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* SPG est l’acronyme de Spastic ParapleGia utilisé par OMIM. 
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REPORT

Adaptor Protein Complex 4 Deficiency Causes Severe
Autosomal-Recessive Intellectual Disability, Progressive
Spastic Paraplegia, Shy Character, and Short Stature

Rami Abou Jamra,1,8,* Orianne Philippe,2,8 Annick Raas-Rothschild,3 Sebastian H. Eck,4 Elisabeth Graf,4

Rebecca Buchert,1 Guntram Borck,2 Arif Ekici,1 Felix F. Brockschmidt,5,6 Markus M. Nöthen,5,6

Arnold Munnich,2 Tim M. Strom,4,7 Andre Reis,1,9 and Laurence Colleaux2,9,*

Intellectual disability inherited in an autosomal-recessive fashion represents an important fraction of severe cognitive-dysfunction disor-

ders. Yet, the extreme heterogeneity of these conditions markedly hampers gene identification. Here, we report on eight affected indi-

viduals who were from three consanguineous families and presented with severe intellectual disability, absent speech, shy character,

stereotypic laughter, muscular hypotonia that progressed to spastic paraplegia, microcephaly, foot deformity, decreased muscle mass

of the lower limbs, inability to walk, and growth retardation. Using a combination of autozygosity mapping and either Sanger

sequencing of candidate genes or next-generation exome sequencing, we identified one mutation in each of three genes encoding

adaptor protein complex 4 (AP4) subunits: a nonsense mutation in AP4S1 (NM_007077.3: c.124C>T, p.Arg42*), a frameshift mutation

in AP4B1 (NM_006594.2: c.487_488insTAT, p.Glu163_Ser739delinsVal), and a splice mutation in AP4E1 (NM_007347.3:

c.542þ1_542þ4delGTAA, r.421_542del, p.Glu181Glyfs*20). Adaptor protein complexes (AP1-4) are ubiquitously expressed, evolution-

arily conserved heterotetrameric complexes that mediate different types of vesicle formation and the selection of cargo molecules for

inclusion into these vesicles. Interestingly, two mutations affecting AP4M1 and AP4E1 have recently been found to cause cerebral palsy

associated with severe intellectual disability. Combined with previous observations, these results support the hypothesis that AP4-

complex-mediated trafficking plays a crucial role in brain development and functioning and demonstrate the existence of a clinically

recognizable syndrome due to deficiency of the AP4 complex.

With a worldwide prevalence of around 2%, early-onset

cognitive impairment, commonly referred to as intellec-

tual disability (ID), is the most frequent cause of severe

disability and a leading socioeconomic healthcare problem

inWestern countries.1 For the last two decades, remarkable

progress has been made in the elucidation of ID condi-

tions. About 30% percent of severe ID cases have been

ascribed to chromosomal imbalances.2 Defects in X-linked

genes account for about 10% of male ID cases.3 Yet despite

these recent advances, the cause of ID remains unex-

plained in the majority of cases, and this leaves families

without accurate diagnosis or genetic counseling. In partic-

ular, very little is known about the autosomal-recessive

forms of ID (ARID). The broad genetic heterogeneity of

ARID precludes any possibility of pooling families, and

the scarcity of large pedigrees suitable for linkage analyses

have hitherto hampered identification of the genes

responsible for most of these cases. This problem has

been successfully circumvented by the use of autozygosity

mapping in large consanguineous families; in nonspecific

ARID ten genes have been identified so far.1,4–12 Neverthe-

less, mutations in each of these genes only account for one

or very few families, suggesting that many genes remain to

be identified.

Here, we present linkage analyses, mutation discovery,

and clinical characterization of a recognizable ARID

syndrome in eight affected individuals from three consan-

guineous families.

Family ID01 is a sibship of three affected and two

healthy siblings born to healthy parents, who are second

cousins of Israeli–Arab descent (Figure 1A and Table 1).

Pregnancy and delivery were unremarkable in all three

affected cases. At birth all three siblings presented with

microcephaly and muscular hypotonia, which later devel-

oped to hypertonia. At the time of examination, a clinical

assessment showed hyperreflexia, spastic paraplegia, and

an inability to walk unaided. All affected individuals re-

vealed a severe cognitive deficit, marked speech delay,

and adaptive impairment. Furthermore, they presented

with microcephaly, a high palate, mildly remarkable facial

gestalt with a wide nasal bridge, short stature, hyperlaxity,

genu recurvatum, pes planus, and awaddling gait. All three

affected individuals had stereotypic laughter andmarkedly

shy character. None of the patients had seizures, vision or

1Institute of Human Genetics, University of Erlangen, D-91054 Erlangen, Germany; 2INSERM U781, Fondation IMAGINE, Département de Génétique and

Département de Radiologie Pédiatrique, Université Paris Descartes, Hôpital Necker-Enfants Malades, 75015 Paris, France; 3Department of Human Genetics

and Metabolic Diseases, Hadassah Hebrew University Medical Center, 91120 Jerusalem, Israel; 4Institute of Human Genetics, Helmholtz Center Munich,

German Research Center for Environmental Health, D-85764 Neuherberg, Germany; 5Department of Genomics, Life and Brain Center, University of Bonn,

D-53127 Bonn, Germany; 6Institute of Human Genetics, University of Bonn, D-53127 Bonn, Germany; 7Institute of Human Genetics, Klinikum rechts der

Isar, Technische Universität München, D-80634 München, Germany
8These authors contributed equally to this work
9These authors contributed equally to this work

*Correspondence: rami.aboujamra@uk-erlangen.de (R.A.J.), laurence.colleaux@inserm.fr (L.C.)

DOI 10.1016/j.ajhg.2011.04.019. !2011 by The American Society of Human Genetics. All rights reserved.
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hearing impairments, or any anomalies of inner organs

(Table 1).

FamilyMR061 is composed of threenuclear families from

middle Syria; the families have one affected child each: the

index, V-14, his nephewVI-3, and his cousin once removed

V-28 (Figure 2). Pregnancy, delivery, and neonatal period

were unremarkable. Affected individuals sat at age one

and walked at age two to four but lost their ability to walk

six to 24 months later. At the time of examination, clinical

assessment showed muscular hypertonia, especially of

lower limbs; contractures; talipes equinovarus; weak and

decreased muscle mass of the shanks; and a clinical suspi-

cion of peripheral neuropathy. All affected individuals

revealed a severe cognitive deficit and absent speech and

could only express basic needs (i.e., thirst, hunger, and

strangury). Further, they presented with microcephaly

(VI-3 and V-28); mild facial dysmorphisms, including

a prominent and bulbous nose, a wide mouth, and coarse

features; short stature; and mild spasticity in flection of

upper limbs, which could be used only for simple tasks

(e.g., holding a bottle of water). Similar to the former

Figure 1. Genetic Analysis of Family
ID01
(A) Pedigree of the family.
(B) Electrophoregrams illustrating the
c.487_488insTAT, p.Glu163_Ser739de-
linsVal variant in exon 5 of AP4B1. Data
are shown for homozygous affected
individuals, heterozygous healthy parents,
and homozygous wild-type healthy
siblings.
(C) Quantitative RT-PCR analysis of AP4B1
mRNA. AP4B1 expression in fibroblast
cells from three controls and from patient
IV-2.
Data are normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
Means 5 standard deviation are given
(n ¼ 3 independent experiments). ***p
value of < 0.01 (Student’s test) for the
difference of expression. **p value of
< 0.05 (Student’s test) for the difference
of expression.

family, all affected individuals were

markedly shy, amicable, and calm

and kept smiling or laughing for no

obvious reason but did not have

laughter bursts. None of the patients

had seizures, a hearing impairment,

or any anomalies of inner organs

(Table 1). The nephew of the index,

VI-3, has an unclassified vision

impairment. In addition, V-9 and

VI-7 presented with moderate intel-

lectual disability, could walk and

speak, and did not have growth retar-

dation and thus presented clinically

with a different form of disability.

