color ¢gure can be viewed in
the online issue,which is available at www.interscience.wiley.com.]

968 HUMANMUTATION 29(7),966^974,2008



(Ry/1) and s1A (DE/1) were kindly provided by Dr. L. Traub
(University of Pittsburgh School of Medicine, Pittsburgh, PA)
[Traub et al., 1995; Zhu et al., 1998]. To our knowledge, no
antibody specific for the s1B subunit is available. Rabbit
polyclonal antibody against s2 (AP17) was kindly provided by
Dr. M.S. Robinson (Medical Research Council [MRC], Cam-
bridge, UK) [Page and Robinson, 1995].

Mouse monoclonal antibody 22D4 against the cation-depen-
dent mannose 6 phosphate receptor (CD-M6PR) [Messner, 1993]
was kindly provided by Jack Rohrer (University of Zürich, Zürich,
Switzerland). Mouse monoclonal antibody against g-tubulin
(GTU-88) was from Sigma. Alexa594- and Alexa 488-labeled
donkey anti-rabbit and donkey anti-mouse secondary antibodies
were from Molecular Probes (Invitrogen).

Proteins were extracted from fibroblasts derived from skin
biopsies of Patient 1 and a male control or from small interfering
RNA (siRNA)-treated HeLa cells. A total of 40 mg (fibroblasts) or
25mg (HeLa cells) mg of total protein extracts were used for
Western blot analyses on 10% or 12% acrylamide gels.

For siRNA treatment, HeLa or RPE1 cells were transfected with
the previously described siRNA duplex (Dharmacon, Lafayette,
CO; www.dharmacon.com) specific for the human a-adaptin or m2
subunit of AP-2 or luciferase (control) with Oligofectamine
(Invitrogen) according to the manufacturer’s instructions and to
the protocol developed by Motley et al. [2003] (a-adaptin siRNA:
50-AUG GCG GUG GUG UCG GCU CTT-30; m2 siRNA: 50-AAG
UGG AUG CCU UUC GGG UCA-30, Luciferase siRNA: 50-CGU
ACG CGG AAU ACUU CGA TT-30). For the targeting of the s2
subunit of AP-2, a smart pool from Dharmacon (ON-target plus
SMART pool L-011833-01-0005) was transfected following the
same protocol. Briefly, 200 pmol of siRNA were transfected the
first day. On the second day, cells were washed twice in PBS and
again transfected with 200 pmol of siRNA. Cells were processed
for immunofluorescence (IF) or biochemistry two days after the
second round of siRNA.

IFAnalyses

For IF experiments, cells were grown directly on coverslips and
processed as previously described [Montagnac et al., 2005; Burtey
et al., 2007] except for siRNA-treated RPE1 or HeLa cells, which
were trypsinized the day before and then grown on coverslips
coated with poly-lysine (Sigma). Cells were washed in PBS and
fixed in methanol at �201C for 4 min or in 3.7% paraformalde-
hyde (PFA) 0.03 M sucrose for 30 min at 41C. The cells were then
incubated with primary antibodies in permeabilization buffer (PBS
supplemented with 1 mg/ml BSA and 0.1% triton X-100) for
45 min at room temperature. After two washes with PBS 1 mg/ml
BSA, cells were incubated for 45 min at room temperature in PBS
1 mg/ml BSA containing secondary antibodies. After two washes
in permeabilization buffer and one in PBS, the cells were mounted
on microscope slides using the slow fade reagent kit with DAPI
(Invitrogen).

Samples were examined under an epifluorescence microscope
(Leica Microsystems, Rueil-Malmaison, France; www.leica-micro
systems.com) with a cooled CCD camera (Micromax; Roper-
Scientific, Evry, France; www.roperscientific.com). Images were
acquired with MetaMorph (Molecular Devices, Downingtown,
PA; www.moleculardevices.com) and processed with MetaMorph,
NIH image, or Image J (rsb.info.nih.gov/nih-image) and Photo-
Shop (Adobe Systems, San Jose, CA; www.adobe.com).

Immunostaining of fetal brain was performed on PFA-fixed
paraffin-embedded 7-mm samples using a synaptophysin antiserum.

RESULTS
MolecularAnalyses

Three males in two generations were affected by XLMR in
Family 1 (Table 1; Fig. 1A). Genotype analyses performed with
microsatellite markers spanning the X chromosome indicated
linkage to an 18.6-Mb interval on Xp22.2�p21.1 between markers
DXS987 and DXS1243 (data not shown). We first excluded five
known XLMR genes mapping to this region, namely ARX,
IL1RAPL1, RPS6KA3/RSK2, CDKL5/STK9, and SMS. The
AP1S2 gene was then regarded as a strong candidate by both
localization and clinical overlap of affected family members with
recently reported patients harboring mutations in this gene
[Tarpey et al., 2006; Saillour et al., 2007].

