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SHORT COMMUNICATION

A type of familial cleft of the soft palate maps
to 2p24.2-p24.1 or 2p21-pl2

Masayoshi Tsuda’>°, Takahiro Yamada®°, Tadashi Mikoya%, Izumi Sogabe®, Mitsuko Nakashima’2®,
Hisanori Minakami®, Tatsuya Kishino’, Akira Kinoshita!, Norio Niikawa®, Akiyoshi Hirano?
and Koh-ichiro Yoshiura!

Cleft of the soft palate (CSP) and the hard palate are subtypes of cleft palate. Patients with either condition often have difficulty
with speech and swallowing. Nonsyndromic, cleft palate isolated has been reported to be associated with several genes, but to

our knowledge, there have been no detailed genetic investigations of CSP. We performed a genome-wide linkage analysis using a
single-nucleotide polymorphism-based microarray platform and successively using microsatellite markers in a family in which six

members, across three successive generations, had CSP. A maximum LOD score of 2.408 was obtained at 2p24.2-24.1 and
2p21-p12, assuming autosomal dominant inheritance. Our results suggest that either of these regions is responsible for this

type of CSP.

Journal of Human Genetics (2010) 55, 124-126; doi:10.1038/jhg.2009.131; published online 15 January 2010
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INTRODUCTION
Orofacial cleft, one of the most common congenital malformations, is
a heterogeneous group of complex traits. Orofacial cleft is classified
into two main categories, cleft lip with or without cleft palate and cleft
palate isolated (CPI). Both clefting phenotypes can appear to be
related to some syndromes (syndromic orofacial cleft) or not be
related to syndromes (nonsyndromic orofacial cleft). CPI is considered
genetically distinct from cleft lip with or without cleft palate, on the
basis of epidemiological evidence and the different developmental
timing of lip and palate formation. Recent molecular genetic studies'~
have identified genes or loci that are responsible for CPI. However,
fewer genes and/or loci-associated CPI have been reported in compar-
ison with cleft lip with or without cleft palate.®

CPL is mostly classified into two subtypes morphologically: cleft of the
hard palate (CHP) and cleft of the soft palate (CSP).” Submucous cleft
palate (SMCP) is a small subgroup in the CPL. SMCP manifests with
bifid uvula, separation of the muscle with an intact mucosa and a bony
defect in the posterior edge of the hard palate.® Both CHP and CSP are
caused by a failure of fusion of the palatal shelves, but little is known
about the cause of the difference in their phenotypes. Christensen ef al.’

suggested that CHP and CSP might be etiologically distinct. Although
patients with CSP have serious problems in speech and deglutition, as
well as CHP, there have been no detailed genetic studies performed.
We recently encountered a Japanese family that included five CSP
patients and one SMCP patient. The aim of this study was to identify
the CSP/SMCP predisposing locus in this family using genome-wide
single-nucleotide polymorphism (SNP)-based linkage analysis.

MATERIALS AND METHODS

Family and patients

A Japanese family included five patients (I-2, 1I-2, 1I-3, 11I-1 and III-2) with
CSP and one patient (11-5) with SMCP across three generations (Figure 1). Two
patients (II-2 and 1I-3) were monozygotic twins. The phenotypes of two
patients (III-1 and 1I-5) were shown in Figure 2. All patients had no other
symptoms such as mental retardation, and all family members were examined
by one or two well-trained dentists.

The disease in the family was consistent with an autosomal dominant mode
of inheritance. Blood samples were obtained with written informed consent
from 15 cooperative family members (Figure 1). The study protocol was
approved by the committee for ethical issues on the Human Genome and
Gene Analysis of Nagasaki University.
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Figure 1 Family tree with haplotypes at 2p24.2-24.1 (CSPR1) and 2p21-p12 (CSPR2). Black closed, gray closed and open symbols indicate affected with
cleft of the soft palate (CSP), affected with subcutaneous cleft palate (SMCP) and unaffected, respectively. An arrow indicates the proband. Genotypes of
microsatellite markers defining the candidate intervals are shown below each individual. Boxed haplotype indicates possibly disease-associated haplotype.

SNP genotyping and linkage analysis

Genomic DNA was extracted from peripheral blood lymphocytes of the 15
members, using a QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany). Their
genotypes were determined using a GeneChip Human Mapping 10K 2.0 Xba
Array (Affymetrix, Santa Clara, CA, USA). We used MERLIN software!® to
analyze compiled pedigree data sets. Mendelian errors were detected by
PEDCHECK,!! and SNPs with Mendelian error were not used in the data
analysis. LOD scores were calculated under a parametric autosomal dominant
model in which penetrance was set to 1.0 and disease allele frequency was
0.00001. As CSP and SMCP can be categorized together because of their similar
anatomical features,” the patient with SMCP and the patients with CSP (II-5)
were classified as ‘affected” for linkage score calculations.

To confirm the result of linkage data using the GeneChip Human Mapping
10K 2.0 Xba Array, we performed a two-point linkage analysis using micro-
satellite markers by the method described elsewhere.!? The two-point LOD
score was calculated using MLINK program.!?