Family MR071 is composed of two nuclear families who

are from the north of Syria and had one affected child

each: the index, III-5, and his cousin, III-11 (Figures 3A

and 3B). The pregnancy and birth were unremarkable in

both cases. The parents reported muscular hypotonia in

the neonatal period; this later developed to muscular

hypertonia, especially of the lower limbs. At the time of

examination, clinical assessment revealed contractures;

talipes equinovarus; and decreased muscle mass of the

shanks; together these findings resembled peripheral

neuropathy. All affected individuals presented with

a severe cognitive deficit and absent speech. Furthermore,

they hadmicrocephaly; short stature; and a mildly remark-

able facial gestalt that included a prominent and bulbous

nose, a wide mouth, and coarse features. Individual III-11

had epilepsy. Both patients showed a shy, amicable, and

calm character. They smiled or laughed for no obvious

reason but did not have laughter bursts. None of the

patients had vision or hearing impairments or any anom-

alies of inner organs (Table 1). In this family one other

cousin, III-1, presented clinically with a different form of

The American Journal of Human Genetics 88, 788–795, June 10, 2011 789



disability. She had mild ID, could walk and speak, and did

not have growth retardation.

Chromosome analysis and metabolic screening

(including plasma amino acid, lactate, carnitine and

urinary oligosaccharides, mucopolysaccharidoses, and

organic acids) as well as biochemical screening for GM1

Gangliosidosis, Tay Sachs, and Krabbe diseases were all

normal. No brain magnetic resonance imaging was avail-

able for any of the patients.

All procedures followed in this study were approved by

the local ethical committee at the contributing Universi-

ties and proper informed consent was obtained. Additional

consent was obtained from parents of affected persons

whose photographs are presented in this work. Blood

samples were collected from all affected and most unaf-

fected siblings and parents. Blood lymphoblasts (families

MR061 and MR071) and skin fibroblasts (patient IV-2 of

family ID01) were cultured. Genomic DNA was extracted

by standard methods and analyzed with the Affymetrix

GeneChip Mapping 250K array (family ID01) or 6.0 array

(families MR061 and MR071) (Affymetrix, Santa Clara,

CA, USA). Analysis did not reveal pathogenic deletions or

duplications. Mendelian segregation was calculated with

PedCheck software and was confirmed in all instances.13–15

Table 1. Clinical Findings in Patients with Mutation in Distinct AP4 Subunits

Family

This Report
Moreno-De-Luca
et al.32 Verkerk et al.31ID01 MR061 MR071

Patient IV-2 IV-4 IV-5 V-14 V-28 VI-3 III-5 III-11 IV-4 IV-5 IV-1 IV-3 IV-4 IV-5 IV-6

AP4 subunit
disrupted

B1 B1 B1 S1 S1 S1 E1 E1 E1 E1 M1 M1 M1 M1 M1

Sex F F M M F M M F F M F M F M M

Age at evaluation
(years)

23 15 11 22 20 18 11 6 23 22 24 23 22 1.5 21

Severe ID þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ

Normal speech þ # # # # # # # # # # # # NA #

Stereotypic
laughter

þ þ þ þ þ þ # þ þ þ þ þ þ NA þ

Shy character þ þ # þ þ þ # # NA NA NA NA NA NA NA

Neonatal
hypotonia

þ þ þ þ NA þ þ þ þ þ þ þ þ þ þ

Progressing
to hypertonia

þ þ þ þ þ þ þ þ þ þ þ þ þ NA þ

Hyperreflexia þ þ þ þ NA þ NA NA þ þ þ þ þ NA þ

Babinski sign þ # þ NA NA NA NA NA þ þ þ þ þ NA þ

Spasticity þ þ þ þ # þ þ þ þ þ þ þ þ NA þ

Drooling # # þ þ þ þ # # þ þ þ þ þ NA þ

Walk
independently
(years)

2.5 2.5 2.5 2 2 2.5 # # # # # # # # #

Ambulation wheelchair þ wheelchair # # # crawling crawling # # # # # NA #

Foot deformity # # # þ þ þ þ þ NA NA # þ # # #

Head
circumference

#2 SD #2.5 SD #3 SD #1 SD #4 SD #2 SD #3 SD #4 SD #3 SD #3 SD #1 SD 0 SD #2 SD NA #2.5 SD

Height (cm) Y Y Y 145 130 140 125 105 NA NA NA NA NA NA NA

Epilepsy # # # # # # # þ þ þ # # # # #

Sphincter control # # # þ þ þ # # # # # # # NA #

Eye evaluation normal normal normal normal normal amblyopia normal normal normal normal NA normal NA NA POD

Hearing
evaluation

normal normal normal normal normal normal normal normal normal normal NA NA NA NA NA

Overweight þ þ normal normal normal normal normal normal NA NA NA NA NA NA NA

The following abbreviations are used: F, female; M, male, NA, not available POD, pale optic disc. The following symbols are used: þ, present; #, absent; Y, short
stature, but not exactly measured.
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We performed linkage analysis with ALLEGRO under an

autosomal-recessive mode of inheritance with 99% pene-

trance and a disease allele frequency of 0.001 by using the

EasyLinkage interface software.14–16 Multipoint linkage

analysis resulted in significant linkage peaks at 1p13.2-

q21.2 for family ID01, at 14q11-q12 for MR061,17 and at

15q21.1-q25.1 for MR071. Further genotype and haplotype

analyses confirmed homozygosity by descent and defined

critical intervals of 34Mb, 9.1Mb, and 32.9Mb, respectively

(TableS1, availableonline). Individuals fromfamiliesMR061

andMR071, who presentedwith a clinically distinct form of

ID, neither showed linkage to the above-mentioned regions

nor, in the case of individuals V-9 and VI-7, showed

a common locus. This means that in families MR061 and

MR071 three and two different ID disorders exist,

respectively.

After prioritizing genes according to their expression in

the brain and their putative role in the central nervous

system, we screened eight genes mapping to 1p13.1-

q21.2 in family ID01 by using direct sequencing of

all coding exons and exon-intron junctions. We

identified a 3 bp homozygous insertion (NM_006594.2:

c.487_488insTAT) within exon 5 of AP4B1 (encoding the

b subunit of the adaptor complex 4 [MIM 607245]) (Fig-

ure 1B). This variant cosegregated with the disease and

was not present in NCBI dbSNP (build 131) or detected

in any of 796 control chromosomes, including 160 chro-

mosomes from individuals of Israeli-Arab origin. This

frameshift mutation (p.Glu163_Ser739delinsVal) was pre-

dicted to cause premature termination of translation.

Quantitative real-time PCR with the DCT method showed

significantly less AP4B1 transcript in patient skin fibro-

blasts than in three controls (p ¼ 0.0084–0.013 with

Student’s test, Figure 1C). These results suggest that the

primary effect of this frameshift mutation is nonsense-

mediated decay.

DNA from individual V-14 of family MR061 was en-

riched with the SureSelect Human All Exon Kit, which

targets approximately 38 Mb, that is 1.22%, of the human

genome (Agilent, Santa Clara, Ca, USA). Sequencing was

carried out on an Illumina Genome Analyzer IIx (Illumina,

San Diego, CA, USA) as 54 bp or 76 bp paired-end runs.

Image analysis and base calling were performed with the

Genome Analyzer Pipeline version 1.5 with default

Figure 2. Genetic Analysis of Family MR061
(A) Pedigree of family; arrows indicate index. Family MR061 is large with multiple affected individuals with variable phenotypes. Grey
symbols denote individuals inwhom clinical presentation ismarkedly different andwho have noAP4S1mutation (heterogeneity within
the family).
(B) Electropherograms illustrating the mutation in exon 2 of AP4S1.
(C) Facial appearance of affected individuals with discreet remarkable facial gestalt, including a prominent and bulbous nose, a wide
mouth, and coarse features and photographs of lower limbs with foot deformity and decreased muscle mass of the shanks.
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parameters. We performed read alignment with BWA

(v 0.5.8) by using the default parameters18with the human

genome assembly hg19 (GRCh37) as reference. Single-

nucleotide variants and small insertions and deletions (in-

dels) were detected with SAMtools (v 0.1.7).19 Variant

annotation was performed with custom Perl scripts inte-

grating data from dbSNP (v131) and the UCSC Genome

Browser knownGene track. Additionally, we compared

variants to 80 sequenced exomes in an in-house database

to identify further common variants that are not present

in dbSNP. We captured 26,037 variants; 6,655 variants

were coding and homozygous, 345 of those were not anno-

tated, and 139 of those were nonsynonymous. Only two

variants were located in the linked region on chromosome

14: a missense variant in the last exon of SLC22A17

(NM_020372.2: c.1429G>A, p.Val477Met) and a nonsense

variant in the first coding exon of AP4S1 (NM_007077.3:

c.124C>T, p.Arg42*). In silico analysis with Muta-

tionTaster20 and PolyPhen21 indicated a high probability

for a pathogenic effect for both variants. The variants

were also absent in 740 Syrian control chromosomes and

cosegregated with the affected status within the family.