Molecular analysis of the AP1S2 gene on genomic and
complementary DNA detected a c.154C4T mutation in exon 2
in Patient 1 (Fig. 1A). This mutation cosegregated with the disease
in Family 1. Patients 1–3 were hemizygous and the obligate carriers
I.2 and II.2 as well as individual II.5 were heterozygous for the
mutation, whereas three unaffected males received the wild-type
allele. The same mutation was detected in a male fetus carrying
the disease-associated haplotype (Fig. 1A). The c.154C4T
mutation affects a hypermutable CpG dinucleotide and predicts
a p.R52X nonsense substitution that has been previously identified
in an unrelated family, MRX59 (MIM] 300630) [Carpenter et al.,
1999; Tarpey et al., 2006]. Neither gross alteration of AP1S2
expression nor abnormal RNA splicing were observed in cultured
fibroblasts of Patient 1.

Patient 4 is an affected boy unrelated to Family 1. Clinical
similarities with Patient 2, i.e., MR, hypotonia in infancy, delayed
walking, calcifications of the basal ganglia, and elevated CSF
protein levels, prompted us to diagnose him with the same
disorder. Sequencing of the AP1S2 gene confirmed this diagnosis
as we identified a novel mutation within the acceptor splice-site of
exon 4 in Patient 4 (c.289–1G4C). His clinically unaffected
mother was heterozygous for the mutation (Fig. 1B). In silico
analysis using the NNSPLICE software (www.fruitfly.org/seq_tools/
splice.html) predicted a complete loss of the acceptor splice-site
recognition. Consistently, analysis of the AP1S2 transcript from
fresh blood cells revealed a splicing defect with three abnormal
transcripts predicting truncated proteins in Patient 4. The major
transcript harbored a deletion of the first 13 bp of exon 4 (Fig. 1B)
caused by the use of a cryptic acceptor splice-site located
downstream of the mutation. This deletion was predicted to cause
a frameshift followed by a premature stop codon (p.Val97fsX55).
Two minor transcripts corresponded to the skipping of exon 3
(109 bp) and exons 3�4 (247 bp; not shown).

Neither of the two mutations was found in 726 control alleles in
a previous study [Tarpey et al., 2006].

Clinical Presentation

Cranial computerized tomography (CT) scanning detected
bilateral calcifications of the basal ganglia in three patients (Fig.
2). Interestingly, our data provide two lines of evidence for a
delayed occurrence of these calcifications in childhood. First, no
calcification was observed on histological brain sections of the
affected fetus after termination of pregnancy at 20 weeks of
gestation (see below). Second, based on iterative CT scans,
calcifications appeared between 1 and 9 years of age in Patient 2
(Fig. 2A and B).

While calcifications were confined to the head of the caudate
nucleus and to parts of the pallidum in Patient 2 at 9 years
(Fig. 2B) and to the entire caudate nucleus in Patient 4 at 14 years
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(Fig. 2C), they were more widespread in the older patient (Patient
1 at 20 years), extending bilaterally to the caudate nucleus and the
pallidum (Fig. 2D and E). These results show that cerebral
calcifications appear in childhood and suggest that they are
progressive. We observed a moderate signal enhancement
of the basal ganglia after injection of contrast medium on CT
scan of Patient 1 (Fig. 2E and F). One boy had bilateral dilatation

of the lateral ventricles and the subarachnoid spaces that
subsequently resolved spontaneously, giving place to slit ventricles
(Fig. 2G and H).

In addition, elevated CSF protein levels were repeatedly found in
the two patients who underwent lumbar puncture. Indeed, CSF
protein levels were approximately twice higher than the upper limit
of normal (Patient 2: 0.81 g/l and 0.95 g/l at 1 year and 2.5 years of
age, respectively (normalo0.45 g/l); Patient 4: 1.12 g/l and 1.02 g/l
at 16 months and 6 years of age, respectively). CSF glucose and cells
were normal and there were no signs or symptoms of an acute or
chronic infectious, inflammatory, or demyelinating disease.

Heterozygous carriers were considered to be unaffected.
However, it is worth noting that individual II.2 (Family 1)
underwent ventriculoperitoneal shunt operation for hydrocephalus
at age 39 years. Analysis of the methylation pattern at the
androgen receptor gene locus showed that her X chromosome
inactivation pattern was 89:11 whereas it was 51:49 in the mother
of Patient 4.

