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Microdeletion in the SHOX 3’ Region Associated With
Skeletal Phenotypes of Langer Mesomelic Dysplasia in a
45,X/46,X,r(X) Infant and Leri—-Weill Dyschondrosteosis in
her 46,XX Mother: Implication for the SHOX Enhancer
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It is known that SHOX nullizygosity results in
Langer -mesomelic dysplasia (LMD) and SHOX
haploinsufficiency leads to Leri-Weill dyschon-
drosteosis (LWDC). Here, we report on a micro-
deletion in the SHOX 3’ region identified in a
Japanese infant with LMD-compatible skeletal
features and a 45,X[1911/46,X,r(X)(p22.3g24)[9]
karyotype and in her mother with LWDC-compa-
tible skeletal features and a normal 46,XX karyo-
type. Physical and auxological examinations
revealed mesomelic appearance, ulnarly deviated
hands, and bordexline micrognathia in the infant,
and relatively short forearms andlowerlegsinthe
mother. Radiological studies indicated mesome-
lia, markedly curved radii, hypoplastic ulnas and
fibulas, and metaphyseal splaying in the infant,
and borderline to mild curvature of the radii,
decreased carpal angles, and high-normal trian-
gularization index in the mother. Cytogenetic and
molecular studies showed that the ring X chromo-
some of the infant was missing SHOX and of
paternal origin, whereas the cytogenetically nor-
mal X chromosomes of the infant and one of the
two X chromosomes of the mother, though they
retained SHOX with normal coding sequences,
had a microdeletion in the SHOX 3’ region. The
microdeletion started from a position ~200 kb
from SHOX coding sequences, and spanned 240-
350 kb in physical length involving DXYS233. The
results, in conjunction with those reported by
Flanagan et al. [2002], suggest that a cis-acting
enhancer exists in the SHOX 3’ region around
DXYS233. © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Short stature homeobox containing gene (SHOX) cloned
from the short arm pseudoautosomal region of the X and the Y
chromosome is a transcription factor gene exclusively
expressed in the developing skeletal tissues of distal limbs
and pharyngeal arches [Rao et al., 1997; Clement-Jones et al.,
2000]. SHOX haploinsufficiency results in short stature,
Turner skeletal features, and Leri—~Weill dyschondrosteosis
(ILWDQ) [Ogata, 2002], and SHOX nullizygosity leads to
Langer mesomelic dysplasia (LMD) [Ogata et al., 20021
However, ~20% of patients with LWDC have no abnormality
in the SHOX coding sequences [Ogata, 2002], and two sib
patients with LMD have a single normal SHOX coding
sezuence [Zinn et al., 2002]. In this context, Flanagan et al.
[2002] have described a large family in which seven patients
with two SHOX genes accompanied by intact coding sequences
have an association of LWDC phenotype with apparent
hemizygosity for a region encompassing DXYS233 at a 3
position ~300 kb from SHOX. Although the results of
DXYS233 microsatellite analysis might be due to amplification
failure caused by a polymorphism in the sequence for the
primer hybridization, they also demonstrated a monoallelic
SHOX expression in the bone marrow fibroblasts taken from
the distal radius of the proband. Thus, the results suggest that
an enhancer for SHOX expression exists in a region around
DXYS233, and that loss of the enhancer results in the
development of LWDC.

Here, we report on an infant with LMD-compatible skeletal
phenotype and a mosaic ring X chromoesome and her mother
with LWDC-compatible skeletal phenotype and a normal
karyotype. Molecular studies showed a microdeletion in the
SHOX 3 region on the cytogenetically normal X chromosome
transmitted from the mother to the infant, providing further
support for the presence of a SHOX enhancer in this region.

CLINICAL REPORT

This Japanese female infant was born at 39 weeks of
gestation after an uncomplicated pregnancy and delivery. At
birth, her length was 50.0 cm (0.8 SD) and weight 3.73 kg
(+2.2 SD). At 7 months of age, she was referred to us because of
mesomelic appearance, ulnarly deviated hands, and borderline
micrognathia (Fig. 1A). Except for the borderline micro-
gnathia, she had no Turner somatic stigmata such as cubitus
valgus, short metacarpals, webbed neck, ear abnormalities, or
ptosis. Bone survey showed LMD-compatible skeletal findings
such as severely shortened distal limb bones, markedly curved
radii, hypoplastic ulnas and fibulas, and metaphyseal splaying
(Fig. 1B). Ultrasound studies delineated no cardiac or renal
abnormalities. On the latest examination at 1.5 years, her
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Fig. 1. A: Photograph of the infant at 1.5 years of age. B: Roentgenograms of the infant at 7 months of age.

developmental milestones were normal, and her length was
76.2 cm (—1.8 SD), weight 10.8 kg (+0.5 SD), head circumfer-
ence 45.7 cm (—0.4 SD), sitting height 49.0 cm (no reference
data), and arm span 46.0 cm (no reference data).