RESULTS AND DISCUSSION

In the assay with the 10K-Array, the GeneChip call rates varied from
92.18 to 99.42% (with a mean of 97.54%). Two regions, 2p24.2-p24.1
(CSP region 1: CSPR1), a 4.5-Mb interval between rs1545497 and
151872325, and 2p21-p12 (CSP region 2: CSPR2), a 34.5-Mb segment
between rs940053 and rs310777, were CSP candidate loci with
a maximum LOD score of 2.408 (Figure 3). The LOD scores of all
other regions were below 1.000. Two-point LOD scores using micro-
satellite markers showed the same scores (2.408); therefore, the result

of linkage analysis from SNP genotyping was reconfirmed (haplotype
using microsatellite markers was shown in Figure 1). It is thus likely
that a gene having a role in palatal fusion is located within either
CSPR1 or CSPR2.

On the basis of our knowledge of oral palate development, we chose
nine genes from the candidate CSP regions and performed mutation
analysis. Of the nine candidate genes, three were from CSPR1: growth/
differentiation factor 7 (GDF7), matrilin 3 (MATN3) and member B
of the Ras homolog gene family (RHOB). The other six genes were
from CSPR2: calmodulin 2 (CALM2), bone morphologic protein 10
(BMP10), sprouty-related EVH1 domain-containing protein 2
(SPRED2), transforming growth factor, alfa (TGFA), ventral anterior
homeobox 2 (VAX2; 2p13.3) and stoned B-like factor/stonin 1
(STONT). Most of these genes are concerned with bone development,
and with the transforming growth factor and mitogen-activated
protein kinase signaling pathways, or are transcription factors related
to homeobox genes. However, no pathogenic mutation was found
within any of its exons or intron—exon boundaries of all nine genes.

To detect structural genomic alterations that may cause CSP within
the candidate regions, we performed copy number analysis with the
proband’s DNA using the Genome-Wide Human SNP Array 5.0
(Affymetrix). Although several copy number alterations were detected
(data were not shown), all were already registered as copy number
variations on the UCSC Genome Browser (http://genome.ucsc.edu/)
and none of them coincided with regions with positive LOD scores.

125
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Figure 2 Views of palates. The palate of individual II-1 with CSP (a)
showing a cleft limited to the soft palate, and that of individual 11-5 with
SMCP (b) showing a translucent zone in the soft palate resulting from a
separation of the muscle.

In conclusion, this is the first report of a whole-genome linkage
analysis scan for CSP. Although the LOD scores calculated are not high
enough to assign the disease locus definitively, our data suggest that it
lies at either 2p24.2-24.1 or 2p21-p12.
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Novel mutations in the S/L1 gene in a Japanese
pedigree with the Marinesco-Sjogren syndrome

Taichi Takahata’’, Koki Yamadal**?, Yoshihisa Yamada!, Shinji Ono**%, Akira Kinoshita?, Tetsuo Matsuzaka>®,

Koh-ichiro Yoshiura* and Takashi Kitaoka®

Marinesco-Sjégren syndrome (MSS) is a rare autosomal recessive disorder. Mutation in the S/LI gene accounts for the majority
of MSS cases. However, some individuals with typical MSS without S/LI mutations have been reported. In this study, we
identified two novel mutations in a Japanese pedigree with MSS, one of which was an intragenic deletion not detected using

the PCR-direct sequencing protocol. This family consisted of three affected siblings, an unaffected sibling and unaffected
parents. We found a homozygous 5-bp deletion, del598-602(GAAGA), in exon 6 of all affected siblings by PCR. Thus, we
expected that both parents would be heterozygous for the mutation. As expected, the father was heterozygous, whereas the
mother demonstrated no mutations. We then carried out array comparative genomic hybridization and quantitative PCR analyses,
and identified an approximately 58 kb deletion in exon 6 in the patients and mother. As a result, the mother was hemizygous for
a 58-kb deletion. The affected siblings contained two mutations, a 5-bp and a 58-kb deletion, resulting in SILI gene
dysfunction. It is possible that some reported cases of MSS without base alterations in the SILI gene are caused by deletions

rather than locus heterogeneity.

Journal of Human Genetics (2010) 55, 142-146; doi:10.1038/jhg.2009.141; published online 29 January 2010

Keywords: array CGH; Marinesco-Sjégren syndrome; quantitative PCR; S/L1 gene

INTRODUCTION

The Marinesco-Sjogren syndrome (MSS, OMIM 248800) is a rare,
autosomal recessive disorder characterized by congenital cataracts,
cerebellar ataxia, myopathy and mental retardation. Skeletal abnorm-
alities including short stature, dysarthria, nystagmus and hypergonado-
tropic hypogonadisin are also occasionally observed.

MSS was first described by Marinesco et al. in four Rumanian
siblings in 1931.%2 Sjogren later reported 14 similar cases in six
Swedish families and suggested an underlying autosomal recessive
pattern of inheritance in 1950.1% In 2003, Lagier-Tourenne et al*
identified a locus for MSS on chromosome 5g31 using homozygosity
mapping in two consanguineous families of Turkish and Norwegian
origin. Two years later, two groups independently identified several
mutations in the SILI gene located at chromosome 5g31 in MSS. In
addition, Senderek et al.’ identified nine different mutations in eight
MSS families, and Anttonen et al.5 found four different mutations in
eight MSS families. Further novel mutations in the SILI gene in MSS
were subsequently identified.”® Although mutations in the SILI gene
account for the majority of MSS cases, Senderrek et al. reported four
individuals with typical MSS lacking SILI mutations. These reports

suggest genetic heterogeneity in MSS. Here, we report novel muta-
tions, including a deletion that is difficult to detect using conventional
PCR for sequence analysis, in the SILI gene in a Japanese family that
included three individuals with MSS.