Both SLC22A17 (highly expressed in the brain and

belonging to the organic cation transporter family [MIM

611461]) and AP4S1 (encoding the small subunit of the

adaptor complex 4, MIM [607243]) are thus good a priori

candidates for ID. Because the clinical presentation of

affected persons with mutations in the different AP4

subunits shows high similarity (Table 1), we assume that

the AP4S1 mutation, which truncates the protein at its

very beginning, is the main determinant of the phenotype

in this family, although we cannot exclude an additional

effect of the SLC22A17 or other variant in the linked

region.

Finally, we tested homozygosity at the four loci coding

for the subunits B1, E1, S1, and M1 of the AP4 complex

by genotyping cohorts of 22 French and 62 Syrian17

ARID families with Affymetrix GeneChip Mapping 6.0,

Figure 3. Genetic Analysis of Family MR071
(A) Pedigree of family MR071.
(B) Representative sequence traces from cDNA showing skipping of exon 5.
(C) Facial appearance of affected individuals includes discreet remarkable facial gestalt with prominent and bulbous nose, wide mouth,
and coarse features. Also shown are photographs of the lower limbs with foot deformity and decreased muscle mass of the shanks.
(D) RT-PCR products of mRNA from homozygous affected individuals, heterozygous healthy parents, and homozygous wild-type
healthy siblings; the expected size from the normal AP4E1 allele (512 bp) as well as a smaller band corresponding to aberrant splicing
of the mutated allele with skipping of exon 5 (389 bp) is shown.
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Affymetrix GeneChip 250K (Affymetrix, Santa Clara, CA,

USA) or Illumina 610K arrays (Illumina, San Diego, CA,

USA). One Syrian family (MR071) showed linkage to

chromosome 15 containing AP4E1. Direct sequencing of

this gene (encoding the 3 subunit of the adaptor complex

4 [MIM 607244]) identified a homozygous splice-donor

site mutation in intron 5 (NM_007347.3, c.542þ1_542þ

4delGTAA) (Figure 3). This variant cosegregated with the

phenotype, was not present in dbSNP build 131, and was

absent in 740 control chromosomes from healthy individ-

uals of Syrian descent. This mutation was predicted to

abolish the intron 5 splice-donor site. Consistently, anal-

ysis of AP4E1 transcript from patient lymphoblastoid cell

lines revealed skipping of exon 5 (Figure 3). This deletion

was predicted to cause a frameshift and a premature

termination of translation in exon 6 (NM_007347.3:

r.421_542del, p.Glu181Glyfs*20). In an additional Syrian

family, an individual who had a homozygous 11 bp

deletion in intron 11 of AP4E1 (c.1346þ44_1346þ

54delGCAGTGACTTT) was identified . In silico analysis

indicated that this deletion is not pathogenic and it was

present in 20% of 320 control chromosomes from healthy

individuals of Syrian descent. No additional, not anno-

tated variants were identified.

Adaptor protein complexes (AP1, AP2, AP3, and AP4)

play a key role in signal-mediated trafficking of integral

membrane proteins. They mediate different types of

vesicle formation and the selection of cargo molecules

for inclusion into these vesicles. These evolutionarily

conserved heterotetrameric complexes share a common

structural organization and are composed of four subunits:

two large subunits or adaptins (~100 kD; a-3/b1-4), one

medium (~50 kD; m1-4), and one small subunit (~17 kD;

s1-4).22 AP1-3 complexes are widely distributed among

eukaryotes from yeast to humans. By contrast, the AP4

complex is absent in organisms such as Saccharomyces

cerevisiae, Caenorhabditis elegans, and Drosophila mela-

nogaster.23 Moreover, although AP1, AP2, and AP3

complexes have been shown to be associated with clathrin

vesicles, the AP4 complex functions independently of cla-

thrin and is preferentially linked to membranes regulated

by the small GTPase ARF, another coat-vesicle protein.24–26

As shown in Figure S1, expression analysis of AP4B1,

AP4E1,and AP4S1 transcript levels by quantitative RT-

PCR in various adult and fetal tissues revealed ubiquitous

expression in all fetal and adult brain structures tested. It

has been suggested that the AP4 complex is involved in

various sorting processes. In HeLa cells, the m4 subunit

interacts with the cytoplasmic tyrosine motif of lysosomal

cargo proteins such as the lysosome-associated membrane

protein 2 and mediates their direct transport to lysosomes

without passing via the plasma membrane. In Madin-

Darby canine kidney cells (MDCK), the m4 subunit inter-

acts with different cargo proteins destined for the basolat-

eral membrane. In the brain, the AP4 complex has been

involved in the transport of amyloid precursor protein

(APP) from the trans-Golgi network to early endo-

somes.27 Ap4b1-deficient mice were fertile, exhibited no

anatomical brain abnormalities, and had normal life spans,

body weight, and grip power. They exhibited no ataxia but

a significantly poorer rotorod performance than wild-type

mice did. There was no information about learning ability

of the Ap4b1-deficient mice. Analysis of those mice

demonstrated that Ap4 mediates the trans-Golgi network

to the postsynaptic somatodendritic domain transport

of d2 and a-amino-3-hydroxy-5-methyl-4-isoxazolepro-

pionic acid (AMPA) glutamate receptors in both cerebellar

Purkinje cells and hippocampal neurons.28 We thus

propose that motor disturbances observed in patients

with mutations in the AP4 complex might be because of

cerebellar dysfunction caused by mislocalization of gluta-

mate receptors. Similarly, defective AMPA receptor sorting

might impact synaptic plasticity in hippocampal neurons

and cause ID.

Mutations in other AP complexes have already been

linked to human disorders. Mutations of AP1S2 (encoding

the s small subunit of the adaptor complex 1 [MIM

300629]) cause an X-linked intellectual disability

syndrome associating muscular hypotonia, delayed

walking, speech delay, aggressive behavior, brain calcifica-

tions, and elevated cerebrospinal fluid protein levels (MIM

300630).29,30 Mutations in AP3B1 (encoding the b subunit

of the adaptor complex 3 [MIM 603401]) cause Herman-

sky-Pudlak syndrome type 2 (HPS [MIM 608233]), a disease

characterized by hypopigmentation of the eyes and skin,

prolonged bleeding, and lysosomal ceroid storage.27

Interestingly, homozygosity for a splice-donor site muta-

tion in AP4M1 (encoding the m subunit of the AP4 complex

[MIM 602296]) was found to be associated with an auto-

somal-recessive spastic tetraplegia with intellectual

disability and white matter anomalies (MIM 612936).31

Moreover, a 192-kb-long deletion encompassing SPPL2A

(MIM 608238) and AP4E1 (MIM 607244) was also found

to be associated with autosomal-recessive cerebral palsy,

microcephaly, and intellectual disability (no MIM number

has been assigned).32 Patients carrying mutations in

AP4M1 and AP4E1 share many clinical features with those

patients described in our study (Table 1). Primarily, all

patients had an infantile muscular hypotonia that pro-

gressed to spasticity, hypertonia, and paralysis and became

unable to walk. They presented with a severe ID, absent or

markedly delayed speech, stereotypic laughter, and growth

retardation. In addition to those common symptoms,

several other features were observed in some of the

patients: microcephaly, epilepsy, waddling gait, joint hy-

perlaxity (in patients withAP4B1mutation), and feet defor-

mity (Table 1). Yet, despite this phenotypic variability, our

data suggest that disruption of any of the four AP4 subunits

causes a clinically recognizable AP4-deficiency syndrome.

This was also supported by the fact that three other individ-

uals in families MR061 and MR071 have a clinical pheno-

type of ID different from the AP4 syndrome and

consistently do not carry the familial mutations homozy-

gously. Heterozygous carriers of the mutations have no ID.
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In conclusion, our findings illustrate the power of

combining systematic autozygosity mapping with large-

scale sequencing for unraveling themolecular basesof auto-

somal-recessive ID.More importantly, they suggest the exis-

tence of a clinically recognizable AP4-deficiency syndrome

characterized by the association of severe ID, growth retar-

dation, stereotypic laughter, progressive spasticity, and

inability towalk. Finally, this studyprovides further support

to the hypothesis of a crucial role of AP4-mediated traf-

ficking in brain development and functioning.

