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Figure I.

Brain MRI findings in the patients.
(A) T-weighted midline sagittal
image of Patient | atage 21 days.
(B) T»-weighted midline sagittal
image of Patient 2 at age 3 months.
Both patients showed prominent
cerebellar hypoplasia (arrows).
(C) EEG of Patient | showed
multifocal sharp wave or irregular
sharp-and-slow wave complex but
no diffuse epileptic discharges at

LD oo i s APt SESH G age 22 days (left) and diffuse high-
RO e st s s P Sl W Kl L Dee— W, 3 - Y l( ) b ig y
Fr fvtin A A AT f g WA .W,‘af:fg}s WWMM*‘W»JJ amplitude slow-wave burst mixe
Ny W) wwwiwf"wnf‘% ™ N L N e R ren P A Yo with irregular spike or sharp wave
interrupted by low-amplitude
» , £ 180 pv n P Y p
22 days, asleep Z months, asleep T activity (suppression-burst) at age

2 months (right). (D) EEG of

Patient 2 at age 3 months.
High-voltage bursts alternate with
almost flat suppression phases atan
approximately regular rate in both
awake and asleep states.
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the family showed that the deletion was inherited from his
mother (Fig. 2B). The sequence of the junctional fragment
confirmed a 111,172-bp deletion (NG_016754.1: g.17883_
129055del) (Fig. 2C). Sequencing also identified 5-bp
duplicated sequences as well as a 2-bp insertion at the
deletion junction. We were surprised that the healthy mother
possessed this deletion, because the deletion is predicted to
lead to a frameshift with presumably premature termination
of the translation. The deletion was further examined by
gPCR and FISH analyses. Whereas the relative copy
numbers of exons 3 and 4 (not deleted) were nearly 1.0 in
the two maternal DNA samples, as expected, those for
deleted exon 2 in the two samples were 0.67 and 0.81
(Fig. 2D). Because the relative copy number is expected to
be 0.5 if one of two copies is deleted (as the healthy father
showed), this result suggested that the mother may be
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somatic mosaic for the deletion. In fact, FISH analysis
revealed that only 40 of 200 interphase nuclei showed one
clear signal and another weaker signal, consistent with par-
tial deletion within the bacterial artificial chromosome
probe (Fig. 2E). Based on these findings, we concluded that
the mother is somatic mosaic for the deletion, and that the
percentage of mosaicism is approximately 20%. To explore
the effect of the deletion on the transcription of CASK,
reverse transcriptase PCR designed to amplify exons 1-4
was performed using total RNA extracted from lymphoblas-
toid cell lines (LCLs) derived from the patient and his
mother (Fig. 2F). A single band (299-bp) corresponding to
the wild-type CASK allele was amplified using a comple-
mentary DNA (cDNA) template from a control LCL
(Fig. 2F). By contrast, only a smaller band, in which exon 2
had been deleted, was detected from the patient’s cDNA
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Figure 2.

A 111-kb deletion involving exon 2 of CASK. (&) The 2.7M array profile clearly shows a deletion involving exon 2 of CASK at Xp!1.4.
The x- and y-axes show the genomic location from the p telomere of chromosome X (UCSC coordinates, May, 2006) and log, signal
ratio values, respectively. Four RefSeq genes including CASK and RP1 1-977L20 clone used for FISH are shown. (B) Breakpoint-specific
PCR analysis of the family. Primers flanking the deletion were able to amplify a 1,136-bp product from both the Patient | and his
mother. Pt, patient; Mo, mother; Fa, Father; Neg, negative control (no template DNA). (€) Deletion junction sequence. Top, middle,
and bottom strands show proximal, deleted and distal sequences, respectively. The two nucleotides inserted are presented in lower
case. A 5-bp sequence that appears twice at the breakpoint region is colored red or underlined. (D) qPCR analysis of the family, and a
female control. Two DNA samples extracted from two independent blood samples were used for analysis of the patient and his
mother. Relative copy numbers of deleted exon 2 were 0.67 and 0.81 (both above 0.5) in the mother, suggesting somatic mosaicism of
the deletion. (E) FISH images of RP11-977L20, covering the deletion, on the mother’s chromosomes. One-hundred sixty nuclei
showed two clear signals (left), and 40 nuclei showed one clear signal and a weaker signal (right, white arrow) consistent with partial
deletion within the probe. (F) Schematic representation of the transcript from exons 1—4 of CASK. Exons and primers are depicted as
boxes and arrows, respectively (top). A single wild-type amplicon was detected in a control and the mother. A smaller product was
amplified only from the patient’s cDNA. RT (+): with reverse transcriptase, RT (=): without reverse transcriptase as a negative con-
trol. Sequence of a smaller amplicon clearly demonstrated the exon 2 deletion (bottom).
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(Fig. 2F). The smaller mutant band was not detected from
the mother’s cDNA (Fig. 2F). Human androgen receptor
assay showed that X-inactivation was random (70:30) in the
mother (data not shown). However, because the percentage
of mosaicism was low (20%), it remains possible that the
deletion allele may undergo X-inactivation in cells possess-
ing it, leading to diminished expression of the deletion allele
inLCL.

Whole exome sequencing

To find potential pathologic mutations, whole exome
sequencing of 12 patients was performed. We focused on
mutations in CASK, and identified a hemizygous c.1A>G
mutation of the first ATG codon in Patient 2 (Fig. 3A,B).
This mutation is anticipated to result in alternative ATG
codon usage. By using the next downstream in-frame ATG
codon positioned at ¢.202_204 (Fig. 3C), a truncated pro-
tein without the first 67 amino acids containing calmodulin-
dependent kinase domain could be produced, although this
ATG codon (CATATGC) does not conform to the Kozak

consensus. The parental DNA did not have the mutation,
suggesting that the mutation occurred de novo (Fig. 3B). No
CASK mutations were found in any of the other patients.

Immunoblotting

To evaluate mutational effect for CASK expression in
two patients, immunoblotting was performed using total
lysate of LCL. A strong signal at 104 kDa was detected in a
control and the mother of Patient 1, showing strong expres-
sion of wild-type CASK protein in LCLs (Fig. 4, top). How-
ever, both Patients 1 and 2 did not show any detectable
signal (Fig. 4, top), whereas the Lamin B showed compara-
ble expression in all samples loaded (Fig. 4, bottom). Thus
these data suggest that expression of CASK protein was
severely decreased in two patients.

DiscuUssION

We describe two male patients possessing an intragenic
CASK deletion (only exon 2) or a hemizygous c.1A>G
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<.l A>G mutation identified by exome sequencing. (&) From top to bottom, genomic sequence (plus strand), coding amino acids, and
sequence reads covering the site of the pathogenic mutation. In genomic sequence and amino acids, upper and lower indicate refer-
ence and mutant alleles, respectively. There are six reads showing a hemizygous T>C transition at position 41,782,240 of chromo-
some X. (B) Validation of the c.]| A>G mutation and inheritance analysis by Sanger sequencing. The mutation position is indicated by
the arrow. (€) Possible open reading frames within the coding region of the CASK transcript (NM_003688.3). Open reading frames
longer than 100 bp are shown in blue squares. The second in-frame ATG codon is positioned at ¢.202_204 (arrow). Any proteins
longer than the protein utilizing the second in-frame ATG codon are not predicted.
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ASK Aberrations

Figure 4.