MATERIALS AND METHODS

Family

A Japanese family with MSS was investigated in this study. The clinical features
of the affected individuals are summarized in Table 1. Each individual was
diagnosed on the basis of the clinical features of MSS. The family consisted of
three affected siblings, an unaffected sibling and their parents (Figure la).
Parents were not consanguineous and all affected individuals were born after
normal pregnancies.

The ophthalmological clinical features were as follows: The proband (II-1 in
Figure 1a), an affected 14-year-old daughter, demonstrated slight bilateral
cataract at 3 years of age, and received an operation for cataract at 4 years
of age. Her best-corrected visual acuity after the operation was 1.0. An affected
10-year-old son (II-3) demonstrated slight bilateral posterior subcapsular
cataracts at age 1 year and 6 months, and underwent an operation for cataract
at 3 years of age. His best-corrected visual acuity after the operation was 1.2. An
affected 8-year-old daughter (II-4) demonstrated bilateral total cataract at 4
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Table 1 Clinical features of the affected individuals

-1 11-3 -4
Sex F M F
Age 14 10 8
Bilateral cataract + + +
Nystagmus - - -
Strabismus + + +
Skeletal deformities + + +
Ataxia + + +
Hypotonia + + +
Spasticity + + +
Mental retardation + + +
Elevated serum CK + + +
Myopathic EMG + NA NA
Myopathic biopsy + NA NA

Abbreviations: —, absent; +, present; CK, creatine kinase; EMG, electromyography; F, female;
M, male; NA, not available.

years of age, and received an operation for cataract at the same age. Her best-
corrected visual acuity after the operation was 0.6. Further ophthalmological
examination of the three affected children revealed no abnormalities.

All samples from the family were collected after obtaining written informed
consent, and the study protocol was preapproved by the Committee for the
Ethical Issues on Human Genome and Gene Analysis in Nagasaki University.
Genomic DNA was extracted directly from blood using the QIAamp DNA
Blood mini kit (Qiagen, Hilden, Germany).

Mutation analysis
To identify mutations in the SILI gene, PCR products were subjected to the direct
sequencing protocol. Information regarding primer sequences was kindly pro-
vided by Dr Senderek (Department of Human Genetics, Aachen University of
Technology) and Dr Anttonen (Folkhilsan Institute of Genetics and Neuroscience
Center and Department of Medical Genetics, University of Helsinki). PCR was
performed in a 30-pl reaction mixture containing 30 ng genomic DNA, 0.5 pm
each of forward and reverse primers, 200 v each of ANTP in 1x ExTaq buffer
(Takara Bio, Shiga, Japan) and 0.75 U ExTaq (Takara Bio). PCR was performed in
an iCycler thermal cycler (Bio-Rad, Hercules, CA, USA) and the PCR conditions
were as follows: Taq activation step at 95 °C for 4 min, followed by 35 cycles at
95 °C for 30s for denaturation, 58 °C for 30s for annealing, 72 °C for 30s for
extension and finally one step at 72 °C for 10 min to ensure complete extension.
The PCR products were treated with ExoSAP-IT (USB, Cleveland, OH,
USA) and directly sequenced using the BigDye Terminator v3.1 cycle sequen-
cing kit (Applied Biosystems, Foster City, CA, USA). Samples were run on an
ABI 3130-xl automated sequencer (Applied Biosystems) and electropherograms
were aligned using ATGC software version 5.0 (Genetyx, Tokyo, Japan).
Mutations were inspected visually.

Microsatellite analysis
Microsatellite analyses were carried out using the ABI PRISM linkage Mapping
Set-MD10 (panel 8) and included eight markers on chromosome 5. PCR was
performed in a 15-pl reaction mixture under the same conditions for the
mutation analysis, with the exception that 55 °C for 30 s was used for annealing.
After mixing with GeneScan 400HD ROX size standard (Applied Biosystems)
in deionized formamide, amplicons were separated on the ABI 3130-xl auto-
mated sequencer. Genotyping data were analyzed using GeneMapper 4.0 soft-
ware (Applied Biosystems).

Array CGH

A DNA sample from patient II-3 (Figure 1a) was subjected to the high-density
oligonucleotide-based array comparative genomic hybridization (CGH) assay.
For this assay, we manufactured a custom-designed microarray targeted to
a 300-kb genome region, including the SILI gene, on 5g31.2
(Chr5:138 281 500-138 580 000 [NCBI Build 36.1, hg18]). We used the Agilent
website (http://earray.chem.agilent.com/earray/) to design our custom array

Novel mutations in a Japanese pedigree with MSS
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CGH. This array contained 2685 probes that were 60-mer in length (Agilent
Technologies, Santa Clara, CA, USA). Experiments were performed according
to the manufacturer’s instructions. Briefly, patient and reference genomic DNA
samples (1pg per sample) were fluorescently labeled with Cy3 (patient) and
Cy5 (reference) using the Agilent Genomic DNA Labeling Kit (Agilent
Technologies). Labeled patient and reference DNA was then combined, dena-
tured and preannealed with Cot-1 DNA (Invitrogen, Carlsbad, USA, USA) and
blocking reagent (Agilent Technologies). The labeled samples were then
hybridized to the arrays for 40h in a rotating oven (Agilent Technologies) at
65 °C and 20 r.p.m. After hybridization and washing, the arrays were scanned at
a 5-pm resolution with an Agilent G2565C scanner. The resulting images were
analyzed using Feature Extraction Software 10.5.1.1 (Agilent Technologies).