Supplemental Data

Supplemental Data include one figure and one table and can be

found with this article online at http://www.cell.com/AJHG/.
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REPORT

Combination of Linkage Mapping and Microarray-
Expression Analysis Identifies NF-kB Signaling Defect
as a Cause of Autosomal-Recessive Mental Retardation

Orianne Philippe,1 Marlène Rio,1 Astrid Carioux,2 Jean-Marc Plaza,3 Philippe Guigue,1

Florence Molinari,1 Nathalie Boddaert,1 Christine Bole-Feysot,2 Patrick Nitschke,3 Asma Smahi,1

Arnold Munnich,1 and Laurence Colleaux1,*

Autosomal-recessive inheritance accounts for nearly 25% of nonsyndromic mental retardation (MR), but the extreme heterogeneity of

such conditions markedly hampers gene identification. Combining autozygosity mapping and RNA expression profiling in a consan-

guineous Tunisian family of three MR children with mild microcephaly and white-matter abnormalities identified the TRAPPC9

gene, which encodes a NF-kB-inducing kinase (NIK) and IkB kinase complex b (IKK-b) binding protein, as a likely candidate. Sequencing

analysis revealed a nonsense variant (c.1708C>T [p.R570X]) within exon 9 of this gene that is responsible for an undetectable level of

TRAPPC9 protein in patient skin fibroblasts. Moreover, TNF-a stimulation assays showed a defect in IkBa degradation, suggesting

impaired NF-kB signaling in patient cells. This study provides evidence of an NF-kB signaling defect in isolated MR.

Mental retardation (MR) is characterized by a broad range

of cognitive-function deficits that significantly hamper

adaptive capacities required for daily living, communica-

tion, social interaction and integration, self-direction,

and work.1 It is the most frequent handicap in children

and young adults, affecting 2%–3% of the general popula-

tion.2 The severity of MR is commonly classified on the

basis of the intelligence quotient (IQ), although other

criteria have also been used. With the assumption of a

population mean of 100 and a standard deviation of 15,

MR is usually classified as ‘‘mild’’ when the IQ value ranges

between 50 and 70 and as ‘‘severe’’ when the IQ value is

below 50. Finally, MR is also subdivided into syndromic

and nonsyndromic forms, depending on whether addi-

tional abnormalities are found on physical examination,

laboratory investigation, or brain imaging.

These definitions hide a much more complex situation,

and little is known about the biological bases of MR.

Indeed, despite recent advances in cytogenetic and molec-

ular genetic technologies, the cause of the mental hand-

icap remains unexplained in 40% of the cases, leaving

families with neither accurate diagnosis nor genetic coun-

seling. Understanding the biological bases of these disor-

ders is therefore a major challenge for the next years.

An autosomal-recessive mode of inheritance accounts

for largely 25% of unexplained MR. Although X-linked

MR has been extensively studied in the last decade, very

little is known about the autosomal-recessive form of MR,

which is far more common than X-linked forms. The broad

genetic heterogeneity of autosomal-recessive MR (ARMR)

has prevented researchers from pooling families, and the

scarcity of large pedigrees has hitherto hampered the iden-

tification of disease genes. Yet, autozygosity mapping in

large consanguineous families has led to the identifica-

tion of five genes responsible for nonsyndromic ARMR:

PRSS12, on chromosome 4q26 (MIM 606709);3 CRBN, on

chromosome 3p26 (MIM 607417);4 CC2D1A, on chromo-

some 19p13.12 (MIM 608443);5 GRIK2, on chromosome

6q21 (MIM 611092);6 and TUSC3, on chromosome 8p22

(MIM 611093).7,8 Moreover, ten loci have been mapped,

but each of these genes or loci accounts for only one or

very few families, suggesting that many disease-causing

genes remain to be characterized.9,10

We ascertained a sibship of three affected boys and one

healthy boy born to healthy Tunisian parents who are first

cousins (Figure 1A). Institutional ethical approval for

research and written consent were obtained for all partici-

pants in the study. All patients were born within normal

growth parameters after an unremarkable pregnancy and

delivery. The neonatal period was uncomplicated. Devel-

opmental delay became obvious by the end of the first

year, and a significant speech delay was noted thereafter.

The older affected brother, patient V-1, was first examined

at the age of 10 yrs. He was a friendly, severely mentally

retarded patient with a developmental IQ estimated by

standardized tests to be 34. Physical examination revealed

a mild microcephaly (occipitofrontal circumference [OFC]

49.5 cm, ÿ2 standard deviations [SD]), truncular obesity,

hypertelorism, short neck, and prominent upper central

incisors. At 19 yrs of age, his height was 167 cm (ÿ1 SD)

and OFC was 53 cm (ÿ2 SD). He showed mildly dysmor-

phic facial features, with short and smooth philtrum.

Chromosome analysis, array-CGH testing at 1 Mb resolu-

tion, metabolic screening, and molecular testing for

fragile X and FRAXE syndromes were all normal. Brain

MRI was performed and showed unusual white-matter
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abnormalities with discordance between T2 and FLAIR

sequences (Figure 1B). Indeed, whereas normal myelina-

tion was observed on T2 sequence, FLAIR sequence

showed important white-matter abnormalities when

compared to a control. Patient V-2 had surgery for unilat-

eral labial cleft. He walked at 17 mo of age. His speech

was delayed, his first words being spoken at age 3. At the

age of 7 yrs, his height was 122 cm (þ0.5 SD), weight

was 30 kg (þ3 SD), and OFC was 49 cm (ÿ1 SD). He pre-

sented with truncular obesity and midly dysmorphic

features including hypotelorism, short neck, and promi-

nent upper central incisors. Happy disposition and hyper-

activity were noted. When examined at age 15, he was

observed to be a friendly, moderately mentally retarded

patient with a slender posture. His height was 172 cm

(þ1 SD), weight was 50 kg (ÿ1 SD), and OFC was 50 cm

(< ÿ3 SD). He had mildly dysmorphic facial features,

with short and smooth philtrum and long and thin fingers.

Figure 1. Pedigree of the Family and
Brain MRI Features
(A) Pedigree of the family. Shaded symbols
indicate individuals presenting with MR.
(B) Discordance between T2 and FLAIR
sequences in patients V-1 and V-4. Coronal
T2 weighted image (left) and coronal
FLAIR image (right) of patient V-4 (upper
panels) and patient V-1 (middle panel) at
the level of the third ventricle demonstrate
normal myelination on T2 sequence. By
contrast, FLAIR sequence shows important
white-matter abnormalities (white arrow)
at the sus tentorial level compared to a
normal control (lower panels).

He understood simple commands

and concrete tasks and communi-

cated verbally, with a low vocabulary

and simple sentence structures. The

third affected child (patient V-4)

had global developmental delay but

was less severely affected than his

brothers. When examined at the age

of 4 yrs, he was able to communicate

verbally with about twenty words,

understood commands, and was able

to performed simple tasks. A hyperac-

tive behavior was noted. His height

was 102 cm, weight was 22 kg (with

truncular obesity), and OFC was

48.5 cm (ÿ2 SD). Brain MRI showed

white-matter abnormalities similar

to those observed for patient V-1,

with discordance between T2 and

FLAIR sequences (Figure 1B). Finally,

we investigated the X chromosome

inactivation profile in the mother by

methyl-sensitive PCR analysis and

observed that she showed a random X chromosome inac-

tivation profile (58/42).

In conclusion, MR associated with mild microcephaly,

myelination defect, and truncular obesity in the first year

were consistent features in the three affected siblings.

Blood samples were collected from all affected and unaf-

fected siblings and both parents, and skin fibroblasts were

cultured from patient V-1. For genome-wide autozygosity

screen, genomic DNA was extracted by standard methods

and analyzed with the Affymetrix GeneChip Mapping

10K Array. Multipoint linkage analysis resulted in two

significant linkage peaks on chromosomes 8 and X, respec-

tively (Figure 2A). Further genotype and haplotype anal-

yses confirmed homozygosity by descent and defined

a 12 Mb critical interval between markers rs2395855

and rs1397380 on 8q24 (LOD scores 3.13) and a 30 Mb

critical interval between markers rs982833 and rs750841

on Xq25-q28 (LOD scores 0.9) (Figure S1, available online).
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No other genomic regions were consistent with linkage.

