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Abstract

Project Code : BRG4780017

Project Thtle : Clinical, biochemical and molecular features of Thai patients with congenital
anomalies or inherited metabolic disorders

Investigator : Vorasuk Shotelersuk, MD.

Division of Medical Genetics and Metabolism, Department of Pediatrics, Faculty of Medicine,
Chulalongkorn University

E-mail Address : vorasuk.s@chula.ac.th

Project Period : 1 September 2004 - 31 August 2007

We described chnical manifestation and extended clinical spectrum, studied biochemical
features, and identified mutations in patients with dysmorphic syndromes and inherited metabolic
disorders including Caffey disease, SATB2 craniofacial mental retardation syndrome, nonsyndromic
cleft lip, Tetralogy of Failot, Bannayan-Riley-Ruvalcaba syndrome, craniofrontonasal syndrome.
campomelic dysplasia, Kabuki syndrome, Rickets, Multiple endocrine neoplasia type 1, Gonradi-
Hunermann-Happle syndrome, Rapp-Hodgkin ectodermal dysplasia syndromé, and metachromatic
leukodystrophy. Knowledge gained has been accepied to publish in international journals amounting
20 anticles,

These disorders accounted for a significant proportion of morbidity, especially in children.
ldentification of their eticlogy and understanding their molecular and biochemical pathogenesis have

led to more accurate diagnosis, better treatment and more effective prevention.

Keywords: malformation syndromes, inherited metabolic disorders, mutation analysis, phenotypes,

genotype-phenotype correlation, mutation pathogenesis, prenatal diagnosis
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Expanding the phenotypic spectrum

of Caffey disease
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Clin Genet 2007: 71: 280-284. 7 Blackwell Munksgaard, 2007

Infantile cortical hyperostosis (FCH) is an inherited disorder
characierized by hypenrritability. acute inflamnation of solt tissues. and
masstve subperiosieal new bone formation. It typically appears in early
infancy and is considered a benign seli~limiting disease. We report a
three-generation Thai family with 1CH, the oldest being a 75-year-oid
man. A heterozypous mutation for a 3040C—T in exon 41 of COL/A}
was found in affected individuals. further confirming the auwtosomal
dominance of Caffey discase that is caused by this particular mutation.
The novel findings in our studies include short stature and persistent
bony deformities in the elderly. The height mean Z-score of the five
affected individuals was —1.75, compared to 0.53 of the other seven
unaflecied individuals giving a p-vaiue of 0.008. Short stature may be
partly due 10 progressive height loss from scoliosis. compressien [tactures
of the spine and genu varus. These features, which have not previously
been described, expand the phenotypic spectrum of the Cafley disease.
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Infantile cortical hyperostosis (ICH) {Caffey
disease; OMIM 114000) is characterized by
hyperirritability, acute inflammation of soft
tissues, and massive subperiosteal formation of
the underlying bones typically involving the
diaphyses of the long bones, mandible, clavicles,
or ribs (f). Nts clinical features usually begin
before 5 months of age and resoive before 3 years
of life (1, 2). It is benign and self-limited. It is
inherited as autosomal dominance with incom-
plete penctrance and variable expressivity (3-3).
Even though there are few reporis describing the
sequelae of the hyperostotic lesions in affected
individuals, late recurrence or persistence of
symptoms with deformity seems extremely rare
(6-8). e

A sporadic form of ICH has also been
descnbed. In addition, there are several con-
ditions causing cortical bone lesions in children
mimicking ICH including prolonged prostaglan-
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din infusion, hypervitaminosis A. and hyper-
phosphatemia (9~12).

Recently, a novel missense mutation in
COL1AL the gene encoding the al chain of type
1 collagen, was found in all affected individuals
from three unrelated families (13). All affected
individuals were heterozygous for the identical
mutation, a 3040C — T transition resulting in the
substitution of an arginine by a cysteine at
position 836 (R836C), within the helical domain
of the «l chain of type 1 coliagen. Different
mutations in COLZ AT have been found in osteo-
genesis imperfecta and Ehlers-Danlos syndrome
(EDS) (14, 15). Interestingly, some of the clinical
features of EDS such as hyperextensible skin and
joint hyperlaxity were found in some patients
affected with ICH. It was shown that the R134C
found in EDS and the R836C found in ICH gave
a similar effect on synthesis and function of
the collagen fibnils (13). Howsever, the precise



funcuional link between the R836C mutation and
the hyperostotic phenotype seen in ICH is still
unceriain and awaits further exploration.

We report a three-generation Thai family with
five members affected with ICH. A 3040C—~T
transition in exon 4] of COLTAT was identificd.
Short stature, persistent bony deformities. and
rampant dental caries were present in  this
molecular proven ICH family.

Material and methods
Clinical subjects

We report a three-generation family with affecied
members having clinical findings consistent with
Caffey disease {see pedigree, Fig. I, Table I).
Individual I-3 reported 1o have bow legs since
childhood. The deformity persisted and pro-
gressed 1ill 75 years of age (Fig. 2a). He had
fractures around his left knee twice at the ages of
39 and 43, due to pedestrian siruck. His hands
were short and stubby. He also had kyphosco-
liosis and compression fractures of vertebrae that
had not undergone surgery. His radiographs are
shown in Fig. 2b-i. 11-2 had shori, stubby
forearms and hands, and bow legs. He had two
fraciures. The first fracture was on his left
forearm that he sustained from playing jumping
rope at the age of 13. The second was on his right
leg, due to a motorcycle accident, at the age of
19. Although his scoliosis was more severe than
that of his father. he did not require surgery
(Fig. 2j,k). His radiographs revealed cortical
thickening of the affected long bones (data not
shown). 11-7 was clinically unaffecied. However,
the radiographs revealed abnormalities of ribs
and hands albeit milder severity compared with
those of I-3 and 11-2 (data not shown). I1-1] was
noted to have non-painful bowed right leg soon
after birth. She easily dislocated and self-reduced
her right shoulder. I11I-3 was a 22-year-old
woman who reported to have non-painful curved
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Fig. 1. Pedigree of the family with an autosomal dominani
form of Caffey disease. Arrow, proband; blackened symbols,
affecied individuals; bar above symbol, individuals clinically
¢xamined in our cenler.

Expanding the phenotypic spectrum of Caffey disease

forearms. and valgal haliuces since infancy. I1I-
15 was the proband referred to ps at 11 days of
age due to swelling and bowingyof the right leg
(Fig. 21). She became irritable and cried when
passively moving the affected limb. Bone radio-
graphs revealed periosteal elevation and cortical
thickening of the diaphyses of the right tibia
(Fig. 2m). Other long bones, mandible, clavicles
and ribs were unremarkable. Without any
medications. swelling and pain on the right leg
resolved when she was 2 months old. At 7
months of age, her left leg was swollen and
appeared bowed. The radiographs showed her
affected left tibila compared with the right
(Fig. 21n,0). Again, without any medications.
her symptoms gradually subsided and, at 18
months of age, resolved. Some angular deform-
ities of bilateral tibias, however. still persisted
(data not shown). The other seven members
whose data were available (five were examined by
us and two were seen at other medical centers)
had normal clinical features. with the mean of the
Z score for their height being 0.53 compared to
the height mean Z score of —1.75 in the five
affected members with the COL A/ mutation.

Mutation analysis

After informed consent was obtained. genomic
DNA was exiracted from peripheral [gukocyles
according to standard protocols. We' screened
genomic DNA from affected family members
and unaffected controls by restriction enzyme
digestion of polymerase chain reaction products
as previously described (13). One sample from
either group with different pattern of restriction
enzyme digestion was selected for direct sequenc-
ing to further confirm the mutation.

Resulis

Five affected individuals were heterozygous for
a 3040C —T transition in exon 4! of COLIA}
(Tabte 1. Fig. 3). Surprisingly, patient 11I-3 who
had clinical features consistent with ICH did not
have the mutation as shown by the restniction
enzyme digestion (Fig. 3) and direct sequencing
(data not shown). The mutation anatyses of this
individual were confirmed by repeated studies
using DNA from two separate blood collections.

Discussion

We described 2 Thai family with the proband
presented with clinical and radiograpbhic features
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fable 1. Clnical. radiclogical and molecular lindings of affecied members

Fealures -3 -2 n-7 i-11 f -15
Sex M M M F F

Age (years) 75 50 44 30 i

Height {crm) 147 150 156.7 150.6 715
Z-5c01g -3.20 -2.68 ~-13% -0.61 -~0.88
Head circumlerence (cm) 56.5 58 595 55.5 45

Onset of cortical hyperostosis  NA NA MNA Soon atter birth  Soon after birth
Angular deformity Bolh forearrms and legs  Both forearms and legs N Right leg Both legs
History of lractures Twice Twice N N N

Bltue sclerae N N N N N
Rampanl dental caries Y Y Y Y N
Hyperexiensible skin N M N N N

Joint hyperlaxity Y N N Y N
Scoliogis Y Y N N N
3040C—T {(AB36C) Y Y Y g Y

i, male: F. lemale, Y, yes; N, no, NA. not apphicable.

consistent  with ICH. There were multiple
affected members showing an autosomal domi-
nant condition.

We had an opportunily 10 examine 11 members
of this family. Five were found to have the
COLIAT 3040C — T mutations. Additional strik-
ing phenotype that we observed in this family
was short stature. Short stature was not pre-
vipusly found to be part of the disorder (13).
Comparing height of these five individuals with
that of the other seven clinically unaffected, we
found that the means of the Z scores for their
heights were statistically different (p = 0.008).
We did not include -3, who had curved
forearms but did not have the COL/IA]
3040C —T mutations in her leukocyites, in either
group. Short stature could partly be caused by
foss of adult height from kyphoscoliosts, com-
pression fractures of vertebrae, and lower limb
deformities as seen in our oldest 75-year-old man
and his affected first son.

ICH has been considered a benign and self-
limited disorder. Our 75-year-old patient, the
oldest individual ever reported with ICH, and his
50-year-old affected first son have been generally
healthy despite persistent deformity of the long
bones. Even though persistent deformities of the
affected bones have been previously noted (6~8),
this study described the first molecular proven
Caffey family with persistent deformities. Based
on these data, we propose that short stature and
persistent bony deformity should be included in
the clinical spectrum of Caffey disease.

Rampant dental caries were observed in il mu-
tation positive members, except HI-15 who was
still very young. However, the dental probiems
were alse observed in many other family mem-
bers without the mutation. Therefore, whether
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this phenotype is part of [CH needs further
siudigs.