The 30-year-old mother was initially regarded as having an
apparently normal phenotype with no mesomelic appearance,
wrist deformity, or Turner skeletal features. She was 158.1 cm
in height (0 SD) and 53.2 kg in weight (£0 3D}, and had
no muscular hypertrophy. However, her wrist movement
appeared to be somewhat limited. Thus, auxological studies
were performed as described by Cameron [1987], revealing

relatively short forearms and lower legs, as well as large hands
(Fig. 2A). Furthermore, radiological studies of the hands
and forearms showed borderline to mild radial curvature,
decreased carpal angles (right 101°, left 106°) (normal range,
>118°) [Kosowics, 1965], and high-normal triangularization
index (right 3.4, left 3.6) (normal range, 1.8-3.7) [Binder et al.,
2001) (Fig. 2-B). Thus, she was assessed as having mild LWDC-
compatible skeletal phenotype. Allegedly, her 63-year-old
father was. 162 cm tall (~0.6 SD for his age), her 60-year-old
mother 163 cm tall (+1.8 SD for her age), and her 33-year-
old sister 158.0 cm tall (+0 SD), with no obviously abnormal
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Fig. 2. A:auxological data of the mother. Each measurement is based on the methods described by Cameron [1987), and the auxological data have been
assessed by the Japanese body size data (1992—1994) (Research Institute of Human Engineering for Quality of Life, http:/fwww.hqgljp). B: Roentgenograms

of the mother at 30 years of age.
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findings. Since her parents and sister lived in a local city far
away from Tokyo, detailed examinations including auxological
and radiological studies were not performed. The 35-year-old
father was 178.3 cm in height (+1.4 SD), and clinically normal.

CYTOGENETIC AND MOLECULAR STUDIES

This study has been approved by the Institutional Review
Board Committee at National Center for Child Health and
Development. After taking written informed consent, periph-
eral blood samples were obtained from the infant and the
parents.

G-banding chromosome analysis was carried out for periph-
eral lymphocytes, showing a 45,X[1911/46,X,r(X)(p22.3q24){9]
karyotype in the infant, a 46,XX[50] karyotype in the mother,
and a 46,XY[50] karyotype in the father. Fluorescence in situ
hybridization (FISH) analysis was performed for SHOX and
other four loci as described previously [Ogata et al., 2001a]
using DXZ1 as an internal signal control, demonstratingloss of
SHOX from the ring X chromosome and determining the
breakpoints between DAX1 and KALI and between GRIA3
and GPC3 (Fig. 3AB). SHOX was normally present on the
cytogenetically normal X chromosome of the infant and on the
two X chromosomes of the mother, as well asonthe X and theY
chromosomes of the father. Furthermore, microsatellite anal-
ysis was carried out for SHOX-5'UTR-CA as described

previously [Belin et al., 1998}, indicating the paternal origin
of the ring X chromosome: the PCR product size was 151 bp in
the infant and the mother and 141 and 153 bp in the father.
Direct sequencing was performed for SHOX coding exons and
their flanking introns by the previously described method
[Shears et al., 1998], showing no mutation in the infant and the
parents.

Thus, a possible deletion at the SHOX 3’ region around
DXYS233 was examined for the cytogenetically normal X
chromosome of the infant and the mother. PCR deletion
analysis was carried out for eight loci/regions with primers
reported in Genome Database (http://www.gdb.org/) or
designed by us (available on request) using SHOX exon 2 as
an internal control, identifying a 240—350 kb deletion with the
breakpoints between rs5946324 and rs5988437 and between
rs4468091and RH65317 in the infant (Fig. 3A,C). Further-
more, FISH analysis was carried out with an RP11-300M23
probe (Ensemble Database, http://www.ensembl.org/) that
defines a chromosomal region deleted in this infant, showing
no signal in the infant and only a single signal in the mother
(Fig. 3A,B). The results of the father were normal.

After consultation, the mother decided not to inform the
maternal parents and the sister of the results. Thus, together
with their residence apart from Tokyo, it was impossible to
determine whether the microdeletion was produced as a
de novo event or transmitted from either of the maternal
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Fig. 3. A:Summary of the molecular studies. The black and the white areas denote the preserved and the deleted regions, respectively. The gray areas
depict the regions where the breakpoints should exist. For the ring X chromosome, the deleted regionshave been determined by FISH analysis for the five loci
shown in the left side. For the cytogenetically normal X chromosome, the microdeletion has been demonstrated by PCR deletion analysis for eight loci/regions
shown on the right side. The two vertical bars indicate the regions defined by FISH analysis with a SHOX-cosmid probe and an RP11-309M23-BAC probe,
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C: Representative results of the PCR deletion analysis. I infant; M: mother; and F: father. In each PCR analysis, the target sequence (arrows) and the SHOX
exon 2 (arrowheads) have been amplified concomitantly. The cytogenetically normal X chromosome of the infant is positive for rs5946324 and RH65317 and

negative for rs5988437 and rs4468091.



parents, especially from the maternal father with a low-normal
height, and whether the microdeletion was present or absent in
the maternal sister with an average height.

DISCUSSION

The present study showed LMD-compatible skeletal pheno-
type in an infant with a mosaic ring X chromosome and mild
LWDC-compatible skeletal phenotype in her mother with a
normal karyotype. Furthermore, it was shown that the ring X
chromosome of the infant was missing SHOX and of paternal
origin, and that the eytogenetically normal X chromosomes of
the infant and one of the two X chromosomes of the mother,
though they retained SHOX with normal coding sequences,
had a 240-350 kb microdeletion in the SHOX 3 region.