Altogether these two regions encompassed 172 known

genes (NCBI build 36.3), the majority of which are

expressed in the brain. The coding sequence of 14 candi-

date genes on 8q24 and three candidate genes on Xq25-

q28 (Table S1) was searched for variants at DNA and/or

RNA levels, but no causative mutation was identified in

any of these genes. Thus, to prioritize the remaining candi-

date genes for sequencing, we hypothesized that the

disease-gene transcript could be downregulated in affected

subjects. RNA was extracted from skin fibroblasts derived

from patient V-1 and from three healthy gender-matched

control fibroblasts and analyzed with Affymetrix U133

Plus2 array. Microarray analysis was performed with

bioconductor packages for the R programming environ-

ment. Background subtraction, normalization, and probe

summarization were done with GeneChip robust multiar-

Figure 2. Genetic Analysis of the Family
(A) Results of the linkage analysis with the
Merlin software. The y axis represents
the LOD score and the x axis represents
the genetic distance.
(B) Quantitative PCR analysis of TRAPPC9
mRNA. TRAPPC9 expression in fibroblast
cells from two controls (black and gray
bars) and patient V-1 is shown. Data are
normalized to beta2 microglobuline (B2M)
andGlyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Means5 standard devia-
tion are given (n ¼ 5 independent experi-
ments). ***Significance of difference with
control values (Student’s test), p < 0.01.
(C) Electrophoregrams illustrating the
c.1708C>T variant in the TRAPPC9 gene.
Data are shown for a control, an affected
child (V-1), and a healthy heterozygote
parent (IV-1). The position of the single-
nucleotide change is shown by a black
arrow.

ray averaging (gcrma), and tests of

significance were conducted with

the local pooled error (LPE) test.11

Analysis was confined to the probe

sets mapping to the two regions

defined by genetic linkage analyses,

and TRAPPC9 (also known as NIBP,

NIK, and IKK-b Binding Protein, MIM

611966), located on chromosome

8q24, appeared as a good candidate.

Indeed, it was significantly downregu-

lated (40%) in the proband compared

to controls (p ¼ 4.0 3 10ÿ14). A 90%

TRAPPC9mRNA decay was confirmed

by quantitative RT-PCR (Figure 2B),

and subsequent mutational analyses

identified a homozygote nonsense

variant (c.1708C>T, p.R570X) within

exon 9 of the gene (Figure 2C). This

variant cosegregated with the disease and was not found

in 1120 control chromosomes, including 196 chromo-

somes from individuals of Tunisian origin, supporting the

hypothesis that the p.R570X change is the disease-causing

mutation. Homozygosity at the TRAPPC9 locus was tested

by genotyping with Affymetrix GeneChip Mapping 250K

array in thirteen independent consanguineous MR

patients. However, no patient was found to be compatible

with linkage to this locus.

For the evaluation of the consequence of the c.1708C>T

mutation on protein expression, immunoblots were then

prepared with fibroblast cell lysates from the affected sib

and two healthy controls and probed with a polyclonal

anti-TRAPPC9 antibody raised against the complete

protein. Whereas TRAPPC9 was clearly detectable in cell

lysates from healthy controls as a single band, neither

normal nor shortened protein was found in fibroblast cell
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extracts from the patient (Figure 3A). Taken together, these

results suggest that the mutation causes a nonsense-medi-

ated mRNA decay.

TRAPPC9 has been originally identified as a protein that

interacts with the nuclear factor kappaB (NF-kB)-inducing

kinase (NIK) and IkB kinase complex b (IKK-b).12 The

NF-kB transcription factor (TF) is a ubiquitously expressed

dimeric molecule that regulates the expression of a variety

of genes and plays a key role in a number of cellular

processes such as innate and adaptive immunity, cellular

proliferation, apoptosis, and development. In mammals,

the NF-kB family is composed of five related transcription

factors: p50, p52, RelA, c-Rel, and RelB.13 These proteins

form homo- or heterodimers that are retained in the cyto-

plasm by interaction with inhibitory molecules (IkBs).14

Activation of NF-kB is mediated by both canonical and

noncanonical signaling pathways.15–17 The canonical

pathway signals through activation of an IkB kinase (IKK)

complex, composed of two catalytic subunits, IKK-a and

IKK-b, and a regulatory subunit, NF-kB essential modulator

(NEMO)/IKK-g. Upon stimulation, this complex triggers

phosphorylation of the IkBs, leading to their ubiquitina-

tion and degradation through the proteasome pathway.

Freed p50-RelA and p50-cRel dimers then migrate to the

nucleus. The noncanonical pathway involves phosphory-

lation of IKK-a by NIK, which then triggers inducible

processing of the p100, causing the release of a p52/RelB

active heterodimer TF. On the basis of its interaction with

NIK and IKK-b proteins, a role in both canonical and non-

canonical NF-kB pathways was proposed for TRAPPC9.12

To further evaluate the functional consequences of

the p.R570X mutation on NF-kB signaling pathway,

we analyzed the response of cultured skin fibroblasts of

patient V-1 to TNF-a, a powerful activator of the NF-kB

system. Cultured fibroblasts from controls and a patient

were stimulated for various times with 10 ng/ml of TNF-a.

The time course of degradation of the inhibitory protein

IkB-a was then analyzed by immunoblotting. Figure 3B

shows a slight decrease in the level of IkB-a after 10 and

20 min of TNF-a stimulation in patient skin fibroblasts,

whereas IkB-a almost completely disappeared in fibroblasts

from two independent healthy controls. These results

support the hypothesis of an impaired of NF-kB signaling

in cells carrying the p.R570X mutation.

NF-kB activity and expression of several NF-kB target

genes are altered in many chronic neurodegenerative

diseases such as Alzheimer’s disease,18 Parkinson’s disease,

andHuntington’s disease.19,20Toour knowledge, this study

provides the first evidence of a NF-kB signaling defect in an

isolated cognitive deficit. How a TRAPPC9mutation caused

isolated MR remains questionable. Previous studies have

demonstrated that knocking down TRAPPC9 expression

prevented nerve growth factor-induced neuronal differen-

tiation and suggested that TRAPPC9 might function as

a downstream component of the NGF pathway.12 Yet how

absence of TRAPPC9 protein led to MR in our patient

remains unexplained.

Cognitive dysfunction is generally regarded as the conse-

quence of a defect in synapse formation and plasticity.

Along these lines, it is worth remembering that subcellular

distribution, DNA binding activity, and transcription of

NF-kB are regulated by various forms of synaptic activity

and that this TF plays an important role in the induction

of synaptic plasticity and long-term-memory forma-

tion.21,22 Inhibition of NF-kB blocked induction of long-

term potentiation (LTP) in the hippocampus and amyg-

dala.23,24Moreover, exposure toexogenousTNF-a inhibited

induction of LTP, and the knockout of TNF receptors

inhibited induction of long-term depression (LTD).23,25

Finally, recent studies based on cell-restricted ablation

of NF-kB subunits demonstrated the prominent role of

neuronal NF-kB in memory and cognition and indicated

that NF-kB activation is essential for long-term-memory

formation, especially when hippocampus is involved.26

Impaired NF-kB signaling in glial cells may also play an

important role in the pathogenesis of the disease, given

that recent data suggest an active role of astrocytes and

oligodendrocytes in synaptic transmission.27 Constitutive

TNF-a release by glial cells promoted upregulation of

AMPA receptors and internalization of inhibitory GABA

receptors in hippocampal neurons, thereby increasing

synaptic strength.28,29

Figure 3. Functional Consequences of
the TRAPPC9 Mutation
(A) Immunoblot analysis of TRAPPC9
protein. Lysates from controls (C1-2) and
patient (V-1) fibroblasts were subjected to
immunoblotting with a polyclonal anti-
b-actin antibody as a loading control
(lower panel) and with a rabbit polyclonal
anti-TRAPPC9 antibody (upper panel).
Molecular weights are indicated on the
left. TRAPPC9, shown as a 140 kD band
in controls, is absent in the patient.
(B) Time-course analysis of TNF-a-induced
IkB-a degradation as detected by immuno-
blot. Lysates were subjected to immuno-

blotting with a polyclonal anti-b-actin antibody as a loading control (lower panel) and with a rabbit polyclonal anti-IKB-a antibody
(upper panel). IKB-a is shown as a 37 kD band. Results from one representative experiment are shown.
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Finally, our study may shed light on the role of NF-kB in

the myelination process in the CNS. Although NF-kB has

been shown to orchestrate the axon myelination of

peripheral neurons by Schwann cells,30 whether it plays

a similar critical role in the differentiation of oligodendro-

cytes remains to be establish. The brainMRI observation of

a myelination defect in our patients may provide further

support to this hypothesis.

In conclusion, our study provides evidence that a NF-kB

signaling defect may cause isolated cognitive deficit, ex-

panding therefore the field of the pathophysiology of MR.