A heterozygous mutation for a 3040C—T in
a CpG dinucleotide of exon 41 of COLIAT was
identified. This similar mutation was previousty
described in a study of three unrelated kindreds
from Australia and Canada with an autosomal
dominant form of ICH (13}. Our study in a large
Thai family further confirmed that familial
Caffey cases are caused by this particular
mutation. The fact that ail the familial cases
studied so far had the same mutatios, regardless
of their ethnicities, supports the previous obser-
vation that the 3040C — T transitions are recur-
rent, making it a mutational hot spot in
COLIAL

In this family, we found two members with
discrepancy between genotype and phenotype.
I1-7 had some minor radiographic findings
without clinical features of Caffey disease but
had the mutation. Incomplete penetrance and
variable expressivity have been previously
observed in Caffey disease (3-5). It has been
shown that 21% of the individuals carrying the
R836C substitution do not develop the disease
(13). More interestingly, the heterozygous
COLIAT 3040C— T mutation was not found in
& 22-year-old woman with curving deformity of
bilateral forearms since early childhood. Radio-
graphs taken during her first visit at 22 years of
age revealed corticat thickening of the affecied
bones. Unexpectedly, the 3040C—T mutation
was not detected tn her genomic DNA extracted
from the peripheral leukocytes in two separated
DNA samples obtained from blood drawn on
two occastons. One possibility is that she is a
mosaic for the inhented mutation. The occur-
rence of the nucleotide substitution in an already



Expanding the phenotypic spectrum of Caffey discase

Fig. 2. Chmcal and radiotogical Teatures of affecied individuals. (a) Photograph of the oldest individual (1-3) with CulTey discase.
Radiographs of patients -3 (b=i), 11-2 (j, k). and the probund. H1-15 {l-o) showing {b) cortical thickening of the cranial vaull {¢) ribs
with paddle-like shape (d) hands with short metacarpals (e) angulir deformity with cortical thickening of the radius (f, g) anierior
bowing with cortical thickening of the right and left tibiad respectively th, i) kyphoscoliosts with compression fracture of T12 ¢j. k)
scoliosis with spondylosis of 1.2. Photograph of the proband (1) showing swelling of the right leg. whichis matched (o the radiograph
{m} showing periosieal elevation and corticul thickening of the diaphyses of the right tibia. Radiographs of bilateral legs showing
{m, 0} cortical byperoslosis with anterior curvature of 1he right 1ibiu and periosteal elevation and cortical thickening of the left Libia,
respectively. Arrows mdicated the aifected bones.
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M [ S N 1 O 1 I ()

-1y HI1-3 HI-DEA

3 p
3% hp

176 hp

4 hp

Fig. 3. Mutation analysis, M: 100-bp mucker. The 500-bp
band indicated by an arrow head. ¢ unaffected conirol,
Restriction enzyme analysis of polymerase chuin reaction
products showing the mutant aliele Ticking one of the
cleavage siltes for the restniction endonuclesse Hpr TRV
resulting in bunds of 319 and 176 bp and the wild-1ype allele
with bunds of 259. 176 and 60 bp. Pauents 1-3, 182, [1-7.
1-1Y and §11-15 were helerozygous for C—T madalion al
nucleotide 3044 of COLIAL.

mutant nucleotide has been previously described
{16). DNAs from other ussues arc., unforiu-
nately. unavailable. Another possibility is that
she is affected by another disorder. not hinked 10
the mutation,

The clinical and molecular characterisiics of the
mherited form of Caffey disecase were further
delineated in our study. Short stature and
persistence of bony deformity were additional
features found in Thai affected individuals.
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Heterozygous Nonsense Mutation SATB2
Associated With Cleft Palate, Osteoporosis,

and Cognitive Defects
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Srudies of human chromesomal aberrations and knockout (KO) mice have suggested SATB2 as a candidate
gene for a human malformation syndrome of craniofacial patterning and brain development. Of 59 unrelated
patients with craniofactal dysmorphism, with or without mental retardaiion, one 36-year-old man had a
noasynonymous mutation in SATB2. The affected individuwal exhibited craniofacial dysmorphisms including
cleft palate, generalized osteoporosis, profound mental retardation, epilepsy and a jovial personality. He carries
a de novo germline nonsense mutation {¢.715C>T, p.R239X} in the exon 6 of SATB2. Expression studies
showed that the mutant RNA was stable, expecied to produce a truncated protein predicted to retain its
dimerization domain and exert a dominant negative effect. This new syndrome is the first determined to result
from mutation of a pene within the family that encodes nuclear matrix-attachment region {MAR) prateins.

Hum Mutat 28(7), 732-738, 2007.

Published 2007 Wiley-Liss, Inc.!

kEv worDbs: SATBZ: cleft palate; osteoponasis; coptive Jefici eprlepsy

INTRODUCTION

Cleft palate has various known and suspected genetic enolopies
in humans |Stanier and Moore, 2004; Park et al., 20068]. One
possibly causative pene is SATBZ, encoding o cell type—specific
rranscription factor that funcrons as a regulator of the transenp-
ton of large chromatin dormains, Unlike classic rranscription
factors that bind individual rarger genes to regulate transcription,
SATB2 binds to multiple sites, influencing chromatin organization
and structure and orchestrating che transcription of several genes.
SATBZ is a rarget for SUMOylatnon, a reversible protemn
modification that modulates its activity as a transcription facror
[Dubreva et al., 2003]. The SATBZ (MIM# 608148) pene resides
on chromosome 2432-q33, spans 191 kb, and contains 11 exons.
lts open reading frame begins in exon 2, with the first stop codon
m exon 11, predicting a 733-amino acid protein. The protein
contains a Plam-B_10016 domain required for dimerization
{residues 57-231), two CUT domains (352-437 and 482-560),
and a homeodomain (614-677) |FirzParrick er al., 2003;.

Diverse evidence links SATBZ to the occurrence of cleft palate.
Rodent studies indicate that SatbZ plays an important role in
craniofacial patterming [Britanova et al., 2006b; Dobreva et al.,
2006). and brain development (Britanova et al., 2005, 2006a;
Szemes et al., 2006}, Two patients with solated cleft palate and
balanced chromosomal translocations had distuptions in SATBZ
{FiczPatrick ec al, 2003]. Four other patients exhibized the
combination of cleft or high palate and intersritial deletions ac
2932433 [Van Buggenhout et al, 2005]. In Singaporean and
Taiwanese patients, SNPs in the SATB2 gene have been found in
significant assuciation with isolated cleft lip and palate {Beaty
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L]

et al,, 2006]. Despite these findings, mutation analysis has failed w
identify a definitive intragenic SATB2 mutation in any individeal
with an isolated oral cleft |FuzParrick et al., 2003; Vieira et al.,
2005). Consequently, we examined the SATBI gene in
59 individuals with craniofacial dysmorphism with or without
mental retardation. One member of this group, with craniofacial
dysmorphism and profound mental recardation, carries a de novo
nonsense mutation in SATB2.

PATIENTS AND METHODS
Patients

A cotal of 59 unrelated padients were studied under the auspices
of the Thai Red Cross, a national charity organization devoted to
providing clinical care for the poor Subjects were recruited
between 1999 and 2006 from 15 medical centers throughout
Thailand. The study was approved by the local Ethics Commitiee:
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written informed consent was ubtained from each person included
it the scudy.

Clinical Studies

For the proband, a CT scan of facial bones was performed with
Somaton sensation 16 scanner (Stemens, Forchheim, Germany).
The imapes were obtained using a soft tssue and bone alporithm
with 0.75-mm thin collimation, spiral techmgue. The scan covers
the veriex to the inferior aspect of the mandible. Axial, cotunal,
sagitral, and three-dimensional (3D} images were reconstrected. An
MRI of the bram was performed vsing GE Sigra Excie 1.5 Tesla
(GE, Fairfield, CT). The imaging protcols were spin echo spin
tattice relaxation lime-weighted imaging (SE T1W1), fast spin echo
spin spin relaxation time~weighted imaging {FSE T2W1). gradient
recalled ceho spin-spin interaction time plus magnenc field
inhomugeneities and susceptibility cffccts-weighted imaging (GRE
T2*WD). fuid atenuation inversion recavery (FLAIR) imaging,
echo plarar imaging (EPH diffusion-weighted imaging, and post-
contrast SE TIWI with intravenous injection of  gadolinium
0.0 mmolkg. An ovemight videv-electroencephalography (EEG)
was performed on a 32-channel digwal video-EEG machine
(Srellate, Montreal, Quebec, Canada) with spike detector. Toral
duration of the study was 12 hr

Mutation Analysis

Genomic DNA was isolated from peripheral bfood, obtained at
the time of blowd eyping and hematuocrit determmation, according
w estoblished protocols. lntronic primess were wsed to nmplify
frapgments encompassing exons 2-11 of the SATBZ gene {Table 1)
PCR reacrions were carried out in a 20yl volume containing 50ng
genomic DINA, 1 x PCR bufter, 1.5 mM MgCl,, 0.2 mM dNTPs,
0.Z2uM ol each primer, and 0.5 unit Tag polymerase, usimp the
following parameters: 30s at 94°C, 30 s at the annealing
temperature (Table 1), and s ac 72°C for 35 cycles. PCR
products were weated with ExoSAPIT (USP Corporation,
Cleveland, QH) according 1o the manufacturer’s recommendsa-
tions, and sent for direct sequencing ar Macregen Inc. {Seoul,
Korea). Anolyses were perfurmed by Sequencher 4.2 {(Gene Codes
Curporation, Ann Atbor, M), When the results indicated a
pussible new variant, the sample was resequenced. The pusition of
mutauens cormesponds o the coding sequence for SATB2 (RefSey
NM_015265.1), with +1 corresponding to the A of the ATG
translation initiation codon.

Restriction Enzyme Analysis

The nunsynonymous coding variant was venfied by restriction
enzyme digestion of the patient's PCR products. SATB2 exon 6
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was  PCReamplified wsing a  mutagenic  forward  primer
incorpurate a BssSl recognition site, 5 TAATTATCACTIT
TATCTCTT AACAGTGGAAAGAGTAGCA 3. and a reverse
primer, 5" " TGTCCTGAGATCCATAAAGC-3. The PCR condi-
tions were 30s a0 947C, 305 at 57°C, and 30s at 72°C for 35 cycles.
The PCR producis were digested with BssSl according o the
manufacturer’s specificacions (New England Biotabs, Ipswich, dMA)
amd elecrrophoresed on a 3% agarose pel stned with ethidium
bromide.

The proband’s parents were examined for the wvariant by
sequencing  and  resiriciion enzyme  analysis.  Paternity  and
matermity were confirmed by typing 15 microsatellite markers
on 13 different chromosomes {data not shown). Thai conceol
individuals (n = 105) were analyzed by resrriction enzyme analysis.

RNA Studies

Total BRNA was isolated from white blood cells uvsing a
QlAamp® RNA bloed mini kit (Qiagen, Valencia, CA). Reverse
transcripuion was performed using fmProm-11" reverse transcrip-
tase  (Promeyn, Madison, WI), accurding to the company’s
reconunendations. PCR amplification of the SATB2 cDNA parsial
exons 5 and & was performed using primers c¢DNA-F4,
5"-CCAATGTGTCAGCAACCAAG-3' and cDNA-R1, 5-TGGT
GAATTTGGCTOTGAGG-Y. We used 2pl of first-strand
¢DNA, 1 x PCR buffer, 1.5mM MgCls, 0.2 mM JdNTPs, 0.5 pM
of each primer, and 0.5 Tay DNA polymerase in 2 wital volume
of 20 ul. The PCR conditions were 30s at 94°C, 305 a1 60°C, and
305 a1 72°Clor 26, 28, 30, 32, 35, 37, 40, or 42 cycles. The 199-bp
PCR products were treated with ExoSAPIT and subjected to
Jirect sequencing,

RESULTS
Case Report

The patient 15 a 36-year-uld man born at term by vaging)
delivery to @ 24-year-old, gravida 3. para 2 mother and a 32-year-
wld uncelated father. The pregnancy and labur wete uncompli-
cated. Cleft palate was apparent in infancy, bur was not surgically
comected. The patient walked at 4 years of age and could spenk a
single word, “nee,” meaning mother, from 6 years of ape. He bad
several febride scizures during childhood and developed generafized
wnic-clonic seizures at age 26 years. His mother reported rhat
he had frequent and severe respiratory tract infections during
childhood, worse than thoese of his three unaffected siblinps. At age
35, while walking, the patient fell and fracrured his left tibia, left
fibula, and righe third metatarsus. He required assistance for Jaily
routines including dressing, washing, and eating. His mood was
jovial. Physicat examination at age 36 years revealed a heighe of

TABLE 1. Oligonucleotides and PCR Condition for SATBZ Mutation Analysis

Primer sequences for PCR (5 to 3%}

Exon Forward Reverse Annealing temperature { C) Product size (bp)
2 GTCCCTGTGCGTTTTATTIGC GCAACCTGGAATTCACTTCC 57 350
3 TGTTGCTTCCCTTCTCATCG TACTGCTGACTAGGAAATGC 57 390
4 AATATCTGAGTGGGCCTIGG CAGGACATGCTGATCTTTGC 59 330
5 AGCATTTCTTCTGAAGCTCC ACAGTTGTTTAAGCAGAAGG 55 325
6 TAGTGCAGGTTATAAAGTGC TTTTAAGGGAGCCAACTAGG 55 352
7 ACTTTTATGCTGGAGCTTCC TGTCCTGAGATCCATAAAGC 55 725
8 TGTGAGGTTCTTGACATCAC GTCTCTCAATGTTTGAGGGA 55 431
9 GCATCAGCTGACTGAAATCC GAACATGACAGGTITCTTGG 57 379

10 ATGTACTGTGATGGCACTGG GAAGTTGGTGTGGTGTGTGC 59 333

1 AATGACTATAGCTTACCTCC TGAAAGCAGAAAATCCTTGG 55 632

Humem Mutation O] 10.1002/humu
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165 cm {25h centile), weighe 40 kg (less than third cennled, and
head circumierence 56 em {50th centiled. He had gum hyperplasia,
slight micrognathia, and devistion of the chin o the righe {Fig. 1A
and B). His chest, abdomen, penitalia, and extremities were
unremarkahle.