Expression of CASK protein in LCL. Immunoblot analysis by
using a monoclonal CASK antibody (top). Expression of CASK
protein was not detected in LCL derived from two patients,
whereas LCL of a control and Patient I’s mother showed
strong CASK expression. The observed differences in expres-
sion were not due to difference of loading conditions, because
the level of Lamin B protein was similar in all cases (bottom).
Epilepsia © ILAE

mutation. In Patient 1, the deletion is likely to be an
almost null mutation as the mutant CASK transcript with
exon 2 deletion has a frameshift with premature termina-
tion. Deletions in CASK have been reported in 16 female
patients, and a skewed X-inactivation pattern was
observed in two of them (the others had random inactiva-
tion pattern or not determined) (Froyen et al., 2007;
Hayashi et al,, 2008; Najm et al., 2008; Moog et al,,
2011; Hayashi et al., 2012). Of interest, partial skipping
of the exon 2 of CASK (approximately 3—-6% of the un-
skipped transcripts) has been reported in male patients
with FG syndrome showing ID, relative macrocephaly,
hypotonia, severe constipation, and behavioral disturbance
(Piluso et al., 2003, 2009). By contrast, our Patient 1 with
complete deletion of exon 2 showed a more severe pheno-
type, suggesting that he showed one of the most severe
phenotypes caused by CASK abnormalities. In Patient 2,
the mutation of the first ATG codon could produce a trun-
cated protein without the amino terminal 67 amino acids.
However, this alternative in-frame ATG codon does not
conform to the Kozak consensus, suggesting that its trans-
lation would be significantly reduced. In fact, CASK
protein was not detected in the LCL of two patients,
suggesting that expression of CASK protein should be
extremely low. Because only partial skipping of exon 9
(about 20% of the mutant transcripts) (Najm et al., 2008)
or of exon 2 (3—6% of the unskipped transcripts) (Piluso
et al., 2009) is sufficient to cause ID and other features in
male cases, it is likely that the maintenance of expression
level of functional CASK protein is essential.

Two male patients with CASK abnormalities showed
typical OS features, revealing an association between OS
‘and CASK abnormalities in male patients, which has to date
never been shown. Microcephaly and prominent cerebellar
hypoplasia were also recognized, consistent with previous

reports (Najm et al., 2008; Moog et al., 2011; Hayashi
et al., 2012). Of interest, our patients also showed reduced
body size and multiple congenital anomalies such as high
arched palate, micrognathia, finger anomalies, and persis-
tent hypertrophic primary vitreous. This suggests that CASK
may be involved in overall body growth and development of
these organs in humans. Supporting this idea, growth retar-
dation and small jaw have been reported in patients with
CASK abnormalities (Najm et al., 2008; Hackett et al.,
2010; Moog et al., 2011). In addition, CASK-deficient mice
showed micrognathia and cleft palate with male lethality
(Laverty & Wilson, 1998), and hypomorphic CASK mutant
mice are significantly smaller than littermate control mice
(Atasoy et al., 2007). Therefore, it is likely that loss-of-
function mutations in CASK cause reduced body size and
multiple congenital anomalies, as well as OS and cerebellar
hypoplasia.

The same deletion was found in both the mother and the
affected son, indicating a germline mosaicism in the mother
associated with recurrence risks. This information is useful
for genetic counseling in the family. The maternal somatic
mosaicism was confirmed by different methods including
FISH, gPCR, and breakpoint-specific PCR analyses. We
would like to emphasize the importance of breakpoint-
specific PCR analysis, in which a specific band undoubtedly
indicates the presence of the deletion allele. Because PCR is
a powerful tool for amplifying target sequences, we could
easily detect the somatic mosaic, even though it existed in
approximately 20% of cells. In addition, it has been reported
that PCR analyses of the deletion junction can detect
extremely low-level mosaicism not detected by array
comparative genomic hybridization (Zhang et al., 2009).
The increasing density of available oligonucleotide arrays
allows us to design long (or even regular) PCR primers for
junctional cloning. Once junctional cloning is successful
(though it is sometimes difficult), it is highly useful for
examining parental states.

It has been determined that mutations in three genes
(STXBPI, ARX, and CASK) cause OS. Screening for
STXBP1 mutations should be considered in OS patients with
no brain anomalies in both male and female patients.
Screening for ARX mutations would be reasonable in male
patients with OS, and the presence of micropenis may
encourage its screening (Kato et al., 2007). Based on this
study, CASK mutations should be considered in patients
with OS and cerebellar hypoplasia.

In conclusion, we report for the first time CASK abnor-
malities in male individuals with OS. Maternal somatic
mosaicism of a CASK deletion is also described, suggesting
that somatic and germline mosaicism of a microdeletion
should be carefully considered in the examination of paren-
tal samples. Our data expand the clinical spectrum of CASK
mutations to include OS with cerebellar hypoplasia and
congenital anomalies at the most severe end of clinical
presentation.
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ORIGINAL ARTICLE

PAPSS2 mutations cause autosomal recessive

brachyolmia

Noriko Miyake," Nursel H Elcioglu,? Aritoshi lida,® Pinar Isguven,® Jin Dai,>
Nobuyuki Murakami,® Kazuyuki Takamura,® Tae-Joon Cho,” Ok-Hwa Kim,®
Tomonobu Hasegawa,® Toshiro Nagai,® Hirofumi Ohashi,'® Gen Nishimura,"
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ABSTRACT

Background Brachyolmia is a heterogeneous group of
skeletal dysplasias that primarily affects the spine. Clinical
and genetic heterogeneity have been reported; at least
three types of brachyolmia are known. TRPV4 mutations
have been identified in an autosomal dominant form of
brachyolmia; however, disease genes for autosomal
recessive (AR) forms remain totally unknown. We
conducted a study on a Turkish family with an AR
brachyolmia, with the aim of identifying a disease gene
for AR brachyolmia.

Methods and results We examined three affected
individuals of the family using exon capture followed by
next generation sequencing and identified its disease
gene, PAPSS2 (phosphoadenosine-phosphosulfate
synthetase 2). The patients had a homozygous loss of
function mutation, ¢.337_338insG (p.A113GfsX18). We
further examined three patients with similar brachyolmia
phenotypes (two Japanese and a Korean) and also
identified loss of function mutations in PAPSS2; one
patient was homozygous for [VS3+2delT, and the other
two were compound heterozygotes for ¢.616-634del19
{p.V206SfsX9) and c.1309-1310delAG (p.R437GfsX19),
and ¢.480_481insCGTA (p.K161RfsX6) and c.661delA
{p.1221SfsX40), respectively. The six patients had short-
trunk short stature that became conspicuous during
childhood with normal intelligence and facies. Their
radiographic features included rectangular vertebral
bodies with irregular endplates and narrow intervertebral
discs, precacious calcification of rib cartilages, short
femoral neck, and mildly shortened metacarpals. Spinal
changes were very similar among the six patients;
however, epiphyseal and metaphyseal changes of the
tubular bones were variable.

Conclusions We identified PAPSS2 as the disease
gene for an AR brachyolmia. PAPSS2 mutations have
produced a skeletal dysplasia family, with a gradation

of phenotypes ranging from brachyolmia to spondylo-
epi-metaphyseal dysplasia.

INTRODUCTION

Brachyolmia is a heterogeneous group of skeletal
dysplasias that primarily affects the spine. The
name comes from the Greek for ‘short trunk’;
patients with brachyolmia have short stature due
to a short trunk.' Conceptually, skeletal lesions
of brachyolmia are limited to the spine; however,
it is generally thought that pure brachyolmia
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(spine-only dysplasia) does not exist and that
metaphyseal and/or epiphyseal involverents may
be minimal and scattered, but are always present
along with spinal involvements in cases labelled
brachyolmia.?