Supplemental Data

Supplemental Data include two figures and one table and can be

found with this article online at http://www.cell.com/AJHG.
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ARTICLE

NF-jB signalling requirement for brain myelin
formation is shown by genotype/MRI phenotype
correlations in patients with Xq28 duplications

Orianne Philippe1, Marlène Rio1, Valérie Malan1, Hilde Van Esch2, Geneviève Baujat1, Nadia Bahi-Buisson3,
Vassili Valayannopoulos4, Roseline Gesny1, Jean-Paul Bonnefont1, Arnold Munnich1, Guy Froyen5,
Jeanne Amiel1, Nathalie Boddaert1,3 and Laurence Colleaux*,1

One of the key signals regulating peripheral myelin formation by Schwann cell is the activation of the transcription factor

NF-jB. Yet, whether NF-jB exerts similar functions in central myelin formation by oligodendrocytes remains largely unknown.

We previously reported white matter abnormalities with unusual discordance between T2 and FLAIR sequences in a patient with

intellectual disability and defective NF-jB signalling. These observations prompted us to hypothesise that NF-jB signalling may

have a role in the axon myelination process of central neurons. We report here on five male patients with Xq28 duplications

encompassing MECP2, three of which presented white matter anomalies on brain MRI. Array-CGH and FISH analyses

demonstrated that brain abnormalities correlate with additional copies of the IKBKG, a gene encoding a key regulator of

NF-jB activation. Quantitative RT-PCR experiments and jB-responsive reporter gene assays provide evidence that IKBKG

overexpression causes impaired NF-jB signalling in skin fibroblasts derived from patients with white matter anomalies. These

data further support the role of NF-jB signalling in astroglial cells for normal myelin formation of the central nervous system.
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INTRODUCTION

NF-kB is a ubiquitously expressed dimeric molecule that regulates the

expression of a variety of genes and has a key role in a number of

cellular processes such as innate and adaptive immunity, cellular

proliferation, apoptosis and development.1 Inducible NF-kB

activation depends on phosphorylation-induced proteosomal

degradation of the inhibitor of NF-kB proteins, which retain

inactive NF-kB dimers in the cytosol in unstimulated cells. The

majority of the diverse signalling pathways that leads to NF-kB

activation converge on the IkB kinase (IKK) complex, which is

responsible for IkB phosphorylation, leading to its degradation and

thus allowing nuclear translocation of the NF-kB complexes.

Myelin is an electrically insulating material that forms a layer, the

myelin sheath, around the axon of a neuron. It is essential for

the proper functioning of the nerve fibres in both the central

nervous system (CNS) and the peripheral nervous system (PNS).2

Peripheral myelin formation during development is initiated by

specific signals from axons to Schwann cells, and compelling

evidence demonstrated that NF-kB orchestrates this complex

process. NF-kB activity in the sciatic nerve of the developing

rodents reaches a peak during the period when Schwann cells were

actively myelinating axons.3 Moreover, blocking NF-kB activity

impairs Schwann cell differentiation and myelination in vitro.

Finally, the production of myelin is drastically reduced in the

neurons of the dorsal root ganglia cultured from mice lacking

the p65 subunit of NF-kB.

In humans, myelination in the CNS is a long-lasting process that

starts during the fourteenth week of foetal development with only

little amounts of myelin at the time of birth.4,5 The process of

myelination accelerates during infancy and will be pursued until

adolescence. Brain myelin formation during development is initiated

by, as yet, poorly identified signals from axons to oligodendrocytes.

Reports linking white matter anomalies, which consists mostly of

axons, their myelin sheaths and supporting oligodendrocytes, to

defective pathways may thus allow a deeper understanding of how

CNS myelination is regulated.

We previously reported three brothers in which intellectual

disability (ID) associated with mild microcephaly and truncular

obesity resulted from the loss-of-function mutation (p.R570X) of

the TRAPPC9 gene (MIM 611966).6 Interestingly, brain MRI in

affected sibs showed white matter abnormalities with unusual

discordance between T2 and FLAIR sequences (ie, normal myelin

signal on T2 sequence while FLAIR sequence shows important white

matter abnormalities at the sus-tentorial level). So far, a total of

24 patients from seven distinct families have been reported with

AR-NSID linked to TRAPPC9.7–11 In addition to microcephaly,

obesity, early onset hypotonia and moderate-to-severe ID, white

matter abnormalities is a constant finding in these patients.
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TRAPPC9 (also known as NIBP, NIK and IKKb binding protein)

encodes a protein involved in the NF-kB signalling pathway and in

nerve growth factor-induced neuronal differentiation.12 Consistently,

impaired NF-kB signalling was observed in cultured skin fibroblasts

of the index patient carrying the p.R570X TRAPPC9 null mutation.

These observations prompted us to hypothesise that NF-kB signalling

may have a role in the axon myelination process of the central

neurons. To further test this hypothesis, we investigated NF-kB

signalling in patients carrying Xq28 duplications of different sizes

and associated or not with white matter anomalies.

PATIENTS AND METHODS

Patients
Five patients carrying an Xq28 duplication are reported in this study.

Institutional research ethic approval and written consent were obtained for

all the participants in the study.

Patient 1 is the first child of healthy non-consanguineous parents, born after

an uneventful pregnancy with birth weight (BW) 2710 g and Apgar score 10.

Shortly after birth, the boy presented hypotonia with delayed psychomotor

development; he sat at 16–18 months and did not walk at 27 months. At

17 months he developed tonic-clonic seizures. The clinical examination at 27

months showed: weight 12.4 kg (ÿ0.5DS), height 80.5 cm (ÿ2.5DS),

occipitofrontal circumference 46.5 cm (ÿ2.5DS), mild dysmorphic features

(open, carp-shaped mouth, epicanthal folds, anteverted nares, tapering

fingers), cryptorchidism, bilateral pyramidal syndrome, speech delay, and

drooling. At this age, coronal Flair images showed an important delay of

myelination of the white matter compared with age-matched normal controls

while the coronal T2 images of the same affected boy showed no evident

abnormalities of the white matter compared with normal controls indicating

discordance between the FLAIR and T2 sequences (Figures 1g–j).

Array-CGH identified a 8.6Mb Xq27.3-q28 submicroscopic duplication

caused by a de novo unbalanced translocation t(X;8)(q27.3-q28;qter) as further

demonstrated by FISH analysis with the probe RP11-119A22. No loss of

chromosome 8 material was detected (data not shown).

Patient 2 is the second child of healthy non-consanguineous parents. He was

born at term with normal birth parameters after an uneventful pregnancy

(BW: 3100g). He presented hypotonia, severe gastro-oesophageal reflux,

bronchiolitis and pulmonary infections, which revealed an immunoglobulin

deficit in IgM and IgG2, delayed motor and intellectual development (walked

independently at 26 months of age) and poor social interactions. He was first

seen at 6 years of age. Growth parameters and head circumference were within

the normal range with weight on the 75th centile, height on the 50th centile

and OFC on the 50th centile. He could speak some single words and remained

hypotonic and ataxic with the absence of spasticity and presented stereotypic

movements (hand flapping). Clinical examination showed exotropia, a small

open mouth with drooling and slender hands and feet. He had a mild

kyphosis. Genitalia were normal. Coronal Flair images showed an important

and extensive hyperintensities of the periventricular and subcortical white

matter compared with age-matched normal controls. On the other hand, the

axial T2 of the same patient showed no obvious abnormalities compared with

normal controls revealing discordance between the Flair and the T2 sequences

(Figures 1a and b). Array-CGH identified an Xq28 microduplication subse-

quently confirmed by FISH analysis with the probe RP11-119M22 and

inherited from the mother. His older brother had a similar clinical presentation

with even more delayed motor skills due to spasticity and poorer social

interactions. His brain MRI revealed similar Flair and T2 sequences

discordance. He also carried the duplication as demonstrated by FISH analysis.

Patient 3 is the second child of healthy non-consanguineous parents. An

undiagnosed X-linked ID syndrome segregated in the maternal family with

three affected boys in two generations. He was born at term with normal birth

parameters after an uneventful pregnancy (BW: 3125 g; BL: 48 cm; OFC:

35 cm). He presented hypotonia, severe chronic constipation, delayed motor

and intellectual development (walked independently at 26 months of age) with

limited social interactions and anxiety, bronchiolitis and pulmonary infections

from 1 year of age, and epilepsy from 5 years of age. He was first seen at

5.5 years. Head circumference was on the 97th centile while weight and height

were on the 75th centile. He was hypotonic, ataxic and spastic. Language was

limited to about 10 words. Clinical examination showed exotropia, a small

mouth, slender hands and feet, brisk tendon reflexes and drooling. Genitalia

and spine were normal. No abnormalities were noted on brain MRI in both

FLAIR and T2 sequences (Figures 1c and d).