Blood coums, urinalysis, blood urea nttrogen (BUN), ¢reatining
(Cr), electrolytes, chromosomal analysis, immunoglobulin (1) G,
lgM. IgA, and 1pE were all within normal ranges. Plain radiographs
of his facial bones, chest, hands, fees, feer, spine. and urnary
system showed generalized osteoporosis, narrow bilareral earpo-
metacarpal and racometatarsal joines (Fig. 1), Ioss of normal
kypholordotic curvature of the thoracolumbar spine (nor shown},
and anrerior bowing of the tibias (Fig. 1)), Old healed fracture
lines were observed at the proximal left fibular shait, the distal left

Humem Mutaatiom 100 10,100 humu

ubial <haf, and the lateral side of the midnght third meragirsal
shaft.

A CT scan of the lacial benes revdoled hikineral asymmetric
mandibadar hypoplasia (Fig. 10, wide mandibular angles, anterior
overbite of the upper teeth with marked anterior-pointing incisors
(Fig. 10}, a midline cleft palate. small sizes and abnormal shapes
of the hilsteral maxillary sinuses (Fig. 1E), and mild ocular
hypereelorism with the amteror and midinterorhital  distances
measuring 30.9mm (normal mnge: 19.9-27.7 nnn) and 34.0mm
{normal ronge: 22.3-32.7 mm), respeciively (Figo 1), [Waitzman
et al. 1997] In addiion, slightly shon zvgomatic aches were
ohserved, snd the mandibular condylar heads were flaniened
rather than oval  (not shown). A bisin MRI showed no
demonsirable  intracranial  abnovmalicy  (Fig.  1GY.
cervical spine imaging revealed a hyperintense mass on T2-
werghred e ac the rght sude of C3-4 vertebree (Fig 1H),
considered an inaidental inding.

An awake EEG reveated a backpround of bilateral symmetrical §
w I Hz, 30 e 75 pV waves, attenmiated by eye openmg. The sleep
EEG revealed o mix of peneralized, irregular, slow 2w 3Hz, 15
o 30pV waves and 4 w0 SHz 25 w S0pV waves. Bilareral
synchronois sleep spindles, 12 v 13 Hz, 50 10 75 gV waves and
vertex transient, 75 to 100pV waves. were noted wmo the
paracentril head arens. Multiregional sharp woves phase reversing
ar T3, 15, T4, Te, C3, and C4 every 2 10 5 minntes were found
{Fig. 1. Oceasionally, these sharp waves spread and lateralized o
the right and left hemisplieres. Rare short runs of repetitive spikes
were seen. No cimenl or EEG serzures occurred during the pernod

However.

ol recording.

Molecular Analyses

Of 39 patients investigated with eraniofacial d\":nmn]\hi.\-m. une
exhibited an alteration in the coding region of SATHEZ. The
mutation was a .715C>T wransition in exon 6 (Fig. 3AY,
comventing an arginine (CGAY into a premature TGA stop codon
{p.R239X). Each parent had only the wild-tvpe allele, indicating
thot the patent's c.715C>T mutation vccurred de novo, No
other sequence variants were found in the patient's SATBZ coding
regions. Lenkocyte mRNA of the SATB2 gene, guantirated by
reverse transeripiion and PCR sequencing after 32 cycles of PCR,

4
TIGURE 1. Clinical features and imaging sludies of the patient
withy a SATBZ nonsense mutation. A B: Craniofacial features of
the patieni, anterior and lateral views, respectively. C,D: Recon-
structed images of the CT scan of facial bones, anterior and lat-
eral views, respectively. Note the anterior open bite with marked
anterior-pointing incisors. Shallow mandibular notches and
wide mandibutar angles reflecit mandibular hypoplasia, which is
more severe on the right resulling in right-sided pointed chin.
Motion artifacts are seen at the mid-body of mandible causing ir-
regular blur image. E: The coronal plane, bone window of the CT
scan of facial bones. A 2-cmwide. midline cleft palate and absent
vomer are seen. Note the small size and abnormal shape of the
bilateral maxillary sinuses, high position of the inferior maxillary
walls and wide infertor meatl bilaterally. F:The axial piane, bone
window of the CT scan of facial bones demonstrating mild
hypertelorism. G: An axial TIWI of the MRI of 1the brain with no
demonstrable abnormalities of the brain parenchyma. H: A
T 2WI of the MRI of the brain demonsirating a 2.3 » 1.9 cm hyper-
intense mass at the right side of C3-4 vertebrae (arrow). Ld:
Plain radiographs of the wrists in anteroposterior view and legs
in lateral view demonstrating narrowing of carpometacarpal
joints and anterior bowing of both tibias, respectively. [Color
figure can be viewed in the oniine issue, which is available at
wwnw. interscience.wiley.com.)
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FIGURE 2 A composile piciure of the electroencephalogram demonstrates multiregional sharp waves phase reversing at T3, T5.74,
T6. C3, and C4, with sharp waves lateralized 1o the left hemisphere. | Color figure can be viewed in the online issue, which is available

at wuav interscience.wiley.com, |
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while in the exponennal phase fdata nor shown), was present in
cquivalent amounts for the mutant and wild-ivpe alleles (Fig, 3C).

The ¢.715C>T ransition was confirmed by digestion of the
PCR produces using & mutagenic primer with the restricrion
enzvie BssSl, whose recornition sue was removed by the point
mutaion 1Fig 3D The mutation was not previously reporred and
was not Jetected in 105 control individuals (210 alleles),

DISCUSSION

Studies of human chromesomal aberrations and Bhockout (KQO)
mice have sugpested SATBZ as a candidate gene for human
malfunnation syndromes involving abnormalities i craniofacial
patterning wnd brain development. This led ns ro investigate
SATEZ in individuals withi craniolacial malformanons with or
withowt mental retardation. We identified the first  human
individual having a pathogenic SATB2 point muation. He had
cranivtacial  dysmoephism,  generulized  osteoporosis,  profound
mental retardavon, epilepsy, and a pleasant personaliry.

Our patient's clinical festures are similar but not identical 1o
those of model mice and other syndromic patients (Table 2). His
cranivfacial dysmorplisms, mcludmg  maxillary  malformanon,
nuandibular hypoplasia, and cleft palate. resembled thuse of mice
lacking Sath2 [Dobreva e al.. 2006]. The asymmetric mandibular
hypoplasia in cur patient is consistent with the asymmetric snout
of adult heterozygous Sath2 *'~ mice |Britanova et al., 2006b]. The

o

FIGURE 3. SATBZ gene mulation. A, B: DNA sequence analyses
of SATB2 from the patient and his father, respectively. The arrows
indicate the heterozygous mutation, T/C, in the patient and the
wild-type only, C, in the father. C: The patient’s leukocyte RNA
sequence analysis. The arrow indicates the mutant base.T, is pre-
sent in an amount equal to that of the wild-type base, C. I): Re-
striction enzyme analysis. With a mutagenic primer. the mutant
allele in the patient {P) eliminates the BssSl recognition site
resultng in an uncut 605-bp band, presenting along with a
566-bp band of the wild-type allele. The 39-bp band of the cut
wild-type allele is not visible. The patient’s father (F), mother
{M). and controls {C) have only the wild-type allele. The 500-bp
band of the 100-bp marker (M) is indicated by an arrow. [Color
figure can be viewed in the online issue, which is available at
www.interscience wiley.com. )

Hurum Mutargn DO 101002 Arumu
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abnormal craniofacial paterning in Sath? KO mice mvolves
desuppression of the Hoxa2 expression. Hoxal inhibits bone
formation, and Satb? suppresses Hoxa2 expression, so the absence
of Saib2 inhibits usteoblast differentiation |Elies and Krumdaud,
2006). Craniofociat development is sensitive to Sath? dosage, with
full functional Toss resulting in amplificarion of the defects seen in
Satb? haploinsufficiency |Brtanove et al., 2006b]. Qur patiend's
craniofacial abnormalities are more severe than those associated
with the SATB2 hapluinsufficiency of 2¢32-433 deletivns and
ranslocations, perhaps due w the possible dominant negative
nature of his mutation. In addinpa o abnonual  skeleal
patterning, generalized vsteoporosis and fraciures vccurred in our
patient, consistent with the proposed rofe of SATB? in regulating
skeleral development and vsteoblast differenuiation [Dobreva
et al., 2006].

Cur patient also has profound mental retardaton and epilepsy:
Satb2 s expressed in mouse and rat develuping nevcortex amd is
involved in the conwrol of nevrunal differentation and owgration
|Britanova ec al., 2005, 2006a; Szemes et al., 2006]. Our patient has
a normal head circuinference, whereas the Sab?* ™ mice were
microcephalic, with increased microcephaly in Sath?2 ™™ |Bntanova
et al., 2006b). The o patients wath (ranslocations involving
SATB? haploinsufficiency had mild leaming disabelity in addion o
clefe palate [FuzParrick et al., 2003]. Our pauent’s pleasant
personaliry resembles thar of padients with the del(2)(432.2433}
intersnidial Jdetetion syndrome [Van Buggenhoue er al., 2005].

SATB? regulates expression of the immunoglobulin mu gene
[Dobreva ec al., 2003], and the panent had frequent respirasory
uzce infecrions, but his inmunoglobulin levels, including IgM,
were normal. The hyperintense mass a1 the right side of our
patient’s C3-4 vertebrae was thought w be a schwannuma,
mesenchymal tumur, or an expansile benign bony tumor; the
relationship 1 SATB2 mutations requires further investiganon.
Since chromosomal aberrations affecr many different penes, the
contribution of SATB2 murations 1o the phenctypes of patients
with chromosomal transiocations and interstitial deletions is not
known, A T190A mutation in SATB2 has recently been idencified
in a Filipino patient with isolared bilateral cleft fip and cleft palate.
Although rot {ound in 186 matched controls and in a panel of
1,064 Centre d'Ewde du Polymorphisme Mumain (CEPH)
controls, this mutation involves a base that is not highly conserved
across species. is predicted o be benign by PolyPhen (www.bork.
embl-hewdelberg.de/PolyPhen: Peer Burk EMBL, Heidelberg,
Gernmany), and was present in his unaffected mother. The
presence of only cleft palate and not cleft fip in our parient, in
individuals with chromosomal aberrations involving SATB2, and
in Sartb2 KO mice makes the etivlogic role of the SATBZ T190A
mutation further suspect. In contrast, the pathugenic role of our
patient’s ¢.715C>T mutation in SATB2 is supported by three
lines of evidence. First, this nunsense muration is expecred
resuft in a truncated protein of 238 residues, instead of 733
residues, lacking the two funcrional CUT domains and home-
odomain. Second, his molecularly-confirmed biologicat parents
had only wild-type alleles, indicating that the mutation is de nove.
Third, the muration was absent from 105 ethnically-matched
control individuals. Therefore, the ¢.715C > T mutation is ghe first
definitive intragenic mutation of SATB2 in a human; a previous of
70 vnrelated isulated cleft palate patients failed o lentify any
pathogenic SATB2 mutations |FitzParrick et al., 2003].