Quantitative PCR analysis

Real-time PCR was performed using a LightCycler 480 Instrument (Roche
Applied Science, Penzberg, Germany) and SYTO13 dye (Molecular Probes,
Eugene, OR, USA). Exons 2, 6 and 10 of the SILI gene were selected as target
exons for quantification. The NSDI gene was used as a reference gene (two
copies in the reference DNA). Primers for the SILI and NSDI genes were
designed using Primer Express 1.5 (Applied Biosystems) and are listed in
Table 2. Real-time PCR was performed in a 10-pl reaction mixture containing
10ng genomic DNA, 0.5 uM each of forward and reverse primers, 200 M each
of dNTP, 1x ExTaq buffer, 0.2 um SYTO13 dye and 0.5U ExTaq.

Break-point determination

To determine the break point of deletion, we designed a deletion-specific
amplification primer around the deletion break point detected by array CGH.
The primer sequences were 5-AGCGGATCAGTAAGGGTATT-3’ for SILint5-
delF and 5-CAGTGTCTGGAAGCACAAGC-3’ for SILint7delR. DNA from all
family members and from 80 healthy individuals was subjected to PCR
amplification using the same conditions as the mutation analysis, with the
exception that 61 °C was used as the annealing temperature.

RESULTS

Mutation analysis

We sequenced all 10 exons of the SILI gene in our MSS family
members. Portions of the electropherograms are presented in
Figure 1b. The electropherograms for the three affected siblings
demonstrated that they were homozygous for a 5-bp deletion muta-
tion, del598-602(GAAGA), in exon 6. No mutations were identified in
the unaffected sibling. A heterozygous del598-602(GAAGA) mutation
in exon 6 was also detected in the father. The mother’s electropher-
ogram did not show del598-602(GAAGA). del598-602(GAAGA) was
not detected in any of the 80 healthy Japanese individuals.

Microsatellite analysis

All the eight microsatellite markers investigated showed the concor-
dant inheritance pattern of the allele from both parents. This means
that the parent—child relationship was confirmed, and that long-range
uniparental disomy could be excluded. The inheritance pattern of the
allele on chromosome 5 is summarized in Figure la.

Copy number analysis in the family members

We speculated that the patients and mother had a deletion in exon 6 of
the SILI gene on the basis of microsatellite and mutation analyses. We
were able to identify the deletion within the SILI genomic region
using real-time PCR and array CGH (Figures 2 and 3a). The copy
number state in the patients determined by real-time PCR was
concordant with the results of array CGH (Figure 2).

Deletion break point
Using SILint5delF/SILint7delR primers we were able to amplify
PCR products of the patients and mother, but not of the healthy
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Figure 1 Microsatellite and mutation analysis. (a) Pedigree of the MSS family studied and the marker haplotypes. Closed symbols indicate individuals with
MSS and open symbols represent clinically unaffected individuals. All investigated allele sizes of the four siblings corresponded to the allele sizes of either
parent. The locus for the SIL1 gene is between D5S433 and D45422, d: 5bp deletion in exon 6, D: deletion including exon 6, W: wild type. Arrow indicates
proband. (b) DNA sequence data in our MSS family. (1) Affected sibling (lI-4 in panel a) with the homozygous del598-602(GAAGA) mutation, (2) unaffected
sibling (11-2) without the mutation, (3) father (I-1) with the heterozygous del598-602(GAAGA) mutation and (4) mother without a mutation.

individuals. The deletion-specific product was subsequently processed
for sequence analysis, confirming the 58269-bp deletion
[ch5:g.(138 339 032138 397 300)del](NCBI Build 36.1, hgl8) and
the 4-bp insertion (Figure 3b). The telomeric break point within
intron 5 was in the LINE/L1 repetitive sequence, whereas the
centromeric break point within intron 7 was a unique sequence.

Journal of Human Genetics

DISCUSSION

In this study, we identified novel mutations in the SILI gene in a
Japanese family that included three children with MSS. We sequenced
all 10 exons of the SILI gene, and identified a del598-602(GAAGA)
mutation in exon 6 of the PCR products amplified from genomic
DNA isolated from all three of the affected siblings. Thus, we expected



that the affected siblings would be homozygous for the mutation
obtained from a parent, and that both parents would be heterozygous
for the mutation. However, we found that only the father expressed
the del598-602(GAAGA) mutation, whereas no mutations were
identified in any of the 10 exons of the SILI gene in the mother.

We next confirmed the parent—hild relationship for each sibling
using microsatellite markers on chromosome 5. The mutation and
microsatellite analyses suggested that the mother may be hemizygous
around exon 6. Quantitative PCR analyses in all family members
indicated that the unaffected sibling and father expressed two copies of
exon 6 in the SLII gene, whereas the three affected siblings and mother
expressed only one copy of exon 6. Therefore, we attempted to define
the copy number state for the entire SILI gene using array CGH to
confirm the break point of deletion. As it is possible to speculate break

Table 2 Primer sequences for real-time PCR

Target sequence (SI/L1 exon 2)
Forward primer
Reverse primer

5-CTCTTGTTGGATGGCTGGAC-3'
5-TGTGATTCCCATGTCGTCAC-3’

Target sequence (S/L1 exon 6)
Forward primer
Reverse primer

5-GGCAGATGTCTCCAACCAAT-3’
5-CTTGTTGATCAGCCGTACCA-3’

Target sequence (S/L1 exon 10)
Forward primer
Reverse primer

5-AGAGCTAGCCAGGTGTGAGC-3'
5-AGGAGGTGTACCTGGCGATA-3'

Reference sequence (NSD1)
Forward primer
Reverse primer

5-ATGCTTTTTCAGCCCAAATG-3'
-CTCCCTGCAGTACAGCATCA-3’

Novel mutations in a Japanese pedigree with MSS
T Takahata et a

points from the array CGH results, we were able to design primers to
amplify the deletion-specific product using PCR. Using this method,
we found a 58269-bp deletion in the three affected siblings and
mother. The character of break points was not specific, and did not
indicate the recombination between the repetitive sequence or low
copy repeats.