Biochemical and Functional Analyses of AP
Complexes

Considering that inactivation of various AP-1 subunits leads to
destabilization of the remaining subunits of the complex in model
organisms [Zizioli et al., 1999; Meyer et al., 2000] and in vitro,
using siRNA [Hirst et al., 2003; Janvier and Bonifacino, 2005], we
first investigated the consequences of the AP1S2 p.R52X mutation
on the integrity of the AP-1 complex in fibroblasts by IF using an
anti-AP-1 g-adaptin antibody. As a control, the distribution of the
AP-2 complex was tested in the same cells by IF using an anti-AP2
a-adaptin antibody. The AP-2 complex showed a punctate staining
pattern in patient and control fibroblasts, corresponding to plasma
membrane clathrin-coated pits (CCPs) (Fig. 3A and B). As far as

FIGURE 2. Evidence of calci¢cations of the basal ganglia. Axial
brain CTscans of Patient 2 (A,B,G,H), Patient 4 (C) and Patient
1 (D,E,F). Calci¢cations are highlighted by arrowheads. No cer-
ebral calci¢cationswere seen inPatient 2 at1yearof age (A), but
calci¢cations were visible at 9 years (B). Calci¢cations in Pa-
tient 4 at 14 years (C) and in Patient 1 at 20 years (D). CTscan
of Patient 1 without (E) and with injection of contrast medium
(F) showing a moderate postinjection enhancement of the cau-
date nuclei (arrows) consistent with a disruption of the blood-
brain barrier. G: Enlarged lateral ventricles and subarachnoid
spaces inPatient 2 at1year of age.These enlargements have dis-
appeared eight years later (H).

FIGURE 3. AP-1complex inAP1S2/s1B-de¢cientcells.Control (A) andpatient ¢broblasts (B) werestained forAP-2 (a subunit, green)
andAP-1 (g subunit, red) complexes as described in Subjects andMethods. Lysates of control and patient ¢broblastswere subjected
toWesternblotting forGAPDHas a loadingcontrol (not shown) and forAP-1subunitsusinganti-g, -m1A, and-s1Asubunit antibodies
(C). Antibodies are indicated on the left andmolecular weights on the right. C, control; P1, Patient1. Distributions of AP-1complex
subunits g (green) and s1A (red; D) and of AP-1 (s1A, red) and the cation-dependent mannose 6 phosphate receptor (CD-M6PR,
green; E) were analyzed by IF. A representative area (white squares) was enlarged (�3) to show colocalization of the markers (D
and E, right column). Nuclei were stainedwithDAPI (blue).
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AP-1 is concerned, g-adaptin staining showed a similar reticulated
juxtanuclear distribution corresponding to the trans-Golgi net-
work in control and patient fibroblasts (Fig. 3A and B), suggesting
that the stability of the AP-1 complex was not affected by the
AP1S2 mutation. Consistently, Western blot analyses showed that
the g and m1A subunits were expressed at similar levels in patient
and control fibroblasts (Fig. 3C). Taken together, these results
suggest that, at least in this cell type and under the experimental
conditions tested, the AP1S2 mutation does not compromise the
stability of the AP-1 complex.

While no AP1S2/s1B-specific antibodies are available, Western
blot experiments using anti-s1A antibodies showed that AP1S1/
s1A was expressed at similar levels in control and patient
fibroblasts (Fig. 3C) and that AP1S1/s1A colocalized with g-
adaptin in patient fibroblasts (Fig. 3D), suggesting that patient
fibroblasts assemble functional AP-1 complexes containing s1A
subunits. We also tested the effect of the AP1S2 mutation on the
distribution of the cation-dependent mannose-6-phosphate re-
ceptor (CD-M6PR), a known AP-1 cargo protein. In the absence
of a functional AP-1 complex in mice deficient for the AP-1 m1A
subunit, CD-M6PR has been shown to mislocalize into endosomes
[Meyer et al., 2000]. The distribution of CD-M6PR was similar in
patient and control fibroblasts and CD-M6PR colocalized with
AP-1 at the trans-Golgi network (Fig. 3E; data not shown),
indicating that the AP-1 dependent trafficking of CD-M6PR was
not affected in AP1S2/s1B mutant fibroblasts.