The presence of the mutant RNA in our patient’s levkocytes
indicated lack of nonsense-mediated mRNA decay. Rather,
rranstation is predicted to produce 2 tuncated protein of 238
residues retaining its dimerization domain (residues 37-231).
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Nevertheless, impaired function conld result in haploinsufficiency.
With respect to the mechanism of the defect involved. it should be
noted that the transcripts used in onfstudy were from adult
leukocytes, while SATBZ acts early in development; the transeripe
levels should be interpreted with caution. As more patients with
SATB2 mutations are recopnized, the syndrome will be berzer
Jefined. Patients with phenotypes similar to thar of our patient
(Table 2). but with an wnidenufied causative gene, should be
considered candidates for SATBZ mutation analysss,
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Abstract Previous studies cbserved that MSX/
mutations could contribute to nonsyndromic cleft lip
with or without cleft palate {CL/P) in seme popuia-
tions. Of the proposed pathogenic mutations. the
P147Q variant was predominamt in Vietnamese and
present in Filipino populations. We investigated whe-
ther MSX} mutations also contribute to nonsyndromic
CL/P in the Thar population. Specifically. we
performed mutation analysis covering all the coding
regions of the MSX/{ pene for 100 Thai patients with
nonsyndromic CL/P. A total of eight variant sites were
identified. Six were in coding regions. including
four nonsynonymous changes, 101C > G (A34G),
440C > A (P147Q). 799G > T (G267C). and 832C > T
(P2783). The G267C and P278S variants were
predicted to be “probably damaging” by PolyPhen,
chanped themselves as potential exonic splicing enh-
ancers for sennefarginine-rich proteins, and were not
present in 62 control individuals of Thai ethnic
background. Unlike all of the previously reported
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potential missense mutations in MSX/, these two novel
potential mutations wcre found in exon 2 on the
C-terminal side of the homeodomain protein. More-
over, in contrast o previous reports. we found the
P147Q variant in 8 out of 100 Thai controls and an
association between the variant and CL/P in our pop-
uiation could not be detected, suggesting that it is not
pathogenic. Qur data support that MSX/ mutations are
found in 2% of cases of CL/P and should be considered
for genetic counseling implications. but suggest that the
P147Q variant is not pathogenic. .

Keywords Nonsyndromic cleft lip - MSX/ -
Mutations - Association - Haplotype

Introduction

Nonsyndromic cleft lip with or without cleft palate
{CL/P) is the most common craniofactal anomaly. It
has a prevalence of approximately 1 in 630 among Thai
newborns (Shotelersuk et al. 2003). Environmental and
genetic factors have been implicated in CL/P and
several different loci and genes have been associated
with them {Jugessur and Murray 2005).

In 1994, MSX] first emerged as a candidate based on
the CL/P and foreshortened maxilla phenotype in the
knockout mouse (Satokata and Maas [994). Several
association studies of the gene with CL/P and cleft
palate only (CPO) further supported the role of MSX!
in nonsyndromic clefting in different populations
(Lidral et al. 1v9%; Blanco et al. 2001: Jugessur et al.
2003). Later on, a study of a Dutch family with tooth
agenesis and various combinations of CL/P and CPO
showed a nonsense mutation in MSX/, suggesting that
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disease-causing mutations in MSX/ might be etiologi-
cal in a portion on nonsyndremic CL/P cases {van den
Boogaard et al. 20000). Two previous studies, reporting
that 2% of cases of clefting had MSX/ muiations,
supported this hypothesis (Jezewski et al. 2003: Suzuki
et al. 2004). Of the proposed pathogenic mutations, the
P147Q variant was found in approximately 2% of
Vietnamese (Suzuki et al. 2004) and 0.15% of Filipino
cases (Vieira el al. 2005). In the current study. we used
direct sequencing covenng all the coding sequences of
MSX{ to determine whether MSX/! mulations might
be etiological in some cases of Thai patienis with
nonsyndromic CL/P.

Subjects and methods

The subjects of this study were 88 sporadic cases of
nonsyndromic CL/P and 12 additional cases with a
positive family history. Details of their characteristics
and recruitment have been previously reported
(Leoyklang et al. 2000). The study was approved by the
institutional review board of the Faculty of Medicine of
Chulalongkorn University, and writien informed con-
sent was obtained from each person included in the
study. The control samples were Thai blood donors
with no oral clefts who denied history of oral clefis in
other family members.

Genomic DNA  was isolated from penpheral
blood. according 1o estabhished protocols. Primers in
noncoding regions were used to specifically amplify
fragments encompassing coding regions in both exons
(ptimers 1F and 1R for exon 1 and primers 2F and
2R for exon 2 Table I) of the MSX! gene.
Polymerase chain reactions (PCR) were carried out
in a 20-p! volume contatning 50 ng genomic DNA, 1x

PCR buffer. 1.9-20 mM MgCl,. 0.2 mM dNTPs.
0.2 uM of ecach primer, and 0.5 U Tag polymerase,
using the following parameters: 40 s at 94°C. 40's at
the annealing temperature (Table 1), and 40s at
72°C for 35 cycles. PCR products were treated with
ExoSAP-IT {(USP. Cleveland. OH. USA) according
to the manufacturer’s recommendations, and sent for
direct sequencing to Macrogen. Seoul, Korea. Prim-
ers used for sequencing were the same as those for
PCR reactions, except the primer 1RS (Table 1),
which was used for sequencing exon 1 in the 3-5
direction. Analyses were performed using Sequencher
4.2, When the results indicated a possible new
variant. the sample was resequenced. The position of
variants corresponds to the coding sequence for the
nucleotide position within the Genbank entry
AF426432.

The P147Q variant was verified in the patients by
polymerase chain reaction-restriction fragment length
potymorphism (PCR-RFLP) using a mutagenesis
primer P147Q-F and the primer 1RS (Table 1) and
restriction endonuclease. Ddel. In addition. to deter-
mine whether the variant was associated with cleft lip
in our Thai population. we performed an association
study by genotyping 50 more patients with cleft lip with
or without CL/P (bringing the total number of
participants to 150) and 100 That controls.

Standard Chi-squated and p values were calculated
by a program available at hitp/fwww.unc.edu/
~preacher/chisg/chisq.htm. Qdds ratio anl 95% confi-
dence intervals (95%CI) were calculated from the
Ept Info 2000 program downloaded from hetp:#/
www.cdc.goviepiinfo/,

We determined whether the F147Q) variant in the
Thai population was on the same haplotype as the
Victnamese by typing three single nucteotide

Table 1 Oligonuclectides and polymerase chain reaction (PCR) conditions for MSX7 mulation analysis. SVP single nucleotide

polymarphism

Name Primer sequences for PCR 5-3° Product size {bp) Annealing
lemperature {°C}

IF CCAGTGCTGCGGCAGAAGG 848 . 62

IR ATTCATCCGCTGGGGTGAA

2F GOGCTGATCATGCTCCAATGC 556 58

ZR CACCAGOGCTGGAGGAAT

IRS TGGAACCTTCTYCCTGGOTG - -

P147Q-F CCGAGAGGACCCCGTGGATGCAGAGCCCCCGCTTCTLTC {with primer 1RS) 231 58

G267C-R CAGGAAACAGCTATGACCCTGGAAGGGGCCAGAGGCTC {with primer 2F) 448 o0

SNPI-F TAGGGCTTCTCAGGGAATCA o 230 55

SNPI-R TTGCGTGGTTTCCCGTATAC

SNP4/5-F AAGTCCAAAGGATCGTTGTG 960 57

SNP4/5-R GGGAAGATGTGAAATCACCT
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polymorphisms {SNPs). snpl. snp4, and snp5 (SNPs
were designated in accordance with a previous study.
Suzuki et al. 2004} using primers SNP1-F and SNP1-R
{Table 1} and BstBI for snpl: primers SNP4/5-F and
SNP4/5-R (Table t) and BseRl for snp4; and primers
SNP4/5-F and SNP4/5-R and Mboll for snp3. in 50
Thai controls. Haplotype frequencies were estimated
by the EH program, which tested and estimated
linkage disequilibrium between different markers.
downloaded from http:fwww.linkage.rockefeller.edw/
oitfeh.him.

Both of the novel nonsynenymous coding variants.
799G > T and 832C > T. were verified by PCR-RFLP.
using the primer 2F and a mutagenesis primer G267C-
R (Table 1} and Ddel for the 799G > T, and primers
2F and 2R and Mwol for the 832C > T. One hundred
and sixty-two Thai control individuals were also
examined for the varants by restriction enzyme
analysis.

For protein sequence comparisons, MSX1 orthologs
were first identified through a BLAST search of the
nonredundant database using Home sapiens MSX1,
accession NP_002439, as the reference sequence. All
known and complete MSX1 sequences were included
from the vertebrate lineage. These files in FASTA
format were then analyzed by ClustalX 1.81 program.
The human MSX] was aligned with cow (accession
NP_777223), Norway rat (accession NP_112321).
house mouse (accession NP_034965). red jungle fowl
(accession XP_444660). African clawed frog (accession
AAHB1101). and zebrafish (accession NP_571348),
The program classified amine acids by the variation in
polarity. assessing both amino acid class conservation
and evolutionary conservation at any given site.

PolyPhen {(http/iwww. bork.embi-heidelberg. def
PolyPhen/) was used to predict the effect of the
nonsynonymous mutations. ESEfinder sofiware (http://
www.rulai.cshl.edu/1ools/ESE/) was used to predict po-
tential exonic splicing enhancers (ESEs; Shotelersuk
et al. 2004).

Resulis

The sequencing effort concemra(%d on the coding re-
gions of the MSX! gene. In 100 DNA sampies from
subjects with nonsyndromic CL/P. 8 vartant sites were
identified. Seven were single nucleotide changes.
comprising 3 transitions (2 in coding regions) and 4
transversions {alf 4 in a coding region). The other
variant was a single nucleotide deletion in intron 1
(Table 2).

The coding regions of MSX! contained 6 different
variants, 2 synonymous and 4 nonsynonymous. Two
nonsynonymous variants, 101C > G (A34G) and
440C > A (P147Q)). were in exon 1 and have been
previousty reported. The A34G variant, previously
reported as a nonpathogenic polymorphism (Suzuki
et al. 2004). was found in 8 of our patients, 4 were
heterozygous and the other 4 were either homozygous
or hemizygous. Individuals who were homozygous/
hemizygous for A34G have never been reported pre-
viously. The P147Q vanant, previously proposed to be
a pathogenic missense mutation in Vietnamese and
Filipino cases (Suzuki et al. 2004; Vieira et al. 2005).
was found in 3 of our 100 patients, all in the hetero-
Zygous state. Because of tts relatively high prevalence
in our patient group. we determined its frequencies in
50 mere patients with nonsyndromic CL/P and 100
normal Thai controls. The observed frequencies of the
440C and 440A alleles, and the CC and (A genotypes
in affected subjects and controls are shown in Table 3.
The observed distribution of genotypes among controls
was compared with that expected according to the
Hardy-Weinberg equilibrium: no difference was tound
(* = 0.007. df = t, P = 0.93). Genotype frequencies of
the patients also followed the Hardy-Weinberg equi-
librium (7 = 0.002, df = 1. P = 0.96). The distributions
of alleles and genotypes among patients were com-
pared with those among controls: no differences of
either allelic {P = 0.285) or genotypic (P = 0.277) dis-
tributions between patients and controts were found.