1.6 [mmrmm e

Oexon 2
mDexon 6
exoniQ

-1 -2 -3 1-4 -1 -2

Figure 2 Copy number analysis. The S/LI to NSDI1 copy number ratio (V)
for all family members. The sample with the deletion in SILI is expected to
yield N=0.5. The N values of exon 6 in affected siblings and the mother
were 0.5472 (l1-1), 0.414 (1I-3), 0.483 (lI-4) and 0.472 (I-1), respectively.
The unaffected sibling was 0.897 (l1-2) and the father (II-1) was 0.974.
The fact that the N value of exons 2 and 10 for all family members was
approximately 1.0 suggested that the deletion was not large enough to
include the entire SIL1 gene. The results are presented as mean +s.d.
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Figure 3 Break-point determination. (a) DNA Analytics view of the affected sibling (11-3) using the Agilent custom-designed array showing the approximately
58kb deletion in the S/L1 gene. Arrows indicate the break point. (b) The sequence results around the break point and the schematic drawing of the S/L1
gene in the affected sibling (11-3) are shown. A 58 269 bp deletion at chr5: 138 339032-138397 300 (NCBI Build 36.1, hgl18) and a 4b insertion (shaded

region) were identified.
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Table 3 Previously reported mutations in the S/L1 gene of MSS patients

Type Location Nucleotide change Amino-acid change Origin P Ref.
1 HM Exon 3 212dupA H71Qfs France 1 6
2 HM Exon 4 331C>T R111X Iran, Turkey, Italy 4 5610
3 HM Exon 6 506_509dupAAGA D170fs Finland, Norway 5 6
4 HM Exon 6 645+1G>A Skipping Turkey 1 5
5 HM Exon 9 936dupG L313fs Japan 2 8.9
6 HM Exon 9 1029+1G>A Skipping Bosnia 1 5
7 HM Exon 9 1030-9G>A F345fs Norway 2 9
8 HM Exon 9 1249C>T Q417X Mali 1 5
9 HM Exon 10 1312C>T Q438X Egypt 1 7
10 HM Exon 10 1367T>A L456X Turkey 1 9
11 HM Exon 10 1370T>C L457Pro Japan 1 9
12 CH Exons 2, 4 178G>T 346delG E6OX G116fs Vietnam 1 5
13 CH Exon 6 506_509dupAAGA 645+2T>C D170fs skipping Sweden 1 6
14 CH Exons 9, 10 947_948insT 1030-18G>A L.316fs M344fs Germany 1 5
15 CH Exons 9, 10 947_948insT 1366delT L316fs 456fs Russia 1 5

Abbreviations: CH, compound heterozygous; del, deletion; dup, duplication; fs, frameshift; HM, homozygous; ins, insertion; MSS, Marinesco-Sjbgren syndrome; P, pedigree number; Ref., reference;

X, stop.

MSS is a rare, autosomal recessive disorder. After the two initial
groups independently identified several mutations in the SILI gene in
2005,%¢ only a few mutations in the SILI gene have been reported
since.”~10 Karim et al.” located a novel mutation in an Egyptian family
in 2006, and Eriguchi et al® identified a novel mutation in three
unrelated Japanese patients in 2008. All mutations in the SILI gene
reported previously to be associated with MSS are presented in
Table 3. The mutation we found was located in exon 6, which encodes
the BiP-interacting domain.®> Zhao et al.!! have reported that the SIL1
protein associates with the BiP chaperone to aid unfolded proteins in
folding normally, and to help in the release of folded proteins. Thus,
the loss of SIL1 protein function results in BiP recycling and the
accumulation of unfolded proteins in the endoplasmic reticulum.!-13

Senderek ef al.® were unable to identify any SILI gene mutations in
four individuals with typical MSS. These reports suggested genetic
heterogeneity in MSS or that individuals exhibiting MSS may contain
mutations that are difficult to detect. For example, compound
heterozygous deletions that include different exons or intronic base
changes affect the splicing process. In general, when gene mutations in
a single gene defect syndrome are detected, it is essential to consider
that deletion may not be detected using the PCR-direct sequencing
protocol. Our results suggested that deletion assay, quantitative PCR,
array CGH or multiple ligation-mediated PCR amplification should
be performed to detect deletions of exons in MSS patients. It remains
possible that some reported cases without base alterations in the SILI
gene are caused by small deletions rather than locus heterogeneity.
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ABSTRACT! Fibroblast growth factor receptor I (FGFRI) is one of the causative genes for Kallmann syndrome (KS), which is characterized
by isolated hypogonadotropic hypogonadism with anosmia/hyposmia. The third immunoglobulin-like domain (D3) of FGFR! has the isoforms
FGFRI-lilb and FGFRI-lilc, which are generated by alternative ysplicikng of exons 8A and 8B, respectively. To date, the only mutations to have
been identified in D3 of FGFR/ are in exon 8B. We perform'ed mutation analysis of FGFR in a 23-year-old female patient with KS and found a
missense mutation (c.1072C>T) in.exon 8A of FGFRI. The ¢.1072C>T mutation was not detected in her family members or in 220 normal
Japanese and 100 Caucasian female controls. No mutation in other KS genes, KS'I, prokineticin-2, prokineticin receptor-2 and FGF-8 was
detected in the affected patient or in her family members. Therefore, this is the first case of KS carrying a de novo missense mutation in FGFRI
exon 8A, suggesting that isoform FGFRI-llb, as well as isoform FGFRI-llic, plays a crucial role in the pathogenesis of KS.