Clinical and genetic heterogeneity have been
reported in brachyolmia. At least three relatively
well defined types of brachyolmia are known:
type 1 that includes the Hobaek (OMIM 271530)
and Toledo (OMIM 271630) forms; type 2 (OMIM
613678) referred to as the Maroteaux type; and
type 3 (OMIM 113500). The former two types are
autosomal recessive (AR) traits, while the latter is
an autosomal dominant trait. Type 1 is charac-
terised by scoliosis, platyspondyly with rectangular
and elongated vertebral bodies, overfaced pedicles,
and irregular and narrow intervertebral spaces. The
Toledo form is distinguished from the Hobaek
form by the presence of corneal opacity and preco-
cious calcification of the costal cartilage.® * Type 2
is distinguished by rounded vertebral bodies, less
overfaced pedicles, minor facial anomalies, and pre-
cocious calcification of the falx cerebri.’ Type 3 is
characterised by severe kyphoscoliosis and flat-
tened, irregular cervical vertebrae. Heterozygous
mutations in the TRPV4 (transient receptor poten-
tial vanilloid 4) gene (OMIM 605427) have been
identified in several patients with type 3, auto-
somal dominant brachyolmia;® ¢ however, disease
genes for recessive forms of brachyolmia remain
totally unknown.

To identify novel disease genes from a limited
number of subjects, exome sequencing (exon
capture followed by next generation sequencing) is
a promising approach. This approach sometimes
presents us with unusual and unexpected connec-
tion between genes and phenotypes, thereby
opening a new window for biology and medicine.
We experienced a family with an AR form of bra-
chyolmia harbouring three affected individuals.
By performing exome sequencing for the family,
we have identified the disease gene for the reces-
sive brachyolmia, PAPSS2 (phosphoadenosine-
phosphosulfate synthetase 2). The discovery was
confirmed by identification of PAPSS2 mutations
in three sporadic patients with different ethnic
backgrounds but similar brachyolmia phenotypes.
All patients had loss of function mutations of
PAPSS2 in both chromosomes.
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Figure 1 The pedigree of family 1 and co-segregation of the PAPSS2

mutation (c.337_338insG) in the family. m: mutation allele, +: wild
type allele.

MATERIALS AND METHODS

Subjects

P1-3 (family 1)

The proband (P1; III-2 in figure 1) was a Turkish girl referred
to one of us (NHE) for genetic evaluation at the age of 8 years
4 months. She has been followed up for her spinal deformity
and lumber pain elsewhere for 5 years. She was the result of a
consanguineous (first cousin) marriage. A paternal uncle (P2;
II-3 in figure 1) and aunt (P3; II-1 in figure 1) had the similar
disease (table 1). The paternal grandparents originated from a
small area and could be related. The inheritance of the disease

was consistent with AR mode. Her birth length was 49 cm
and weight 2800 g. She did not gain well after birth and was
investigated for short stature at the age of 1 year. Her back
deformity was noticed at around 3 years of age. On examin-
ation, she had short-trunk short stature. Her height was
109 cm (—3.2 SD), weight 29 kg (+0.38 SD) and head circum-
ference 51 cm (~0.6 SD). She was mentally normal with no
hearing or vision problems. She had widened wrists, bulbous
proximal interphalangeal joints, clinodactyly of the fifth
finger, and bowing deformlty in her left lower leg. Serum
DHEA-S (dehydroepiandrosterone-sulfate) was under the
detection limit (<15.0 pg/dl).

Repeated skeletal surveys showed definite spondylodysplasia
with minimal epiphyseal and metaphyseal changes, which was
compatible with brachyolmia (table 1 and figure 2). Vertebral
bodies were flat, particularly in thoracic spines. Endplates were
irregular and intervertebral disc spaces were narrowed. The
acetabular roof was horizontal. Femoral necks were slightly
short. Metaphyses of the distal tibias had striation.
Metacarpals were mildly shortened with mild metaphyseal
changes. The bone age was advanced; 6 years 10 months at
chronological age 5 years 8 months, and 10 years at chrono-
logical age 8 years 2 months (Greulich-Pyle method). MRIs and
CTs showed no calcification of the falx cerebri.

At her last visit (10 years 4 months old), she had increasing
back deformity and pain. Her height was 121 cm (-3.4 SD),
arm span 119 cm, and sitting/standing height ratio was 0.53.

Table 1 Clinical and radiographic phenotypes of autosomal recessive brachyolmina harbouring PAPSS2 mutation (in comparison to those in
spondylo-epi-metaphyseal dysplasia Pakistani type)
Patient 1D P1 P2 P3 P4 P5 P6
Family Family 1 Patient reported by
Intra-family 1D -2 -3 -1 Family 2 Family 3 Family 4 Noordam et a/
Country of origin Turkey Japan Japan Korea Turkey
Sex Female Male Female Female Female Male Female
Age at first presentation 8 years 4 months 29 years 40 years 11 years 8 years 12 years 8 years
4 months 8 months 7 months
Birth length {cm) 49 NA NA 46 47 50 NA
Birth weight {g) 2800 NA NA 3340 2676 3100 NA
Consanguinity of the parents + Probably + Probably + {—) {—) {—) (=)
Clinical feature
Normal intelligence + + + + + + NA
Normal facies + + + + + + NA
Short-trunk short stature + + + + + + +
Spinal deformity Kyphosis (~) Kyphosis, lumbar Kyphosis {-) (=) Lumbar scoliosis
scoliosis
Leg deformity Bil genu varum and (—) Bil genu varum and (=) Right genu Bil genu NA
internal rotation internal rotation valgum varum
Androgen excess sign (-) (—) (-) {-) () {-) +
Radiographic feature
Rectangular vertebra + + + + + + +
Irregular endplate + + + + + + +
Narrowed disc + + + + + + +
Precocious calcification of (=) + + + (=) (=) NA
costal cartilage
Delayed ossification of hip {-) NA NA (—) {—) (-) (~)
and knee epiphyses
Early osteoarthritic change (—)* {-) (=) (=) (=)* (—)* (—)*
Short femoral neck + + + + + + +
Metaphyseal abnormalityt Dist tibia Prox tibia Prox tibia () (-} Prox tibia {~}
Mild brachymetacarpia + + + + + + +
Advanced bone age + NA NA + + + +

*May be too young to be evaluated.

t0ther than short femoral neck and fingers.
Bil, bilateral; Dist, distal; NA, not available or assessed; Prox, proximal.
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Figure 2 Radiographs of P1 (lll-2 in family 1) at age 8.5 years. (A) Spine anteroposterior {AP). Mildly overfaced vertebra. (B) Lateral spine. Mild
flattening of vertebral bodies and irregular endplates. (C) Left hip AP Almost normal epiphysis. (D) Left knee AR Epiphyseal and metaphyseal
abnormalities are unremarkable. (E) Left hand AP Metacarpals are mildly shortened with mild irregularity of the growth plates. Epiphyses of the distal

radius and ulna show mild dysplasia. The bone age is advanced.

Breast development was Tanner 2-3, pubic hair Tanner 1. There
had been no sign of androgen excess (acne, hirsutism, etc).

