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Abstract We report on a large family in which a novel
X-linked recessive mental retardation (XLMR) syn-
drome comprising macrocephaly and ciliary dysfunc-
tion co-segregates with a frameshift mutation in the
OFD1 gene. Mutations of OFDI have been associated
with oral-facial-digital type 1 syndrome (OFD1S) that
is characterized by X-chromosomal dominant inheri-
tance and lethality in males. In contrast, the carrier
females of our family were clinically inconspicuous,
and the affected males suffered from severe mental
retardation, recurrent respiratory tract infections and
macrocephaly. All but one of the affected males died
from respiratory problems in infancy; and impaired cil-
iary motility was confirmed in the index patient by
high-speed video microscopy examination of nasal epi-
thelium. This family broadens the phenotypic spectrum

Electronic Supplementary Material Supplementary material is
available to authorised users in the online version of this article at
http://dx.doi.org/10.1007/s00439-006-0210-5.

B. Budny - W. Chen - A. Tzschach - L. R. Jensen -

S. A. Shoichet - S. Lenzner - H. H. Ropers (I)

Max Planck Institute for Molecular Genetics, Ihnestr. 73,
14195 Berlin, Germany

e-mail: ropers@molgen.mpg.de

B. Budny - M. Wisniewska - M. Badura - A. Latos-Bielenska
University of Medical Sciences in Poznan, Poznan, Poland

H. Omran - M. Fliegauf
Department of Pediatric Neurology and Muscle Disorders,
Albert-Ludwigs-University, Freiburg, Germany

M. Raynaud
Service de Génétique et INSERM U316,
Hopital Bretonneau, Tours Cedex 1, 37044, France

of OFDI mutations in an unexpected way and sheds
light on the complexity of the underlying disease mech-
anisms.

Introduction

X-linked mental retardation (XLMR) is a clinically
and genetically heterogeneous condition that affects
approximately 1.8 in 1,000 males (Herbst and Miller
1980). To date, more than 140 different syndromic
forms of XILLMR have been described. The underlying
genetic defect has been identified in approximately half
of these cases, and 20 different genes have been impli-
cated in non-syndromic XLMR (Ropers and Hamel
2005).

Oral-facial-digital type 1 syndrome (OFDIS,
OMIM 311200) is an X-linked dominant, male-lethal
disorder characterized by craniofacial malformations,
digital abnormalities, mental retardation and polycystic
kidney disease. OFDI1S is caused by mutations of the
OFD1 gene (formerly known as CXORFS) (Ferrante
et al. 2001), the gene product of which is required for
the formation of primary cilia (Ferrante et al. 2005).

Ciliary dysfunction has been associated, among many
other disorders, with mental retardation (Gerdes and
Katsanis 2005). Motile cilia, which are characterized by
a 9 + 2 microtubule component, are found in respira-
tory epithelial cells, in oviducts, in testicular ducts and
sperm cells, in the ependymal lining of brain ventricles,
and in the embryonic node. Dysfunction of these cilia,
as in primary ciliary dyskinesia, leads to respiratory
problems, infertility, hydrocephalus and randomization
of left/right body asymmetry (Eley et al. 2005; Van’s
Gravesande and Omran 2005). Primary (non-motile)
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cilia, on the other hand, have a 9 + 0 microtubule com-
position. They are found, with few exceptions such as
lymphocytes, on nearly all cell types of the body. Eluci-
dation of their functions has attracted increased atten-
tion since causative links were established to cystic
kidney disease (Hildebrandt and Otto 2005), retinitis
pigmentosa (Khanna et al. 2005), sensorineural deaf-
ness (Whitlon 2004), anosmia (Kulaga et al. 2004) and
mental retardation (Gerdes and Katsanis 2005).

Here, we report on a family with a novel syndrome
comprising X-linked recessive mental retardation, cili-
ary dyskinesia and macrocephaly, and on the detection
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of an OFD1 frameshift mutation in the affected males
and obligate carrier females of this family.

