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TO THE EDITOR:

Costello syndrome (CS, OMIM #218040) is a rare disorder with a
distinctive facial appearance, prenatal overgrowth, poor postnatal
growth, loose skin of the hands and feet, characteristic hand
position, developmental delay, papillomata, cardiac abnormalities,
and tumor predisposition. HRAS is the only gene currently known
to be causative for CS [Aoki et al., 2005; Nava et al., 2007; Rauen,
2007]. Almost all of the mutations of the HRAS gene in CS patients
which have been reported subsequently have been diagnosed after
infancy [Estep et al., 2006; Gripp et al., 2006; Kerr et al., 2006; Schulz
et al., 2008] except for patients presenting with severe neonatal
manifestation of CS [Lo et al., 2008]. We report on the first patient
with prenatally diagnosed CS dues to the rare ¢.35G > A, p.G12D
HRAS mutation.

A 31-year-old G2P1 woman was referred at 23 weeks of gestation
for ultrasonography which showed polyhydramios, good fetal
movement, and overgrowth with estimated body weight 1,300 g
(+5.3 SD using a Japanese fetal growth curve). There was no pleural
effusion, ascites or subcutaneous edema. Craniofacial features
included large head (43.0 SD), pointed chin, full cheeks, wide
nasal bridge, and low-set ears (Fig. 1A), but no macroglossia,
omphalocele, hydrocephalus, or brain anomalies. The size of the
abdomen was equivalent to that of a fetus at 28—31 weeks gestation.
The fetal stomach could not be identified. Hepatomegaly was
detected, but the other visceral organs were normal. The extremities
were normal in length without deformity, although the wrists were
deviated laterally.

Cytogenetic and molecular analyses were performed after ob-
taining informed consent from parents. Standard chromosomes
analysis by amniocentesis showed normal karyotype: 46,XY. The
deletion of NSD1 responsible for Sotos syndrome was not detected
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by fluorescence in situ hybridization (data not shown). By the time
CS was suspected, the volume of amniotic fluid was only 1.8 ml
which was frozen and stored in the clinic. To perform molecular
diagnosis for CS, DNA was extracted with QIAvac vacuum
manifold (Qiagen, Chatsworth, CA) from the specimen, and whole
genome amplification was carried out with GenomePlex Whole
Genome Amplification Kit (Sigma—Aldrich, St. Louis, MO), ac-
cording to the manufacture’sinstructions. In this procedure, 3 ug of
DNA was obtained. All HRAS coding exons and their flanking
intronic sequences were analyzed by direct sequencing on an ABI
3100 automated sequencer (Applied Biosystems, Foster City, CA),
and a rare missense mutation was found, that is, ¢.35G > A, p.G12D
(Fig. 1B).
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FIG. 1. A: Three-dimensianal ultrasound images of the fetus at
24 weeks of gestation with overgrowth and sao-called “coarse
face”. Note his left hand presenting ulnar deviation and flexion of
the wrist. B: Electropherogram of HRAS showing missense
mutation at codon 12, €.35G6 > A, p.G12D. [Color ﬁguré can be
viewed in the online issue, which is available at :
www.interscience.wiley.com.]

The mother had been transported to a pediatric hospital after the
fetal evaluation, and the fetus subsequently developed pleural
effusion and deteriorated. He was born at 31 weeks gestation via
cesarean. He weighed 2,926 g (4+-4.2 SD) and developed respiratory
failure, severe hypoglycemia, cardiac hypertrophy and renal failure.
Although he was treated in neonatal intensive care unit, he died
soon after birth due to multiple organ failures. Permission for
autopsy was not granted. We were unable to study the parental
origin [Sol-Church et al,, 2006; Zampino et al., 2007] because DNA
samples from the mother and his 33-year-old father had not been
obtained.

Prenatal overgrowth and polyhydramios were prominent in this
case. Dysmorphic facial features and flexion of the wrist, imaged
with striking clarity by three-dimensional (3D) ultrasonography
led us to a clinical diagnosis of CS. Prenatal overgrowth syndromes
include relatively few conditions, that is, Sotos syndrome,
Simpson—Golabi—Behmel syndrome, Beckwith—~Wiedemann syn-
drome, and CS. The presence of polyhydramios which occurs in
over 90% of pregnancies with CS, supported by the 3D ultrasono-
graphic imaging of facial features (broad nose, puffy cheeks, so-
called “coarse” face, pointed chin, and flexion of the wrist) made the
diagnosis likely. Three-dimensional ultrasonography is clearly
more beneficial than two-dimensional (2D) ultrasonography in
adiagnosis of genetic syndromes, since we can see overall fetal image
of malformation which we hardly get with conventional 2D
ultrasonography [Lee and Simpson, 2007]. The phenotype
of Noonan syndrome often overlaps with that of CS, and
the prenatal findings of Noonan syndrome, polyhydramnios
and so-called “coarse face” in a fetus with the T854C mutation in
the PTPN11 gene, have been reported [Levaillant et al., 2006],
although that fetus with Noonan syndrome did not develop
overgrowth.

CS was diagnosed clinically in the prenatal period in monozy-
gotic twins who died 57 days of life after birth at 30 weeks of
gestation due to respiratory failure [Van den Bosch et al,, 2002].
Molecular diagnosis was not available. Neonatal deaths in two
patients with CS confirmed by molecular diagnosis of G12D HRAS
mutation were reported by Lo et al. [2008]. One patient was born at
36 weeks gestation weighing 2,950 g developed hypoglycemia,
persistent and severe jaundice, persistent respiratory distress with
tracheomalacia, bronchomalacia and chylothorax. The baby also
had clenched hands, atrial septal defect, paroxysmal multifocal
atrial tachycardia, pulmonary lymphangiectasia, and renal failure.
She died at age 3 months due to respiratory failure. The other
patient was a girl born at 37 weeks gestation weighing 3,115 g had
hypoglycemia, rhizomeliclimb shortening and flexion contractures
at the wrist, hypertrophic cardiomyopathy, dysplasic pulmonary
valve, atrial fibrillation, cardiac failure and persistent hyponatremia
due to renal sodium leakage. She became ventilator dependent and
died at 3 months of age from sepsis and renal failure. Both had
pregnancies complicated by polyhydramios. Lo et al. [2008] sug-
gested that differences in activating potential of G12D mutations in
HRAS gene may result in severe manifestations, such as hypoglyce-
mia, renal abnormalities, severe early cardiomyopathy, and con-
genital respiratory abnormalities, which result in multiple organ
failure.

We believe this is the first case of prenatally diagnos-
ed CS confirmed with molecular genetic analysis with a
G12D mutation in HRAS gene. The mutation was not observed
in previous natural history studies of CS, perhaps because of
the rarity of the mutation and the fact that the patients die
in early infancy. Our findings contribute to the natural history of
this mutation which includes a severe clinical course. If prenatal
ultrasonographic findings show both polyhydramnios and over-
growth, CS should be considered despite its rarity. Molecular
diagnosis should be offered in the perinatal period without
hesitation.
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Ophthalmo-acromelic syndrome (OAS, OMIM %206920) is a
rare antasomal recessive disease, presenting with clinical anoph-
thalmia and Hmb anomalies, We recruited three OAS families
including a Japanese family with two affected patients and twe
consanguineous Lebanese families each having an affected. Ho-
mozygosity mapping was perforimed using the 50K SNP chip and
additional informative markers. A locus for OAS was mapped to
the 422-kb region at 10g11.23, based on the results frem the two
consanguineous families as well as the consistent data from the
Japanese non-consanguineous family. The 422-kb region only
contained one gene, MPP7. Although we could not detect any
pathological mutations in OAS families analyzed, MPP7 could
remain a candidate as aberrant changes might exist bevond our
mutation detection methods. Further families are needed to
confirm this candidate locus. © 2009 Wiley-Liss, Inc.