The results would provide further support for the presence of
a cis-acting enhancer for SHOX in the 3’ region of the gene. In
this regard, it is notable that the microdeletion of the infant
and the mother encompasses DXYS233, because one allele of
DXYS233 was not amplified in the seven familial LWDC
patients with two SHOX genes accompanied by intact coding
sequences described by Flanagan et al. {2002]. Thus, although
loss of DXYS233 was not directly demonstrated in the seven
patients, it is inferred that a microdeletion encompassing
DXYS233 also exists in the seven patients, and that the
putative enhancer resides in an overlapping deleted region
around DXYS233. In support of the presence of such an
enhancer at a position 200-550 kb from SHOX coding
sequences, it has been reported in several genes that a deletion
or adisruption in a5 or 3’ region at a position 10—1,000 kb from
the gene coding sequences can affect the function of the
corresponding gene [Kleinjan and van Heyningen, 1998]. In
this context, two sib patients with typical LMD have
apparently one intact allele of SHOX (Table I, cases 15 and
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16), and ~20% of LWDC patients have no demonstrable SHOX
abnormalities [Ogata, 2002]). Such patients would be worth
analyzing for the putative enhancer region around DXYS233.

Clinical features appear to be mild in the infant and the
mother. First, the statural growth was well preserved in the
infant and the mother. Although the fairly sustained statural
growth of the infant and the mother would partly be
contributed by the high genetic growth potential as suggested
by the relative tall heights of the father and the maternal
mother, the previously reported LMD patients with SHOX
abnormalities have extreme short stature (Table I), and
Japanese female patients with SHOX haploinsufficiency and
normal ovarian function have severe short stature (—2.6+
0.8 SD) [Fukami et al., 2004]. Second, while LMD of the infant
would be fairly typical, LWDC of the mother was obviously
mild as compared with that of adult females with SHOX
haploinsufficiency [Ogata, 2002; Munns et al., 2003]. In this
regard, clinical spectrum in patients with LMD appears to be
somewhat variable in terms of the presence or absence of
common Turner skeletal features (TableI), and that in patients
with SHOX haploinsufficiency is known to be variable from
borderline short stature only phenotype to severe LWDC
phenotype with and without common Turner skeletal features
[Ogata, 2002; Munns et al., 2003]. Furthermore, clinical
phenotype in patients with a deletion or a disruption affecting
a cis-acting enhancer for several disease genes has also been
reported to range widely from apparently normal phenotype to
typical disease phenotype [Kleinjan and van Heyningen,
1998). Thus, it remains to be elucidated whether the appar-
ently mild phenotypes of the infant and the mother are
characteristic of the deletion of the putative enhancer for
SHOX.

For the skeletal features of the infant and the mother, other
possibilities remain tenable at present. First, a hidden

TABLE I. Summary of Patients With Langer Mesomelic Dysplasia

Patients Clinical features Mutations
Height Other
Case Age Sex SDS features® Patient Father Mother Reference
1 Fetus F — N.D. Deletion/Deletion (=)/(=) Deletion/(—)  Belin et al. [1998]
2 Fetus N.E. — N.D. Deletion/Deletion Deletion/(—) Deletion/(—)  Shears et al. [1998]
3 12 years M -7.2 None Deletion/Deletion Deletion/(—) Deletion/(—)  Robertson et al. [2000]
4 84 years F —-5.5 HP, S4M, CV R153C/V163F N.E. N.E. Zinn et al. [2002]
5 T years I -5.5 HP, CV Deletion/ R118fsX130/(—) Deletion/(—) Zinn et al. [2002]
R118fsX130
6 65 years M -7.2 HP, CV P243fsX321 N.E. N.E. Zinn et al. [2002]
(homo/hemi)®
7¢ 24 years P —-8.9 N.D. R173C/R173C N.E. R173C/(-) Shears et al. [2002]
8¢ Neonate M — MG? R173C/R173C R173C/(-) R173C/R173C Shears et al. [2002]
9 l1.5years M -4.2 None Deletion/R168W Deletion/(—) R168W/(—~)  Ogata et al. [2002]
10 Fetus F — None Deletion/Deletion (=)= Deletion/(—) Thomas et al. [2004]
114 Adult M N.D. N.D. A170P/A1T0P A170P/(-) A170P/(-) Sabherwal et al. [2005]
12¢ 38 years F —-8.5 N.D. A170P/A1T0P A170P/(—) A170P/(—) Sabherwal et al. [2005]
134 Adult F N.D N.D. A170P/A170P A170P/(-) A170P/(-) Sabherwal et al. [2005]
142 2 years F N.D. N.D. A170P/A170P A170P/(-) A170P/A17T0P Sabherwal et al. [2005]
15° 35 years F —6.8 HP, CV Deletion/(-) N.E. N.E. Zinn et al. [2002]
16° 33 years M —6.2 HP, S4M, CV Deletion/(-) N.E. N.E. Zinn et al. [2002]
17 1.5 years F -1.8 MG? Deletion/ (=M= 3’ deletion/(—) This report
3’ deletion

The (—) symbol indicates the absence of a recognizable mutation. SDS, standard deviation score; F, female; M, male; N.E., not examined; N.D., not described;
HP, high arched palate; S4M, short 4th metacarpals; CV, cubitus valgus; and MG, micrognathia.
*Except for severe mesomelia and skeletal deformities in the forearms and shanks.
b(ase 6 is homozygous or homozygous for P243fsX321.
°Case 7 is the mother of case 8, and her consanguineous husband has Leri—Weill dyschondrosteosis and the same SHOX mutation.

d0ases 11, 12, and 13 are siblings; case 13 is the mother of case 14, and her consanguineous husband has Leri—Weill dyschondrosteosis and the same SHOX

mutation.

