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AT BB AT R A B & (EEAMER BT IR 7E S 3E)
SyRMT IR &

(BERH 1) THERM ABHIFESE - FIREMBLIE) 1C351F 5B RpOs B O eerT

1. R 7 HEEOHIER
WmAFLfﬁﬁj%ﬁ@(#ﬁ%&%JT/x@%étwﬁﬁ NI S )

e IRHCEFEEARRUE]), THERERE), [RERERRUE] ZHIkR
(dmmhmwmxmmykb\5ibﬁﬁﬁi (ESG R P AWAQAY5)
- p236 [RIEHRERE RRUE] | & 2O A HIERT 5
(chondrodystrophy & 5 &N CTlZ72 2 &, achondroplasia & DOIRFEINERD HDH
&)

2. MREO—EHELE
B R A2 IE] (E) osteogenesis imperfecta, dysosteogenesis, dystosis
(D) Osteopsathyrose, Osteogenesis imperfecta] — ["BEEAREHE (E)osteogenesis
imperfecta]

O BB Bl (B)osteochondrodysplasia | — [ 4 8k & 5 B K JE
(E) osteochondrodysplasia|
- lachondroplasia fR'EFEEAREE]] — [lachondroplasia #K'E HERAIE
- losteochondrodysplasia ‘H#CEEIEA ] — [osteochondrodysplasia ‘F#kE BIEEE |
- losteogenesis imperfecta B AEJE]] — losteogenesis imperfecta FIEHAE

JiE |

3. Fl-7rHFEDEBMN
THREfRRL ) (BN 2 FHEE & 2 Ofifan

FIERAENE osteogenesis imperfecta

S, HERIKE, RN RAE, R, BREEE AR T OB RFRE TH
. BRHIRBOT TR GBEEOEH N OO —2TH 5. BIIL LIE LIER I S FE
T5. B
LIRRIC X B A TR SN2 K 5 RBYEM NG, JHPEMIEC T 2 EBEME TS F
SERTHRERT. <X T Ma T —F U8R+ (COLIAL COLIA2 D 2 DOHFET D) O
ﬁ%imiof%ﬁﬁé.%@ﬁlﬁﬁ¥’ D WGBS IERIZ G AET 5. FEHEE T
225 DOFRNEFFHGIN LT UITRRO b v ot ) o7 EOMBE 2203, WER
LE@M%@%yE@EM%E%@%I%®%Q% WHOEL LN 1T MaF—7
BFEROMEREN A 7 OERERERMOA TV D, EgEZE Lo ME LT, REFD
BIT-OF MG, e OMBELTE, BEEEOBEMEELARR ENEETHD.
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BRI skeletal dysplasia, bone dysplasia

FIIEBITEEOKE « 7 - b ORFE 2 E - THREDORHTH L. FIRAITEHK
, XHR EDORREEZED . REMEORE T, BEL L HITREDEITHRD b
HE B AUIE osteochondrodysplasia &, §H#s, VU, BHEZR EB M OFFE DO ENLICTE
ARG DR 5 BB E dysostosis DS DIZKBIS LS. Hel OB Rk B E R FE
(2010 4F) TIE, 40 Z7b—T 456 REBLDFEF 6N TN D, HRFKREITD LDV LD
XLOTENTHLN, 2L LTUITACOE Y OFARTHEILE . RIS RTER
fetal skeletal dysplasia i, HAERHZT TIERVPHIEL TCWABRBEERTHS. &
FIRBDOREO L L2 Ed D EHEE S, HAERRZEOEENERO G L 7> T
W5, RBIMEICIT dvarfism OFRE LT/INIE, REE WD Z EIENBR THlibh T& 72
P, ERINTRN G & 52 5 O CBUEIXE A S hig v

i
S
&

bR BIEEE thanatophoric dysplasia

JE VR BIET 2 BHAER OF RFIRE Th 5. 4 YRR E I & 2 e 25 o G 5E
K152 25K 3 (FGFR3) BARFDOEENRK THh 5. ZLEITEME T, FGFR3 OHERE DS HREIZ T
L, WREKEOEKRPHESND. HAER GEZET) O 1/20,000~1/50, 000 FLE T
ROOLND. ERFHITIRET R BB & KERE) OFWLRER T, e oEMEc X2
FEMERTZ AR & 0 HARRNE AR, MARITEE OMREE 4 k3. B RIHZE & AiEEHT
HaR L, EEIHRIEER TH L. HAEZROXBETRND, KERE2VElh (ZaheRe
¥) LEEFOEEORN 1R L KEREOBHNIID 2 BEEEN 7 0 — S—HERIZEF L
7o 2BNT P S D . TERITEFEMBSENE & SV TE 2D, ITFEOMRE ORI L 0 5
Z< ORMAFFRHRE SN TEY, BITPBSEEEL WS Z L ITITES DRI 2> TS,