Key words: ophthalmo-acromelic syndrome; linkage study; ge-
netic tocus; 10p11.23

INTRODUCTION

Ophthalmo-acromelic syndrome (OAS, OMIM %206920), also
known as Waardenburg’s recessive anophthalmia syndrome, is a
rare autosomal recessive disorder, presenting with anophthalmia or
microphthalmia and limb anomalies. Since the first report by
Waardenburg [1961], at least 35 cases from 21 families have been
reported [Richieri-Costa et al., 1983; Pallotta and Dallapiccola,
1984; Traboulsi et al., 1984; Le Merrer et al., 1988; al Gazali et al,,
1994; Quarrell, 1995; Sayli et al., 1995; Suyugul et al., 1996; Mega-
rbaneetal., 1998; Cogulu et al., 2000; Tekin et al., 2000; Caksen et al.,
2002; Kara et al., 2002; Garavelli et al., 2006; Teiber et al., 2007].
Majority of OAS families are consanguineous (~90%) [Garavelli
et al., 2006]. Ocular phenotypes in OAS widely range from mild
microphthalmia to true anophthalmia {Kara et al., 2002]. Typical
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limb malformations include fused 4th and 5th metacarpals and
short 5th finger in hands and olygodactyly in foot (four toes)
[Teiber et al, 2007]. Most cases have bilateral anophthalmia/
microphthalmia (88%), but unilateral abnormality is also noted.
Other (visceral) malformations are rare, but venous or vertebral
anomaly was recognized each in single cases [Tekin et al., 2000;
Teiber et al.,, 2007].

The genetic cause for OAS remains undetermined. Genome-
wide homozygosity mapping was undertaken and a locus for OAS
was identified using three families including four affected individ-
uals. A possible responsible gene will be discussed.
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A Family A Family B Family C

B A-l1-1 A-ll-2

FIG. 1. Three OAS families used for this study and clinical manifestations of families A and C. A: Three 0AS-family pedigrees are shown. Family A
[Japanese]) has two affected individuals and one affected abortus, family B {Lebanese) one affected born from the consanguingous parents, and
family C (Lebanese] one affected also from the consanguineous parents. B: Clinical features of one affected abortus {A-I-1) and two affected
individuals (A-H-2 and A-1§-3) in family A and an affected individual (C-1I-3) in family C. A-Il-1 showed bilateral microphthalmia, adherent eyelids,
bilateral oligodactyly (absence of 1st toes), cleft lip/palate and holoprosencephaly with hydracephaly. A-ll-2 at age of 6 years and A-fl-3 at § years
both presented with bilateral anophthalmia {confirmed by brain MRI], closed eyelids and limb anomalies with bilateral metacarpal synostosis
between the 4th and 5th fingers and bilateral oligodactyly {absence of 1st tass). C-1-3 at age of 2 years showed bilateral anophthalmia and distal
limb abnarmalities including bilateral syndactyly of 2nd to 5th toes with symphysis:
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MATERIALS AND METHODS
Patients and Their Families

Three families with one or two cases of OAS were analyzed in this
study (Fig. 1 and Table T). In family A, two affected sibs (A-1I-2 at
6 years and A-II-3 at 5 years) both presented with bilateral anoph-
thalmia, closed eyelids and limb anomalies with bilateral metacarpal
synostosis between the 4th and 5th fingers and bilateral oligodactyly
(absence of 1st toes). In this family, their first child was a stillborn son
(A-TI-1), who had bilateral microphthalmia, adherent eyelids, bilat-
eral oligodactyly (absence of 1st toes), cleft lip/palate and holopro-
sencephaly with hydrocephaly. Though no evidence of consanguinity
was obtained, their eight grandparents were all originated from the
Okinawa island in Japan. The other two families (B and C) were
independent consanguineous Lebanese families, of which the family
B was previously reported [Megarbane et al., 1998]. The proband B-
II-1, a 10-year-old boy, was the first child of healthy parents,
presenting with bilateral anophthalmia, adherent eyelids, deeply set
orbits, anteverted nares, normally positioned ears, a normal phil-
trum, thin lips, micrognathia, very short neck, narrow chest, bilateral
upper limb anomalies (split hands: four digits on the right hand and
two digits on the left), and six short toes on the right foot (right

postaxial polydactyly) [Megarbane et al., 1998]. These limb abnor-
malities are atypical for OAS. The patient, C-1I-3, a 2-year-old boy,
showed bilateral anophthalmia and distal limb abnormalities includ-
ing bilateral syndactyly of 2nd to 5th toes. A total of 4 affected and 12
unaffected members from the three families were analyzed. Genomic
DNA was obtained from peripheral blood leukocytes using Quick-
Gene 610-L (FUJIFILM, Tokyo, Japan) after informed consent.
Experimental protocols were approved by the Institutional Review
Board at Yokohama City University School of Medicine.

SNP Genotyping

Whole SNP genotyping was undertaken using the GeneChip™
Human Mapping 50K Array Xbal (Affymetrix, Inc., Santa Clara,
CA) containing 58,625 SNPs (single nucleotide polymorphism)
according to the manufacture’s protocols. In brief, 250 ng DNA was
digested with Xbal. The adaptors were ligated to the digested DNA,
and the ligation-mediated PCR with single-primer was performed.
PCR products were purified by microcon YM-100 (Millipore, Inc.,
Billerica, MA). The product was fragmented, end-labeled, and
hybridized to an array. SNP markers on the chip are almost equally
distributed in the whole genome, with mean marker-distances of

TABLE L. Llinlesk Features of UAS Patients

A1 A-l-2 A-ll-3 B-il-1 C-li-3
Origin Dkinawa, Japan - Okinawa, Japan'  Okinawa, Japan Lebanon Lebanon
Consanguinity = o o= + e
Sex Male Male Female Male Male
Eye abnormality + + e + -+
Anophthalmia. Bilateral Bilateral Bilateral Bilateral Bilateral
Loss of optic nerve {CT} n.ec. Bilateral Bilateral Bilateral Bilateral
Loss of optic tract (CT) nc + & = =
- Upper limb abnormality + + + + +
Dligadactuyly n.c. - - Right oligodactyly/ -
left lobster-claw
Metacarpal synostosis n.c. 4th and 5th 4th and 5th - 2nd and 3rd =
' fingers fingers - fingers
Clinodactyly + + = + +
Camptodactyly n.c. + = + +
Single transverse palmar crease n.c. + + n.c. —
Lower limb abnormality [ ae + + + .
Oligodactyly/polydactyly/syndactyly Bilateral Bilateral Bilateral Right Bilateral
oligodactyly aligodactyly oligadactyly polydactyly syndactyly
Metatarsal synostosis n.c + + + =
Tibia valga n.c. + + (mild) n.c. =
Hypoplastic fibula n.c. 4 4 (mild) n.c. -
Abnormal cleavage between toes nc. 1st and 2nd toes - 1st and 2nd toes = 1st and 2nd toes
Dermal syndactyly n.c. 2nd and 3rd toes  2nd and 3rd toes = -2nd to Sth toes
Talipes valgus = + ‘ - + =
Other
Holoprosencephaly + = - — —
Cleft palate + = - = =
Failure to thrive n.c, + + + +
Developmental retardation n.c. DO=10 b0 =15 + +
Cryptorchidism n.c. Right ' = nc

n.c;, not-confirmed,
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23.6 kb and an average heterozygosity of 0.30 among African
American, European, and Asian. SNP calling, signal intensity data,
and Mendelian error in each pedigrees to exclude conflicted SNPs
were checked using GCOS 1.2 (the GeneChip Operating Software)
platform (Affymetrix) and the Batch analysis in GTYPE 4.0
(GeneChip Genotyping Analysis Software) (Affymetrix), with the
default setting for mapping algorithm. CNAG (Copy Number
Analyser for GeneChip) Ver. 2.0 was also used to validate copy
number alterations as well as loss of heterozygosity (LOH).

Linkage Analysis

Multipoint linkage analysis using aligned SNPs was performed
using ALLEGRO software [Gudbjartsson et al, 2000, 2005].
Two-pointlinkage analysis of candidate regions was also performed

using the LINKAGE package, MLINK (FASTLINK software, ver.
5.1). In each program, autosomal recessive model of inheritance
with complete penetrance and a disease allele frequency of 0.001
were applied.