®Case 15 and case 16 are siblings.
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mutation might exist in the unexamined regions such as the
intron or the promoter sequences of SHOX on the cytogeneti-
cally normal X chromosome transmitted from the mother to the
infant. Second, a different gene(s) involved in the skeletal
development of distal limbs might be affected in the infant and
the mother. In this regard, Ventruto et al. [1983] have reported
a two-generation family in which LWDC-like phenotype is co-
segregated with £(2;8)(g31;p21), and the translocation break-
point has been located at a position ~60 kb telomeric to HOXD
gene cluster [Spitz et al., 2002]. Furthermore, Kantaputraet al.
[1992] have described a large family with an autosomal
dominant form of mesomelic dysplasia, and the gene has been
mapped to a 2q24—32 region encompassing HOXD gene cluster
[Fujimoto et al., 1998]. However, loss of HOXD9-HOXD13
expressed in the limb region has been reported to cause
synpolydactyly rather than mesomelic dysplasia [Goodman
et al., 2002], so that the relevance of HOXD genes to the
development of mesomelic dysplasia remains to be clarified, as
well as a possible role of the putative global control region for
the expression of multiple HOXD and other neighboring genes
[Spitz et al., 2003].

Turther two matters would also be worth pointing out in the
present study. First, except for the borderline micrognathia,
the infant had no Turner somatic or visceral features in the
presence of the mosaic ring X chromosome. This would not be
surprising, because clinical features are highly variable in
Turner syndrome [Ogata and Matsuo, 1995]. In addition, the
ring X chromosome should retain the putative lymphogenic
gene(s) between DMD and MAOA responsible for the develop-
ment of soft tissue and visceral features [Ogata et al., 2001b],
and should be present more frequently in the slowly dividing
target tissues for the soft tissue and visceral features than in
the rapidly dividing lymphocytes utilized for the karyotype
analysis. This would also be relevant to the lack of such
features in this infant. Second, the mother had relative large
hands. Since this phenotype has also been reported in Turner
patients [Gravholt and Weis Naeraa, 1997], it may be
characteristic of SHOX haploinsufficiency.

In summary, the results, in conjunction with those reported
by Flanagan et al. [2002], argue for the presence of a cis-acting
enhancer in the SHOX 3 region around DXYS233. Further
studies will permit a definite conclusion on this matter.
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Segmental and Full Paternal Isodisomy for Chromosome 14
in Three Patients: Narrowing the Critical Region and
Implication for the Clinical Features
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We report on segmental and full paternal isodis-
omy for chromosome 14 in three previously unre-
ported Japanese patients. Patient 1 was a 56/12-
year-old girl, Patient 2 was a male neonate, and
Patient 3 was a 67/jz-year-old girl. Physical exam-
ination at birth showed various somatic features
characteristic of paternal uniparental disomy for
chromosome 14 (upd(14)pat) such as hairy fore-
head, protruding philtrum, micrognathia, small
thorax, and abdominal wall defects in Patients 1-3,
and the constellation of somatic features was
persistently observed in Patients 1 and 3. Radi-
ological studies at birth delineated unique bell-
shaped thorax with coat-hanger appearance of the
ribs in Patients 1-3, but the thoracic deformity
ameliorated in Patients 1 and 3 by mid childhood.
Chromosome analysis showed a 46, XX karyotypein
Patients 1 and 3 and was not performed in Patient
2. Microsatellite analysis indicated full paternal
isodisomy for chromosome 14 in Patients 1 and 2
and segmental paternal isodisomy for chromosome
14 distal to DI145981 at 14¢23.3 in Patient 3.
Methylation specific PCR assay for the differen-
tially methylated region (DMR) of GTL2 at 14q32
yielded positive products with methylated allele
specific primers and no products with unmethy-
lated allele specific primers in Patienis 1-3. Since
clinical phenotype was similar between Patient 3
with segmental upd(14)pat and Patients 1 and 2
with full upd(14)pat, the results are keeping with
the 14q32 localized imprinted genes as the cri-
tical components of the phenotype observed in
upd(14)pat and help narrow the search for addi-
tional genes to the ~40 Mb region distal to D14S981.
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Furthermoré, it is likely that the characteristic
thoracic deformity ameliorates with age.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION

Paternal uniparental disomy for chromosome 14
(upd(14)pat) is associated with a distinctive constellation of
clinical features such as characteristic face with blepharophi-
mosis, prominent philtrum and micrognathia, small thorax,
abdominal wall defects, and developmental retardation [Sut-
ton and Shaffer, 2000; Chu et al., 2004]. This condition is also
radiologically characterized by unique bell-shaped thorax with
coat-hanger appearance of the ribs [Offiah et al., 2003]. The
thoracic deformity often results in lethal respiratory failure
during infancy. In addition, polyhydramnios is seen in most
pregnancies with upd(14)pat.