P4-6 (sporadic cases)

After we found PAPSS2 mutations in family 1, we reviewed the
patient registry of the Japanese Skeletal Dysplasia Consortium
and found two Japanese patients (P4-5) and one Korean patient
(P6) who had similar phenotypes to those of the Turkish
family (table 1 and figure 3); all three were sporadic cases from
normal, non-consanguineous parents and were TRPV4 muta-
tion negative.

DNA sample
Genomic DNA was extracted by standard procedures from per-
ipheral blood of the patients and/or their family members after
informed consent. The study was approved by the ethical com-
mittee of RIKEN, Yokohama City University, and participating
institutions.

Exome sequencing

Three affected individuals of family 1 (II-1, II-3 and III-2) were
analysed by whole exome sequencing as previously reported
(see supplementary online table S1).” ® In brief, 3ug of
genomic DNA was sheared by Covaris S2 system (Covaris,
Woburn, Massachusetts, USA) and processed using a SureSelect
Human All Exon 50 Mb Kit (Agilent Technologies, Santa Clara,
California, USA) according to the manufacturer’s instructions.
DNAs were captured by the kit and were sequenced by GAIlx
(Wlumina, San Diego, California, USA) with 108 pair-ends
reads. Each sample was run in one lane. Image analysis and
base calling were performed by sequence control software 2.9
and real time analysis 1.9 (Illumina), and CASAVA software
V1.8.1 (Illumina). The quality-controlled (path-filtered) reads
were mapped to human genome reference hgl9 with Mapping
and Assembly with Qualities (MAQ, http://maq.sourceforge.
net/) and NextGENe software V2.00 (SoftGenetics, State
College, Pennsylvania, USA). The variants from MAQ were
annotated by SeattleSeq annotation 131 (http:/snp.gs.
washington.edu/SeattleSeqAnnotation131/).

Priority scheme

Variants were filtered by the following conditions using the
script created by BITS (Tokyo, Japan): (1) variants only anno-
tated on human autosomes and chromosome X; (2) variants
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not in dbSNP131, dbSNP134, the 1000 Genomes database
(http://www.1000genomes.org/), and in-house exome data of
normal Japanese controls (n=66); (3) variants that were non-
synonymous and intronic changes (£20 bp from exon/intron
boundaries) called in common by NextGENe and MAQ, and
variants of insertion/deletion with a NextGENe score >10. The
variant numbers in each category are shown in supplementary
online table S1.

Sanger sequencing and evaluation of mutations

To confirm the sequence change identified in P1-3 by the
exome sequencing, exon 3 of PAPSS2 and its flanking intronic
sequences (The GenBank reference sequence: NM_001015880)
were amplified by PCR from genomic DNA. To examine
PAPSS2 mutation in P4-6, all exons of PAPSS2 and its flanking
intronic sequences were amplified by PCR from genomic DNA.
Primer sequences and PCR conditions were as previously
described” PCR products were directly sequenced using ABI
Prism automated sequencers 3730 (PE Biosystems, Foster City,
CA, USA).

To evaluate the possibility of polymorphisms, identified
sequence changes were genotyped in 93 ethnically matched con-
trols using the invader assay coupled with PCR as described previ-
ously.*® The sequence changes were evaluated by public databases
including OMIM  (http:/swww.ncbinlm.nih.gov/omim) and
dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNF/).

RESULTS
Exome sequencing
A total of 90 964 194 (II-1), 90 508 738 (II-3) and 90 223 680
(I11-2) reads were mapped to the whole human genome in pairs
by MAQ. Considering the consanguinity of the family, we
focused on the same homozygous mutations shared by the
three affected individuals. After filtering, a total of 37 homozy-
gous variants remained as candidates (23 missense, 11 intronic,
and three insertion changes) (see supplementary online table
S1). Among them, one base pair insertion, ¢.337_338insG in
exon 3 of PAPSS2, was highlighted because it is a causative
gene for SEMD, Pakistani type (OMIM 612847), that has over-
lapping features with the phenotypes of the three patients.
The insertion sequence was confirmed by direct sequence of
PCR products from genomic DNA. Direct sequencing of nine
family members showed co-segregation of the mutation with
the disease phenotype (figure 1). The insertion mutation was
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Figure 3 Radiographs of P5 at age 8 years 8 months. (A) Spine anteroposterior (AP). Platyspondyly. Over-faced pedicle is not so distinct. (B) Spine

lateral. Flattened vertebral bodies and narrow disc spaces. (C) The right hand AP Slightly short metacarpals. Phalanges are not so short. The bone
age is advanced (12 years by the Greulich-Pyle method). (D) Pelvis AP Short femoral neck and horizontal acetabulum. Proximal epiphyses are
normal. (E) The right knee AP Unremarkable changes. No fibula overgrowth.

predicted to create a premature stop codon (p.A113GfsX18),
thereby most probably resulting in a null allele due to nonsense
mutation mediated RNA decay (NMD)." The mutation was
not found in the public mutation database and sequence vari-
ation database. Also, it was not found in 93 ethnically matched
controls examined by Invader assay.'’

ldentification of PAPSS2 mutations in sporadic cases

We screened for PAPSS2 mutations in P4-6 by direct sequencing
as previously described.” We found PAPSSZz mutations in both
chromosomes of all subjects (table 2). All mutations are predicted
to create premature stop codons before the second last exon of
the gene. Therefore, they are most likely to result in null alleles
due to NMD. P5 was a homozygote, and P4 and P6 were hetero-
zygotes for the mutations. Compound heterozygosity of the sub-
jects was confirmed by sequencing of the parents’ genomic DNA.
All these mutations were not found in 93 ethnically matched
controls examined by Invader assay'® nor in public databases.

Phenotypes of the patients with PAPSS2 mutations

Clinical features of our six patients were short-trunk short
stature with short neck (table 1). The short stature was
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noticeable early in life, but not always at birth; it usually
became definite after age 5-6 years. All patients had normal
intelligence and facies. Corneal opacity was not found.
Kyphosis and/or scoliosis were found in three subjects. Bone
age was advanced in all (4/4) cases evaluated. No clinical sign
of androgen excess was noted in all (6/6) patients and their
family members. The main radiographic feature was pro-
nounced flattening of spine (rectangular vertebral body), par-
ticularly in the thoracic spine, which accompanied irregular

Table 2 PAPSSZ mutations in autosomal recessive brachyolmia

Family Exon Nuclestide change Amino acid change
1 3 €.337_338insG (homozygous) p.AT13GfsX18
2 5 .616-634del19 p.V206SfsX9
1 €.1309-1310delAG p.R437GIsX19
3 3 VS3-+2delT (homozygous) p.L50STsX2
4 4 c.480_481insCGTA p.K161RfsX6
6 c.661delA p.1221SfsX40

The nucleotide changes are shown with respect to PAPSS2 mRNA sequence
{NM_001015880). The corresponding predicted amino acid changes are numbered from
the initiating methionine residue. Exons are numbered sequentially 1-13.