Fine Mapping With Short Tandem Repeat Markers
Fine mapping of possible candidate regions using additional mi-
crosatellite markers was done as previously described [Kondo etal.,
2004]. Most markers were designed according to the Marshfield
genetic map (http://research.marshfieldclinic.org/genetics). If ap-
propriate markers were not found, candidate di-, tri-, and tetra-
nucleotide repeat markers were originally selected from regions of
interest using the UCSC genome browser (March 2006 assembly),
and PCR primers were designed with the Primer3 program.

TABLE 1L Primer Information of Markers

: Product Annealing

Marker Forward {5/ >3’} Reverse (5" >3/} Fluorescence size (bp) temperature {°C)
D10S1653? CCTTTGGATAAAGCCTCCT TATCATIGTCTCATCCGGG VIC- 201213 55
D10s16617 ACGCTACTIGCCAGGTC ATTGCTTCCCTGAGAGTGT VIC 250-272 58
D10S1476° TGACTAAACAGACCCAGACTIG GAACGCATGTCCACCCTA NED 250266 62
D10S504°2 TCAGGTATITCTTCATAGCAG TTCCCTIGETCTGCAGCTT NED 366—370 62
p1os1125° TGGTGGCCTCTTACCTAG CCATTIGTATGTGTTCTETTGAG NED 225—249 64
D1054662 CTGGGLCACAGTGAGACT TAGGTCATCTGGTCTTCCATAC NED 120140 60
p10S1734° GCCTGGGTGACAGAGTGAGATTCTA - ACACACGTACACATGGGGTGGT NED 163—189 b4
p10s1789° TITCCCACTCCAGTGC TCATAGATAGAGACCATTAGTTICA VI 134150 60
pD10S1673° CCAACCTGGATGACAGAGE CITACCCCCAACCAAAGGAC ViC 198-216 64
p10sSi7472 TGTAGACCAGTAGACCATGACAAAT  CCACAGTCAGATATAGTGIGCAA FAM 117-123 b4
STS1S TGTCCATCTCTTCAAACACTGG TCCTGGGAATAGCGTTCACT NED 243 60
AEM290XE12 ATTTTTGACATIGTCCCA CTAAGCCCTAGCACCTITT FAM 247 57
AFM295TH1? TATTATACTCCAGCCGGGG GGAGACTATITACTTIGIGTCCTTG FAM 130 63
STS2¢ TGGATATGAAAAGGGGTGATAA GGICCAGATGGTACTCACACG FAM 246 60
STS3% TGGGCTGCACATITATACCA TGTGACCTGCTCCTCACAAG FAM 169 60
STS4° TGATGTGTGIGTATITIGIGTGTG ACTETTTGCAGCATCCCAGT FAM 226 60
STS5S TCTGIGTGCAGCTECTCAGT ACCTGGACAGGATCATCTGG NED 224 60
01085727 CAGTGATITTAGACAGGGATTITA AATTATGATACTTATIGATGGGGA NED . 275—283 63
01052481° TGGAAGTTATGGACCAGGAA CCAATGTCCAGCTAAGTGAGG VIE 312 60
D1051972 ACCACTGCACTICAGGTGAC GTGATACTGTCCTCAGGTCTICC FAM 161173 55

: STSBS TGCATITAAGGAGAATCAGTTG GCAGTGACTGTTCAAGATIITIGT FAM 194 60
STS2S TGAACTACTGCTCTCAAATCIGTGT GGGACACAATGGCTTTGAAC VIC 157 60
STS8S TTGGATTITTATTTGAAAATTAGGG TIGGTIGGCTGAATAACTICE FAM 213 60
STS9° GCTAATCCAGAGATACCACCAGA CCTAGTTIGCTGAGACIGTTGTG NED 371 60
ST510°% CCCTAGAAGTATITGAAGAAGTAGCA  TGIGGTGETCTITCCIGIGA NED 108 60

L STS11S GCTCAGTGGGACAATTICATGT GAATAATGCCCCCGAAAGAT VI 399 60
STS128 GCTGTIGGETGIGAGTTCAA CCCTIGGGETTGGACTAGAA FAM 388 B0
y15412 ATGGGGGTAGAGGGTLTGG CAGCCTGGGTGACAAAGTCT NED 143—340 60
AFMB345YAQ? GGAACCTAAGGCATGTTGAT CCAAGACCCTGTCTGAAAAA FAM 151171 60
GATA296052 TGCTTATATCCAGCTAATATAAATG CCATGAGGTTTATITTCCCC FAM 108172 60
AFM0OS5ZH?7? TATATGCAGTTTGGGATGGG ATTGGGCTGTGCCTACACTT VIC 213=231 60
n10s208? AGGTGACTGTITIGGGGGAG GAGTGTGGGGATGTITICAA NED 170-186 55
AFM137XH4? AACATCCATTTGGAGAATTAAAAT TACAGTGTGATTGCACGACT NED 171-183 60
AFM3S3T‘BSa TCAGTGGGAACGTAAATCAG AGCTGAATATTATICCATTGTGAGT NED 175 58
01051962 TTCAAAGGTGGAGACCCTIC 99—-109 55

*Primers for Known micrasatellite marker.
Primers for knawn microsatellite marker with our modification;

“Newly designed primers,

TITIGGTCAGAATGGAGTGG

~ViC
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Fluorescent-labeled (either FAM, VIC, or NED) forward primers
and tailed reverse primers were purchased from Applied Biosystems
(Tokyo, Japan). PCR products for each marker were electrophor-
esed on ABI Prism Genetic Analyzer 3100 (Applied Biosystems),
and analyzed using GeneMapper Software ver. 3.5 (Applied
Biosystems). PCR was cycled 40 times at 94°C for 30 sec, at
55—-64°C for 30 sec and at 72°C for 30 sec in a total volume of
10 pl, containing 30 ng of genomic DNA as a template, 0.5 pM of
each primer, 200 UM of each ANTP, 1x ExTaq buffer and 0.25 U
ExTaq (Takara Bio, Inc., Ohtsu, Japan). Haplotype blocks were
constructed manually. The list of primers is presented in Table II.

Mutation Analysis of a Candidate Gene

Alt coding exons and exon-intron boundaries together with 5'- and
3'-untranslated regions of MPP7 (Membrane protein, palmitoy-
lated 7) were analyzed. PCR was cycled 35 times at 94°C for 30 sec, at
60°C for 30 sec and at 72°C for 3090 sec in a total volume of 20 pl
containing 30 ng of genomic DNA as a template, 0.5 UM of forward
and reverse primers, 200 UM of each dNTP, 1x ExTaq buffer, and
0.25 U of ExTaq (Takara Bio, Inc.). All primers were designed using
the Primer3 software. Detailed information of MPP7 primers is

available on request. PCR products were purified with ExoSAP™
(USB Co., Cleveland, OH) and sequenced using BigDye Terminator
3.1 (Applied Biosystems) on the 3100 Genetic Analyzer. Sequences
of patients were compared to the reference genome sequences in the
UCSC Genome Browser (Mar 2006 assembly) using the Segscape
software ver. 2.1 (Applied Biosystems).