R B EE achondroplasia

VU R AT OB SRR R T, BEEE I 1~2 THZAEIC T ARRE L S5, mikEE T <
TR LB THD. REFES, RIBEMOZEH, SAREOMM, B e ORER 7z &
X DR R L W o TR &2 2T 5, HAROIRSRIZAMNZRWZ b v i
ARTRIZIT LR LIRS D, A% 1 FUNICERE R A2 P10 & LI RERFT oS &
D7D, BE RIS X 2 IEFRRA PR & U TR 22 M LIRE O R ERfE, K& O
IWEBERRREE (BPD), =’RF(trident hand) 3dH 5. RV CT T2 Z LI XV Z2WAIET
RTH D KRBT EROIRB LN MR TE 5. R 4 FBY i FICd 5 MHEE
HIRC AR 752 254K 3 (FGFR3) B FOERTH L. WYEHRENEOBEERE & 508,
H) 8O EIEME T, SHMOKE T DZEIRERNIT LA ETH D, WCE B AE O B3 R L0
FEH D 26%AE L D REHEERITEERN CHAR RN TT 2 2 L0,

K7 # A7 7 Z—7TFE hypophosphatasia
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FHRRIEE A OB, B, Big|k) 74 b 73 A7 7 X —F tissue nonspecific
alkaline phosphatase (TNSALP) OREREIL FIZ L 0 BALARESH D I R 7 WAL 2 K395
BTHD. 1 BYOMKENE 1125 5 TNSALP IR FERNFR TH L. BIZEADL I3
e R, —HITE R AR 2 R SRR ORI S E I E T, HIEEIZ L JEEHE,
FLIRA, /R Bl AR, S BRJSANCIXR S D . ESERO A ESR CITE iz L Al
RO HNT, WEEGHE L F O BHITERT 5 IR E 72803, MEMEZR R TH
v, HMAEBEZ LD FRASEZ X LRI T T2 2 & 620, IR I-CA A .o fiE ALP
fil V3O TR . JEFEIIRLIRCK I N B AR N OFIESE T m <, BARANZOAHE I T
WD RIS AR (1559delT) (2R DD TH Y, WBNITBIE TR THLREES
ROREE S EN TR,
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GW HL HL-SD UL UL-SD RL RL-SD TIB TIB-SD FIB FIB-SD
16-0 18.5 1.8 16. 3 1.8 14.3 1.5 15.6 1.6 13.9 1.6
17-0 21.3 1.9 19.3 1.9 17.2 1.6 18.6 1.7 17.0 1.7
18-0 23.9 1.9 22.1 1.9 19.9 1.7 21.5 1.7 20.0 1.7
19-0 26.5 2.0 24.7 2.0 22.4 1.7 24.3 1.8 22.9 1.8
20-0 29.0 2.0 27.2 2.0 24.7 1.8 27.0 1.9 26.6 1.9
21-0 3.3 2.1 29.6 2.1 26.9 1.9 29.6 1.9 28.1 1.9
22-0 33.6 2.1 31.8 2.1 29.0 2.0 32.0 2.0 30.6 2.0
23-0 35.8 2.1 34.0 2.2 30.9 2.1 34.4 2.0 32.9 2.0
24-0 37.9 2.2 36.0 2.3 32.7 2.1 36. 7 2.1 35.1 2.1
25-0 39.9 2.2 37.9 2.3 34.4 2.2 38.9 2.2 37.3 2.2
26-0 41.8 2.3 39.7 2.4 35.9 2.3 40.9 2.2 39.3 2.2
27-0 43.6 2.3 41.4 2.4 37. 4 2.4 42.9 2.3 41.2 2.3
28-0 45.3 2.4 43.1 2.5 38.8 2.5 44. 8 2.4 43.0 2.4
29-0 47.0 2.4 44.6 2.5 40. 1 2.5 46. 7 2.4 44.8 2.4
30-0 48.6 2.5 46. 1 2.6 41. 4 2.6 48. 4 2.5 46.5 2.5
31-0 50.1 2.5 47.5 2.7 42.6 2.7 50.1 2.5 48.1 2.5
32-0 51.5 2.6 48.9 2.7 43.8 2.8 51.7 2.6 49.6 2.6
33-0 52.9 2.6 50. 3 2.8 44.9 2.8 53.2 2.7 b1.1 2.7
34-0 54.2 2.6 51.5 2.8 46.0 2.9 54.7 2.7 52.5 2.7
35-0 55.4 2.7 52.8 2.9 47.1 3.0 56.0 2.8 53.9 2.8
36-0 56.6 2.7 54.1 2.9 48. 2 3.1 57.4 2.8 55.2 2.8
37-0 57.7 2.8 55.3 3.0 49.3 3.2 58.6 2.9 56.5 2.9
38-0 58.8 2.8 56.5 3.0 50.5 3.2 59.8 3.0 57.7 3.0
39-0 59.8 2.9 57.7 3.1 51.6 3.3 61.0 3.0 59.0 3.0
40-0 60.7 2.9 58.9 3.2 52.8 3.4 62. 1 3.1 60.2 3.1
41-0 61.6 3.0 60. 2 3.2 54.1 3.5 63. 2 3.2 61.3 3.2
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Introduction