Subjects and methods
Patients
Nine males in a large Polish family with apparent X-

linked recessive inheritance suffered from develop-
mental delay, respiratory problems and macrocephaly

(Fig. 1).
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Fig. 1 Pedigree of the family and haplotype data from the region
Xp22.32-Xp21.3. Affected males are denoted by black squares,
carrier females by dots within empty circles. Arrows indicate
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The index patient (IV: 1) was an 11-year-old son of
healthy, non-consanguineous parents. He was born at
term (40th week) after an uncomplicated pregnancy
with a birth weight of 3,850 g (~50th percentile), body
length of 51 cm (~50th percentile), head circumference
of 36 cm (> 90th percentile), and chest circumference
of 35 cm (50th percentile). APGAR score was 3—6. The
boy suffered from recurrent upper and lower airway
infections, which necessitated frequent hospital treat-
ments during the first 5 years. At the age of eleven,
macrocephaly was present [head circumference 62 cm
(> 97th percentile)], but no hydrocephalus or other
brain malformation was detected by CT and MRI brain
scans. He was severely mentally retarded (IQ 20). Dys-
morphic features included high-arched palate, low-set
ears, broad thumbs, short fingers and obesity (Fig. 2).
Penis and testicles were of normal size. Ultrasound
examination of the kidneys and routine metabolic tests
showed no abnormalities.

The younger brother (IV: 3) of the index patient was
born in the 38th week of pregnancy by Caesarean sec-
tion with a birth weight of 4,120 g (> 97th percentile),
body length of 54 cm (> 97th percentile), head circum-
ference of 39 cm (>> 97th percentile), and chest circum-
ference of 34 cm (50th percentile). APGAR score was
5-7-9-9. He had unilateral post-axial hexadactyly on
the right hand. Postpartum he suffered from respira-
tory distress syndrome and recurrent respiratory tract
infections. Ultrasound examination of the head and
abdomen showed no abnormalities. His development
was very poor and he died at the age of 18 months.

Another male in this family (IV: 11) was born in the
35th week of pregnancy by Caesarean section with a
birth weight of 1,915 g (~10th percentile), head cir-
cumference of 36 cm (>90th percentile), and body
length of 46 cm (3rd percentile). APGAR score was 4—
7. Neurological examination revealed psychomotor
retardation and decreased muscle tone at that time.

Fig. 2 Photographs of the index patient (IV: 1) at the age of 11 years. Note large head, obesity and short fingers and toes
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Ultrasound examination of the head showed ventricu-
lar dilatation, but this did not necessitate surgical inter-
vention. He had bilateral inguinal hernias. Apart from
short fingers, no other dysmorphic signs were reported.
He died at the age of three years as a result of pulmo-
nary insufficiency.

The other affected males (II: 3, III: 9, I11: 10, III: 11,
III: 12) also suffered from chronic respiratory tract
infections according to the reports of the family, and at
least some of them were said to have had large head cir-
cumferences. The carrier females II: 2, II: 5, II: 7, I1I: 2,
III: 4, and III: 8 were examined clinically, by abdominal
ultrasound and urine and blood tests. No cognitive,
oral, facial, digital or renal abnormalities were detected.

Routine chromosome analyses in two affected males
(IV: 1 and IV: 11, Fig. 1) revealed normal male karyo-
types; and trinucleotide repeat expansion in the FMRI1
gene and CFTR gene mutations were excluded in IV: 1.

Genotyping and linkage analysis

Blood samples were collected from 17 family members
after informed consent. Genomic DNA was extracted
from venous blood according to standard procedures
(Sambrook et al. 1989). For linkage mapping, 68 X-
chromosomal single nucleotide polymorphism (SNP)
markers were employed (SNP Assays on Demand,
Applera, Norwalk, USA.). SNP typing was performed
according to the manufacturer’s protocol.

Two- and multi-point linkage analyses were per-
formed using the MLINK and LINKMAP programs,
respectively, both from the LINKAGE package, ver-
sion 5.2 (Lathrop and Lalouel 1984). Allele frequencies
of individual SNPs in the Caucasian population were
taken from the Celera database.