Expression Study of Mpp? in Mouse Tissues

Whole head tissues from mice embryos at E10.5, eyeball, forelimb
and hindlimb tissues from embryos each at E12.5, 13.5, and 16.5
were collected. Total RNA was extracted from collected tissues
using Trizol reagent (Invitrogen, Carlsbad, CA). Two micrograms
of RNA was reverse-transcribed in a volume of 20 pl using Prime-
Script 1st strand cDNA Synthesis kit (Takara Bio, Inc). RT-PCR
analysis was started at 94°C for 5 min as a first denaturing step, then
cycled 25, 30, or 35 times at 94°C for 30 sec, at 56°C for 30 secand at
72°C for 30 sec in a volume of 25 pl, containing 2 [ of reverse
transcription reaction as a template, 0.2 UM of each primer, 400 UM
of each dNTP, 1x ExTaqbuffer and 0.125 U ExTaqHS (Takara Bio,
Inc). Primers for RT-PCR were as follows: Mpp7-1-F, 5'-
TGTATGAGCTGTTGGCTGCT-3/, and Mpp7-1-R, 5'-AGCCTT-

Family A Family B Family C
"meO O U m 1O H
Warker Genomic location ‘ 2 4 3 4 & 8 ‘ 1 1 2 ! 3 4
D1651653  15717867-15718068 6 6 £1 28 21 26 22 22 45 45 45
DI0S1661  16743252-56743511 4 al] 4 3 53 53 53 23 36 34 34 34
DIS1476  16764357-16764610 £13 51| 113 5 28 25 28 22 47 65 E5 65
DINB508  TIESTTRITSE6154 H5 T 5 7 52 57 532 33 15 44 44 44
01081125 19564335-19564570 13 6| {3 6 42 48 42 66 21 11 11 11
DIOS4BE  19599223-19599353 {16 al| [H8 3 32 33 32 33 5 4 66 66 6 8
) D10S1734  2721216522212334 |18 5{| {18 5 24 25 24 88 21 33 313 33
bt D10S1788  23785964-23785990 1l H2 1 11 11 11 33 14 77 77 77
S DI051875  24511345.24511542 all b3 24 23 z1 22 32 33 33 31
o DIISI747  24636240-246383060 3l Ha 3 31 13 31 33 24 33 33 34
: 8.386,100  STS1 24698021-24698263 3t Hi s z 1 23 Z4 55 14 55 55 54
AFMZIONET  24735367-24735413 21 1432 13 12 13 22 23 22 22 21
BRATOBIZ AFMRGSTHY  24738157-24736265 al Has 21 i3 31 33 23 33 33 33
5782 24K78916-24829268 3 Haa 32 33 32 44 52 22 22 22
STS3 25047923-25048168 2i Ha 2 5 4 52 5 4 11 5 3 55 55 53
3754 25233148.26233316 N R 332 31 33 11 23 33 33 33
S35 25317496-25317718 5l 1115 14 15 14 56 22 22 22 22
DYIS572  25677138-25677416 24l {22 22 22 22 33 43 55 55 53
O1082481  26374402.26374412 1 21 21 21 21 22 11 11 11 11
DIOS197  26566487-26567158 611 14 6 3% 36 38 44 z4 22 22 2 4
&TS8 27893919-27904112 211 2 2 13 12 ia 22 12 11 11 12
ST57 26156243-26156397 3 Haa 11 13 11 22 11 44 44 41
STS8 78387276-28367484 zil H2 2 21 22 21 33 22 44 44 42 4«
5159 28391250.28391660 21 P2 2 24 22 24 ERE 53 57 77 7 4
STS10  25665728-28655836 3l Ha s 16 73 78 77 41 46 56 64 Lo
STSIt  2R7000B7-28700485 24} 2 2 14 t 2 i1 44 72 71 11 i 2 [MeXT
STS1Z  28757197-2B757584 2l H22 5 3 52 5 3 22 6 & 64 [aa 46
U1541 SRTADEEG. IR TECIAD 3 K 54 §73 54 17 43 43 33 33 T
APMBRIEYAS  29320985-20321338 4l His 4 44 44 44 14 317 18 88 87
GATA29G05  30118308-30118533 IR KR 22 21 22 27 5 2 54 4 3 42
AFMDISZHT  3053I301-3DE13630 6i] Hiz2 6 11 16 14 52 6 3 67 77 73
DIUSI08  31720082-31720269 4 a 4 [ 54 51 32 33 32 22 23
AFRISTAHA  32383146.32392497 afl 24 13 14 13 11 43 48 56 63
- APMISSTBS  32655875.32656047 [t Al [t 4] 44 4 4 44 45 34 34 44 44
DI03195  §iB12267-51812336 5 2 52 5 4 52 54 24 11 13 43 41

FIG.- 2. Homozygosity mapping and haplotypes of three 0AS families. Pedigrees of the three OAS families {Top). Chromosome 10 ideogram and IBD
regions of B-ll-1 and C-1I-3 revealed by Affymetrix GeneChip 50K array are indicated with black bars. ‘Pnlgmcrphic markers around IBD regions and
haplotypes are indicated in all families. In families B and C, the common {BD region was mapped to a 422-Kb'region, flanked by marker STS8 and
UT541. Affected sibs in Family A (11-2 and II-3) possess heterozygous haplotype blacks (shown as gray bars}), probably impiging compound

heterozygous mutations.
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GACATTGGGTTTTG-3'; Mpp7-2-F, 5'-AGCCTTGACATTGGG-
TTTTG-3', and Mpp7-2-R, 5'-TTATGAATGTAACCAACTCAC-
TGG-3'. To ensure equal loading of cDNA into RT-PCR reactions,
B2m cDNA was amplified as an internal control using the following
primers: B2m-F, 5-TGGTGCTTGTCTCACTGACC-3', and B2m-
R, 5-TGCTTAACTCTGCAGGCGTAT-3'.

RESULTS AND DISCUSSION

Linkage analysis using ALLEGRO program revealed 16 candidate
loci showing the LOD score (8 = 0.000) higher than 3.0 (data not
shown). All candidate regions except for aregion of chromosome 10
(SNP blocks from rs7920803 to rs7094225 with the maximum LOD
score, 3.9880) were ruled out by additional microsatellite markers
as they did not show a pattern of identical by descent (IBD). LOH
analysis using the CNAG program confirmed that B-II-1 and C-11-3
shared only one consistent region at chromosome 10. The region
was comprised of 303 consecutive SNPs from rs1986480 to
rs10508745, spanning approximately an 11-Mb segment at
10p12.33—p11.23 (Fig. 2). In contrast, A-I1I-2 and A-II-3 did not
show any blocks of IBD, suggesting that it is unlikely that that their
parents had a common ancestor. Further fine mapping using more
markers confirmed that an affected individual (C-1I-3) and an
unaffected individual (C-II-2) shared the same homozygous
genotype’s region from DI10S504 to STS8. Thus the candidate
region was narrowed down to a 422-kb segment from STS9 and
STS12 at 10p11.23 through the analysis of families B and C.
ALLEGRO program using all families indicated the maximum

eyeball

upper limb

multi-point LOD score was 3.9863 near STS9. MLINK showed a
maximum two-point LOD score was 2.9444 (6 = 0.000) at STS10.
Within the 422-kb region, only one established gene, MPP7
(palmitoylated membrane protein 7) was located. Mutation screen-
ing of MPP7 could not detect any abnormalities. All the haplotypes
of the 422-kb segment in the three families are different.

Homozygosity mapping of two consanguineous Lebanese fami-
lies each having an affected child revealed a candidate locus from
STS9to STS12,a 422-kb region under the hypothesis that OAS isan
autosomal recessive disorder. Though we initially expected that
broad and many chromosomal regions might be highlighted asIBD,
only a narrow 10p11.23 segment turned out to be a region of
interest. Two affected sibs (A-11-1 and A-II-2) were likely to have
less and smaller IBD regions as the family was not consanguineous.
Indeed, we could not confirm any IBD regions on the Affymetrix
50K SNPs, suggesting that the two patients in the family A have
compound heterozygous mutations.

Although MPP7 is the only gene mapped to the 440-kb region
and Mpp7is expressed in head tissues at E10.5, and in eyeballs and
limbs at E12.5-E16.5 (Fig. 3), no causative mutations were found in
our patients. This could be due to the limit of analytical methods.
For example, mutations of promoter regions or small intragenic
deletions/duplications might not be detected, though the Affyme-
trix GeneChip 50K could not detect any copy number changes of the
region. Further investigation is absolutely necessary.