Table 2 Variant sites of MSX/ found in 100 Thai patients with nonsyndromic cleft palate (CL/P)

Nucleotide Exonfintron Nucleotide Expected amino Frequencies of © Frequencies of

position change acid chanpe heterozygoles homozygotes/hemizygotes
90 Exon | C>A A30A 0 2

101 Exon | C>G A34G 4 4

330 Exon 1 C>T G110G 15 15

440 Exen 1 C>A 271470 3 0

452-14 Intron ) del T - 8§ a

799 Exon 2 G>T G267C 1 0

832 Exon 2 C>T P2788 1 0

8% + 6 IUTR C>T - 0 1
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Table 3 Genotypic and allelic distributions and compansons of
the MSX/ 440C > A in patients with CL/P and controls

Patients Controls  ° Odds ratio
(7= 1350) (= 100) (P value,df=1) (95% CI)
Alleles
C 0977 0.96
A 0023 .04 1.145 (D.285)
Genotypes
CC Y33 (143) 092 (9)
CA 0047(7) 008 (8) 1.182(0277)  0.56 (0.18-1.78)

In addition. no asseciation was found with the CA
genotype compared with the CC (odds ratio 0.56. 95%
€1 0.18-1.78: Table 3). In contrast 1o a previous study
in a Vietnamese population {(Suzuki et al. 20(H4), the
P1470Q variant was not assoctated with cleft lip in
the Tha) populatien. Next, haplotype analysis was
performed in 50 unrelated controf Thai. The results are
shown in Table 4. Of the 8 440A alleles found in Thai
controls. 7 were on the haplotype #5 (included in the
haplotype #4 of a previous study, Suzuki et al. 2004).
the same haplotvpe as in the Viethamese. Due to
the unavailability of samples from the relatives of our
CL/P patients. we did not determine the haplotype of
their Pi47Q varants.

The two nonsynonymous variaots in exon 2,
799G > T (G267C) and 832C > T (P2788). have not
been previously reported (Fig. 1). One variant was
found in each of 2 patients: both were sporadic cases,
with normal development, no anomalies besides the
oral clefts. no consanguinity and no mutations in the
coding region of p63 {(Leoyklang et al. 2006}, Clinical
and molecular features of these two patients with
potential mutations are shown in Table 5.

Discussion
The sequencing analysis of the MSX1 gene found four

nonsynonymous variants. Two of them, the 799G > T
(G267C) and 832C>T (P2788) varants, were

predicted to be “probably damaging™” by PolyPhen,
changed (either created or elimigated) themselves as
potential ESEs for serine-arginink (SR) proteins, and
not present in 162 control individuals of Thai ethnic
background. Both were found in exon 2 and have not
been previously reported. Exon 2 of the MSX7 was
mosily conserved with significantly fewer sequence
variations compared with exon 1 (Jezewski et al. 2003).
These two potential mutations were found on the
C-terminal side of the homeodomain protein while all
of the previously reported potential missense muta-
tions [E78V (Jezewski et al. 2003), G91D (Jezewski
et al. 2002), GI98E (Suzuki et al. 2004), V114G (Jez-
ewski et al. 2003), G116E (Jezewski et ab. 20413}, and
R151S (Jezewski et al. 200%)]) were on the N-terminal
side of the homeodomain protein. Moreover, for the
P2788 mutation, the proline 278 is conserved in MSX1
to the cow. rat. mouse. chicken, and frog protein se-
guence: and there is a substantial change in amino acid
class. from nonpolar proline 1o potar serine.

Previous studies suggested that the P147Q varianat
is ctiologically based on the sirong conservation of
the amino acid and the surrounding amino acids. the
segregation analysis, and its absence in over 1.600
control individuals of various ethnic backgrounds
{Suzuki et al. 2004; Vieira et al. 20(i5). Nevertheless,
the fact that in some cleft families with the P147Q
variant it was found in unaffected members while some
affected did not carry it (Vieira et al. 203} makes its
role arguable. A previous observation suggested that it
was a founder mutation in the Vietnamese population.
In this study, the P147Q variant has been found in 8
out of 100 Thai controls. suggesting that it is not etio-
logic. In addition. an association between the variant
and cleft lip in our population could not be detected
(Table 3). Next, we determined whether the P147Q
variant in our population was on the same haplotype as
those in Vietnamese by genotyping three SNPs. which
would be able to identify the four most common
haplotypes in the Vietnamese {Suzuki et al. 2004). We
did not genotype the snp2; therefore, hapiotype #1 in

Table 4 Top 92% of haplolypes from 50 unrclated control Thai subjects

Hapiotype # Sapt" P1470Q Snp4” Snp5* Frequency
{designated in (-8796A > () (440C > A) {452-667T > G) {452-402G > T) (#A1otal chromosomes)
Svzuki e1 al. 20Md)

1 {1 and 3) A C T T 2T00

2(3) G C » T T 27100

3(2) A C G G 22100

4 {4) A C T G 100

5(4) A A T G 100

“Numbers of SNPs are those used in Suzuki et al. (2004)
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Patient |
799G>T (G267C)
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Fig. I Mutsuon analysis. The left and right panels relate 1o
patients } and 2 respeciively. a Electropherograms of palients,
showing 799G > T and 832C > T (arrows) in paticmis 1 and 2
respectively. b Electropherograms of controls showing normal
pemeypes al nueleotide 799 as GG and 832 CC (arrows). ¢
Resiriction enzyme  digestion amalysis. C1 and 2 denote
controls, Mk 100-bp marker. and £ patient. The arrowhead
indicates the 2(X-bp marker. In the fefr ponel. Ddel digesied the
448-bp product of controls into 220-. 150-bp. and other smaller
products {not shown)., The 799G > T mutation in palient 1
creales another Ddel resiriction site. Therefore, the 220-bp PCR

Patiemt 2
8320>T (P2785) §

[

product of the mutant allele of the patient is further digested into
181- and 39-bp (nol shown) products, present with the 220-bp
product of the normat allele. indicating that patient 1 is
heterozygous for the 799G > T mutation. In the righr panel.
Mwel chgesicd the 556-bp product of a centrod inte: 108-, 82-hp,
and other smatler products (not shown). The 832C = T mutation
in patient 2 eliminates a Mweol sile. leaving the 120-bp product.
present with the digested 108- and 12-bp (nol shown) of the
normal afleles. indicating that patient 2 is hetervzygous for the
832C > T mulation

Table 5 Clinical and molecular features of patienis with potential mutations

Patient 1 Patignl 2
Age (ycars) 45 1.3
Sux Female Male
Province Trang Trang
Clel wype Left complete cleft ip and palate Left complete cleft lip
Nucleotide change (heterozygous) G =T 8RC =T
Lxon 2 2
Expecled amino acid change G267C P2785

Animals with (he same amino actd at the codon
Position in MSXI

PalyPhen prediclion

Frequency in 324 control chromosome 0

Cow. chicken. frog"
42 AA 3 10 homeobox
‘ﬁrnhably damaging

Cow, rat , mouse. chicken. frog"
53 AA 3 to homeobox
Probably damaging

0

*Codon 267 of ral, mouse, and zebrafish is serine. which is a polar, uncharged amino acid: and codon 278 of zebrafish is asparagine,

which is polar. uncharged
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our study included both haplotypes #1 and #5 of the
previous study {Suzuki et al. 2004). We showed that the
P147(Q) variant in our contreol Thai subjects (Table 1)
was on the same haplotype as thos¢ in Vietnamese
(Suzuki et al. 2004}, This observation strongly suggests
that this P147(Q variant in both the Thai and
Vietnamese populations is inherited by descent from a
founder genetic change. PolyPhen predicted the P1470
variant to be benign. This evidence suggests that the
P147Q) is neither pathogenic by itself, nor associated
with cleft lip in the Thai population.

The A34G variant was a change within amino acid
class. previously reported in cases and controls. and
previously proposed to be benign (Jezewski et al. 203
Suzuki et al. 2004). The roles of the two synonymous
variants and the two variants in noncoding regions
nced further investigation.

Cleft palate is a muitifactorial disorder caused by a
combination of genes and environmental interactions.
These factors may contribute differently to CL/P in
different populations. In the Thai population, we have
shown that there were associations between cleft lip
and the maternal MTHFR 677CT/1298AC genotype.
with an odds ratio of 4.43 and a 95%CI of 1.33-15.10
(Shotelersuk et al. 2003). and the JRF6 820G > A SNP
of the proband. with an odds ratio of 1.67 and a 95% (I
of 1.13-247 (Srichomthong et al. 2003). We also
demonstrated that the p63 mutation was responsible
for approximately 1% of nonsyndromic clefi lips in the
Thai population {Leoyklang et al. 2006). In this study.
we have shown that MSX! mutations cause 2% of That
cases of noasyndromic cleft lip. Other populations may
have different percentages of contributions from these
genes.

This repornt demonstrates that the MSX/ mutations
appear to conintbute about 2% of cases of nonsyn-
dremic CL/P, consistent with two previous reports
(Jezewski et al. 2IM3; Suzuki et al. 2004), but suggests
that the P147Q variant is not pathogenic. Further
studies of the full phenotypic spectrum and penetrance
of MSX/! mutations may improve genetic counseling
in famities with mutations.
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To the Editor;

The most common clinical manifestations of
trisomy 9p syndrome include mental retardation, a
wile fontanelle, microcephaly, downslanting and
deep ser eyes, prominent nasal root with a bulbous
nasal tip, low-set abnormal ears, minor skeletal
anomalies (hypoplastic phalanges, clinodactyly of
the fifth finger and hypoplastic nails) and single
palmar crease [Sutherland et al., 1976; Young et al..
1982; Haddad et al., 1996; Fujimoto et al.. 1998;
Sanlavitle et al.. 1999]. Intrauterine growth retardua-
tion, cleft lip/palate and congenital heart defect
(CHD) are seen infrequently, unless the trisomic
segments extend through 9922--9q32 [Wilson er al.,
1985).

In some cases of partial msomy, analysis of the
genotype—phenotype relationship is complicated by
the presence of a comptex chromosome rearrange-
ment, which cannot be defined solely by conven-
tionat G-banding technique. Molecular cytogenetic
methods, such as mukicolor fluorescence in sitn
hybridization (mFISH) and multicotor banding
{mBAND) analysis, may be required to define the
interpretation [Chudoba et al., 2004]. Since small

rearrangements involving chromosome end are not
well represented in mFISH and mBAND, subtelo-
meric FISH probe sets can be applied 10 idedtify
cryptic aberrations that might be the cause of
dysmorphic featwres and idiopathic mental retarda-
tion in some patients [Knight et al., 2000).

We present a patient with clinical features resem-
bling trisomy 9p in whom mFISH., mBAND and
subtelomeric FISH demonstrated de novo trisomy 9p
with an addiuonal copy of 9p13 — 9pter ettached 10
9qrter and a 9934.3 subtelomeric deletion at the
insertion  breakpoint. While the 9p duplication
explained several of the dysmorphic features, the
9q34.3 deletion might account for the conctruncal
heart clefects in this patient.

The proband was a female infant bom at term, by
vaginal delivery, 1o a 24-year-old, Gravida 0 Para 0
mother. Ultrasonography at 18 weeks gestational age
showed polyhydramnios; and at 32 weeks gesta-
tional age a ventricular septal defect (VSID), pulmon-
ary valve stenosis and tricuspid regurgitation were
noted. Birth weight was 2,560 g (25th centile), length
was 4G ¢m (25-301th centile), and head circumfer-
ence was 30.3 cm (3rd centile).

Multiple dysmorphic features were noted at bieth,
including overlapping cranial sutures, bitemporal
narrowing, sunken eyes with short and downslant-
ing pulpebral fissures, u bulbous nose, low-set ears, 4
right preauricular skin tag and over-folding of the

*Comesponduncy wr: Monaham Tansaw, MDD, Unit of Human
Genetics, Pepartment of Anawmy. Faculty of Medicine, Kiag Chula-
longkorn Mumorad Hospiul,  Chulalongkormn University, Rama 1V,
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helices, redundant nuchal skin, webbed neck and a
soll tissue mass at the midline of the anterior chest
wall (Fig. 1). Also present were bilateral clinodactyly
and hypoplasia of the middle phatanges ol the [fth
fingers and ulnar deviation of both thumbs. The 10es
were overlapping. The exiernal genitalia appeared
normal zand there was a pilonidal sinus at the coceyx.
Neurologically. the infant was hypoactive with
hypotonis und normal neonatal reflexes.

Postnatal echocardiogram confirmed the prenatal
findings ot large VSD. atrial sepal defect, paten
ductus aneriosus and right ventricular hyperntrophy
consistent with Tetralogy of Fallot (TOF). Because
the pulmonary valve leaflets were absent, annulus
was hypoplastic and pulmonary trunk and proximal
right und left pulmonany wteries were dilated, the
heart was deseribed as TOF with absent pulmonary
valve syndrome. Family history was negative for
CHDs and consanguinity. The paient divd at age 4
months from cardio-respiratory failure relmed to the
CHDs. Autopsy was dechined.