To date, upd(14)pat has been identified in a total of 15
patients [Wang et al., 1991; Papenhausen et al., 1995; Walter
et al., 1996; Cotter et al., 1997; Klein et al., 1999; Berend et al ,
2000; Yano et al., 2001; Coveler et al., 2002; Kurosawa et al.,
2002; McGowan et al., 2002; Offiah et al., 2003; Chu et al., 2004;
Stevenson et al., 2004]. Of the 15 patients, 10 patients have
Robertsonian translocations involving chromosome 14 such as
£(13;14) and t614;14), and the remaining five patients have a
normal karyotype. Genotyping analysis has confirmed
upd(14)pat in such patients, including a segmental isodisomy
for a 14q12~14qter region in a single patient with character-
istic upd(14)pat phenotype [Coveler et al., 2002]. This implies
the involvement of an imprinted gene(s) in the development of
upd(14)pat phenotype, and locates the major locus or loci for
the upd(14)pat phenotype to the 14g12—14qter region. Con-
sistent with this, the 14¢32 segment is known to contain
imprinted genes such as DLKI, GTL2 (also known as MEGS3),
PEG11, and MEG8 [Charlier et al., 2001; Cavaille et al., 2002].
The possibility that the clinical phenotype in upd(14)pat is
contributed by the unmasking of a recessive allele(s) due to
isodisomy is unlikely, because apparently full paternal
heterodisomy as well as isodisomy has been found in patients
with the distinct clinical phenotype [Chu et al., 2004].

However, the critical region is still large. Furthermore, since
only the infantile phenotypes have been described in most
patients, the long-term clinical course remains to be clarified in
this condition. Here, we report three patients with upd(14)pat.
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The results further narrow down the critical region and
suggest improvement of thoracic deformity with age.

MATERIALS AND METHODS
Patients

Three previously unreported Japanese patients (one male
and two females) were examined in this study. Their clinical
features are summarized in Table 1. Patients 1-3 were born
prematurely after pregnancies complicated by polyhydram-
nios. Patients 1 and 2 were delivered by Caesarean sections
because of placental abnormalities, while Patient 3 was born by
vaginal delivery. Patient 1 had severe asphyxia at birth, and
was treated with endotracheal intubation and mechanical
ventilation for 4 days and with oxygen and nasal directional
positive airway pressure for the following 61 days at the
neonatal intensive care unit (NICU). Subsequently, oxygen
was supplied via a nasal mask for 355 days at the pediatric
ward. Patient 2 died of respiratory failure at 2 hr of age despite
an intensive care including mechanical ventilation and
oxygen. Patient 3 had mild asphyxia at birth, and received
oxygen in an incubator for 34 days at the NICU and via nasal
mask for the following 96 days at the pediatric ward. After the
discharge, Patients 1 and 8 had uneventful clinical course with
no episode of respiratory infection. In addition, although
pulmonary function test was not performed, they were able
to play actively with peers.

Birth size appeared to be well preserved, although gesta-
tional age-matched reference data were not available in
Patient 1. Childhood body size remained within the normal
rangein Patients 1 and 3. Moderate developmental retardation
was indicated in childhood of Patients 1 and 3. Physical
examination at birth revealed various somatic features
consistent with upd(14)pat such as hairy forehead, protruding
philtrum, micrognathia, small thorax, and abdominal wall
defects in Patients 1-3, and the constellation of somatic
features persisted into childhood in Patients 1 and 3.
Radiological studies at birth delineated unique bell-shaped
thorax with coat-hanger appearance of the ribs in Patients 1—
3, but the thoracic deformity ameliorated in Patients 1 and 3 by
mid childhood (Fig. 1). Parental age was variable at the time of
birth of Patients 1—-3 and parental heights were normal in
Patients 1 and 3.

Conventional and Molecular Cytogenetic Studies

This study has been approved by the Institutional Review
Board Committee at National Center for Child Health and
Development. Chromosome analysis was performed on 50
peripheral lymphocytes in Patients 1 and 3. Fluorescence
in situ hybridization (FISH) analysis was also carried out on
lymphocyte metaphase spreads in Patients 1 and 3, using a
~186 kb BAC probe containing DLK1 (RP11-566J3) and a
~165 kb BAC probe containing GTL2, PEG11, and MEG8
(RP11-123M6) (BACPAC Resources Center, http:/bacpac.-
chori.org/), together with a 14q telomere probe (Vysis, http://
www.vysis.com/) used as an internal signal control. The RP11-
566J3 and RP11-123M6 probes were labeled with digoxigenin
and detected by rhodamine anti-digoxigenin, and the 14q
telomere probe was detected according to the manufacture’s
protocol.

Microsatellite Analysis

Microsatellite analysis was performed for multiple loci on
chromosome 14 (Fig. 2A). In brief, leukocyte genomic DNA of
Patients 1—3 and their parents was amplified by polymerase
chain reaction (PCR) with fluorescently labeled forward
primers and unlabeled reverse primers, and the PCR products

were determined for the fragment size on an ABI PRISM 310
autosequencer using GeneScan (Applied Biosystems, http://
www.appliedbiosystems.com/). The primer sequences were as
described in Genome Database (http://www.gdb.org/).