OAS isaveryrare syndrome, usually the eye sign is consistent but
the limb abnormalities are variable, so it is possible that OAS may
have locus heterogeneity with different subtypes. As families B and

head

lower limb

£ 12 1316 RT-

25cycles

30cyctes

35cycles

1316 RI-

1213 18 RT-

10 RT- '

FIG. 3. Mpp? expression analysis in mice embryonic tissues. MppZ expression is confirmed using two different primer sets in all tissues examined by
25-,30-, 35-cycled RT-PCR. Eyeball, upperand lower limb tissues at E12.5, E13.5, and E16.5, and whole head tissues at E10.5 were examined. B2M is

an internal control gene.
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C are of the same ethnic origin and were clinically examined by one
of coauthors (M.A), we expected the similar haplotype for the two
families. However, haplotypes of the 422-kb homozygous region
are different between the two families. Thus the two families may
not be caused by the same ancestral mutation. More families, if
available, should be investigated.

In conclusion, a locus for OAS is validated by SNP homozygosity
mapping. It is a 422-kb segment at 10p11.23 corresponding to
MPP7, but no mutation was found. The SNP homozygosity map-
ping is very useful for autosomal recessive traits even if only a few
families are available for study, but of course, more patients and
families are definitely useful for this type of analysis.
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Searching for Genes for Cleft Lip and/or Palate Based on Breakpoint
Analysis of a Balanced Translocation t(9;17)(q32;q12)

Junichiro Machida, D.D.S., Ph.D., Témis M. Félix, M.D., Ph.D., Jeffrey C. Murray, M.D., Koh-ichiro Yoshiura, M.D.,
Ph.D., Mitsuyo Tanemura, M.D., Ph.D., Munefumi Kamamoto, D.D.S., Kazuo Shimozato, D.D.S., Ph.D., Shin-ichi

Sonta, Ph.D., Takao Ono, Ph.D.

Objective: ldentification of the breakpoints of disease-associated chromosome
rearrangements can provide informative clues to a positional cloning approach
for genes responsible for inherited diseases. Recently, we found a three-
generation Japanese family segregating balanced chromosome translocation
1(9;17)(q32;q12). One of the subjects had cleft lip and palate. We examined whether
regions near the breakpoint could be associated with cleft lip and/or palate.

Methods: We determined the breakpoints involved in the translocation by
fluorescence in situ hybridization analysis and subsequent long-range
polymerase chain reaction. In order to study the role of these disrupted regions
in nonsyndromic cleft lip and/or palate, we performed mutation analysis and a
haplotype-based transmission disequilibrium test using tagging single-nucle-
otide polymorphisms in the flanking regions of the breakpoints in white and
Filipino nonsyndromic cleft lip and/or palate populations.

Results: Sequence analysis demonstrated that two genes, SLC31A7 (solute
catrier family 31 member 1) on chromosome 9 and CCL2 (chemokine ligand 2)
on chromosome 17, were rearranged with the breaks occurring within their
introns. It is interesting that SLC371A1 lies closed to BSPRY (B-box and SPRY
domain), which is a candidate for involvement with cleft lip and/or palate. Some
of the variants in BSPRY and CCL2 showed significant p values in the cleft lip
and/or palate population compared with the control population. There was also
statistically significant evidence of transmission distortion for haplotypes on

both chromosomes 9 and 17.

Conclusions: The data support previous reports that genes on chromosomal
regions of 9q and 17q play an important role in facial development.

KEY WORDS:

association analysis, balanced chromosomal translocation,

BSPRY, CCL2, cleff lip and palate, haplotype, HapMap,

SLC31A1

Nonsyndromic cleft lip and/or palate (CL/P) is a
common congenital anomaly of complex etiology, with
the birth prevalence being approximately 1 per 700 live
births (Mossey and Little, 2002; Murray, 2002). Previous
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family and population studies indicate that both genetic
and environmental factors are involved in the occurrence of
this malformation. Prior sequencing analysis of CL/P has
indicated roles for mutations in MSXI, FOXE!, GLI2,
MSX2, SKI, SPRY2, RYK, FGFI1, FGF2, and FGFS§ in the
etiology of the birth defect (Ichikawa et al., 2006; Jezewski
et al, 2003; Riley et al, 2007, Vieira et al, 2005). In
addition, polymorphisims in /RFS have been found to be
associated with CL/P (Blanton et al., 2005; Ghassibe et al.,
2005; Park et al., 2007; Scapoli et al., 2005; Zucchero et al.,
2004).
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Because clefts are complex and caused by multiple
interacting genes, we do not expect that single gene
disruptions in all individuals with a chromosomal break
will manifest as CL/P. However, in some cases, identifica-
tion of the breakpoints of disease-associated chromosome
translocations can be an effective way to identify genes and/
or chromosomal regions contributing to the occurrence of
CL/P. The positional cloning approach for disease-associ-
ated genes using chromosome rearrangements has success-
fully identified four relevant genes (CLPTAMI [Yoshiura et
al., 1998], SATB? [FitzPatrick et al, 2003], SUMO!
[Alkuraya et al., 2006], and FGFRI [Kim et al., 2005]) as
candidates for CL/P. These findings suggest that identifi-
cation of the genes disrupted in a cleft/translocation case
can give us insight into some of the pathways involved in
this birth defect and provide candidates for analysis in cases
independent of the index family.

Recently, we identified a Japanese family segregating a
balanced chromosome translocation t(9;17)(q32;q12). Of
three generations we examined, one individual is affected
with cleft lip and palate. Genome-wide linkage studies have
suggested that the region 9921 has significant linkage with
CL/P (Marazita et al., 2004). Therefore, genes in this region
of chromosome 9 may have an important role in facial
development. In this study, we identified the breakpoints of
1(9;:17(q32;q12) in the patient by fluorescence in situ
hybridization (FISH) analysis and identified candidate
genes by polymerase chain reaction (PCR) and DNA
sequencing. We then carried out a mutation search and a
case-control association study of candidate genes. In
addition, extended single-nucleotide polymorphism (SNP)
analysis of the chromosomal regions adjacent to the
translocation breakpoint was performed.

MATERIALS AND METHODS
Clinical Report

The proband was a male infant born prematurely by
cesarean section at 24 weeks gestation after an uneventful
pregnancy. The maternal age was 25 years and paternal
age 26 years at the time of his birth. The parents were
nonconsanguineous, and there was no family history of
malformations. His birth weight and height were 706 g
and 31.8 cm, respectively (10th centile = 3560 g, 90th
centile = 774 g). The patient was in normal development
at 24 weeks gestation. The circumferences of his head and
chest were 23 em and 21 em at birth, respectively. He had
apparent ocular hypertelorism, a bilateral cleft lip and
palate, and a mild nasal flattening. Echocardiography
showed a small atrial septal defect, which had closed by 2
years of age. At 6 years after birth, his weight and height
were normal for age at 20.1 kg and 114.6 cm, respectively.
He shows no evidence of developmental delay. Routine
chromosome-banding analysis of the patient revealed
an apparently balanced translocation between the long
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FIGURE 1 Case presentation. a: Pedigree of the family examined. b:
Chromosomal breakpoints in the patient (11I-1). Ideogram and a partial
karyotype are shown. Chromesomal breakpoints are indicated by arrows.

arm of chromosome 9 and chromosome 17: 46,XY,
t(9;17)(q32;q12). His father and paternal grandmother
had the same translocation scen in the patient; whereas,
his mother had a normal karyotype (Fig. 1). Neither of
the other translocation carriers had a cleft or malforma-
tions, and there was no family history of CL/P.
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FIGURE 2 BAC clones used for FISH analysis. a: A physical map of BAC
clones covering the 9932 subchromosomal band. b: A physical map of BAC
clones covering the 17q12 subchromosomal band.

Identification of Translocation Breakpoint
Fluorescence In Situ Hybridization Analysis

Breakpoint mapping of the translocation in the patient
was initiated by FISH analysis, according to published
procedures (Ono et al., 1997). Bacterial artificial chromo-
some (BAC) clones were identified using the genome maps
provided by the National Center for Biotechnology
Information (http://www.ncbinlm.org) and University of
California, Santa Cruz (UCSC) (http://genome.cse.ucsc.
edu) genome browsers. Figure 2 shows the BAC clones on
chromosomes 9 and 17 used in the present study.