Multiple epiphyseal dysplasia (MED) is a form of osteo-
chondrodysplasia characterized by abnormal epiphyseal
growth and assumed to be a clinical condition of extra-
cellular matrix abnormality [1]. Osteoarthritis and chondral
lesions, for example osteochondritis dissecans (OCD), are
among the clinical expressions of MED [2, 3]. It is possible
for osteoarthritic changes of the knee to develop easily
even in young patients with MED [4]. Total knee arthro-
plasty (TKA) and correction osteotomy have been per-
formed for severe deformity and destruction of the knee in
MED patient [4, 5].

Osteochondral autograft has been performed for patients
with localized full-thickness cartilage damage of weight-
bearing surfaces of the knee and other synovial joints [6,
7]. The surgical technique of an osteochondral autograft for
the knee involves harvesting small osteochondral grafts
from the minimum-weight-bearing periphery of the patel-
lofemoral joint and transplanting these to prepared defect
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sites on the weight-bearing surfaces [8]. Good results of
such transplantation for osteochondral defects of knee have
been reported [7, 9]. The clinical result after osteochondral
autograft in patients with MED, however, remains to be
clarified. We experienced a patient with MED who
underwent an osteochondral autograft for localized chon-
dral lesions of bilateral medial femoral condyles (MFC) in
order to preserve the articular surface and joint function.
Here we report results of the 10-year follow up of this
procedure; to our knowledge, this is the first report of an
osteochondral autograft for chondral lesions of the knee in
a patient with MED.

Report of the case

A 38-year-old woman, 150 cm tall and weighing 51 kg
with no history of trauma visited our hospital. She suffered
from bilateral knee pain after walking a long distance,
while descending stairs, and while standing. She had ten-
derness in the medial joint space of both knees at palpation,
but the knees were not swollen. The extension and flexion
of the knees was 0 and 150° bilaterally. Visual analog scale
(VAS) for activities of daily living (0 mm: not satisfied,
100 mm: very satisfied) was 20 mm for the right knee and
50 mm for the left knee. She had no remarkable family
history or past history.

Radiographs showed a loose body in the right knee, a
shallow femoral trochlear groove in the bilateral knees, and
flattening of the bilateral MFC (Fig. 1). The femorotibial
angle of each knee was 178°. Tl-weighted magnetic
resonance imaging (MRI) with fat suppression showed an
irregular joint surface corresponding to the articular carti-
lage of bilateral MFC (Fig. 2). Radiograph of the hip joints
showed flattening of the femoral heads and short necks
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(Fig. 3a). There was slight irregularity of the end plate in
the radiograph of the thoraco-lumbar spine (Fig. 3b). Based
on the radiographic findings, this case was diagnosed as the
Ribbing type (mild form) of MED with chondral lesions in
bilateral knees.

Fig. 1 Anteroposterior radiographs of both knees showed a shallow
femoral trochlear groove (arrowheads) and flattening of the medial
femoral condyle. a Radiograph of the right knee showing a loose body
(arrow). b Radiograph of the left knee

Arthroscopy on both knees was performed. The articular
cartilage of the bilateral MFC was detached from the
subchondral bone. The cartilage defects extended down
more than 50% of the cartilage depth but not through to the
subchondral bone (Fig. 4). According to the International
Cartilage Repair Society (ICRS) scoring system [10], the
chondral lesions were Grade 3. There were 2 loose bodies
(10 mm and 3 mm in diameter, respectively) in the right
knee joint and these were excised.

Osteochondral autograft was performed for the left knee
and for the right knee 22 months later, using the Osteo-
chondral Autograft Transfer System (OATSTM; Arthrex,
Naples, FL, USA). Osteochondral autograft using this
system involves obtaining small cylindrical osteochondral
grafts from the minimum-weight-bearing periphery of the
femoral condyles at the level of the patellofemoral joint
and transplanting these to the recipient sites on the weight-
bearing surfaces. Sizes of the lesions were 20 x 15 mm in
the left MFC, and 20 x 10 mm in the right MFC. For the
left knee, 6 osteochondral plugs 6 mm in diameter were
harvested from the minimum-weight-bearing periphery of
the ipsilateral patella-femoral joint and transplanted to the

Fig. 2 T1-weighted magnetic resonance imaging (MRI) with fat
suppression showed an irregular joint surface corresponding to the
articular cartilage of the bilateral medial femoral condyle (arrows).