Metaphase chromosomes were obtained from
phytohemagglutinin  (PHA)-stimulated  peripheral
blood lymphocytes, and G-banding was performed
using standard methods [Watt and Steven, 1986,

mFISH was performed on metaphase chromo-
somes using 3 24XCyle probe kit (MetaSystems,
Altlussheim, Germany) according 1o the manufac-
mrer’ s instructions.

mBAND was performed on metaphase chromo-
somes using an XCvte9 chwomosome  9-specific
mBAND probe (MctaSystems). Both mFPISH anc
mBAND images were captured and analvzed using
3 Zeiss Axioplan 2 imaging microscope (Carl Zeiss,
Jena, Germany) and the Isis software (MetaSystems).

The subtelomeric deletion of 9y was investigated
by FISH using subtelomeric probes of 9p antl 9q
(BACPAC clones RP11-174M15 and RP11-885N19,
respectively). Briefly, FISH was performed on meta-
phase chromosomes of the patient. Clones were

TABLE i. Clones Used Tor 9gter Deletion @nd 9p13 Duplicition
Nreakpoints Mapping
T

Lescation
(M1 froam
4 twelomere

Loration
(M1 from
Op whomere

Clone 2343 Clone 9p21.1-13

RI'}1-H85N1G Gl RE11-205M20 325
RI" 3—i67ES 0z RP11-355N21 354
R —a8C7 A RP11-397M2 AT.A
RP11-229171 3 1.0
RP11--113M3 1.4
RP 113901111 S
RPYI-37a4P20 i

e fercitions of all ddones corresponed o the May 2000 deat scoguence of the
Fvrman geaome onthe 1 osC Coenome Bomtformiies browser

directly labeled with SpectrumGreen or Spec-
trumRed (Vysis, Des Plaines, IL) by nick translation
according (o the manufacturer’s specifications. Chro-
mosomes were counterstained with DAPL.

The 9934.3 deletion and 9p duplication break-
points were mapped by FISH in essentially the same
manner using the clones listed in Table 1.

Using the smandard G-banding technique, the
patien’s karyolype was interpreted as 46.XX,
der(IN{9:7)(q34.3:7) at the 550-band level of resolu-
tion (Fig. 2). The derivative chromosome 9 had extra
material anached 1o 1he Yqter. Both the paternal
and nuternal karyotypes were normal, suggesting a
e novo event. .

mFIsH confirmed that the der (9) extra material
was of chromosome 9 origin (Fig. 3A-C). mBAND
analysis revealed an additional copy ot 9p13 — 9pter
attached 1o the 9gier in a divect fashion %resulting in
partial trisomy ol 9p (Fig. 3D and 4). To determine
the presence of 9q subtelomeric region of the
derivative chromosome, TISH using 9p and Yg
subtelomeric probes was carried out. The results
demonstrated a subtelomeric deletion at the inser-
tion breakpoint on the 9qter (Fig. 5A). Mapping of
the 9 34.3 deletion breakpoint was accomplished by
systematically  narrowing by FISH with genomic
clones located within the most distal 4 Mb of 9qter.
The 6 BAC clones used in mapping the deletion
breakpoint and their locations from 9q welomere are
listed in Table 1. FISH demonstrated the deletion
breakpoint lies between clone RP1I=413M3 and
RP11-229P13 (Fig. SB.C). The deletion size was
approximately 1.4 Mb. The 9p duplication break-
point was mapped by FISH using clones spanning
region 9p21.1-9pl13 listed in Table I. The result
indicated that the duplication size was about 35.4 Mb
(Fig. 510).

This patient with multiple dysmorphic features,
TOF with absernt pulmonary valve. and an abnormal
karyotype showing a derivative chromosome 9 with
an abnormal long arm was more precisely defined
using MFISH and mBAND. The results revealed an
unusual case of de novo trisomy 9p in which an
additional copy of the 9pl13 — 9pter was inserted at
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Chromosome 9

550 band resolution

Normal chromasome 9 Derivalive chromosome 9

Fuooan Rleespram flastrates the duplicaed segmwent o thae <t wms o e
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(9q34.3) on the 9quer, which might explain the CHDx
in this patient.

Fine mapping of the 9934.3 deletion breakpoint
indicated that the deletion size was approximately
1.4 Mb, corresponding to the critical chromosomal
region responsible for subtelomeric 9g34.3 deletion
phenotypes [Stewart et al,, 2004]. This mininm
crivical region is an approximately 1.2 Mb interval
from the 9q telomere, encompassing ai least 14 genes
or transcripts, and it is suggested that haploinsuffi
ciency of one or more genes within this region
most probably accounts for the 9q- syndrome.
Recent study suggested that EHMT? gene, which
Jocates in this commonly deleted region, was most
likely responsible for the larger part of 9q- pheno-
type [Kleefstra et al., 2005; Kleefsira et al.. 2000]. A
review of the literature showed that the phenotypic
findings of the subtelomeric deletions of chromo-
some 9G34.3 generally consist of mental retardation,
distinct facial features and CHDs particularly con-
otruncal heart defects [lwakoshi et al., 2004; Stewan
et al., 2004; Neas et al., 2005). Table 11 summarize$ the
clinical feawres in 25 reporied patients with sub-
telomeric 9g34.3 deletions compared to the clinical
teatures of partial wisomy 9p patients. Our patient

showed the characteristic face and hands of the
trisomy Yp syndrome while theffeatures commonly
seen in 9q34.3 deletion patients such as mid-facial
hypoplasia with synophrys and ‘or arched evebrows,

. &

s (S —

n
hormal 9 —»

Fue 50 FISHD mappmyg of (e g delction: and 9p duplication bhreakpoints
A Motaphase spreacks wene aralyed 1or the presenos of subtelomenc reggon of the
T s eof the densanive chromaosenme 9l the insenion Inc,lkp-.-.nt]q FISH ussing
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anel thes e spmal was the sabtelomene regon oF the S e S subtelomenc eglon
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2298 8 el RETT=300 118 s Tabsebock in peen s el nsspectively, Red signals
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anteverted nares, carp shape mouth, thick iower lip,
and tongue protrusion, were not present (Table 11).
TOF with absent pulmonary valve in our patient was
more compatible with the conotruncal CHDs asso-
Jciated with 9934.3 deletion [Stewart et al., 2004). It
is possible that the subtelomeric region of 9q might
be critical for heant development, especially for
conotruncal development.

In most reported cases, the partial trisomy 9p was
the result of a parental reciprocal translocation bet-
ween chromosome 9 and another chromosome; in a
small number, it was due 1o the tandem duplications
tCuoco et al., 1982; Haddad et al., 1996; Fujimoto
et al., 1998, Tsezou et al,, 2000; Christina er al.. 2003},
In this new patient, the duplicaied 9p segment
{(9p13 — 9pter) was inserted at the terminal end of
the long arm, and the subtelomeric region of 9934.3
wus found 10 be deleted. One possible mechanism
to explain how this unusual cytogenetic finding
occurred is the elomere capture, through which a
terminally deleted chromosome is stabilized by
acquiring a new telomeric sequence from another
chromosomal location, which resulis in a derivative
chromosome (Ballif et al., 2034]. However, such a
chromosome abnormality was not typical of cases of
de novo trisomy 9p and could not be confirmed by
the G-handing technique alone.
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PTEN c.511C>T Nonsense Mutation in a BRRS Family Disrupts a
Potential Exonic Splicing Enhancer and Causes Exon Skipping
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Bannayan-Riley — Ruvalcaba syndrome (BRRS) is an autosomal deminant disorder charac-
terized by macrocephaly, intestinal hamartomatous polyps, lipomas and pigmented macules
of the glans penis. We identified a That family affected with BRRS. In addition to typical mani-
festations of BRRS, the proband has a large hepatic AVM which is rarely found in BRRS. The
molecular analysis revealed atfected members were heterozygous for an exon skipping-
associated nonsense mutation ¢.511C>T in the PTEN gene. The mutation was previcusly
assumed 1o be deletericus by causing a change to a termination codon, Q171X. We, herein,
found 1hat another pathogenic effect was splicing related by disrupting a potential exonic spli-
cing enhancer (ESE) and causing an entire exon 6 skipping. The results prompted us to
investigate other reported missense/nonsense mutations in the PTEN gene. We found that
they do not colocalize with ESE sites, suggesting that most of their pathogenic effects are not

through ESE disruption.

Key words: Bannayan—Riley—Ruvaicaba syndrome — Cowden syadrome — nonsensg mutations ~

exonic splicing enhancer

INTRODUCTION

Germline mutations in the tumor suppressor gene PTEN
{phosphatase and tensin homologue deleted on chromosome
10) have been implicated in PTEN hamartoma tumour §yn-
dromes (PHTS) including Cowden syndrome (CS; MIM
158350), Bannayan—Riley—Ruvalcaba syndrome {BRRS;
MIM 153480), Proteus syndrome and Proteus-like syndrome
{1-4). Although the clinical manifestations of these four dis-
orders differ significantly, all have increased likelihood of
benign tumor growth. Of the four entities, CS and BRRS
display the bighest degree of clinical overlap. C8§ is an auto-
somal dominant disorder characterized by multiple hamarto-
mas affecting derivatives of all three perm layers and an
increased risk of breast, thyroid, and endometrial angr other
cancers (5—8). BRRS, a phenotypic variant of CS, is

For reprints and commespondence: Vorasuk Shotelersuk, Division of Medical
Genetics and Mcetabolism, Depanment of Pediatrics, Sor Kor Building

1 hih floor, King Chulalongkomn Memeorial Hospital, Bangkok 10330,
Thailand. E-mail: v k.s@chula.ac.th

charactenzed by the cardinal featres of macrocephaly, intes-
tinal hamartomatous polyps, lipomas and pigmented macules
of the glans penis. Other features in BRRS include
Hashimoto’s thyroiditis, vascular malformations, hemangio-
mas and mental retardation (9—11).

Approximately 60-65% of individuals with a clinical
diagnosis of BRRS have a detectable PTEN gene mutation
(1,12-14). The PTEN gene maps to 10g23.3 and encodes a
dual-specificity  phosphatase  which antagonizes the
phosphoinositol-3-kinase {P13K)/ Akt pathway leading to
Gl-cell-cycle arrest or apoptosis as well as inhibits cell
spreading via the focal adhesion kinase pathway (15-19).
Genotype—phenotype analyses revealed an association
between the presence of PTEN mutation in BRRS and the
development of lipomas and tumors of the breast (1).
Individuals with BRRS and PTEN mutations are currently
thought to have the same cancer risks as individuals with
CS. Therefore, it has been suggested that individuals with
BRRS and PTEN mutation should receive equal attention
with respect to cancer surveillance (1).

£ 2006 Foundation for Promotion of Cancer Research
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At least 173 different disease-causing mutations have been
characterized in the PTEN gene (hup://www. hzind.cf ac.
uk). OFf these, 73 are missense /nonsense muiations. ldentical
nutations have been identificd in some families with
Z“owden syndrome and in others with BRRS. In addition,
amilies whose members have overlapping features of both
:onditions have been identified (),14,20). There is still no
lear explanation for this phenomenon,

We present a Thai BRRS family with a germline
nutation, ¢.311C>T (p.Q171X). in the PTEN gene. The
nutation has never been reported in BRRS. In addition, our
ratient has a large AVM in the liver which is rarely found in
3RRS. We also demonstrated that this nonsense mulation
ictually disturbed splicing presumably from disrupting a
»otential exonic splicing enhancer (ESE) causing skipping of
he whale exon 6. In addition, we have found that other
seported missense/nonsense mutations in the PTEN gene do
not colocalize with ESE sites, suggesting that most of thejr
pathogenic effects are not through ESE disruption.