Cloning of the Translocation Breakpoint

We carried out a series of long-range PCR amplifications
of DNA fragments to detect the recombinant sequence
caused by the translocation. Primer sequences were
designed based on the FISH results, with one forward
primer on chromosome 9 and one reverse primer on
chromosome 17, and were evaluated by RepecatMasker
(http:/iwww.repeatmasker.org/) to avoid nonspecific am-
plification of repetitive sequence. The PCR products then

were subcloned into the pCR2.1-TOPO vector (Invitrogen,
Carlsbad, CA). Additional nested primers were designed to
obtain a DNA fragment including the breakpoint on der(9)
using the subcloned plasmid DNA from the patient and
genomic DNA of members of his family.

DNA Sequencing

The PCR products were labeled with the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction Kit
according to the manufacturer’s instruction (Applied
Biosystems, Carlsbad, CA). The products were purified,
and then analyzed on an ABI 3700 automated sequencer
(Applied Biosystems). The Applied Biosystems sequence
software (version 2.1.2) was used for lane tracking.
Chromatograms were transferred to a UNIX worksta-
tion, base-called with PHRED 4.0 (http:/droog.mbt.
washington.edu/poly_doc40.html) and results viewed with
the CONSED program (version 4.0) (Nickerson et al.,
1997). The UCSC and the Ensembl databases (http://www.
ensembl.org) were used to detect potential genes around the
breakpoint.

Mutation Search of Candidate Genes in Case/Control CL/P
Population

To examine the association of the disrupted genes with
the occurrence of CL/P in individuals unrelated to this
family, we screened for mutations of the untranslated
regions (UTR), exons and exon-intron boundaries of the
two rearranged genes on chromosome 9 and chromosome
17. In addition, any plausible candidate gene adjacent to
the breakpoint was screened. We sequenced 90 individuals
affected with isolated CL/P from the Philippines and 90
from Towa. The control group comprised 90 samples from
unrelated Filipinos and whites provided by Centre d’Etudes
du Polymorphisme Humaine (Dausset et al., 1990).
Standard chi-square tests of association were used to
compare the frequencies of each variant found by
sequencing between groups of patients and controls.

Haplotype Analysis Adjacent to the Translocation Breakpoint

To determine whether the chromosomal regions adjacent
to the breakpoint could play a role in the development of
CL/P, we carried out the haplotype-based transmission
disequilibrium test. Four tagging SNP markers (rs974230,
11330691, rs4596714, rs3750534) adjacent to the break-
point on chromosome 9 and three markers (rsi6561,
1$725276, 1s1029719) on chromosome 17 were selected,
based on the HapMap (hitp://www.hapmap.org/index.
html.en) database. The TagMan genolyping for these
SNPs was performed with the ABT PRISM 7900 Sequence
Detection System (Applied Biosystems) using 371 case/
parent families from the Philippines and 206 from Iowa.
Haplotype-based transmission disequilibrium  statistics



were calculated using the software FBAT (Horvath et al,,
2001; Rabinowitz and Laird, 2000).

Bioethics Approval

Committee approval was obtained from both the ethical
committee at Toyohashi Municipal Hospital and Aichi-
Gakuin University to obtain whole blood from the patient,
his parents, and his paternal grandparents after signed
informed consent. For the association analysis, patients
were identified at the University of Towa Hospital and
Clinics and in the Philippines through Operation Smile
(Murray et al., 1997). Blood samples were obtained with
informed consent following institutional review board
(IRB) approval in the United States (University of Towa,
IRB Committee) and in the Philippines (Hope Foundation,
Bacolod City, Negros, Philippines).

RESULTS
Identification of the Translocation Breakpoint

We found that two clones, RP11-73G18 (164,488 base
pairs [bp]) and RP11-999123 (160,162 bp), included the
breakpoint region, judging from a hybridization pattern in
which FISH signals were detected simultaneously on the
normal chromosome 9 as well as both der(9) and der(17)
chromosomes (Fig. 3a). The breakpoint on chromosome 17
was covered by two clones, RP11-770A19 (194,408 bp) and
RP11-799L9 (178,732 bp), according to the hybridization
pattern in which FISH signals were detected simultancously
on the normal chromosome 17 as well as both der(9) and
der(17) chromosomes (Fig. 3b).

To examine sequences of the translocation breakpoints,
we tried PCR amplification involving the breakpoint
region (Fig. 4a). A primer set of F2 (5'-TCTTAACT-
TACCTGTTGCTGCCGTTCCCTG-3")  derived  from
chromosome 9 and R1 (5'-TGGGCTGAGATTGTGG-
TAACCGTAGGAAAG-3') derived from chromosome 17
successfully amplified a DNA fragment of approximately
3 kbp in length. The PCR product amplified by 91 (5'-
GTGTATGATACCATAACAATTAC-3") and 17r1 (5'-
GCACTGAGCAAACAGGAAGTG-3') was sequenced
after subcloning into the pCR2.1-TOPO vector. The
nucleotide sequence of this PCR product demonstrated
that the breakpoint of chromosome 9 lies in intron 1 of
SLC31AI (solute carrier family 31 member 1; GenBank
accession number NMO001859, between nucleotides
113,072,186 and 113,072,187) according to the UCSC
database (hgl7). The breakpoint on chromosome 17 is
assigned to the 5'UTR of chemokine ligand 2 (CCL2;
GenBank accession number MN002982, between nucleo-
tides 29,568,964 and 29,568,965). These three exons also
form exons 4, 5, and 6 of a predicted six-exon gene of which
CCIL2 may be one isoform, according to the Ensembl
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FIGURE 3 Molecular cytogenetic characterization of the t(9;17)(q32;q12).
Each left panel shows FISH signals (FITC) on propidium iodide-stained
chromosomes (PI). Each right panel exhibits Q-banded chromosomes
(Hoechst). The RP11-73G18 clone simultancously hybridized to normal 9,
der(9), and der(17) chromosomes. The RP11-770A19 clone simultancously
hybridized to normal 17, der(9), and der(17) chromosomes. Bottom panels
show schematic diagrams of FISH resuits.
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FIGURE 4 Fine mapping of the breakpoints. a: Primers used for long-range PCR. Forward and reverse primers were designed every 5 kbp of RP11-73G18 on
chromosome 9 and RP11-770A19 on chromosome 17, respectively (arrows in upper). Additional primers flanked regions of the breakpoint (arraws in lower). b:
Identification of the breakpoint on der(9), using a PCR product with a primer set of 9f1 and 17r1. c: The breakpoint on chromosome 9 is located between exons 1
and 2 of SLC3AT. The breakpoint on chromosome 17 is located between exons 2 and 3 of a predicted gene, according to the Ensembl database. Arrows indicate

the positions of the breakpoints.

database (Transcript ID; GENSCANO00000016010). The
function of this predicted gene is unknown. The translo-
cation examined in this study shows no gain or loss of
nucleotides at the breakpoint, confirming a perfectly
balanced reciprocal translocation in translocation in the
proband, his father, and his paternal grandmother (Fig. 4b
and 4c).

Mutation Analysis of Candidate Genes in Case/Control CL/P
Population

In order to determine whether genes at or near the
breakpoint play a role in CL/P, we screened for mutations
in three candidate genes: SCL31A4] and BSPRY on

chromosome 9 and the predicted gene that includes exons
of CCL2 on chromosome 17. Although BSPRY is located
approximately 120 kbp downstream from the breakpoint,
we considered it a plausible candidate because it is induced
by the fibroblast growth factor receptor (FGFR) pathway
(Welsh et al., 2007) and impaired FGF signaling has been
found to be associated with 3% to 5% of CL/P (Riley et al.,
2007). In addition, variants in a related gene, SPRY2, that
also has a sprouty domain, already have been identified in
CL/P (Vieira et al., 2005). We hypothesized that disruption
of regulatory elements of BSPRY might lead to a cleft
phenotype.