Methylation Specific PCR Assay

Methylation pattern was analyzed for the differentially
methylated region (DMR) of GTL2 where cytosines at CpG
dinucleotides are methylated on the paternally derived allele
and unmethylated on the maternally derived allele [Murphy
et al., 2003]. In short, after bisulphite treatment with EZ DNA
methylation kit (Zymo Research, http://www.zymor.com/) that
converts all the cytosines except for methylated cytosines at
the CpG islands into uracils and subsequently thymines, PCR
amplification was performed with a pair of primers specific to
the methylated allele of paternal origin and with another pair
of primers specific to the unmethylated allele of maternal
origin. The primer sequences and the PCR conditions were as
reported previously [Murphy et al., 2003]. For a control, a DNA
sample from a clinically normal individual was utilized with
permission.

RESULTS
Conventional and Molecular Cytogenetic Studies

Normal female karyotype was identified in Patients 1 and 3,
and two signals were detected by RP11-566J3 and RP11-123M6
as well as by the 14q telomere probe in Patients 1 and 3.
Thus, the karyotype was determined as 46,XXish
14q32(DLK1 x 2,GTL2 x 2,PEG11 x 2MEG8 x 2) in Patients
1and 3.

Microsatellite Analysis

The data are summarized in Figure 2A and representative
results are shown in Figure 2B. In Patients 1 and 2, single
peaksonly were detected for all the loci examined, and paternal
isodisomy was demonstrated for multiple loci on the various
parts of chromosome 14. In Patient 3, single peaks only were
identified for D14S80 and 20 loci from D14S1069 to D1451007,
and paternal isodisomy was confirmed for five loci (D1451000,
D145267, D14S985, D1451010, and D145292) on the distal
part of 14q. By contrast, two peaks were found for 11 loci from
D14S1021 to D148981, and bhiparental origin was demon-
strated for seven loci (D14S608, five loci from D14S75 to
D1451026, and D1481046) on the middle to proximal part of
14q. Furthermore, the genotyping results of the remaining four
loci (D1451021 -D14S5121, D148271, and D14S981) were also
consistent with biparental origin, although paternal hetero-
disomy for D14S1021 and D14S981, and maternal hetero-
disomy for D14S121 and D14S271 might theoretically be
possible. Taken together, the results indicated segmental
paternal isodisomy for chromosome 14 distal to D145981 at
14923.3 in Patient 3.

Methylation Specific PCR Assay

Although PCR products were obtained with the methylated
allele specific primers, no PCR products were yielded with the
unmethylated allele specific primers in Patients 1-3 (Fig. 3).
In a control subject, PCR products were obtained with both of
the primers.

DISCUSSION

The results indicate that Patients 1 and 2 had full paternal
isodisomy and Patient 3 had segmental paternal isodisomy for
chromosome 14. The full paternal isodisomy in Patient 1 with a
normal karyotype could most likely be due to duplication of
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P

Patient 1 atent 2 atient 3

At 5 years of age At 5 years of age

Fig. 1. Roentgenograms of Patients 1--3. The unique bell-shaped thorax
with an arched appearance of the ribs is obviousin Patients 1-3 at birth, and
the thoracic deformity has ameliorated in Patients 1 and 3 at 5 years of age.

chromosome 14 from a monosomic zygote (monosomy rescue),
although loss of maternally derived chromosome 14 from a
trisomic zygote (trisomy rescue) or fertilization between a
disomic gamete and a nullisomic gamete (gamete complemen-
tation) with no preceding recombination at meiosis I might also
be possible [Robinson, 2000]. This mechanism could also be
applied to Patient 2. However, since karyotype was not

A

examined in Patient 2, it is also possible that Patient 2 had a
paternally derived chromosomal abnormality such as i(14q)
often associated with upd(14)pat [Kotzot, 2001]1. The segmen-
tal paternal isodisomy in Patient 3 with a normal karyotype
would be explained by assuming mitotic recombination in the
first zygotic division or in a very early postzygotic division,
followed by loss of the normal cell lineages and reciprocal
maternal disomic cell lineage (post-fertilization errors) [Robin-
son, 20001, although a more complex mechanism assuming
errors in both meiosis I and mitosis (another form of trisomy
rescues) might also be possible [Kotzot, 2001]. Furthermore, the
results of methylation specific PCR assay are consistent with
upd(14)pat for the examined DMR of GTL2 in Patients 1—3.
Genotype—phenotype correlations in Patients 1-3, in con-

junction with those in the previously described patients, are

informative for the localization of the major locus or loci
relevant to the development of the upd(14)pat phenotype
(Table I). Patient 3 with segmental paternal isodisomy had a
constellation of clinical features characteristic of upd(14)pat at
birth, as did Patients 1 and 2 with full paternal isodisomy for
chromosome 14. In addition, the clinical phenotype was
comparable between Patients 1 and 3 in childhood. Further-
more, although Patient 2 had lethal respiratory failure, atrial
septal defect, and omphalocele, such severe features were
absent in Patient 1 with full paternal isodisomy as well as in
Patient 3 with segmental paternal isodisomy. Similarly,
although the previously described patient with segmental
isodisomy for 14q12—qgter [Coveler et al.,, 2002] had cardiovas-
cular lesion and omphalocele that were absent in Patient 3 with
segmental isodisomy for 14q23.3—qter, cardiovascular lesion is
not a consistent feature even in patients with full upd(14)pat,
and omphalocele is absent in patients with full upd(14)pat