J Med Genet 2012;49:533-538. doi:10.1136/jmedgenet-2012-101039
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endplates and narrow disc spaces. Mild shortening of the
femoral neck and metacarpals were common features. The
costal cartilages showed precocious calcification in the adult
subjects (3/3). Epiphyseal and metaphyseal dysplasias were
very mild, if present. From these features of spine predominant
dysplasia, our patients can be diagnosed as having brachyolmia.
Among known types of brachyolmias, characteristics of the
Hobaek and Toledo types are mixed." *

DISCUSSION

PAPSS2 mutation has been reported to be responsible for two
other overlapping, but distinct, phenotypes. The first is SEMD
Pakistani type; Ahmad et a/*? described a large consanguineous
Pakistani family with a distinct form of SEMD with autosomal
inheritance. Its clinical features include short stature evident at
birth, short and bowed lower limbs, mild brachydactyly,
kyphoscoliosis, enlarged knee joints, and precocious osteoar-
thropathy. Radiographic features are platyspondyly with irregu-
lar endplates and narrowed joint spaces, delayed epiphyseal
ossification at the hips and knees, diffuse early osteoarthritic
changes primarily in the spine and hands, and mild brachydac-
tyly. Metaphyseal abnormalities are seen predominantly in the
hips and knees. This disease is differentiated from other forms
of SEMD by its mild degree of metaphyseal involvement, type
of brachydactyly, and the absence of loose joints or other clin-
ical findings. A homozygous nonsense mutation of PAPSS2
(S438X) is identified in all affected individuals in the family.'®
Many of the characteristics of SEMD Pakistani type, including
enlarged joints with deformity, delayed epiphyseal ossification
at the hips and knees, and precocious osteoarthritic changes of
the large and small joints, are absent in our cases (table 1).

PAPSS2 mutations have also been found in a patient with a
different phenotype, spondylodysplasia and premature pub-
arche.” A Turkish girl with premature pubarche, hyperandro-
genic anovulation, short stature, and skeletal dysplasia showed
a compound heterozygosity for a missense and a nonsense
mutation in PAPSS2: the former was a 143C>G transversion
resulting in a T48R substitution at a conserved residue in the
adenosine 5-prime-phosphosulfate kinase domain, and the
latter was a 985C>T transition resulting in R329X. Their func-
tional assays revealed no detectable activity for R329X, and
only minor residual activity for T48R (6% of the wild type
activity). The mother who carried the R329X mutation had
normal pubarche and menarche, but developed obesity, oligo-
menorrhoea, and hirsutism in her fourth decade, while the
father who carried the T48R mutation showed normal growth
and pubertal development. The skeletal changes in this patient
are more similar to those of our cases than SEMD Pakistani
type (table 1).

Among our patients, spinal changes were very similar, but
epiphyseal and metaphyseal changes were considerably variable
(table 1). P4 and P5, similar to the case reported by Noordam
et al? showed minimal epiphyseal and metaphyseal dysplasias.
P6 had considerable epi-metaphyseal changes in the long bones
of the lower extremities; they were more severe than those in
family 1 (P1-8), but were far milder than those in SEMD
Pakistani type. The differential diagnosis includes AR spondy-
loepiphyseal dysplasia tarda'® because of late manifestation, AR
inheritance, and relatively mild spondyloepiphyseal dysplasia
with flat vertebral bodies with irregular endplates. In the dis-
order, overfaced vertebral bodies is absent and the capital
femoral epiphyses are severely affected.™

In a form of autosomal dominant brachyolmia, heterozy-
gous TRPV4 mutation has been identified.” ® Notably, the
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TRPV4 mutation presents a wide phenotypic gradation from
brachyolmia at its most mild, through spondylometaphyseal
dysplasia type Kozlowski, spondyloepiphyseal dysplasia type
Maroteaux, and metatropic dysplasia, to parastremmatic dyspla-
sia and fetal akinesia at its most severe.” "7 PAPSS2 mutations
might also present a phenotype gradation from brachyolmia to
spondylo-epiphyseal and spondylo-epimetaphyseal dysplasia like
SEMD Pakistani type. Further investigation of PAPSS2 mutations
in brachyolmia and skeletal dysplasias with overlapping pheno-
types to our cases as well as other cases with PAPSS2 muta-

tions® 4 would provide further answers.

An additional supplementary table is published online only.
To view this file please visit the journal online (http:/jmg.bmj.
com)
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Oral-facial-digital syndrome type 1 (OFD1; OMIM #311200) is an
X-linked dominant disorder, caused by heterozygous mutations in the
OFDI gene and characterized by facial anomalies, abnormalities in oral
tissues, digits, brain, and kidney; and male lethality in the first or second
trimester pregnancy. We encountered a family with three affected male
neonates having an ‘unclassified’ X-linked lethal congenital malformation
syndrome. Exome sequencing of entire transcripts of the whole X
chromosome has identified a novel splicing mutation (¢.2388+1G > C) in
intron 17 of OFDI, resulting in a premature stop codon at amino acid
position 796. The affected males manifested severe multisystem
complications in addition to the cardinal features of OFD1 and the carrier
female showed only subtle features of OFD1. The present patients and the
previously reported male patients from four families (clinical OFD1,;
Simpson-Golabi-Behmel syndrome, type 2 with an OFD/] mutation;
Joubert syndrome-10 with OFDI] mutations) would belong to a single
syndrome spectrum caused by truncating OFD1 mutations, presenting with
craniofacial features (macrocephaly, depressed or broad nasal bridge, and
lip abnormalities), postaxial polydactyly, respiratory insufficiency with
recurrent respiratory tract infections in survivors, severe mental or
developmental retardation, and brain malformations (hypoplasia or
agenesis of corpus callosum and/or cerebellar vermis and posterior fossa
abnormalities).
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Oral-facial-digital syndrome type 1 (OFD1; OMIM
#311200), originally described by Papillon-Leage and
Psaume (1) and further delineated by Gorlin and
Psaume (2), is an X-linked dominant developmental
disorder with an estimated prevalence of 1:50,000,
caused by mutations in the OFDI gene (OMIM
#300170) (3—5). The disorder is characterized by facial
anomalies and abnormalities in oral tissues, digits, brain
and kidney (5). Almost all affected individuals with
OFD1 are female, with highly variable expression,
possibly resulting from random X inactivation (6).
Affected males are generally lost in the first or second
trimester of pregnancy (4). To date, only one liveborn
male case with clinically definite OFD1 and a normal
karyotype has been reported; the patient was born
at 34 weeks of gestation and died 21 h after birth
due to heart failure (7). In this report, we describe a
family with three affected male neonates having an
‘unclassified’ X-linked lethal congenital malformation
syndrome. Exome sequencing of entire transcripts of
the whole X chromosome has successfully identified a
causative splicing mutation in OFDI.

Subjects and methods
Clinical report

1I-2, a 22-year-old woman, was referred to our clinic
for genetic counseling (Fig. 1). Her deceased brother
(II-4) had severe multiple congenital abnormalities. She
had two sons (III-1 and III-5) with similar congenital
abnormalities and a healthy boy (III-3) as well as
two miscarriages (III-2, artificial; III-4, spontaneous).
During genetic counseling and molecular investigations,
she had another healthy boy (III-5). After identification
of a heterozygous OFDI mutation, she was examined
for features of OFD1. Only a few accessory frenulae
and irregular teeth with no facial anomalies or tongue
abnormalities were observed (Fig. 2a—e). A radiograph
of her hands showed no abnormalities (Fig. 2f) and
an abdominal ultrasonography detected no cysts in
the kidneys, liver, or pancreas (data not shown).
I-2, allegedly, had no apparent malformations or
complications including renal diseases.