Table 1 shows nucleotide variants found in BSPRY and
the predicted gene that include CCL2. In BSPRY, two
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TABLE 1 Polymorphisms Found (Entries in the Table are Numbers of Individuals With Homozygous Common Allele/Heterozygous Rare

Allele/Homozygous Rare Allele)

Filipino Genotyping Distributions

White Genotyping Distributions

Variant { Position* Cuse (AFY) Control (AF)} p Value Cuse (AF) Control (4F} p Value Comment
BSPRY
new (113202320} 62/0/0 (1.000) 68/5/0 (0.966) 612 62/0/0 (1.000) 55/0/0 (1.000) ~.0
r§752757 (113202508) 41/19/2 (0.814) 33/32/6 (0.690) 058 55/22/2 (0.835) 251711 (0.864) 0.756
new (113202593) 49/2/0 (0.980) 65/3/0 (0.978) 895 751110 (0.993) 25/0/0 (1.000y 449
r$2296074 (113210279) 45/23/1 (0.819) 33/18/0 (0.825) 565 42/4/0 (0.957) 33/6/0 (0.923) 341
Predicted gene (GENESCANO0G000016010) containing CCL2
rs4795884 (29527481 32/32/6 (0.756) 42/36/1 {6.747) 103 17/47/17 (0.500) 24/40/19 (0.530) 396
new (29527634) 82/0/0 (1.000) 79/0/G (1.000) 74/6/0 (0.963) 571410 (0.967) 828 RI15Ct
rs4795885 (29527655) 83/2/0 (0.988) 79/0/G (1.000) 103 53/23/3 (0.816) 38/20/3 (0.787) 830
new (29540781) 48/30/4 (0.768) 16/12/4 (0.688) 364 60/19/3 (0.848) 53/25/2 (0.819) 489 M33TE
new (29540817) 79/6/0 (0.965) 69/0/0 (1.000) .007 57/21/4 (0.823) 53/29/1 (0.813) 198 N45S%
new (29540841) 86/0/0 (1.000) 69/0/0 (1.000) ~.0 $1/1/0 (0.994) 84/0/0 (1.000) 234 T53M1
new (29541048) 86/0/0 (1.000) 69/0/0 (1.000) 69/11/0 (0.931) 750711 {0.981) .290
rs1860188 (29602669) 3172173 (0.755) 3512172 (0.784) 833 49/12/2 (0.873) 22/13/0 (0.814) 073
new (29602875) 54/471 (0.949) 47/510 (0.952) 463 63/0/0 (1.000) 73/0/0 (1.000) ~.0
r$28730833 (29606607) 64/1/0 (0.992) 80/0/0 (1.000) 204 56/0/0 (1.000) 80/0/0 (1.000) ~.0
54586 (29607382) 10/19/8 (0.527) 11/27/14 (0.471) 755 20/30/5 (0.636) 5/9/4 (0.528) 363

* Pasition according to UCSC database (hgl7).
T AF = allele frequency.

1 Amino acid change in predicted gene containing CCLZ according to the Ensembl database (Transcript 1D; GENSCANGO000016010).

common polymorphisms (rs752757 and rs2296074) and two
new varants (positions 113202320 and 113202593) were
detected. One variant (position 113202320) shows a signif-
icant p value (.012) in the Filipino CL/P population
compared with matched controls. In the predicted gene
containing CCL2, six new variants were detected. Four
variants (positions 29527634, 29540781, 29540817, and
29540841) possibly result in a change of amino acid,
R15C, M33T, N458S, and T53M, respectively, according to
the Ensemb! database (Transcript ID; GENSCAN-
00000016010). R15C, N45S, and T53M were not found in
Filipino controls, and T53M was not found in cither Filipino
or white controls. Five known variants were also identified
(rs4795884, rs4795883, rs1860188, rs28730833, and rs4586).
The variant at position 29540817 was present with a
significant p value (.007) in an affected Filipino population
compared with control population. No variants were
identified in SLC31A41 (data not shown).

Haplotype Analysis in Markers Adjacent to the
Translocation Breakpoint

Although no statistically significant evidence of trans-
mission distortion was seen for either SNP individually,
there was statistically significant cvidence of transmission
distortion for haplotype h2-F9 (C-G-T-T; bi-allelic p value
= 017) and haplotype h2-C9 (G-A-C-T; biallelic p value =
.028) on chromosome 9 region (Table 2). We also confirmed
statistically significant evidence for haplotype hS-F17 (G-G-
T; biallelic p value = .042) and haplotype h8-F17 (G-A-A;
biallelic p value = .017) on chromosome 17 region (Table 3).
These p values, however, did not reach the level of
significance, if we account for the number of tests done
and use the conservative Bonferroni correction (0.0071).

Discussion

It has been demonstrated that CL/P is associated with
trisomy 9q (Metzke-Heidemann et al., 2004), tetrasomy 9q
(Wyandt et al., 2000), and chromosomal translocations
involving the 9q region: t(6;9)(p23;q22.3) (Donnai et al,,
1992); 46,XX,—22 +der(9)1(9;22)(q22;q11.2) (Pivnick et al.,
1990); and 46,X,t(X;9)(p22.1;g32) (Zori et al., 1993).
Naritomi et al. (1989) divided trisomy 9q syndrome into
four groups (group [: trisomy for 9qll>qg32, group 2:
9q32>qter, group 3: 9q34, and group 4: 9ql13/q21>qter)
according to the length of the trisomic segment. Of these,
the patients in groups 2 and 4 showed cleft palate,
suggesting that the 9q32 segment may have important
roles for facial development. Genome-wide linkage studies
have revealed that the region 9q21 has significant linkage
with facial clefting (Marazita et al., 2004). A number of
candidate genes for CL/P in this region, 9q21-23, have been
reported previously (ROR2, PTCH, FOXEI, and TGFBRI)
(Ichikawa et al., 2006; Loeys et al., 2006; Mansilla et al.,
2006; Mizuguchi et al., 2004; van Bokhoven ct al., 2000;
Vieira et al., 2005). Using a positional cloning approach, we
demonstrated that SLC3147 on chromosome 9 was
disrupted within its intron. The SLC31A41 encodes a copper
transporter and is itself not a strong candidate for
imvolvement in facial development; although, unbalanced
copper regulation can disturb cell metabolism (Lee et al,,
2001). However, it is increasingly recognized that point
mutations in regulatory elements located far from gene
structural elements can be damaging. For example,
mutations located up to ~1 Mbp from the gene SHH are
capable of causing congenital abnormalities (Gurnett et al.,
2007; Lettice et al., 2003) and campomelic dysplasia has
resulted from a balanced translocation breakpoint 1.3 Mbp
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TABLE 2 Results of Haplotype-based Transmission Disequilibrium Test for Single-Nucleotide Polymorphisms (SNPs) Aronnd the Breakpoint
on Chromosome 9

SNP
Filipino Haplotype a* b 4 d Estimated Frequency p Vulues ( Biallelic)
h1-F9 C A T T 0.282 456 (—)
h2-F9 C G T T 0.246 017 (+)
h3-F9 C G C T 0.206 095 (—)
h4-F9 C A T C 0.053 809 (+)
h3-F9 C G T C 0.052 892 (+)
h6-F9 G A T T 0.047 638 (—)
h7-F9 C G C C 0.031 093 (-)
h8-F9 G G C T 0.027 367 (%)
ho-F9 C A C T 0.015 594 (4)
h10-F9 G G T T 0.013 S5
h11-F9 G A T C 0.016 936 (—)
h12-F9 G G C C 0.010 476 (+)
SNP
White Huplotype u b ¢ d Estimated Frequency p Values ( Biallelic)
hi-C% G A T T 0.137 11 ()
h2-C9 G A C T 0.121 028 (—)
h3-C9 G A T C 0.110 441 (v
h4-C9 C A C T 0.102 342 (-)
h5-C9 G A C C 0.087 224 (+)
h6-C9 C A T T 0.085 A2+
h7-C9 G G T C 0.065 103 ()
h8-C9 G G T T 0.062 624 (+)
h9-C9 G G C T 0.059 246 (+)
h10-C9 C G T T 0.056 198 (=)
hi1-C9 C G C T 0.039 819 (+)

* a = 151330692 C/G; b = 53750534 A/G; ¢ = 154596714 CIT; d = 974230 C/T.

downstream of the SOX9 gene (Velagaleti et al,, 2005). In the the translocation break may disrupt not the gene itself but

present report, although we did not detect any mutations in regulatory regions. Moreover, there was significant evidence
the SLC31A41 gene itself, we did detect a significant p value of transmission distortion for haplotypes on chromosome 9
for CL/P in the case-control study of a strong candidate for (Table 2). In summary, it is possible that this region of
craniofacial development, the BSPRY gene, which is located chromosome 9q contains one or more genes playing a role in

120 kbp downstream from the breakpoint (Table 1). Thus facial development.