X Patient 1 Patient 2 Patient 3
\\\\\ Locus Mother Patlent Falher Mother Patient Father Mother Patlent Father Asses 180 200 200 (bp)
D14S80  |105/102 105 105105 NI | 95nas o7 97  upd(t4jpat| 977105 97  97/105 N 2 i h
D1451021 | 268 265 269/265 upd({i4jpat|263/271 263 263 NI 263 261/263 261/263 (Biparental)®
D14S608 |196/208 196 196/208 N 212216 204 204  upd(i4)pat|216/220 196/220 196/204 Biparenial
Didsier | NE.  NE.  NE. NE.  NE.  NE o 11417151 141151 147/151 (Blparentalyt M M
111 Di4S75  |188/184 184 1807184 upd{14)pat| 184 186  184/186 upd(i4)pal|190/194 184/194 184/192 Biparental
12 D145980 [163/167 167 165167 M. |168/182 168 168 N |155/167 167/183 163/183 Biparental P of
: D14st038 | NE.  NE. NE. NE. NE  NE ... {e21225 2190221 219/225 Biparental
DI4563  |206/212 214 206/214 upd(14)pat|202/206 204 2020204 upd(14)pal|202/214 206/214 206  Blparental
12 Dil4stozs | NE.  NE. NE NE. MNE.  NE. . 1134/142 1241134 1247132 Biparental
D14s271 | NE.  NE.  NE NE.  ME  NE 207/229 207/229 227  (Biparentai)t P
13 D14s1046 | NE.  NE.  NE NE. MNE  NE 214/216 212/214 212/218  Biparental
Dissost | ME. NE. ME. NE.  NE  NE 193/197 185197 195/187 (Blparental)”
Di4stoes | NE.  MNE.  NE NE. NE  NE 06/212 212 206/212 N
2 D14s1085 | NE.  NE.  NE NE. NE  NE 256 256 256/258 N F
D1451011 | NE.  NE. NE. NE. NE.  NE . l1sa18p 184 184 NI
D145588 |118/126 114 114 upd(4)pati114/126 114 114122 NL 147126 114 1147122 N
- D1451020 | NE. NE. NE. N.E. NE.  NE 176 176 176 N
D145258 [174/175 169 169/175 upd(14)pal|171/175 169 169175 upd{ijpat| 169 169 168175  N.L
23 D1451028 N.E.  NE. NE. NE. NE e |231/241 231 231 N.L D14875 D1458267
20 D1451025 143 143 upd(i4pat| 1437145 143 143 NI 143 143 1437149 NI Patient 3
D1451036 NE. NE NE.  NE.  NE 198/206 206 206/210 N,
24.2 D1451000 NE. NE. NE.  NE  NE 124426 128 122/128 upd{14)pat
243 D14581 172 172186 N {175/181 181 179/181 NI 1727180 180 180 NI
D14S617 | 165 161 161/165 upd(14jpat{137/165 169 143/160 upd(idipat|137/165 137 137 NI,
" Di4Se73 [199/201 191 1914195 upd(l4)pat|196/208 202 202 upd(i4)pal|197/203 197 197 NI
D145267 {215/217 189 189/197 upd{14)pal|201/211 209 201/209 upd{i4)pal| 201 200 201/209 upd(i4)pat
3.1 D14s250 | 158 160 160/166 upd{14)pat|154/162 160  160/170 upd(14)pat]158/160 158 158 N
D1451006 | 126/138 126  126/138 N |126/130 140 126/140 upd{14)pat] 136 136  136/140 N
a2 D145985 |132/136 136 128/136 NI |131437 133 133 upd(14)pat{128/132 130 130 upd(id)pat
%23 T D14S1010 | 1427148 144 144146 upd(14)pat| 142 134 134/144 upd(14)pat{134/152 142 142 upd(i4)pat
\0145292 106/110 112 108/112 upd(i4)pat| 1067108 110 110112 upd(iipal| 110 104 104 upd(14)pat
D1481007 {111/128 111 111 NL o |1tter 1zt 12128 NG [t 121 223 N

Fig. 2. Microsatellite analysis. A: Summary of the results. The ideogram of chromosome 14 is shown with the cytogenetic location of the microsatellite loci
examined. The locus order is based on Ensembl Genome Browser (http://www.ensembl.org). The Arabic numbers indicate the PCR product sizes in bp. *
Paternal uniparental heterodisomy could theoretically be possible.  Maternal uniparental heterodisomy could theoretically be possible. upd(14)pat,
paternal uniparental disomy for chromosome 14; N.E., not examined; and N.I,, not informative. B: Representative microsatellite results (M, mother; P,
patient; and F, father). D14S75: Patient 3 is heterozygous with the paternally and maternally derived peaks, indicating biparental origin of this locus.
D148267: One of the two paternal peaks only is transmitted to Patient 3, indicating paternal uniparental isodisomy for this locus.
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Fig. 3. Methylation specific PCR assay. In patients 1-3, PCR products
have been obtained with methylated allele specific primers, but not with
unmethylated allele specific primers.

except for Patient 2 in this study. These findings suggest that
clinical phenotype in upd(l4)pat can be associated with
variable expressivity and penetrance; thus, for example,
omphalocele and diastasis recti could be regarded as clinical
features of different expressivity in a single phenotypic
spectrum. It is inferred, thevefore, that the isodisomic
14923.3—14qter segment distal to D145981 in Patient 3 is
the critical region for the development of upd(14)pat pheno-
type, and that an imprinted gene with a significant phenotypic
effect is absent from the region proximal to 14¢23.3. The
critical region defined in this study is smaller than that defined
previously [Coveler et al., 2002] and spans ~40 Mb in physical
length (Ensembl Genome Browser Database, http:/www.
ensembl.org/).