I1-4 was born by caesarean section because of pla-
cental abruption at 33 weeks of gestation. Pregnancy
was complicated by polyhydramnios. Apgar score was
3 at 1 min. His birth weight was 2056 g (+0 SD),
length was 45.0 cm (+0.5 SD), and occipitofrontal cir-
cumference (OFC) was 34.0 cm (42.0 SD). He man-
ifested severe respiratory insufficiency and was trans-
ferred to a neonatal intensive care unit (NICU). His
craniofacial features included a prominent forehead,
a large fontanelle (5 x 5 cm), a low posterior hair-
line, microphthalmia, hypertelorism, short palpebral fis-
sures, depressed nasal bridge, low-set ears, a small
cleft lip and a soft cleft palate, natrowing of the tip
of the tongue, and a hypoplastic gum (Fig. 2g). Addi-
tional physical features included redundant neck skin,
postaxial polydactyly of the left hand (Fig. 2h), wide
halluces (Fig. 2i), micropenis, and left cryptorchidism.
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Fig. 1. Familial pedigree.

Ultrasonography revealed hypoplastic gyri, an atrial
septal defect, and patent ductus arteriosus. Ophthal-
mological examination detected microcornea and reti-
nal detachment. Intubation was impossible because of
laryngeal anomalies and the patient died 11 h after birth.
Additional autopsy findings included partial atelectasis
and bilateral hydroureters.

II1-1 was delivered by emergency caesarean section
at 39 weeks of gestation. Pregnancy was complicated
by polyhydramnios and intrauterine growth retardation,
with moderate macrocephaly. His birth weight was
3064 g (4+0.1 SD). He was admitted to a NICU because
of respiratory insufficiency, and received mechanical
ventilation. His craniofacial features included microph-
thalmia, hypertelorism, short palpebral fissures, epi-
canthus, low-set ears, and a cleft lip and palate.
Additional physical features included bilateral poly-
dactyly of hands (postaxial) and feet (preaxial), and
an ectopic urethral opening. Ultrasonography revealed
hydrocephalus, agenesis of the corpus callosum and
cerebellar vermis, and a complete atrioventricular sep-
tal defect. Ophthalmological examination detected per-
sistent pupillary membrane and optic disc coloboma.
G-banded chromosomes were normal (46,XY). The
patient died at age 14 days due to heart failure.

ITI-5 was delivered by caesarean section at 32 weeks
of gestation. Pregnancy was complicated by polyhy-
dramnios, intrauterine growth retardation, and con-
genital heart defects. His birth weight was 1704 g
(=0.2 SD), length was 40.0 cm (—0.8 SD), and
OFC was 33.3 cm (4+2.0 SD). He was admitted to
a NICU because of respiratory insufficiency, and
received mechanical ventilation. His craniofacial fea-
tures included a prominent forehead, hypertelorism,
dysplastic ears, a small cleft lip, and a soft cleft palate
(Fig. 2i,k). Ultrasonography revealed hydrocephalus
with Dandy-Walker malformation and hypoplastic left
heart syndrome. G-banded chromosomes were normal
(46,XY). The patient died 1 day after birth. Additional
autopsy findings included agenesis of the cerebellar ver-
mis (Fig. 21), enlargement of the fourth veniricle and
aqueduct, anomalous positioning of the esophagus, mild



Exome sequencing in a family with an X-linked lethal malformation syndrome

Fig. 2. Clinical photographs of II-2 (a—f), II-4 (g—i), and III-5 (j-1).

pulmonary congestion, and insufficient lobulation of the
right Iung.

The three affected male neonates, having strikingly
similar clinical manifestations (Table 1), are considered
to have had a congenital malformation syndrome
with X-linked inheritance. Array-CGH analysis using
4200 BAC clones identified no pathologic genomic
copy number abnormalities. Direct sequencing of
MID, performed because of a partial similarity to
these neonates’ syndrome to X-linked Opitz-G/BBB
syndrome (OMIM #300000) (8), revealed no mutation.

Library preparation

Genomic DNA for II-2, II-3, II-3, and III-6 was
extracted from peripheral blood using the Gentra
PureGene Blood Kit (QIAGEN, Hilden, Germany),
and genomic DNA for III-5 was extracted from the
preserved dried umbilical cord using the DNeasy Blood

& Tissue Kit (QIAGEN). Three micrograms of high-
quality (absorbance at 260 nm/absorbance at 280 nm:
1.8-2.0) genomic DNA from II-2 was fragmented
using the Covaris model S2 system (Covaris, Woburn,
MA). The target peak size was 150 bp. After the
size of sheared DNA was checked using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA), adapter sequences were ligated to the ends
of DNA fragments, and amplified according to the
manufacturer’s protocol (Agilent Technologies).

Exome capture and next-generation sequencing

Library DNA was hybridized for 24 h at 65°C using the
SureSelect Human X Chromosome Demo Kit (Agilent
Technologies). Captured DNA was diluted to a concen-
tration of 8 pM and sequenced on a Genome Analyzer
IIx (Illumina, San Diego, CA) with 76-bp paired-end
reads. We used only one of the eight lanes in the flow
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Table 1. Variant priority scheme after exome sequencing?

MAQ
NEXTGENE [I-2 (SEATTLESEQ)
Total variants called 22,176 — 58,081
ChrX 3441 — 4383
Unknown SNP variants 910 — 882
(dbSNP131, 1000 genomes) —_ —_ -
Overlap of NextGENE — 169 —_
and MAQ
NS/SS — 17 —
Except for variants at - 15 -

segmental duplications

NS, non-synonymous; SNP, single-nucleotide polymorphism;
SS, splice site (£2).

8vaQ was annotated with SEATTLESEQ ANNOTATION. The
annotation includes gene names, dbSNP rs ID, and SNP
functions (e.g. missense), protein positions and amino acid
changes.

cell for II-2 (Illumina). Image analyses and base calling
were performed using sequence control software real-
time analysis and OFFLINE BASECALLER software v1.8.0
(Illumina). Reads were aligned to the human reference
genome (UCSC hgl9, NCBI build 37.1).

Mapping strategy and variant annotation

The quality-controlled (Path Filter) reads were mapped
to the human reference genome (UCSC hgl9, NCBI
build 37.1), using mapping and assembly with qual-
ity (MaQ) and NExXTGENE software v2.0 (SoftGenet-
ics, State College, PA). Single-nucleotide polymor-
phisms in MAQ-passed reads were annotated using
the SEATTLESEQ ANNOTATION website (http://gvs.gs.
washington.edu/SeattleSeqAnnotation/).

Priority scheme and capillary sequencing

Called variants found by each informatics method were
filtered in terms of location on chromosome X, unreg-
istered variants (excluding registered dbSNP131 and
1000 Genomes), overlapping variants called in common
by NEXTGENE and MAQ, and non-synonymous changes
and splice-site mutations (42 bp from exon—intron
junctions) (Table 1). The variants were confirmed as
true positives by Sanger sequencing of polymerase
chain reaction (PCR) products amplified using genomic
DNA as a template, except for variants within genes
at segmental duplications. Sanger sequencing was per-
formed on an ABI3500x1 or ABI3100 autosequencer
(Life Technologies, Carlsbad, CA). Sequencing data
were analyzed using SEQUENCHER software (Gene
Codes Corporation, Ann Arbor, MI).

Reverse transcription-PCR

Total RNA was isolated from EBV-transformed lym-
phoblastoid cell line (EBV-LCL) derived from II-2 and
healthy control subjects using the RNeasy Plus Mini
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Kit (QIAGEN). Five micrograms of total cellular RNA
was used for reverse transcription with the Super Script
III First-Strand Synthesis System (Life Technologies).
Two microliters of synthesized complementary DNA
was used for PCR with the following primers: ex17-F
(5-CTACCATCACCCACTGAGTC-3) and ex19-R
(5-TGAGACATATCCCCGGCAG-3'). Amplified PCR
products were electrophoresed in agarose gels, puri-
fied from gels using the QIAquick Gel Extraction
Kit (QIAGEN), cloned into pCR4-TOPO vector (Life
Technologies) and sequenced.