TABLE 3 Results of Haplotype-Based Transmission Disequilibrium Test for Single-Nucleotide Polymorphisms (SNPs) Around the Breakpoint
on Chromosome 17

SNP
Filipino Huplotype e* J g Estimuated Frequency p Values ( Biallelic)
h1-F17 A G T 0.322 451 (H)
h2-F17 A A T 0.316 991 (+)
h3-F17 A A A 0.103 V782 (+)
h4-F17 A G A 0.102 973 (v}
h3-F17 G G T 0.065 042 ()
h6-F17 G A T 0.054 450 (=)
h7-F17 G G A 0.025 165 (=)
h8-F17 G A A 0.013 01T
SNP
White Haplotype e ¥l g Estimated Frequency p Values { Biallelic)
hi-Cl7 A A A 0.180 275 (%)
h2-C17 A A T 0.164 592 ()
h3-Cl17 G A T 0.136 S9T (0
h4-C17 G A A 0.120 684 (=)
h3-C17 A G A 0.115 899 {(+)
h6-C17 G G T 0.112 547 (-)
h7-C17 A G T 0.099 534 (=)
h8-C17 G G A 0.075 161 ()

* e = 1316561 AIG; = 151029719 AIG; g = rs725276 A/T.



It is also possible that facial development may be
influenced by genes on chromosome 17q. Case reports of
chromosome transiocations involving 17924 (Czako et al,,
2004; Luke et al., 1992), 17g25 (Bridge et al., 1985), 17q21.1
(Martinet et al., 2006), and 17g23.3 (Stalker et al., 2001) are
associated with CL/P, Additively, genome-wide linkage
analysis also shows significant association of the 17q2]
region to the occurrence of CL/P (Marazita et al., 2004).
Three candidate genes for CL/P in this region, 17q23-25,
have been described (SEPT9, MKSI, and GAA) (Huie et
al., 1999; Jeannet et al, 2001; Paavola et al., 1995). In
addition, RARA, which is located approximately 6 Mbp
downstream from the breakpoint studied here, is associated
with CL/P (Chenevix-Trench et al., 1992). In this study we
identified a predicted gene containing CCL2 in the 17q
breakpoint region. CCL2 (monocyte chemotactic protein-
1) is a member of the small inducible gene family and plays
a role in the recruitment of monocytes to sites of injury and
infection and so is not an obvious candidate for CL/P. We
did, however, observe multiple amino acid variants in the
predicted gene. One of them, a heterozygous variant in
position 29540817 (possibly N45S), showed a significant p
value in the Filipino CL/P population compared with the
control population (Table 1). Moreover, there was statis-
tically significant evidence of transmission distortion for
two haplotypes on chromosome 17 in Filipinos but not in
the white population (Table 3). These data suggest that the
participation of this region in facial development may vary
among different populations, and these results warrant an
extension of these studies to larger numbers for confirma-
tion.

Although three generations were examined here segre-
gating the same chromosome translocation, only one
individual was clearly affected with cleft lip and palate.
CL/P is commonly nonpenetrant even in disorders caused
by single gene mutations. Mutations in IRF6 cause the
autosomal dominant van der Woude syndrome, but there is
only 70% penetrance for the CL/P phenotype (Burdick,
1986; Zucchero et al., 2004). Mutations in MSXI and
several of the FGF and FGFR genes may also cause CL/P,
but again only a subset of individuals with the mutation
have a cleft phenotype (van den Boogaard et al., 2000).
Tsolated clefts are complex traits, not single-gene Mende-
lian disorders. They are likely caused by several interacting
genes, each with small effects. In our case, the presumed
loss of 50% of gene product may be the tipping point in an
individual already having several other of the predisposing
alleles/genes that may be absent in other family members
with the translocation, hence their unaffected status.
Clearly, future work is required to develop a better
understanding of penetrance in CL/P.

In summary, we report an extensive study of candidate
genes for CL/P based on a family with CL/P and segregating a
balanced chromosome translocation t(9;17)(q32;q12). Analy-
sis of the translocation shows disruption of SLC31A4I on
chromosome 9 and a predicted gene that includes CCL2 on
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chromosome 17. It is intriguing that SLC31A] lies close to
BSPRY, an excellent candidate gene for CL/P, and the results
of a case-control study support a role for BSPRY in CL/P. In
the aggregate, these data may provide additional support for
an intensive search for genes/mutations and also for nicro-
deletions in the 9g/17q region that would play a role in CL/P.
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henotypically discordant monozygotic twins offer

the possibility of gene discovery through delineation
of molecular abnormalities in one member of the twin
pair. One proposed mechanism of discordance is
postzygotically occurring genomic alterations resulting
from mitotic recombination and other somatic
changes. Detection of altered genomic fragments can
reveal candidate gene loci that can be verified through
additional analyses. We investigated this hypothesis
using array comparative genomic hybridization; the 50K
and 250K Affymetrix GeneChip® SNP arrays and an
Hlumina custom array consisting of 1,536 SNPs, to
scan for genomic alterations in a sample of monozy-
gotic twin pairs with discordant cleft lip and/or palate
phenotypes. Paired analysis for deletions, amplifica-
tions and loss of heterozygosity, along with sequence
verification of SNPs with discordant genotype calls did
not reveal any genomic discordance between twin
pairs in lymphocyte DNA samples. Our results demon-
strate that postzygotic genomic alterations are not a
common cause of monozygotic twin discordance for
isolated cleft lip and/or palate. However, rare or bal-
anced genomic alterations, tissue-specific events and
small aberrations beyond the detection level of our
experimental approach cannot be ruled out. The stabil-
ity of genomes we observed in our study samples also
suggests that detection of discordant events in other
monozygotic twin pairs would be remarkable and of
potential disease significance.

Keywords: monozygotic twins, discordant, cleft lip and
palate, genome-wide

Classical twin research studies comparing disease con-
cordance rates between monozygotic (MZ) and
dizygotic (DZ) twins have been extensively applied to
estimate the contribution of genetic and environmen-
tal factors to many complex traits (Boomsma et al.,
2002). MZ twin concordance for common diseases
and traits rarely reaches 100%, an observation that is

often attributed to differential environmental expo-
sures (Wong et al., 2005). However, there are several
molecular mechanisms that could underlie phenotypic
discordance between MZ twins, such as de novo
somatic mutations (Kondo et al., 2002}, chromosomal
anomalies (Gilbert et al., 2002), skewed X chromo-
some inactivation (De Gregorio et al., 2005),
imprinting defects (Weksberg et al., 2002) and differ-
ential gene expression (Mak et al., 2004). The
identification of molecular genetic differences between
discordant MZ twins suggests that the utility of twin
studies could be extended beyond heritability studies
to gene discovery.

Postzygotic mitotic recombination and other
somatic events such as deletions, nondisjunction, gene
conversion, mobile genetic elements, fragile sites and
repeat expansions have been proposed as a cause of
MZ twin discordance (Cote & Gyftodimou, 1991;
Kastern & Kryspin-Sorensen, 1988). Occurrence of
somatic genomic changes in the early embryo can
have significant implications for the phenotypes of
the twins and the twinning process. If a genomic
alteration occurs prior to twinning, unequal allocation
of cells with the lesion to the two embryos could
account for discordant phenotypes, with evidence of
mosaicism, while the segregation of two genetically
different populations of cells may trigger the twinning
process, resulting in co-twins with discordant pheno-
types (Machin, 1996). Since detection of chromosomal
abnormalities relies on the comparison of a test
genome with a reference genome sequence, the identi-
cal genomes of MZ twins ensure that any genomic
differences can be established with confidence and
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