The present location would be supported by the previous
data. First, the 14q32 segment within the critical region is
known to harbor both paternally expressed. genes such as
DLK1 and PEG11, and maternally expressed genes such as
GTL2 and MEGS [Charlier et al., 2001; Cavaille et al., 2002].
Second, phenotypic comparisons of paternal or maternal
disomy for chromosome 14 with 14q deletions of known
parental origin suggest the presence of imprinted genes on a
14q23—q32 region [Sutton and Shaffer, 2000]. Third, the
14q23.3—14qter critical region shares homology with mouse
chromosome 12 that contains a cluster of imprinted genes
including Dik1 and Gt12 (Jackson Laboratory, http:/www.in-
formatics.jax.org/), and murine upd(12)pat leads to skeletal
features reminiscent of those observed in human upd(14)pat
[Sutton et al., 2003]. These findings would argue for the
relevance of an imprinted gene(s) on the critical region to the
development of upd(14)pat phenotype.

The present study extends much of the characteristic
phenotype through early development. However, the unique
bell-shaped thorax with coat-hanger appearance of the ribs,
though it was obvious at birth, became non-recognizable by
mid-childhood in Patients 1 and 3. Furthermore, the improve-
ment of radiographic findings was apparently associated with
that of respiratory function. These findings suggest that
thoracic deformity and resultant respiratory distress may
ameliorate with age. Thus, the life-prognosis can be expected to
be fairly good for the patients who survived the infantile period.

To date, there has been only a single report documenting a
patient with upd(14)pat after infancy. Wang et al {1991]
described a 9-year-old girl with characteristic somatic features
and mental retardation who had a 13;14 Robertsonian
translocation and molecularly confirmed paternal disomy.
Although long-term clinical course and radiological findings
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have not been described, the patient is apparently free from a
life-threatening respiratory dysfunction at the time of descrip-
tion. The findings would also support the fairly good life
prognosis in survivors.

In summary, the results imply that an imprinted gene(s) for
the development of upd(14)pat phenotype is localized to the
~40 Mb segment distal to D145981 at 14¢23.3, and that the
characteristic thoracic deformity may ameliorate with age.
Further studies are needed to identify possible additional
imprinted loci contributing to the upd(14)pat phenotype and to
clarify the natural clinical course of the syndrome.
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Abstract

A high-capacity low-cost mutation scanning method based on denaturing high-performance liquid chromatography (DHPLC) has
been recently introduced. We have implemented an automated and cost-effective strategy using DHPLC. To facilitate the semi-automated
analysis of multiple exons, two steps were taken. The first step was the development of a PCR protocol for the amplification of multiple
exons under the same conditions. Primer sets, which amplify each exon in the entire gene, were aliquoted to and air-dried on a 96-well for-
mat PCR plate. In this way, all the exons in a gene can be simultaneously amplified on a single PCR machine. The second step was the
serial DHPLC analysis of multiple amplicons under conditions optimal for each amplicon. We named the 96-well plate containing the
primer pairs and the corresponding computer file used to analyze each amplicon under the pre-determined optimal conditions as the
“Condition-Oriented-PCR primer-Embedded-Reactor plate,” or the COPPER plate. We have developed COPPER plate systems for
more than 20 congenital disorders including classic congenital syndromes like Marfan syndrome (FBNI: 65 amplicons), CHARGE syn-
drome (CHD7: 39 amplicons), de Lange syndrome (NIPBL: 46 amplicons), Sotos syndrome (NSDI: 30 amplicons), and Rubinstein—
Taybi syndrome (CREBBP: 41 amplicons). Using the COPPER plate system, we are functioning as a reference laboratory for the clinical
molecular diagnosis of congenital malformation syndromes and are presently analyzing more than 200 samples annually from all over

Japan.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

As catalogued in pediatric genetics textbooks like
“Metabolic and Molecular Basis of Inherited Diseases” [1]
and “Inborn Errors of Development” [2], several hundreds of
genes have been shown to cause human congenital disor-
ders. The identification of these causative genes has offered
us a wonderful opportunity to delineate the molecular basis
of these disorders. Molecular diagnosis offers valuable
information to the patients and their families in terms of
prognosis, preventing complications, and providing accu-
rate genetic counseling. Thanks to the completion of the
human genome project, information on the human genome
Sequence is now readily accessible to everybody and,
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theoretically, any gene can be tested by the direct sequenc-
ing of PCR products amplified from the patient’s genomic
DNA. Howeyer, identifying pathogenic mutations is diffi-
cult when the causative gene has a large number of exons.
In such cases, direct sequencing is expensive, technically
demanding, and time consuming. Recently, a high-capacity
low-cost mutation scanning method based on denaturing
high-performance liquid chromatography (DHPLC) has
been introduced [3-5]. Over the past six years, we have
developed an automated and cost-effective strategy using
DHPLC [6-12]. In this review, we would like to share our
strategies with the readers of this journal.

DHPLC compares two chromosomes as a mixture of
denatured and reannealed PCR amplicons [13]. When the
PCR amplicon does not contain a mutation, the sense
strand and the anti-sense strand of the PCR amplicons are
completely complementary to each other. In this case, the