A MECP2 duplication was clinically suspected and confirmed by FISH analysis

with the probe RP11-119A22. The duplication was inherited from the mother.

Patient 4 was born after an uneventful pregnancy as the first child to healthy

non-consanguineous parents. Family history was negative regarding congenital

malformations and ID. At birth he was very hypotonic with feeding problems.

His development was severely delayed, with sitting at the age of 2 years and

walking with support at the age of 3 years and half. He did not develop any

active speech but understands simple tasks. Repetitive behaviour and hand

flapping when he is excited can be seen. At the age of 6 months he developed

absence epilepsy responding well to Depakine. His major problems were the

recurrent infections occurring since the first months of life, necessitating

almost continuous antibiotic therapy, frequent hospitalisations and ventilation

for 1 week at the age of 6 years because of a serious pneumonia. At the age

of 7 years he walked again with support, his gait was broad based with eversion

of the feet. He was still very hypotonic in the trunk and did not show any

spasticity in the limbs. He made good eye contact with his care takers and had

a happy character. Growth was normal. His face was hypotonic with tented

upper lip and drooling. He could not feed himself. No abnormalities were

noted on brain MRI in both FLAIR and T2 sequences.

X-chromosome array-CGH identified a small Xq28 microduplication in

patient HT previously reported in the paper by Bauters et al.13

Patient 5 was reported previously as patient IV:2 from family 1 by

Vandewalle et al.14 Briefly, this patient presented with delayed psychomotor

development, tiptoeing and mild atactic gait. Cognitive evaluation showed a

moderate ID, with a total IQ of 50. He had normal social interaction, and no

behavioural problems have been reported. Array-CGH revealed a 317-kb-long

microduplication at Xq28, between 153.218 and 153.535Mb.

Neuroimaging methods
Anatomical MRI was performed with a 1.5-T (Signa General Electric Company,

Fairfield, CT, USA) scanner using the following sequences: 3D T1-weighted

FSPGR sequence, axial FSE T2-weighted imaging and coronal FLAIR sequences.

Additional imaging sequences were occasionally obtained, including coronal T2

FSE or axial FLAIR sequences. The same paediatric neuroradiologist reviewed

all brain images.

Quantitative RT-PCR (qRT-PCR) and stimulation assays
Reverse transcription was performed with the qSCRIPT cDNA SuperMix

(QUANTA Biosciences, Gaithersburg, MD, USA) and the quantitative PCR

with the KIT SYBR GREEN FASTMIX ROX (QUANTA Biosciences) on a 7300

Real-Time PCR System (Life Technologies Corporation, Carlsbad, CA, USA).

The following primers were used: 50-GAGCTCCGAGATGCCATC-30 and 50-C

TCAGCCATCTGCTGCTG-30 for IKBKG; 50-AGCCCGTGCAGCCATCAGC

C-30 and 50-CTTCCCAGGACTTTTCTCCA-30 for MECP2; 50-GAGTCAACGG

ATTTGGTCGT-30 and 50-TTGATTTTGGAGGGATCTCG-30 for GAPDH.

IKBKG and MECP2 transcripts levels were normalised to GAPDH mRNA.

Stimulation with TNF-a (10 ng/ml) was done on skin fibroblast cells from

patient 2 and two independent controls who were sex and age-matched. TNF-a

stimulation induces transcription of the c-IAP2 target gene. The amount of

c-IAP2 transcript was evaluated by qRT-PCR using the following primers:

50-GGTTCTTCTTCATGAAAGAAATG-30 and 50-CAGAAGATGTTTCAGAT

CTACCAG-30.

Luciferase assays
Forty thousand SH-SY5H cells were co-transfected with 200 ng of a plasmid

containing a kB-luciferase firefly reporter gene under the control of six NF-kB

promoter sites, 100 ng of a plasmid containing luciferase Renilla construct

under the control of a SV40 promoter and an increase amount of human

IKBKG expression vector. The empty pcDNA3.1 vector was used to balance the

transfected DNA concentration. The transfection was performed with Lipo-

fectamine LTX and Plus Reagent (Life Technologies Corporation). Twenty-four
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hours after transfection, cells were stimulated for 5 h with 10 ng/ml of TNF-a

and luciferase activity was measured in a luminometer using the Dual-

Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to

the manufacturer’s instructions.

RESULTS

IKBKG duplication in patients with white matter anomalies

Retrospective search for patients with cerebral MRI showing similar

discordance between T2 and FLAIR sequences identified two patients

originally diagnosed with a MECP2 duplication syndrome (patients 1

and 2). About 120 affected males with MECP2 gene duplication

ranging from 0.3 to 8.0Mb have been reported to date. Many children

exhibit delayed myelination of the cerebral white matter at the

posterior part of the cerebral hemispheres, yet, these abnormalities

are not constant features and data are not available regarding T2/

FLAIR discordance.15–20 We hypothesised that such neuroradiological

variability might correlate with the variable extent of Xq28

duplication and abnormal expression of other(s) gene(s) located

within the duplicated region.

Based on our previous results on TRAPPC9 mutations, the gene

encoding the inhibitor of kappa light polypeptide (IKBKG, MIM

300248, also known as NF-kB essential modulator) emerged as a

strong candidate. Indeed, this gene, located 400 kb distal to MECP2,

encodes the regulatory subunit of the IKK kinase complex.

Figure 1 Brain MRI of patients 1–3 and of age-matched controls. (a) Coronal Flair weighted images of patient 2 at 6.5 years show an important and

extensive hyperintensities of the periventricular and subcortical white matter compared with a 5.5 year-old normal control (e). By contrast, the axial

T2-weighted FSE images of the same boy (b) show no evident abnormalities compared with normal control (f). Coronal Flair (c) and axial T2 (d) weighted

images of patient 3 show normal matter compared with same age normal control (e, f). Coronal Flair weighted FSE images of the patient 1 at 2.9 year-old

(g) show an important delayed of myelination of the white matter compared with a 2.5 year-old normal control (h). By contrast, the coronal T2-weighted

FSE images of the same patient (i) show no evident abnormalities of the white matter compared with normal control (j).
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To investigate whether IKBKG was duplicated we performed

metaphase and interphase FISH analyses on leucocytes using the

bacterial artificial chromosome clone RP11-103M23, which encom-

passes the IKBKG gene. Results demonstrated duplicated IKBKG in

patients 1 and 2 but not in patients 3 and 4, suggesting a link between

IKBKG duplication and white matter anomalies.

To further support our observations, we looked at the brain MRI of

patient 5 who carries a recurrent 0.3Mb-long Xq28 duplication

identified in three X-Linked ID families and one sporadic

ID patient.14 The aneusomic chromosomic fragment includes

18 annotated genes including IKBKG. MRI showed white matter

abnormal hyperintense signals on both FLAIR and T2-weighted

sequences and thin corpus callosum.

Effects of IKBKG duplication on gene expression

To evaluate the consequences of IKBKG duplication on the corre-

sponding gene expression, we extracted and reverse transcribed RNA

from cultured skin fibroblasts of patient 2. As expected, qRT-PCR

demonstrated a two-fold overexpression of the MECP2 transcript.

In addition, these cells also displayed an increased level of the IKBKG

transcript (Figure 2a). Similarly, an increased level of IKBKG

transcript was also observed in lymphoblastoid cell lines derived

from patient 5 compared with controls (Figure 2b).

To confirm the pathogenic effect of IKBKG overexpression, we

tested its impact on the induction of c-IAP2 (also known as BIRC3)

mRNA expression, an endogenous kB-responsive gene, in response to

TNF-a, a powerful activator of NF-kB signalling. Cultured fibroblasts

from controls and patient 2 were TNF-a stimulated and c-IAP2

mRNA expression was measured by qRT-PCR. TNF-a treatment of

control cells resulted in a 40-fold increased in c-IAP2 mRNA level as

measured by qRT-PCR. By contrast, a 40% reduction of c-IAP2

mRNA induction was observed in cells carrying the IKBKG duplica-

tion when compared with two gender-matched controls (Figure 2c).

These results support the hypothesis of an impaired NF-kB signalling

in cells carrying the IKBKG duplication.

Finally, SH-SY5H human neuroblastoma cells were co-transfected

with a luciferase reporter gene under the control of NF-kB binding sites

and increasing amounts of a IKBKG expression vector. We observed that

increased amount of IKBKG expression vector resulted in dose-depen-

dent inhibition of a TNF-a induced NF-kB activation (Figure 2d).