Comparative genomics analysis

The ciliary phenotype in this family prompted us to
search for cilia-specific genes in the linkage interval by
a comparative genomics approach similar to a method
described previously (Avidor-Reiss et al. 2004; Li et al.
2004). We looked for orthologues of these genes in the
genomes of Chlamydomonas reinhardtii, a ciliated
organism, and Arabidopsis thaliana, a non-ciliated
organism, by BLASTP alignment (E < 10719),

DHPLC screening and sequencing
Mutation screening of functional and positional candi-
date genes was performed by denaturing high perfor-

mance liquid chromatography (DHPLC with the
WAVE® system, Transgenomic, Omaha, USA) and
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subsequent sequencing in the male index patient, in
obligate heterozygotes, and in a panel of 167 normal
male controls. For all selected genes, coding sequences,
together with approximately 50 nucleotides from neigh-
boring intronic regions, were amplified from genomic
DNA in independent PCR reactions (conditions avail-
able on request). Primers were designed using the
Primer3  program  (http://www.genome.wi.mit.edu/
genome_software/other/primer3.html/). Sequencing
reactions were performed in both directions using the
BigDye Terminator kit (PE Biosystems, Rockville,
USA) and subsequently visualized using a 3730xl DNA
Analyzer (Applied Biosystems, Rockville, USA).

An X chromosome inactivation analysis was per-
formed at the androgen receptor (AR) locus as
described previously (Allen et al. 1992).

RNA isolation and northern blot hybridization

RNA was isolated from lymphoblastoid cell lines using
TRIzol (Invitrogen, Karlsruhe, Germany) according to
the manufacturer’s protocol. For each sample, poly-A*
RNA was obtained from 100 pg of total RNA using
Dynabeads (Invitrogen, Karlsruhe, Germany). Sam-
ples were separated in a formaldehyde-containing gel
in 1 x MOPS buffer [3-(N-morpholinol) propanesulf-
onic acid, EDTA, pH 7.0], transferred to a Hybond N*
membrane, and cross-linked by UV. cDNA probes for
hybridization were generated by reverse transcription
of 1 pg of total RNA, using Superscript III reverse
transcriptase (Life Technologies BRL, Rockville,
USA) in the presence of 20 units of RNAse inhibitor
(Promega, Mannheim, Germany) and 25 nM dNTPs.
The reaction was performed at 50°C for one hour and
was terminated by a 15 min incubation at 70°C. The
cDNA was used as a template for synthesis of the
probe as follows: 2 ul of cDNA was amplified using
Long Template Enzyme (Roche, Mannheim, Ger-
many) and Premix J (Epicentre, Madison, USA) under
conditions for long PCR products. To amplify OFD1
transcripts, the following primers were used: 5'-GAC
AGA GGC AGG GTT CTG AG-3' and 5'-TTA
GAA GCT GGG CAG CAA AC-3'. Fragments of
3.2 kb and 3.8 kb, which represent the two isoforms of
the OFDI gene, were generated. Products were sepa-
rated in a 1% agarose gel, purified with the QIAquick
gel extraction kit (Qiagen, Hilden, Germany) and veri-
fied by sequence analysis. Subsequently, the 3.2 kb
fragment was labeled with **[P]JdCTP and hybridized
to the northern blot in ULTRAyb buffer (Ambion,
Austin, USA). The blot was washed in accordance with
the manufacturer’s protocol and was exposed to Fuji
medical X-ray films at —80°C for 24 h using an intensi-
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fying screen. Autoradiograms were scanned using an
Epson Expression 1680 Pro scanner.

Evaluation of ciliary motility

Since the respiratory tract infections of the affected
males were suggestive of primary ciliary dyskinesia, we
studied the cilia function in the index patient (IV: 1,
Fig. 1). Respiratory epithelial cells were obtained by
trans-nasal brushings (Cytobrush Plus, Medscand,
Malmo, Sweden). Cells were immediately suspended in
cell culture medium (Gibco, Karlsruhe, Germany) and
spread onto glass slides. The biopsy material was then
viewed with a Zeiss inverted phase contrast micro-
scope equipped with a Redlake ES-310 Turbo mono-
chrome high-speed video camera (Redlake, San Diego,
USA) set at 125 frames per second. Ciliary beat fre-
quency was assessed with the SAVA system (Sisson-
Ammons Video Analysis) (Sisson et al. 2003). Ciliary
movements were evaluated on slow motion playbacks
as described previously (Fliegauf et al. 2005).