Targeting of individual AP-1–4 subunits in human cell lines
using specific siRNA has shown that depletion of either large
adaptin (a, g, d) or medium subunits (m1–4) results in
destabilization of the whole complex [Hirst et al., 2003; Motley

et al., 2003; Janvier and Bonifacino, 2005]. Surprisingly, RNA
inhibition of the small (s) subunits on AP stability has never been
investigated. Unfortunately, our attempts to knock down AP1S1/
s1A by siRNA in cultured control and patient fibroblasts failed.
To gain further insight into the role of s subunits in AP
complexes, we decided to use the AP-2 complex as a model system
because its s subunit (s2) is encoded by a single gene (AP2S1)
(Supplementary Fig. S1B). We compared the effect of anti-AP-2
s2 siRNA to that of anti-AP-2 m2 or a siRNA, both of which have
been shown previously to affect the integrity of the whole complex
[Motley et al., 2003], by Western blot (Fig. 4A) and IF (Fig. 4B–D;
Supplementary Fig. S2). While no anti-s2-antibody suitable for IF
analyses was available, Western blot experiments showed that anti-
s2 siRNA caused a strong decrease of s2 protein in HeLa cells
compared to control cells while g-tubulin expression was not
affected (Fig. 4A), thereby demonstrating the efficiency and
specificity of this siRNA. As expected, decrease of s2 protein was
also observed in cells treated with either anti-a or anti-m2 siRNA
(Fig. 4A, lanes 3 and 4). Interestingly, depletion of s2 also resulted
in a decreased expression of a-adaptin (Fig. 4A, lane 5;
Supplementary Fig. S2) demonstrating that, as previously observed
for a and m2 subunits, depletion of the s2 subunit causes
destabilization of the other AP-2 subunits. Notably, anti-s2
siRNA caused a loss of AP-2 punctate staining at the plasma
membrane in two cell lines, HeLa (Fig. 4D) and RPE1
(Supplementary Fig. S2), with an efficiency similar to that
observed with anti-m2 siRNA (Fig. 4C; Supplementary Fig. S2).
This effect was specific of the AP-2 complex as siRNA targeting of
AP-2 subunits did not affect AP-1 in the same cells (Supplemen-
tary Fig. S2). Altogether, these results indicate that targeting the
unique s2 gene affects AP-2 stability.

Neuroanatomical Consequences of the p.R52X
Mutation

Autopsy of the aborted male fetus in Family 1 carrying the
c.154C4T (p.R52X) mutation showed normal fetal biometry and
normal macro- and microscopic brain morphology. Moreover, no
cerebral calcifications were observed upon macroscopic inspection,
on histological sections (Fig. 5), and microscopically, at low and
high magnification (data not shown).

FIGURE 4. Destabilization of the AP-2 complex in s2-de¢cient
HeLa cells. (A) Control HeLa cells (lane 1) or HeLa cells treated
with control siRNA (luciferase; lane 2) or siRNA targeting
AP-2 subunits (a-adaptin, m2, and s2; lanes 3, 4, and 5, respec-
tively) were analyzed byWestern blot using antibodies against
a-adaptin, s2, or g-tubulin as indicated. HeLa cells treated with
luciferase (LUC) (B), m2 (C), or s2 (D) siRNA were ¢xed and
stained forAP-2 a-adaptin subunit (green). Nuclei were stained
withDAPI (blue). WB,Western blot; g-tub, g-tubulin.

FIGURE 5. Brain morphology of a fetus carrying an AP1S2 non-
sense mutation. Coronal section (hematein-eosin staining) of
brain hemispheres at the level of the basal ganglia. Note normal
brain morphology and absence of calci¢cations. Calci¢cations
would manifest as dark blue areas using this staining. BG, basal
ganglia; CP, cortical plate; GE, ganglionic eminence; IZ, inter-
mediate zone;VZ, ventricular zone.
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Because the AP-1 g-subunit has been shown to interact with
synaptophysin [Horikawa et al., 2002], we performed immunohis-
tochemistry with an anti-synaptophysin antibody on brain sections
of the affected fetus and a control matched for sex and gestational
age. No significant qualitative differences in synaptophysin
immunostaining were found throughout the brain (data not shown).

DISCUSSION

The patients reported here share many features with those
recently reported by others [Tarpey et al., 2006; Saillour et al.,
2007]. Normal growth parameters at birth, hypotonia in infancy,
delayed walking, and speech delay with subsequent absent or
minimal language have been reported in most patients. Aggressive
behavior and microcephaly (defined as OFCo�2 SD [Mochida
and Walsh, 2001]) are also observed (Table 1). Remarkably, MR
ranges from mild to profound and the severity of language deficit is
also variable, as Patient 4 (this report) had fluent and meaningful
language and had learned a foreign language. In addition, the two
affected siblings in Family 1 have been diagnosed with ASD based
on the ADI-R. As Patient 4 was diagnosed with the same
syndrome as Patient 2 based on clinical features alone, our results
show that AP1S2 mutations are responsible for a clinically
recognizable XLMR and autism syndrome initially described as
Fried syndrome.