Key words: Kallmann syndronie / FGFRIb 'mutatioryv / fibroblast growth factor receptor. | isoform expression

introduction

Kallmann syndrome (KS), which is characterized by isolated hypogona-
dotropic hypogonadism (IHH) and anosmia/hyposmia, is a clinically
and genetically heterogeneous disorder. To date, five causative
genes for KS have been reported: KS | (KAL/, GenBank accession
M97 252), prokineticin-2 (PROK2, GenBank accession NM 021935),
prokineticin receptor-2 (PROKR2, GenBank accession NM 144773),
fibroblast growth factor-8 (FGF-8, GenBank accession NM 033163)
and fibroblast growth factor receptor | (FGFRI!, GenBank accession
NM 023110.2).

Although sporadic cases of KS are more frequent, families with KS
have been reported with X-linked recessive or autosomal dominant or
recessive modes of inheritance. Mutations in KAL! have been found in
familial cases with X-linked recessive inheritance (Franco et dl., 1991;
Legouis et al., 1991). Mutations in PROK2 were detected in the

heterozygous state, whereas PROKR2 mutations were found in the
heterozygous, homozygous or compound heterozygous state (Dodé
et al., 2006). PROKR2/PROK2 mutations with true pathogenic potential
were found only in the homozygous state (Abreu et al., 2008), and any
dominant-negative effect of PROKR2 mutations was ruled out
(Monnier et al., 2009). Mutations in FGFRI or FGF8 underlie an auto-
somal dominant form with incomplete penetrance. Therefore, KS
families harbouring heterozygous FGFRI or FGF8 mutations display
variable olfactory phenotypes (Dodé et al., 2003; Falardeau et dl.,
2008), and a few cases with heterozygous FGFRI mutations show a
normosmic IHH (Pitteloud et al., 2006a). The FGFRI gene, which is
located on chromosome 8pl2, comprises 18 exons (Ruta et dl.,
1989), and various mutations, including missense and protein trunca-
tion mutations, have been reported (Trarbach et al., 2007). The third
immunoglobulin-like domain (D3) of FGFRI has the isoforms
FGFRI-lilb and FGFRI-lllc, which are generated by alternative splicing
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of exons 8A and 8B, respectively (Johnson et al, 1991). To date,
mutations in D3 of FGFRI have only been identified in exon 8B,
which encodes immunoglobulin domain llic, suggesting that isoform
FGFRI-lllc plays a crucial role in the pathogenesis of KS (Pitteloud
et al., 2006b; Trarbach et al., 2006; Dodé et dl., 2007).

Here, we report for the first time a KS case carrying a de novo mis-
sense mutation in the alternatively spliced exon 8A of FGFRI-lilb.

Materials and Methods

Patient and family

Patient (Subject 1I-2) was a 23-year-old Japanese woman. When she was
I8 years old, she was treated at Nagasaki University Hospital because of
primary amenorrhea with anosmia. Her height was 159.2 ¢m and her
weight was 72.0 kg. Her serum levels of luteinizing hormone (LH),
follicle-stimulating hormone (FSH) and estradiol (E2) were less than 0.5
and 1.5m IU/ml and 10 pg/ml, respectively. Her LH frequent sampling
study (sampling performed every [5 min) showed a low-amplitude
pattern of LH pulsation (Fig. 1). Her brain magnetic resonance imaging
(MRI) examination was negative for tumors and showed no anatomical
abnormalities of the hypothalamic—pituitary region and olfactory bulbs.
A scratch-and-sniff test (UPSIT, Sensonics, Haddon Hts, NJ, USA) (Doty
et al., 1985), which determines ability to smell, indicated anosmia. She
was diagnosed as having KS and received hormone replacement therapy
for 5 years. Her mother (Subject I-1) was normosmic and had normal
puberty and regular menstrual cycles. Her father (Subject I-2), elder
brother (Subject lI-1) and younger brother (Subject 11-3) were also nor-
maosmic and had normal puberty (Fig. 2).

Molecular analysis

DNA extraction

Whole blood samples were obtained from the KS patient and from her
mother, father, elder and younger brothers. All samples were collected
after obtaining written informed consent and the study protocol was
approved by the Institutional Review Board of Nagasaki University.
Genomic DNA from lymphocytes was extracted using a QlAamp DNA

LH (mlU/ml)

B:30 220 1030 43¢ N30 1330 1430 18380 16:30
HOURS

Figure I LH pulsation pafcem in'a case of KS, assayed using an LH
frequent sampling study. LH frequent sampling was performed every
15 min. *Low-amplitude pattern of LH pulse.

blood mini kit (Qiagen, Diisseldorf, Germany), according to the manufac-
turer's instructions.