Results
The genetic defect maps to Xp22.32-Xp21.2
The highest LOD score in two-point analysis was

obtained for DXS8019 (Z,..=2.57 at 6=0.00) at
Xp22.13. Ten adjacent markers also showed positive

AAG

LOD scores. The linkage interval spanned 26 cM (25 Mb)
and was flanked by markers DXS1214 and DXS1060.
Upon multi-point analysis, significant evidence for linkage
was found across the entire Xp22.32-Xp21.2 region, with
a maximum LOD score of 2.99 at DXS8019. Haplotype
analysis confirmed these findings (Fig. 1).

A frameshift mutation in the OFD1 gene co-segregates
with the disorder

In-silico analysis of the 25 Mb linkage interval in Xp22
revealed 164 known protein-coding genes. By compar-
ative genome analysis we identified four genes
(NLGN4X, HCCS, MOSPD2, OFDI) with ortho-
logues in Chlamydomonas but not in Arabidopsis, and
we performed mutation analysis in these genes.

We detected a duplication of four nucleotides (2122-
2125dupAAGA) in exon 16 of the OFDI gene (Gen-
Bank accession number NM_003611) in DNA from the
index patient (IV: 1), his affected cousin (IV: 11) and
all obligate carrier females (II: 2, IT: 5, IT: 7, I11: 2, I11: 4,
III: 8) (Fig.3). This change was not found in 168
healthy male controls.

The OFDI1 gene comprises 34,590 bp and has two
main splice variants: OFDIla (Cxorf5-1, GenBank
Y16355, 3,615 bp), and OFDI1b (Cxorf5-2, GenBank
Y15164, 4,278 bp) (de Conciliis et al. 1998). The 2,122—
2,125dupAAGA mutation is expected to introduce a
premature stop codon in the open reading frame of the
OFD]la transcript (Fig. 4).

AlAAG AlAAG G A

. AGCCTCAAGTGGGCACACTTGAAGAAR (
Patient i ¥ E i 3 S " B R
Q0 P o ¥ r I E E R K E * B R 5 B 1
AGCCTCAAGTGGGCACACTTGAAGA AAGGAATGACGTCGTGGAAGCACTGACA(

Control o D N moT o W R N DV V E % L T

Fig. 3 Sequence chromatogram showing the mutation (2,122—
2,125dupAAGA) in the index patient (a), and the wild-type se-
quence in a normal male control (b). ¢ Predicted amino acid se-

quence of the patient shows a premature stop codon (TGA,
asterisk)
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Fig. 4 a Exon-intron structure of the two main splice variants of
OFDI: OFDIla (3,615 bp) and OFD1b (4,278 bp) (not to scale).
Untranslated regions are indicated by diagonal stripes. b Struc-

X chromosome inactivation analysis revealed
absence of skewing in the informative carrier females
II1: 2, III: 4 and I11: 8 (data not shown).

Expression analysis of OFD1 in the index patient

Northern blot analysis using a 3,185 bp ¢cDNA frag-
ment complementary to the OFDIa transcript as a
probe revealed two bands representing the two OFD1
transcripts in controls. A decrease in expression of
OFD1a (which harbors a premature termination codon
in its open reading frame) in comparison to OFDI1b
was detected in the patient (Fig. 5).

P C1 C2 C3 (o7}
|I _ =

(B-actin)

Fig. 5 Results of northern blot analysis. In the index patient (P),
the relative amount of OFD1a transcript (3.6 kb) is reduced com-
pared to the OFD1b transcript (4.3 kb). C1-C4 = RNA from four
male controls
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ture of the corresponding OFD1 isoforms. The position of the
2,122-2,125dupA AGA mutation is indicated by arrows

Respiratory cilia of the index patient exhibit a
dyskinetic beating pattern

Functional evaluation of respiratory cilia using high-
speed video analysis revealed a severely disorganized
ciliary beating pattern with lack of coordination (see
supplementary videos online), while the ciliary beat
frequency was not reduced. The observation of dyski-
netic cilia by direct light microscopy confirmed the
diagnosis of primary ciliary dyskinesia in this family.

Discussion

In the course of a long-term project to elucidate gene
defects in families with X-linked mental retardation,
we mapped a family with a novel XLMR syndrome
comprising ciliary dyskinesia and macrocephaly to
Xp22.13, and identified a novel mutation in OFD]I.