X-chromosome inactivation assay

The human androgen receptor (HUMARA) assay
was performed as previously reported (9). Genomic
DNA of II-2 was digested at 37°C for 18 h with
two methylation-sensitive enzymes, Hpall and Hhal.
PCR was performed using digested and undigested
DNA with HUMARA primers (FAM-labeled ARf:
5-TCCAGAATCTGTTCCAGAGCGTGC-3"; ARr: 5'-
CTCTACGATGGGCTTGGGGAGAAC-3'). DNA frag-
ment analysis was performed on an ABI3130xl
autosequencer (Life Technologies). Fragment data were
analyzed with GENEMAPPERT SOFTWARE version 4.1
(Life Technologies).

Results
Exome sequencing

Because this disorder was assumed to be an ‘X-linked
recessive’ disorder based on the initial pedigree infor-
mation, we focused on the X chromosome. Approxi-
mately 4.5 Gb of sequence data were generated, 87.3%
of which was mapped to the human reference genome
(UCSC hg19, NCBI build 37.1). MaQ was able to align
53,242,972 reads to the whole genome.

Two informatics methods identified 17 potential
pathogenic changes (15 missense mutations, 1 non-
sense mutation, and 1 splice-site mutation) (Table 1).
The nonsense mutation was a false positive and all 13
missense mutations were inconsistent with the pheno-
type (no co-segregation). The mutation ¢.23884+1G>C
was identified at the splice-acceptor site of intron 17
in OFDI, heterozygously in II-2, and hemizygously in
II1-5, but was absent in II-3, III-3, and UI-6 (Fig. 3a)
as well as 93 normal female controls (0/186 alleles).

RT-PCR, direct sequencing

To examine the mutational effects of ¢.23884-1G>C,
reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed. Only a 239-bp PCR product
(wild-type allele) was observed in healthy control
individuals (Fig. 3b). By contrast, a longer 1364-bp
product was detected in II-2. Sequencing of the 1364-bp
product revealed that a 1125-bp sequence of intron
17 was retained, producing a premature stop codon at
amino acid position 796 (Fig. 3b). These data indicate
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Fig. 3. (a) Gene structure of OFDI with the mutation (c.23884-1G>C) (upper). Electropherograms of the family members. Wild-type sequences
are seen in II-3, I1I-3 and III-6. Heterozygous and hemizygous mutations are observed in II-2 and III-5, respectively. (b) Reverse transcriptase-
polymerase chain reaction analysis showing both 239-bp and 1364-bp products in II-2, and only 239-bp products in two normal female controls.

The 239-bp product is normal and the 1364-bp product is aberrant.

that the ¢.2388+4-1G>C mutation in OFDI is most
likely the causal mutation in this family.

X-chromosome inactivation assay

X-chromosome inactivation patterns was random pat-
terns in II-2 available for this study (ratio > 38:62).

Discussion

Exome sequencing detected a single-base substitution
(c.2388+-1G>C) in OFD], resulting in an error in splic-
ing of intron 17 and a premature stop codon at amino
acid position 796, in an affected male (III-5) and a car-
rier female (II-2) in this family with an ‘unclassified’
X-linked lethal congenital malformation syndrome. II-
4 and III-1, who had strikingly similar clinical man-
ifestations to III-5, are likely to have had the same
OFD1 wmutation as III-5, although their DNA was
not available. Through reassessment of clinical fea-
tures of the family, the three affected males shared
facial, oral, and digital malformations characteristic of
OFD1 (4). Additionally, they exhibited more severe

complications in various systems including congenital
heart defects, genitourinary malformations, and oph-
thalmological abnormalities. II-2 was also found to have
subtle features of OFD1 (accessory frenulae and irreg-
ular teeth). Thus, we have concluded that the ‘unclassi-
fied’ X-linked lethal congenital malformation syndrome
in this family was clinically compatible with OFD1.
An OFD] mutation (c.2123_2126dupAAGA in exon
16, p.Asn711Lysfs*3) was also detected in a fam-
ily with an X-linked recessive mental retardation syn-
drome (10). Nine affected males had macrocephaly and
severe mental or developmental retardation, and suf-
fered from recurrent respiratory tract infections leading
to early death in eight. Only an 11-year-old boy sur-
vived with severe mental retardation (IQ 20), obesity,
and brachydactyly. His younger brother had postax-
ial polydactyly. No cognitive, oral, facial, digital, or
renal abnormalities were detected in heterozygous car-
rier females in that family. The patients were later
classified into an infantile lethal variant of Simpson-
Golabi-Behmel syndrome (type 2) (SGBS2, OMIM
#300209), which had consisted of only one family,
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genetically mapped to Xp22, including four mater-
nally related affected males with hydrops at birth,
craniofacial anomalies (macrocephaly, low-set poste-
riorly angulated ears, hypertelorism, short and broad
nose with anteverted nares, large mouth with thin
upper vermilion border, prominent philtrum, high-
arched or cleft palate, and short neck), redundant
skin, hypoplastic nails, skeletal defects involving upper
and lower limbs, gastrointestinal and genitourinary
anomalies, hypotonia and neurological impairment, and
early death within the first 8 weeks (11, 12). Other
OFDI mutations were detected in two families with
Joubert syndrome-10 (JBTS10, OMIM #213300) (13).
A mutation (c.2844_2850delAGACAAA in exon 21,
p-Lys948Asnfs*9) in a family with eight affected males
caused severe mental or developmental retardation and
recurrent infections in all; postaxial polydactyly in five,
retinitis pigmentosa in three, and a molar tooth sign on
brain magnetic resonance imaging (MRI) in two. No
heterozygous carrier females had any symptoms sim-
ilar to those in the affected males. Another mutation
(c.2767delG in exon 21, p.Glu923Lysfs*4) was found
de novo in a 12-year-old male patient with severe men-
tal retardation, macrocephaly, obesity, postaxial poly-
dactyly, and a molar tooth sign on brain MRI (13).