PATIENTS AND METHODS
Crintcan Report

A 48-ycar-old Thai male patient presenied with a 5-day
history of painless hematochezia. He denied any fever,
nausea, vomiting, abdominal pain and weight loss. He rarely
drinks or smokes. The gastroscopy revealed three medium
size esophageal varices at distal esophagus. multiple polvps
starting from hypopharynx 1o lower ¢sophagus, in gastric
remnant, duodenum and jeyjunum. Colonoscopy showed mui-
tiple sessile polyps in his entire colon and rectum (more than
100 polyps). Their sizes varied from 0.5—1.5 em. The biopsy
showed hamartomatous polyps.

His past medical history was notable for muliiple episodes
of gastrointestinal bleeding. When he was 13 years old, he
was hospitalized for upper GI bleed. He underwent gas-
troscopy which revealed muliiple gastric palyps. He also
developed several subcutancous nodules of various sizes on
his trunk and extremities since age 10, He had undergone
several surgical resections of subcutancous lipomas.

T i Y e
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His birth history was unavailable, The family history was
significant for multiple subcutanedls masses in his mother
and his second daughter. Even though his mother was noted
to have multiple subcutancous masses and now is 80 years
old, she has never suffered from major illnesses. She was
unavailable for evaluation. His 21-vear-old elder daughter
has not had any clinical features of BRRS. His second
daughter is 17 years old. According 1o her mother, she was
born at term after an uncomplicated pregnancy with birth
weight 4000 ¢ (>-97th centile). Other birth parameters were
unavailable. Her development was appropriate for age. She
was diagnosed with hypothyroidisn: ai age 9. She also devel-
oped multiple subcutancous masses of various sizes on all
four extremities and wrunk since age 9. The proband also has
10 other siblings. They were noted to have no clinical
features of BRRS and unavailable for evaluation. The pedi-
gree of this family is shown in Fig. 1A,

At the first genetic evaluation of the proband, physical
examination revealed a height of 1.75 m {25th centile),
weight of 60 kg {15th centile) and head circumference of
61 cm (= 97th centile). A small purplish nodule was noted at
his right buccal mucosa. The thyroid gland was not enlarged
on palpation. Abdominal examination revealed an old surgi-
cal scar with centrifugal superficial vein dilatation. His
abdomen was moderately distended with positive shifung
dullness. His liver and spleen were not enlarged. Multiple
subcutaneous nodules of various sizes were scen on his
trunk and all four extremities. Examination of the geniial
region showed pigmented macules of 1he glans penis

2 L
(Fig. IB and C).

Abdominal CT scan showed hypodensity lesion at left
lobe of the liver. splenomegaly and ascites (Fig. 2A).
Angiogram was performed and showed a large arterigvenous
malformation at left hepatic lobe with enlarged left hepatic
artery (Fig. 2B and C}. A rapid draining into dilated partal
vein was noted. Embolization of the feeding branches was
performed three times with less than 20% residual shuni
remained.

Physical examination of the proband’s sccond daughter
showed a height of 1.71 m (95th centile), weight of 63 kg
{50th ccntile). There were no dysmorphic features.

Figure 1. Pedigree of a BRRS fanily (A) and photegraph of 1he proband showing multiple subcutancous lipomas. over the upper extremity (B) and pigmenied
macules of the glans penis (C). (Please note that a colour version of this figure is availzble as supplemeniary data at hiip;/ /www. jjco.oxfordjournals.org)
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Figure 2. Imaging of the hepatic aneriovenous malformation in the proband. {(A) Compued womogiaphic scan of the upper abdomen showmg hepabie anerio-
ponal shunt. (B. C) Angiogram of the hepatic anicriovenows malformation showing a large mgh fow ancrioportal shuat frem hepatic arterics 10 ponal vein
with marked enlargement of portal vein, (Pleasc noic that a3 colour versien of this figure is available as supplementary data at hupf/

www_jjco.axfordiournals.org)

Table 1. Summary of genctic features of the proband

Characieristics

Vanablc
Ethmicity Thai - - B
Gene PTEN

GenBank accession No,  UZ305 1. Uoa 150, UG24340

Chromosome assignmem 1923

Fype af DNA vanam Germling nonscnse mutation

A C — T subshimion in exon 6 al
nuclestide ST resulling in a change from
glutamine 10 a stop codon (Q171X) as

well as a partial exon 6 skipping causing

a frameshilt with a siop codon 9 ammo acids
downstream

Mutation

Allehic frequency -

Method of mutation
detection

Direct sequencing

The thyroid gland was not enlarged. Multiple subculaneous
nodules of various sizes were seen on her trunk and bilaicral
forearms and legs. Endoscopy and colonoscopy were per-
formed and revealed multiple small sessile polyps (0.3—
0.5 cm in size) in esophagus. duodenum, terminal ilcum,
sigmoid colon and rectum. Genetic featores of BRRS and
the proband are summarized in Table 1.

PTEN Gene AnaLysis

After informed consent was received. 3 ml of peripheral
blood from the paticst and his two daughters were obtained.
Total RNA was isolated from white blood cells using
QIAamprg' RMNA blood mini kit (Qiagen, Valencia, CA,
USA). Reverse transcription was perfon‘nedpusing
imProm-11™ reverse transcriptase (Premega, Madison, WT,
USA). according 1o the manufacturer’s instructions. PCR
amplification of the PTEN cDNA exons | -9 was performed
using primers PTENF! and PTENR1 as shown in Table I.
We used 2 pl of first-strand ¢DNA, 1 x PCR buffer

{Promcga, Madison. WI, USA), 1.5 miv MgCl,, 0.2 mM
dNTPs, 0.5 M of each primer and 0.1 U Tagq DNA
polymerase (Promega) in a iotzl volume of 20 pl. PCR
products were treated with ExoSAP-1T (USP Corporation,
Cleveland. OH, USA), according 10 the manufacturer’s rec-
ommendations, and sent for direct sequencing al the
Macrogen Inc., Seoul, Korca. Genomic DNA of the proband
and his daughters was extracted from peripheral blood lym-
phocytes using slandard techniques. The 3" end of exon 5,
the wholc cxon 6, and the whole exon 7, including fanking
intrenic sequences of the PTEN gene were amplifted using
primers  PTENEx5-F, PTENEx5-R, PTENLEx6-F,
PTENEx6-R, and PTENEx7-F, PTENEX7-R respectively as
shown in Table 2. PCR was performed in $0 ul, conlaining
2 w! of genomic DNA, i x PCR buffer, 1.5 mM MgCl,.
0.2 mM dNTPs, 0.5 £M of each primer and 0.1 U Tag DNA
polymerase. The products were directly sequenced as above.
RTPCR was performed using primers PTENF2, PTENR2 to
amplify the PTEN cDNA exons 5—8. All the PCR conditions
were shown in Table 2.

STUDY OF ASSOCIATION OF PATHOGENIC M)ssLNSE/ NONSENSE
Muramions ave ESE Sites in Tue PTEN Gene

Published data on pathogenic missense/nonsense mutations of
the PTEN gene were used. We searched the coding regions of
the PTEN gene for the presence of ESE motifs with
ESEfinder software (hup://rulai.cshl.edu/toels/ESE/) {21).
To lower the number of false-positive resulls, we used a more
stringent 1han recommended threshold value of 3.0 for all four
types of ESE motifs as recommended in a previous study
{22). ESEs in exon/exan boundaries were exciuded as these
sequences were separated by an intron. For an association
study of nonsense mutations and ESE sites, we calculated the
percentages of sequences that were potential ESEs, which pro-
vided us with the proportion of nonsense mutations expected
to be in ESE motifs. We, then, classified reported nonsense
mutations into those in ESE motifs and those do not.
Comparison of the observed and expected frequencies of the
mutations in ESE sites was performed using standard x* and
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Table 2. Pnmess and PCR conditions

;"r;l‘;lc‘rs_ Sequences o T T £ Anncaling tempetaturcs ( O)
PTENFI 5'-AAGTCCAGAGCCATTTCCAT.¥ o 61
FTENR1 5 -GACACAATGTCCTATTGCCA-Y

PTENF2 5« TGAAGACCAT AACCCACCAC-Y 55
PTENR2? §-CCTTOGTCATTATCTGCACGC-3

PTENEX3-F 5-GATCTTCGACCAATGGCTAAG-Y 53
PTEMEx3-R S -CACAATGTATATACACATACATC-Y

PTENEx6-F S-ATGTTCTTAAATGGCTACG ALY 55
PTEMExH-R SAACCCATTGCTTITGGCTTC-3

PTENEXY-F S'-GATTGCAGATACAGAATCCAT- 55
FTEMEx7-R S TAATGTCTCACCAATGCCAG-3'

P-value by a program available at hitp://www.unc.edu/
~preacher/. For the association study of missense mutations
and ESE sites, we performed similar analysis.

RESULTS

RNA was prepared from leukocytes of the proband and
reverse transcribed. The ¢cDNAs were then sequenced. The
chromatogram showed two transcripts with different height.
The proband was hetevozygous for a mutation in the PTEN
gene causing a skipping of the whole 142-bp exon 6
{Fig. 3B). This skipping is predicted to result in alterations
starting from codon 165 and leading to a frameshift with a
stop codon at position 174. The premature termination codon
(PTC) usually triggers nonsense-mediated mRNA decay.
This mechanism is likely to result in a reduction of
PTC-harboring mRNA ir our patient as shown in Fig. 3A
and B. The genomic DNA of the relevant regions of the
proband and his affected daughter was amplified by PCR
and directly sequenced. The sequences revealed that they
were heterozygous for ¢ 511C>T presumably preducing a
stop coden (p.Q171X) (Fig. 3D). We further went through
all the rest of the sequenced cDNA. The corresponding
mutation found in the genomic DNA was also identified as a
small peak in the chromatogram with the other two tran-
scripts, the wild type transcript and the degraded frameshifi
¢DNA resulting from an exon 6 skipping (Fig. 3E). No other
mutations were identified in PTEN cDNA and genomic
DNA of the proband. RT-PCR to amplify exon 5 to exon 8
revealed two bands of different sizes and amount in the
proband (Fig. 3A). A reduced amount of exon-skipped tran-
script harboring PTC is most likely due to an incony:letc
penetrance of the exon 6 skipping as well as nonsense-
mediated mRNA decay. RNA and genomic DNA of the
unaffected elder daughter were also included in the study
(Fig. 3C and F).

Based on the assumption that mutation-associated
exon skipping has been mostly associated with ESE

disruption, we investigated whether the ¢.511C>T mutation
fies in and abrogates a high score ESE motif in the region
encompassing the mutated residue. We analyzed the
wild-type and mutant PTEN exon 6 sequences with two
available ESE-prediction softwares, ESEfinder (21} and
RESCUE-ESE (23). The results revealed that, although
slightly reducing the score of an SRp40 motif from 4.6 10
4.3 without falling below the threshold value, the .51 1C>T
mutation ¢liminates a potential ESE of an SF2/ASF metif
from 3.53 10 0.582 (Fig. 4).

Potential ESE motifs found in the PTEN gene are lListed in
Table 3. After excluding ESEs in exon/exog boundaries, we
found potential ESE motifs encompassing 390 bp out of the
1212 bp (32.2%) of PTEN coding region. Of the 28 reported
nonsense mutations, nine are in ESE (32.1%). Using the X2
test, we have found that nonsense mutations do not coloca-
lize with ESEs (;)(2 =0, df = I, P = 0.99). For analysis of
missense mutations, of the 47 reported pathogenic missense
mutations, 15 are in ESE (31.9%). Using the x? test, we
have also found that missense mutations do not colocalize
with ESEs (x* = 0.00t, df = 1, P = 0.97).