Taken together, these data demonstrate that IKBKG duplication

results in a NF-kB signalling defect and is correlated with white

matter anomalies.

Figure 2 (a) qRT-PCR analysis of IKBKG and MECP2 transcripts in fibroblast cells from two controls (grey bars) and patient 2 (black bars). Data are

normalised to GAPDH mRNA. Means±SD are given (n¼5 independent experiments). ***Significance of difference with control values (Student’s test),

Po0.01. (b) RT-qPCR of IKBKG and GDI1 transcripts in EBV-PBL cell lines from patient 5 (black bars) and three controls (grey bars). Normalised to

GUSB. (c) Effect of IKBKG duplication on c-IAP2 expression. Analysis of TNF-a-induced c-IAP2 expression as detected by RT-PCR in skin fibroblast from

patient 2. Data are normalised to GAPDH. Means±SD are given (n¼3 independent experiments). ***Significance of difference with control values Po0.01

(Student’s test) and *significance of difference with control values Pr0.5 (Student’s test). (d) Overexpression of IKBKG inhibits NF-kB activation.

SH-SY5H cells were co-transfected with a kB-luciferase reporter construct under the control of IgK-kB sites and increasing amount of IKBKG expression

vector. The empty pcDNA3.1 vector was used to balance the transfected DNA concentration. Twenty-four hours after transfection, the cells were stimulated

for 5 h with 10ng/ml of TNF-a and luciferase activity was measured. Overexpression of IKBKG causes significantly reduced luciferase activity.
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DISCUSSION

Axon myelination is essential for axonal insulation and saltatory

conduction of action potentials in the vertebrate nervous system. The

remarkable multi-layered myelin sheath structure is achieved by

wrapping of the plasma membrane of specialized glial cells, oligoden-

drocytes in the CNS and Schwann Cells in the PNS, around large-

calibre axons. Among the signalling pathways that orchestrate axonal

ensheathment in the PNS via Schwann cell differentiation to a

myelinating phenotype, NF-kB was shown to be crucial for insulating

axons. By contrast, the role of NF-kB in mediating oligodendrocyte

maturation, myelination, de- and remyelination in the CNS has been

less investigated. A recent study highlighted IKK2-dependent NF-kB

signalling as a key pathogenic pathway during toxic CNS demyelina-

tion in mice.21 Yet, the exact contribution of astroglial NF-kB

signalling to myelin formation during normal human CNS

development remains largely unknown.

Our study supports the hypothesis of a correlation between cerebral

white matter defects and impaired NF-kB signalling in humans.

Taking into account our previous results on an autosomal recessive ID

condition linked to TRAPPC9 mutation,6 these results strengthen the

crucial role of NF-kB signalling for normal myelination process in

the human CNS. Whether the MRI findings correspond to hypo-

myelination or dysmyelination remains unanswered. Reviewing a

larger number of patients and regular MRI follow-up will be necessary

to address this question.

Hypomyelination or myelination’s arrest is observed in other

Mendelian and chromosomal disorders such as Pelizaeus–

Merzbacher disease (PMD, MIM 312080), Allan-Herndon-Dudley

syndrome (AHDS, MIM 300523) and 18qter deletion syndrome.

PMD is an X-linked disorder caused by mutation of the gene

encoding the proteolipid protein (PLP), one of the major myelin

proteins.22 In this disorder, no or only a very little myelin is produced

and high signal intensity is not restricted to FLAIR sequences alone,

but also observed on T2-weighted images. AHDS is caused by

mutations in a specific thyroid hormone transporter, the monocar-

boxylate transporter 8 (MCT8, SLC16A2). MRI imaging in these

patients shows marked myelination delay that ressembles the one

observed in patient 1 and 2. Finally, reduction of cerebral white

matter and delayed myelination are the main histopathological

findings in 18q deletion syndrome and discordance between T2 and

FLAIR sequences are often observed. White matter abnormalities

observed in this contiguous gene syndrome likely result from the loss

of the gene encoding the myelin basic protein (MBP), the second

major myelin protein.23

Myelinogenesis requires dramatic changes in the pattern of gene

expression in a highly coordinated manner. Expression of myelin-specific

genes is controlled by several families of transcription factors. Interestingly,

functional NF-kB cis-elements have been identified onMBP and PLP gene

promoters and TNF-a was found to modulateMBP transcription through

NF-kB in a human oligodendroglioma cell line.24 Thus, impaired NF-kB

signalling in the patients with IKBKG duplication could lead to

misregulated MBP and/or PLP expression and myelination defect.

Beyond the demonstration that activation of NF-kB is an essential

signal for the completion of myelination in CNS, these findings

illustrate how brain MRI analysis can contribute to the understanding

of pathophysiological mechanisms. Finally, they also suggest that it

might be worth testing for NF-kB signalling integrity in patients with

T2/Flair discordance.
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ARN_NIBP_1F AAAGTCGGGAGTGCCATGGTG 

ARN_NIBP_1R CTTGTAATGTCTGCTGTCTGTG 

ARN_NIBP_2F CAACTACGAGGACTGCCAG 

ARN_NIBP_2R GAGGGCACCTGGATCAATG 

ARN_NIBP_3F GAAGAGTGGAGCTCGGAGG 

ARN_NIBP_3R CATCTTTCTTTTCCTGATCCG 

ARN_NIBP_4F GATTTCAGCAGAGGCACGCAC 

ARN_NIBP_4R GGTAACCGTTCACAGTAATCG 

ARN_NIBP_5F CTTCGAGTTGAAAACATGGGG 

ARN_NIBP_5R CTTCCAGGGTCTTCACGTG 

ARN_NIBP_6F GATGATGGAATCAGTGTGAGTG 

ARN_NIBP_6R GTAGTTGTGCACGCCGTTC 
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TRAPPC9_1_F CCTGTCGCCTCTTTGGAAC 
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TRAPPC9_2_F GACCTGTTGATGCCACGGC 

TRAPPC9_2_R CCTTGCTGCAATGAAATTCTG 

TRAPPC9_3_F AGTGCTTTCTGGGTGGGAG 

TRAPPC9_3_R ACCGCACCCAGCCTCTC 

TRAPPC9_4_F TGGCATTTCCAAATAATCCAC 

TRAPPC9_4_R GGCAACAGTGCAAGACTCTG 

TRAPPC9_5_F AACATACTGTTCCTCAGAATTGC 

TRAPPC9_5_R CCACCAATCAATCATCAAGC 

TRAPPC9_6_F CAGTAGGGCATATTTAAGTTTTGTC 

TRAPPC9_6_R AAGAGACACTGCAGCATTACAC 
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TRAPPC9_7_F GAATGTGACAGAAACATCTGAACTC 

TRAPPC9_7_R TGAATCAATTCCGTAAGAACTGG 

TRAPPC9_8_F TCTCCTTGATTCTCCTCGATTC 

TRAPPC9_8_R AACCACGATGTCTGCCACTC 
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AP4B1_Ex1-F GAAGGAGCCCTCGAGTTACC 

AP4B1_Ex1-R AGAGACTGGGGCTAGTGAGC 

AP4B1_Ex2-F AGAAGGAGCCCTCGAGTTAC 

AP4B1_Ex2-R CAGAGAGACTGGGGCTAGTG 

AP4B1_Ex3-F CCCTCCATTGTAAGTTGGG 

AP4B1_Ex3-R TTTTCCCCAGTATTAAGGAGC 

AP4B1_Ex4-F GGCTGAGGTATGTCAAAATTAG 

AP4B1_Ex4-R TCTACCAAAGCCACACAATC 

AP4B1_Ex5-F CCTGGAGCTATTACTCTGGC 

AP4B1_Ex5-R AAGATCCCACAAGGTAGCAG 

AP4B1_Ex6-F CATGGAAATGGTCCTAATTTTG 

AP4B1_Ex6-R AACCACAGTTTTCTTGCTGG 

AP4B1_Ex7-F AGATGATTTTAGATTGAGGTGC 

AP4B1_Ex7-R TGTTTTGAGCAACTACTATAGGC 

AP4B1_Ex8-F AGATTCCTGCCTACCTGGAG 

AP4B1_Ex8-R GCAGGGTTTCAAGCATTCTC 

AP4B1_Ex9-F TAAGCGAAAAGCAAAACCAG 

AP4B1_Ex9-R ACGTGACTCACCAAACAATG 
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