To discuss whether these male patients with hem-
izygous truncating OFDI] mutations would have differ-
ent conditions (OFD1, SGBS2, or JBTS10) or belong
to the same syndrome spectrum, we have created a
comprehensive list of clinical manifestations in all of
them (Table 2) (7, 10, 13). Macrocephaly, polydactyly
(postaxial), respiratory insufficiency with recurrent res-
piratory tract infections in survivors, and severe mental
or developmental retardation were shared by all the
families (7, 10, 13). Nasal bridge features (depressed
or broad) and lip abnormalities (cleft lip, pseudocleft
lip, full lips, and prominent philtrum) were shared by
the families with OFD1 and JBTS10 (7, 13). Brain mal-
formations including hypoplasia or agenesis of corpus
callosum, hypoplasia or agenesis cerebellar vermis as
well as posterior fossa abnormalities (large, occipital
encephalocele) were also shared by the families with
OFD1 and JBTS10 (7, 13). HI-5 in the present fam-
ily was described to have Dandy-Walker malformation
on brain ultrasonography. Three patients with JBTS10
were described to have a molar tooth sign on brain MRI,
which is the characteristic neuroradiological hallmark
of Joubert syndrome (13). Dandy-Walker malformation,
typically consisting of agenesis or hypoplasia of cere-
bellar vermis, a cystic dilatation of the fourth ventricle,
and an enlarged posterior fossa with a high position
of the tentorium, is usually distinguishable from Jou-
bert syndrome, characterized anatomically by agenesis
or hypoplasia of cerebellar vermis and enlargement of
the superior cerebellar peduncles and deep interpedun-
cular fossa resulting from a lack of normal decussation
of superior cerebellar peduncular fiber tracts, lead-
ing to the characteristic ‘molar tooth’ appearance on
transverse computed tomography and MRI of the mid-
brain (14); and clinically by hypotonia, developmental
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retardation, abnormal respiratory patterns, and oculo-
motor apraxia (15). However, Joubert syndrome could
be present in association with Dandy-Walker malfor-
mation (15); and in such a case, Dandy-Walker mal-
formation was reported to have initially masked the
molar tooth sign because of a cystic dilatation of the
fourth ventricle (16). Some authors state that the pres-
ence of the molar tooth sign does not, in itself, allow
a diagnosis, Joubert syndrome, to be made; but that
clinical evidence of the syndrome including hypotonia
and developmental retardation accompanied by either
abnormal breathing or abnormal eye movements should
be present (14, 17). Typical respiratory abnormalities
in Joubert syndrome, represented by short alternate
episodes of apnea and hyperpnea or episodic hyperp-
nea alone (18), were not described in the patients with
JBTS10, with only one presenting with stridor and
intermittent cyanosis soon after birth (13). Abnormal
eye movements including oculomotor apraxia were not
mentioned in those with JBTS10 (13). In view of these
evidences, it is reasonable to consider that the male
patients with OFDI mutations, identified to date, would
belong to a clinical continuum with wide intra- and
inter-familial phenotypic variations of a single disorder.

A review by Macca and Franco (4) summarized
all reported mutations in OFD1 patients. In total, 99
different mutations (7 genomic deletions and 92 point
mutations) were identified, including 67 frameshift
mutations (58%), 14 missense mutations (12%), 14
splice-site mutations (12%), 13 nonsense mutations
(11%), and an in-frame deletion. Point mutations occur
only in the first 17 exons (OFDI consists of 23 exons).
A significant genotype—phenotype correlation between
high-arched/cleft palate and missense and splice-site
mutations has been identified (19). In addition, cystic
kidney is more frequently associated with mutations
in exons 9 and 12 (19). Quantitative PCR analysis of
OFD] mRNA levels in EBV-LCLs from two families
with JBTS10 showed that 30% and 58% of OFDI
expression remained, suggesting that the mutant mRINA
would be subject to nonsense-mediated decay and
that the phenotypic variability observed for OFDI
mutations would be caused by changes in activity
of remaining truncated OFDI1 protein (13). To date,
premature stop codons at 713 in exon 16 (19), 796
in exon 17 (this report), 926 in exon 21 (13), and
956 in exon 21 (13) are associated with survival in
males with hemizygous truncating OFDI mutations
and no or subtle clinical manifestations in females
with heterozygous OFDI mutations. Heterozygous
truncating OFDI mutations preserving normal exons
1-16 have been reported in only two families with
typical female OFD1 patients: a single-base deletion
(c.2349delC in exon 17, p.Ileu784Serfs*85) (20) and a
deletion of complete exon 17 (21). Mutations producing
longer truncated protein (~ exon 17) might cause a
milder form of the disorder that could not be detected
in typical female OFD1 patients, but could be detected
in male patients with multiple congenital anomalies and
probable lethality in childhood.
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Table 2. Clinical features of male patients with OFD7 mutations

Family
Family 1 (present family) op Family 3¢ Family 49 (W07-713) ) Carrier
Family 54 ——————
Patient -4 -1 -5 1 V-1 V-3 IV-11 6 Patients  1lI-9 IV-10 6 Patients (UW87) 19 Females
Age 0d/D 14d/D 1d/D 1My 18 m/D 3y/D D 34y 35y D @)
Birth weight (g) (gestational age) 2056 (33) 3064 (39) 1704 (32) 3850 (40) 4120 (38) 1915 (35) 3050 (Te) 4090 (41)
Macrocephaly (>1.5 SD) + + + + + Some +
Obesity + - — - +
Craniofacial (87.3%°%) - - —
Facial anomalies (69.1%2)
Prominent forehead + +
Redundant neck skin + +
Hypertelorism + + + +
Epicanthus +
Short palpebral fissures + +
Nasal bridge features Dep Dep Br Br Dep
Low-set ears + + + + +
Lip abnormalities (32.6%7) PCL CL PCL PCL F,PP F_, PP PCL PCL (1)
Oral )
Palatal abnormalities (49.6%2) CSP CP CSP CSP HP
Accessory frenulae (63.7%2) + (4)
Tongue abnormalities (84.1%°%) Nar MG Lob (3)
Teeth abnormalities (43.3%7) Ir (1)
Skeletal
Short fingers/brachydactyly + + - +
Postaxial polydactyly (3.7%%) LtH BiH BiHRIBLT RtH - BiHF BiHF (4) BiHLtF
Preaxial polydactyly (19.3%2) BiBrHx BiF BiBHx BiBrT
Respiratory
Laryngeal anomalies +
Respiratory insufficiency + + + +
Recurrent infections + + + + + + + (6) +
Cardiovascular
Congenital heart defects ASD, PDA  AVSD HLHS AVSD —
Genitourinary
Cystic kidney - - - - - - - -
Urinary tract abnormalities HU EUO
Genital abnormalities MP, C
Gastrointestinal
Esophageal abnormalities +
Ophthalmological
Microphthalmia/microcornea +
Persistent papillary membrane +
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Table 2. Continued

Family
Family 1 (present family) 20 Family 3¢ Family 49 (W07-713) ) Carrier
Family 54 @ —mM—
Patient -4 11 -5 1 V-1 V-3 WN-11  6Patients W9 [V-10 6 Patients (uwsay?) 19 Females

Optic disc coloboma +

Optic nerve atrophy +

Retinal detachment +

Retinitis pigmentosa + + + (1) -
Central nervous system (48.4%2)

Hydrocephalus + + -+ - - +

Gyrus abnormalities Hp PM - — -

Corpus callosum abnormalities Ag Ag - - — Hp

Cerebellar vermis abnormalities Ag Ag - - - Hp Hp

Thick superior cerebellar peduncles — - — -+ +

Molar tooth sign - - — + + +

Dandy-Walker malformation - — — -

Posterior fossa abnormalities L - - — L EC
Developmental/mental retardation S S + S S S + (Al S

+, present; —, absent; blank, data not available; Ag, agenesis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; BHx, bifid halluces; Bi, bilateral; BLT, bifid little toe; Br,
broad; C, cryptorchidism; CL, cleft lip; CP, cleft palate; CSP, cleft soft palate; d, days; D, death; Dep, depressed; EC, encephalocele; EUO, ectopic urethral opening; F, foot/feet; FL,
full lips; H, hand(s); HF, hands and feet; HLHS, hypoplastic left heart; Hp, hypoplasia; HP, high palate; HU, hydroureter; Hx, halluces; Ir, irregular; L, large; Lob, lobulated; Lt, left;
m, months; MG, midline groove; MP, micropenis; Nar, narrowing of the tip of the tongue; PCL, pseudocleft of the upper lip; PDA, patent ductus arteriosus; PM, polymicrogyria; PP,
prominent philtrum; Rt, right; S, severe; Te, term; T, thumbs; vy, years.

8From Macca and Franco (4).

bFrom Goodship et al. (7).

°From Budny et al. (10).

9From Coene et al. (13).