We show here that AP1S2 mutations are associated with
elevated CSF protein levels, a feature that has not been observed
before. Only a few XLMR disorders have been described in which
a laboratory or neuroradiological investigation can help making
the diagnosis, namely XLMR due to mutations in the SLC6A8,
SLC16A2/MCT8, SMS, and ACS4/FACL4 genes. Our findings
suggest that the finding of an unexplained elevation of CSF
protein in a mentally retarded boy should prompt a molecular
analysis of the AP1S2 gene. The pathophysiology leading to
elevated protein levels in CSF remains unclear at this stage.
Because an electrophoresis of CSF proteins in Patients 2 and
4 showed a high albumin concentration and no intrathecal
immunoglobulin G production (data not shown), leakage
of serum proteins through a defective blood-brain barrier seems
a plausible explanation [Ballabh et al., 2004], which is
corroborated by the moderate signal enhancement of the basal
ganglia after injection with contrast medium in Patient 1.

We also observed calcifications of the basal ganglia in the three
patients who underwent CT scans, thereby confirming a recent
report [Saillour et al., 2007]. Similar calcifications are associated
with autosomal dominant idiopathic basal ganglia calcification
(IBGC1 or Fahr disease) and with autosomal recessive Aicardi-
Goutières syndrome [Geschwind et al., 1999; Goutières, 2005].
While the mode of inheritance distinguishes these disorders from
XLMR due to AP1S2 mutations, they are also characterized by
neurologic and psychiatric manifestations. We have shown that
basal ganglia calcifications appear during childhood and might be
progressive but the pathogenesis leading to calcium deposition
remains unexplained and might include necrosis or vascular
calcification. From a clinical point of view it is important to note
that, while MRI is the method of choice for the identification of
cerebral malformations and anomalies of cortical development, CT
is more sensitive than MRI in detecting calcifications [Battaglia,
2003; Sato, 2003].

Two different AP-1-deficient mice have been reported, namely
models for g and m1A subunit genes [Zizioli et al., 1999; Meyer
et al., 2000]. Both g and m1A deficiency resulted in drastic
destabilization of the AP-1 complex and were embryonic lethal,

demonstrating that AP-1 is essential for viability in mammals. By
contrast, AP1S2 deficiency in human is viable and causes a
phenotype restricted to the central nervous system. Our data show
that in patient fibroblasts there is no alteration of the stability,
subcellular localization, or function of the AP-1 complex. This
suggests that in peripheral tissues, the structural role of AP1S2/s1B
can be performed by another s1 subunit. Along this line, it is worth
noting that s1B (encoded by AP1S2) shares 87% and 79% amino
acid identity with s1A (encoded by AP1S1) and s1C (encoded by
AP1S3), respectively [Takatsu et al., 1998]. Moreover, a similar
mechanism has been experimentally validated for the AP-1 medium
subunits m1A and m1B, which share 80% amino acid identity. In
fibroblasts, the epithelia-specific m1B subunit can structurally and
functionally compensate the deficiency of the ubiquitous m1A
[Eskelinen et al., 2002]. Finally, we demonstrated that depletion of
the unique s2 subunit affected the stability of the AP-2 complex.
Our results, along with the observation that depletion of the unique
s1 subunit in C. elegans affected the stability of the other AP-1
subunits [Shim et al., 2000], clearly indicate that s subunits are
required for the stability of AP complexes.

Clathrin-coated vesicles isolated from rat brain contain (besides
different AP-1 and AP-2 subunits) a large number of synaptic
proteins, consistent with their role in synaptic vesicle recycling
[Blondeau et al., 2004]. In addition, AP-1 has been shown to be
involved in dendrite-specific trafficking in neurons in C. elegans
[Dwyer et al., 2001]. As the only described function of s subunits
is the interaction with leucine-based sorting signals [Janvier et al.,
2003; Chaudhuri et al., 2007; Doray et al., 2007], it is tempting to
speculate that the phenotype observed in our patients might be
related to a targeting defect of neuron specific cargo, the sorting of
which would be strictly dependent on AP1S2/s1B.

In summary, this study contributes to better delineate
the clinical profile of AP1S2 mutations and provides clues for a
better understanding of the pathophysiological consequences of
these mutations. Elevated CSF protein and cerebral calcifications
could be regarded as diagnostic criteria of this syndrome.
The brain-specific phenotype observed in our patients might be
due to the disruption of the cellular sorting of a specific subset of
synaptic proteins and to the redundancy of s1 subunits in
peripheral tissues.
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