Sequence analysis

FGFRI consists of 18 coding exons. Intragenic mutations were investigated
by PCR amplification and sequence analysis using | 4 pairs of primers, as pre-
viously described (Dodé et al., 2003; Sato et al., 2004). Genomic DNA was
PCR amplified using conditions of 95°C for 12 min followed by 95°C for
3055, 59°C for 30's and 72°C for 60s for 35 cycles and a final cycle of
72°C for 10 min. PCR products were analyzed by agarose gel electrophor-
esis, purified with ExoSAP-IT and subjected to sequencing reactions.
Sequencing reactions were performed using the BigDye terminator v.3.1
kit and analyzed with an ABI PRISM 3100 Genetic Analyzer™ (Applied Bio-
systems). The KS patient carrying a mutation in FGFR! and her family
members were also screened for mutations in the other genes known to
be involved in KS [KAL!, PROK2, PROKR2 and FGF8]. Whether the mutation
leads to a change in the protein structure and function was predicted bioin-
formatically using the ExPASy proteomics server (http://au.expasy.org/)
and PolyPhen (http://genetics.bwh.harvard.edu/pph/).

Confirmation of the altematively spliced exon

Isolation of a full-length murine Fgfr -lllb showed that Fgfr|-lllb was a trans-
membrane receptor (Beer et al., 2000). Although the mRNA encoding
exon Hlb has been found in human (Johnson et al., 1991), the presence
of sequences encoding the intracellular domain has not yet been demon-
strated. Therefore, to determine the splice site of exon 8A and to detect
FGFRI-lllb mRNA encoding the intracellular domain, we performed RT—
PCR using specific primers to amplify the splice isoform containing exon
8A. Kal23 is designed to span exons 7 and 8A for specific annealing to
the FGFRI-llIb isoform, which is spliced from exon 7 to exon 8A
(Fig- 3A). Kal5 is designed within exon 8B for specific annealing to the
FGFRI-lllc isoform, which is spliced from exon 7 to exon 8B. Kal2 and
Kalé are designed within exons 7 and 9, respectively, for annealing to
the D3 isoforms of FGFRI. Primer sequences were as follows: kal2:
5'-GACAGAAGGTCGGTTATGTC-3’, Kal23: 5-CAGATCTTGAAGC
ATTCGGG-3, Kal5: 5-GGTGGTATTAACTCCAGCAG-3' and Kalé:
5'-GTACAGGGGCGAGGTCATCA-3". The BD multiple tissue comp-
lementary DNA (cDNA, MTC) panels Human [ and Human Il (BD Bio-
sciences Clontech, Mountain View, CA, USA) were used to detect the
expression of each isoform of FGFRI. PCR amplification was performed
on cDNAs as follows: 94°C, 30's; 62°C, 30s; 72°C, | min; 40 cycles.
PCR products were analyzed by agarose gel electrophoresis and
sequenced using then ABI PRISM 3100 Genetic Analyzer™.

Results

Sequence analysis of the entire coding region of FGFR!, including exon—
intron boundary regions, showed that the KS patient had a mutation
(c.1072C>T) in exon 8A of FGFRI-llb, while the other family
members did not (Fig. 2). However, the full-length FGFRI mRNA that
includes exon 8A is not deposited in the full-length cDNA database
(GenBank accession no. NM 023110.2). RT—PCR analysis indicated
that most transcripts containing exon 8A were spliced to exon 8B in
all adult tissues except bone marrow (data not shown). We wished to
demonstrate the existence of an alternative transcript, exon 8A which
was spliced to exon 9 encoding the transmembrane helix; therefore,
RT-PCR products from human fetal brain were cloned and sequenced.
In 1 of 27 clones exon 8A was spliced to exon 9 (designated here
‘FGFRI-lIIb’, GenBank accession FJ809917, see Fig. 3B), while in the
other clones exon 8A was spliced to exon 8B (designated here
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Figure 2 Pedigree of patient’s family and the results of fibroblast growth factor recéptor | (FGFR1) sequence analysis. 112 is a 23-year-old woman
with KS. The patient had a mutation in FGFRI (C>T) but the other family. members did not.' The mutation was de novo because parentage was
assured. Arrowhead under the electropherogram mdlcates the mutation site. -

‘FGFRI-secr’, GenBank accession Fj809916, see Fig. 3B). The exact
acceptor and donor sites of exon 8A in ‘FGFRI-IIIb" mRNA, which pro-
duces a membrane-bound FGFRI-containing D3, were determined by
sequence analysis of splice isoforms, ‘FGFRI-lIb’ and ‘FGFRI-secr’,
(Fig. 3). As most full-length FGFRI ¢<DNAs in the database were tran-
scripts  containing exon 7-—exon 8B—exon 9 (designated here
‘FGFRI-llic, GenBank accession NM 023110.2, see Fig. 2B) without
exon 8A, ‘FGFRI-IC is likely to be the most abundantly expressed
human isoform. The EST, CA488712.1, was the only isoform in the
EST database corresponding to ‘FGFRI-IIb’. Although both ‘FGFRI-IIb’
and ‘FGFRI-llic’ encode membrane-bound FGFR1, ‘FGFRI-secr’ encodes
a secreted form of FGFR! because of a sequence frameshift and a ter-
mination codon in exon 9.

The exons 8A and 8B of the human FGFRI isoforms shared the
amino acid sequence at 354-357; WLTV. However, exon 8A ends
with six extra amino acids at 358-363, TRPVAK, whereas exon 8B
ends with only two, LE. These sequences are identical in the mouse
Fgfrl isoforms (Beer et al., 2000). The mutation in exon 8A of

FGFRI-Ib  (GenBank accession no. FJ809917 bankitl 193625) is
c.1072C>T at the cDNA level and p.T358! at the amino acid level.
Bioinformatic analysis shows the mutated amino acid residue to be
conserved between human and mouse and to be located in D3 of
FGFRI-llIb, which is a critical region for FGF ligand binding. However,
the mutation was not predicted to produce a change in the human
protein structure. The ¢.1072C>T mutation was not detected in
220 normal Japanese women or in 100 normal Caucasian women.
The patient had no mutation in any of the other four KS genes.