DISCUSSION

Our patient has clinical features including vascular
malformation suggestive .of BRRS. Hemangiomas and
AVMs are recognized features of BRRS. There are
occasional reports of large visceral AVMs. However, there
has been no prior report of BRRS with AVMs in the liver.
The pathogenesis of the AVM in this syndrome s still under
investigation, There is growing evidence that PTEN is
involved in modulating angiogenesis. PTEN is expressed in
vascular smooth muscle cells and has an antiangiogenic
effect (24,25). It has been shown that PTEN down-regulates
new vesse! formation through suppression of vascular endo-
thelial growth factor (VEGF) expression (26). These findings
suggest that loss of PTEN function leads to dysregulation of
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Figure 3. The PTEN genc analysis. (A) RT-PCR using primers PTENF2
and PTENR2 10 amplify cxons 5 8 of the PTEN cDNA. M- 100-bp marker.
The 500 and the 1000-bp bands were indicaied. 1. no ¢DNA: 2. unaffecied
control: 3, proband. There was an expected 67 1-bp band (arrowhead) from
both control and the proband. A 529-bp product with lcss intensity was also
found in the proband (arrow), The mutation Tound i the proband 1 hkaly 10
causc skipping of the wholc 142-bp cxon 6. (B} Partial scquences of the
cDNaA of the proband showing two transeripts with differcnt heighi, The
higher represemting the wild type transcript whorcas the lower representing
the transcript with skipping of the entire exon 6. (C) Parial scquences of ithe
¢DNA of the unaffected clder daughter. (1) gDNA of the proband showing
a € — T substitgtion 0 ¢xon & at nucleotide 511 {arrows). (E} The funher
sequences of the ¢DNA of the proband showing the correspondinggacico-
tide substilution found in the gDMA as mdicated by the arraw in addition 10
the wild type exon 6 transeript and the degraded exon-skipped ranscripl.
(FygDNA of the unaffected clder daughter showing only C in cxon 6 at
nicheotide 511 (arrow). All tie shown chiromatograms were in the 5 1o 3
direction. {Plcase note that a coloor version of this figure is available as
supplerentasy data at hitp:/ /www.jjco.ox fordjovrmals.org)
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angiogenesis, a possible mechanism underlying AVM in this
syndrome. f

Flis ¢cDNA was scquenced and revealed that he was
heterozygous for a mutation in the PTEN gene causing a
skipping of the whole 142-bp exon 6 (¢.493-634del).
In order 1o identify the basis of exon skipping, we amplified
and scquenced the gDNA of the proband and his affected
daughter from the 3’ end of ¢xon 5 to the 3’ end of exon 7.
To our surprise, we observed no muiation in the studicd
cis-acting consensus elements including Aanking mtronic
sequences as well as a possible branch site in intron 5
{TTTCAAT}) known 10 be involved in RNA splicing.
However, a € — T substitution was found in ¢xon 6 al
nucleotide 511, which is expecled o change a glutaminc to
a stop codon {Q171X]) leading to the truncation of 233
amino acids frem the PTEN protein. This corresponding
nonsense mutation with very low magnitude was identified
in the chromalogram of the sequenced cDNA suggesting a
nonsense-mediated  mRNA  decay. This nucleotide
substitution also caused a partial exon 6 skipping from a
mulation causing ESIE disruption. The fact that we found the
transcript with exon 6 skipping resulting in frameshift
leading 10 truncated protein product in this patient suggested
another pathogenic effect of g 511C>T (Q171X). A reduced
amount of the exon-skipped transcript harboring PTC is
likely due 10 nonsense-mediatled mRNA decay. Here we
showed that ESE disruption causing an exon & skipping
might be one of the pathogenic effects of ¢.511C=T
mutation in the BRRS family. Further studies to show the
¢.511C>T mutation actvally disrupts an S]’Z;’ASF motif by
using a mini gene construct and RNA-protein binding exper-
iments will provide a strong evidence supponing this
finding.

ESEs are discrete, degenerative moltifs of 6—8 nucleotides
Iocated inside exons. The study of normal splicing suggests
that most ¢xons contain at least one funcilional ESE sie. ESEs
are required for definition and/or efficient splicing ol the
cxons in which they reside. ESEs are target sequences for the
famity of conserved essential splicing factors—the serine/
arginine-rich (SR) proteins {27). Nucleotide substitution in
ESEs can result in decreased binding of SR proteins or other
splicing factors to the ESE, leading 10 a failure to recognize
the sequence as cxon by the spliceosome and to cxon
skipping. Splicing signals are a frequent target of mutations in
genetic discascs and cancer. Tt has been estimated 1hat at east
15% of point mwmations that result in a human genetic discase
cavse RNA splicing defects (28). We analyzed the wild type
and muwant PTEN exon 6 sequences with ESEfinder
software and found that the ¢.511C>T mutation eliminated
the potential ESE of SF2/ASF motif. This result suggested
that the ¢.5]11C>T mutation disrupted an ESE motif and
caused an entire exon 6 skipping. This skipping is
predicted to result in alterations siarting from coden 165 and
leading to a frameshift, causing a degradation of
PTC-harboring mRNA.
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ESE of SF2/ASF woti{ from 3.53 to 0.582 and shghily reduces the score of an SRp40 moufl from 4.6 1o 4.3 withoul falling below the threshold vatue.
The SC35 and SRpS5 motifs are unchanped. The armows indicaig € in the wild type and T i the mutant,

Al least 173 different mutations have been reported in the
PTEN gene. Of these, 28 are nonsense mutations, Most
mulation-screening studies are only conducted on penomnic
DNA. Q171X has already been reported one ime in Cowden
disease on genomic DNA {(hup://www hgmd.cf.ac.uk). so
the skipping of exon 6, which is the main pathogenic effect
of this mutation, was not investigaied. To our knowiedge,
the ¢.511C>T muation is the first nonsense muiation in the
PTEN gene causing exon skipping by disrupting ESE in
paticnts affected with BRRS.

Nonsense mutations can inducc the skipping of cons-
titutive exons and one of the possible mechanisms of
nonsense-associated altered splicing is the ESE disruption
medel. A putative role for ESE disruption in nonsense-
associated exon skipping has been previously reported in
a few disease-causing genes including DMD, BRCAT and
NFI (28). Even though nonsense mutations always
produce truncated nonfunctional proteins which are dele-
terious enough to cause diseases regardless of their
location with respect 1o ESEs, it would be interesting to
investigate if there is association between reported non-
sense mutations in the PTEN pene and ESE sites. In
addition it has been demonstrated that missense
mutations in some cancer predisposition genes, AMSH2
and AMLH] preferentially locate in ESE motifs (22).
There is stil} no report that coerrelates specific point
mutations in PTEN coding region with the skipping of
the exon harboring the mutation. This prompted us to
additionally investigate the possibility of reported mis-
sense mutations in the PTEN gene being pathogenic
because of disrupting ESEs.

We have found that nonsense mutations do not colocalize
with ESEs. This result suggests that most of the
nonsense-associated exon skipping is not a consequence of
ESE disruption. Three other possible mechanisms, e.g.
nuclear scanning, indirect nonsense-mediated mRNA decay,

or secondary-structure disruption model have been proposed
(28). Recent data have aiso indicated that single-base
changes can create negative clements, a splicing silencer
{29.30). It is also possible the softwares do not pick up all
potential ESE sites. Additional work is needed to better
identify the relevant mechanism and machinery responsible
for nonsense-associated exon skipping. For analysis of
missense mulations, we have also found that missense
mutations do not colocalize with ESEs, similgr 1o the studies
found in some previonsly reported diseases, such as
metachromatic leukodystrophy (31). This result suggests that
pathogenic effects of the majority of missense mutations in
the PTEN gene are not splicing-related but through other
mechanisms, e.g. structural changes and RNA instability,
Since PTEN encodes a dual-specificity phosphatase which
might be sensitive to structural changes, missense mutations
causing zlterations in amino acids may be as deleterious as
those disrupting ESEs.

In summary, we identified a Thai family with
Bannayan—Riley—Ruvalcaba syndrome with an additional
rare feature, large AVMs in the liver. The molecular
analysis revealed an exon skipping-associated nonsense
mutation ¢.511C>T (p.Q171X) in the PTEN gene. This
mutation has been previously reported in CS, but not in
BRRS. The nonsense mutation was predicted to be
pathogenic resulting in a truncated protein product.
However, we demonstrated here that it also disturbed spli-
cing presumably from disrupting a potential ESE causing
skipping of the whole exon 6. This is the first nonsense-
mediated exon skipping in the PTEN gene being deleterious
possibly from disrupting an ESE. The association study
between reported pathogenic nonsense/missense mutations
and ESE sites, however, revealed that the mutations do not
colocalize with ESE sites suggesting that most of thesr
pathogenic effects are through other mechanisms. It would
be interesting to investigate the consequence of each PTEN
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Table 3. ESE motifs found in the PTEN gene

f
SF2/ASF Matifs O SC3S Motifs 7 SRp40 Matifs SRpS3 Motifs "h
Position in Maotil Score  Posien in Motil Score  Posilion in Moif Scorc  Posilion in Mouif Scorc
open reading opea reading open rending optn rcading

lrame lram¢ framc framc

Left  Right Lefi  Right Lefl Righn Left Right

50 56  AAGAGGA 32 108 115 ATTICCTG 33 1 8 TGACAGC 4.7 114 119 TGCAGA 43
136 142 TACAGGA 30 133 140 GTATACAG Lt 25 41 ACAAAAG 30 179 184 AGCATA 33
287 293 CACAGCT 31 325 132 GACCAATG 43 135 141 ATACAGG 50 247 252 TGCAGA 4%
384 300 GGGACGA 43 364 370 ATTCACTG 30 V75 18t  TCAAAGC 39 287 292 CACAGC 33
443 449 CACAAGA 4} 450 457 GOCCCTAG 3.7 192 198 TTACAAG 54 357 362 TGCAGC 4.7
51 517 CAGAGGC 35 457 a4 GATTTCTA 4.} 228 M TGACACC 44 408 412 TGCATA 5.2
586 592 CACAAGA 4.} 477 484  GACCAGAG 3.7 286 292 CCACAGC 50 419 424 TACATC 4.9

693 6% CACACGA 0.6 566 373 GACCAGTG 47 02 308 TCAAACC 36 522 527  TOTGTA 42
133 739 CAGCCGT 50 615 622 GTTCAGTG 38 321 333 CCAATGG 42 924 929 TGCAGA 43

848 834 CAGAGGA 5.7 649 656 GTCTGCCA 3.6 366 172 TCACTGT 3.7 1036 10491 TACTTC 3.2
999 1065 CAACCGA 33 689 6% GACCCACA 317 418 424 TTACATC 3.1 1187 1192 AGCATA 33
1057 1063 GAGCCGT 3.4 845 852  GACCAGAG 37 436 442 TTAAAGG 4.4
1070 W76 CAGAGGC 3.5 1074 1081 GGCTAGCA 3.7 442 448 GCACAAG 33
1097 FI03  CACCAGA 3.1 1086 1093 AACTTCTG 33 EL] 467  TCTATGG 35
Hot 1189 CAGATGT 35 1143 1150 CACCACTG 3.6 50 516 TCAGAGG 4.6
1ed 1166 CAGAGAA 3.7 1183 1190 GATCAGCA 3.0 568 514 CCAGTGG 4.0

585 591 TCACAAG 358
617 623 TCAGTGG 4.4
658 664 CTAAAGG 4.
683 689  ATTCAGG 3.9
692 698 CCACACG 5.7
MW T AGACAAG 3.9
730 76 CCYCAGC 4.l
74 780 CCACAAA 10
847 853 CCAGAGG 4.2
933 ¥ TGACAAG 49
1010 1016  TTECTCC 3.6
1040 1046 TCACAAA 34
1069 1075 CCAGAGG 4.2
1140 1146 TGACACC 44
1145 115)  CCACTGA 3.3
1199 1208 TTACAAA 3.4
1200 1207 ACAAAAG 3.

mutation found using geromic DNA at the transcript’lcvel.
The differences in the expression level of various tran-
scripts might Jead to modification of the phenotype. These ~ We would like to thank the patient and his family for par-
findings could have implications to help explain a still  ticipation in this study. We are grateful to Octavian
unclear genotype-phcnotype corretation in the PTEN  Henegariu, MD of Yale University School of Medicine,
hamartoma tamor syndrome. USA for reviewing the manuscript. This study was
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