To our knowledge, only one family with a similar X-
linked phenotype has been described before. Brzus-
towicz etal. (1999) reported a family in which the
affected males suffered from macrocephaly, neurologi-
cal impairment, and gastrointestinal and genitourinary
malfunction; and all died from pneumonia and sepsis
within the first 8 weeks of life (Brzustowicz et al. 1999).
Linkage analysis in this family revealed a locus in Xp22
that includes the OFDI gene. Considering the pheno-
typic similarity to our family (macrocephaly and respi-
ratory problems), we speculate that an OFDI mutation
might be the underlying defect also in this family.

The presence of an OFDI mutation in the family we
report here is remarkable because alterations of this
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gene have so far been associated exclusively with the
X-linked dominant oral-facial-digital type 1 syndrome
(Ferrante et al. 2001). Affected individuals in this fam-
ily bear no phenotypic resemblance to those with
OFD1S, and, also importantly, the disease exhibits an
X-linked recessive mode of inheritance in this family.

Explanations for the strikingly different phenotypic
consequences between this mutation and previously
reported OFDI mutations remain speculative at pres-
ent. The mutation in our family exclusively affects the
open reading frame of OFD]Ia, but several other muta-
tions have been reported that likewise spare the open
reading frame of OFD1b in female patients with a clas-
sical OFD1S phenotype (Ferrante et al. 2001; Rakko-
lainen et al. 2002; Thauvin-Robinet et al. 2006). In the
index patient of our family, we detected a reduction in
the expression of OFDIa compared to that of OFDIb,
which is probably due to nonsense-mediated decay of
the OFD]1a transcript. It is, however, difficult to assess
the relevance of this finding as northern blot investiga-
tions were not reported in studies on other OFDI
mutations. Furthermore, we cannot rule out the exis-
tence of additional transcripts in other tissues, which
might be affected differently by specific mutations.

The human OFD1 protein(s) and their mouse ortho-
logue Ofd1 are localized at the centrosome and basal
body of primary cilia (Ferrante et al. 2005; Romio et al.
2004). Absence of cilia at the embryonic node was
observed in male Ofdl knock-out mice; also, epithelial
cells of kidney cysts in heterozygous female Ofdl
knock-outs lacked cilia (Ferrante et al. 2005). These
findings indicate that Ofd1 is required for cilia assem-
bly, probably by participation in intraflagellar trans-
port (Ferrante et al. 2005). However, there were no
reports of abnormalities in the motile cilia of respira-
tory epithelial cells in OFD1 syndrome patients or in
Ofdl knock-out mice. The finding of a severely disor-
ganized beating pattern of respiratory cilia in our index
patient supports the role of OFD1 in ciliary function.
Bearing in mind that OFD1 escapes X-inactivation in
humans, the absence of respiratory problems in
OFD1S females might be explicable by the presence of
one functional copy of OFD1 (de Conciliis et al. 1998).

Severe mental retardation is the most prominent
feature in the affected males of our family. We specu-
late that this might be caused by impaired function of
primary cilia, which are found also on neurons (Fuchs
and Schwark 2004). The function of these neuronal
cilia is still largely elusive, but they almost certainly act
as sensory organs of the cells, and they might play a
role in cell proliferation and differentiation (Fuchs and
Schwark 2004; Hildebrandt and Otto 2005; Hirokawa
and Takemura 2004). Mental retardation is also a

prominent feature in other ciliary disorders, e.g. Bar-
det-Biedl syndrome (OMIM 209901, 606151, 600151,
600374, 603650, 604896, 607590, 608132), Joubert syn-
drome (OMIM 608629, 608894), Alstrom syndrome
(OMIM 203800), and in approximately 40% of females
with OFD type 1 syndrome (Odent et al. 1998).

In summary, the family reported here presents with
a novel XLMR syndrome that is allelic to OFD type 1
syndrome. This observation broadens the spectrum of
OFD]-related disorders considerably, and, as a practi-
cal consequence, OFDI mutation analysis should no
longer be restricted to female patients with classical
OFD1S phenotypes. Further investigations are needed
to elucidate the mechanisms leading to such diverse
phenotypic consequences of OFDI mutations.
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