Discussion

Mouse Fgfr I-lllb has a low level of expression in a wide variety of adult
tissues, but a high level of expression in skin and brain, indicating the
existence of specific splicing factors in skin and brain that recognize the
relatively weak Fgfr[-llib splice site (Beer et al., 2000). Consistent with
the expression pattern of mouse Fgfrl-lilb, we could isolate human
FGFRI-llb from a fetal brain cDNA library but not from adult
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Figure 3 Genomic organization of FGFRI around exon 8A. (A) The numbers with bp indicate exon length (over the line) and intron length (under
the line). The mutation is located near the end of exon 8A. Horizontal arrows indicate the locations of primers used to perform RT—PCR amplification
of the isoform containing exons 7 and 8A. Primer Kal23 is designed to span exons 7 and 8A for specific annealing to the FGFRI-illb isoform, which is
spliced from exon 7 to exon 8A (Fig. 3A). Kal5 is designed within exon 8B for specific annealing to the FGFRI-lllc isoform, which is spliced from exon 7
to exon 8B. Kal2 and Kal6 are designed within exons 7 and 9, respectively, for annealing to the D3 isoforms of FGFR!. Vertical arrow indicates
mutation site. (B) Composition of mRNA ‘isoforms and of putative. protein structures.  FGFRI-llIb: ‘membrane-bound form of FGERI with
immunoglobulin-like domain Illb -encoded by exon 8A, FGFRI-llic: membrane-bound form of FGFRI with immunoglobulin-like ‘domain llc

encoded by exon 8B, FGFRI-secr: a secreted form of FGFRI.

tissues. Most full-length FGFRI ¢DNAs in the database represent
FGFRI-lllc. FGFRI-lllc is expressed at high levels, but FGFRI-lb is
expressed at very low levels (Johnson et dl., 1991). We can amplify
only a tiny amount of FGFRI-llb that has exon 8A spliced to exon 9
by RT—PCR using the primers Kal23 and Kal6. Most of the sequenced
RT—PCR products corresponded to FGFRI-secr, suggesting that
the expression level of the three isoforms is ‘FGFRI-NIC >
‘FGFRI-llisecr’ > ‘FGFRI-lilb* (Fig. 3B).

Several studies suggested that mutations in exon 8B of isoform
FGFRI-llic are implicated in the pathogenesis of KS (Pitteloud et dl.,
2006b; Trarbach et dl., 2006; Dodé et dl., 2007). Mice homozygous
for alleles with a stop codon in exon llic displayed phenotypes resem-
bling those of embryos homozygous for null alleles, while mice carrying
an in-frame stop codon in exon lllb were viable and fertile (Partanen
et al., 1998). Therefore, Fgfri-llic is the dominant isoform that carries
out the majority of the biological functions of the Fgff] gene, whereas
Fgfr1-lllb plays a minor and to some extent redundant role (Partanen
et al., 1998). A receptor-binding analysis revealed no difference in the
binding specificity between the endogenous Fgfr!-llib and an artificially
created Fgfr/-llb, which had two different amino acids in the 3’-end of
the unique llIb exon (Beer et dl., 2000), suggesting that the carboxyl
terminus of D3 may not overtly influence binding specificity.
However, being expressed at low levels does not imply that

‘FGFRI-IIb' has an unimportant role. The mutation we found,
p.-T358l, was located in exon 8A of FGFRI-lllb. Therefore, p.T358
may affect ligand binding and cause the KS phenotype, although how
this mutation affects the loss of function of FGFRI-llIb is unknown.
The spatio-temporal expression of any gene involved in development
is key; therefore, the expression and functional involvement of
FGFRI-lIb may be important in the early embryonic brain, in particular
during GnRH neuronal development. KS missense mutations in FGFR/
are distributed in the first, second and third immunoglobulin-like
domains (D1-D3), in the tyrosine kinase domain and also in the intra-
cellular domain (Dodé et al., 2003; Sato et al., 2004; Albuisson et dl.,
2005; Pitteloud et al., 2006a; Trarbach et al., 2006; Dodé et dl., 2007);
therefore, the membrane-bound form of FGFR! is probably important
for the KS phenotype. The membrane-bound form of FGFRI-llib could,
therefore, be the critical isoform for the KS phenotype.

We present here, for the first time, a case of KS carrying a missense
mutation in exon 8A of FGFRI, suggesting that the minor isoform
‘FGFRI-llIb’ as well as the major isoform ‘FGFRI-HlIc’ has a crucial role in
the pathogenesis of KS. Therefore, immunoglobulin-like domain liib
may have an essential role in GnRH neuronal migration, which is initiated
from the nasal placode and runs towards the forebrain following the olfac-
tory sensory neuron axonal connection with the developing olfactory
bulb. Further experiments are needed to show that the mutation in
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exon 8A causes K§, such as expression of the mutated isoform in trans-
fected cells to analyze receptor stability and signaling efficiency. Although
FGFR! containing immunoglobulin-like domain lilb has not been analyzed
intensively, our mutation report should encourage researchers to analyze
immunoglobulin-like domain lllb function and the spatio-temporal
expression of exon 8A in fetal brain development.
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