Fig. 3 a Radiograph of the hip
joints showed flattening of the
femoral head and short neck.

b There was slight irregularity
of the end plate in the
radiograph of the thoraco-
lumbar spine

@ Springer
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Fig. 4 Arthroscopy showed the
chondral lesions of the medial
femoral condyle of both knees.
a Chondral lesion in the right
knee. b Chondral lesion in the
left knee

Fig. 5 a Intraoperative
arthroscopic image of the
recipient site of the right knee
after osteochondral autograft.
b Second-look arthroscopic
image of the recipient site of the
left knee 24 months after the
surgery. The gaps surrounding
the grafts were filled with
fibrous cartilage-like tissue and
the surface of the grafted area
was totally smooth

chondral defect of the MFC. For the right knee, 4 osteo-
chondral plugs 7 mm in diameter were transplanted to the
chondral defect of the MFC (Fig. 5a). Bone plugs har-
vested from the host site were transplanted to the recipient
site in exchange.

Postoperatively, passive range of motion exercise of the
operated knee was allowed 3 days after the surgery, partial
weight-bearing was allowed 2 weeks after the surgery, and
full weight-bearing was allowed 12 weeks after the surgery.

Twenty-two months after the surgery, second-look
arthroscopy was performed for the left knee at the same
time as the osteochondral transplantation for the right knee.
The gaps surrounding the grafts were filled with fibrous
cartilage-like tissue and the surface of the grafted area was
totally smooth. Palpation with a probe showed no insta-
bility of the grafts and the same elasticity as normal car-
tilage. According to ICRS cartilage repair assessment [10],
the cartilage repair was graded as Grade I (12/12 points,
normal) (Fig. 5b).

Ten years after the surgery on the left knee and 8 years
after that on the right, the patient walked without limitation
with no pain and had full range of motion in both knees.
Radiographs at final follow up showed no apparent pro-
gression of osteoarthritis in either knee (Fig. 6). T1-
weighted MRI with fat suppression 10 years after surgery
of the right knee and 8 years after surgery of the left knee
showed smooth cartilage surface and the same signal
intensity of the grafted bone as the surrounding bone in the
MEFEC (Fig. 7). VAS for activities of daily living was
90 mm for the right knee and 87 mm for the left knee.

Fig. 6 Radiographs showed no apparent progression of osteoarthritis
in the bilateral knee. The medial joint spaces were preserved.
a Anteroposterior radiograph 8 years after surgery of the right knee.
b Anteroposterior radiograph 10 years after surgery of the left knee

The patient was informed that data from the case would
be submitted for publication, and gave her consent.

Discussion

MED is a form of osteochondrodysplasia characterized by
abnormal epiphyseal growth with almost normal findings in
the spine [1]. Classically, MED has been divided into the
severe form (Fairbank type) [11] and the mild form
(Ribbing type) [2]. Diagnostic criteria of MED are not
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Fig. 7 Tl-weighted MRI with fat suppression after the surgery
showed a smooth cartilage surface (arrowheads) and the same signal
intensity of the grafted bone as the surrounding bone in the medial
femoral condyle (arrows). a Sagittal image of the right knee.
b Sagittal image of the left knee

clear and diagnosis of MED for a patient after epiphyseal
closure is often difficult. According to Eguchi, MED is
diagnosed radiographically when there are abnormalities of
the epiphysis in more than two joints with almost normal
findings in the spine [12]. It was known that, although there
are typical changes on the radiograph of the knee joint
before epiphyseal closure, the changes are no longer dis-
cernible in the adult [13]. According to Miura et al. [4]
after epiphyseal closure the most characteristic finding in
the knee is a shallow femoral trochlear groove.

The radiographs of this patient showed a shallow fem-
oral trochlear groove and slight osteoarthritis (subchondral
sclerosis) in the knee despite her young age. They also
showed flattening of the femoral heads and almost normal
findings of the thoraco-lumbar spine with only slight
irregularity of the end plate. The patient was therefore
diagnosed with the Ribbing type (mild form) of MED.
Although we did not have genetic evidence and obvious
family history of the patient, it was possible to diagnose the
patient with MED radiographically. Genetic screening is
not indispensable to diagnosis of MED, because MED is
not caused by a specific gene. According to Jakkula et al.
[14] mutation analysis resulted in identification of 6 known
genes in only 34% of patients and patients with MED had
family history in only 40% of patients. Early osteoarthritis
of the knee occurs in many patients of MED. It has been
reported that gene mutations, for example of the cartilage
oligomeric matrix protein (COMP) gene or matrilin3
(MATN3) can be the cause [15, 16]. Therefore, it is
speculated that early osteoarthritic change or chondral
lesions, for example OCD, occur because of abnormalities
of the extracellular matrix.

Osteochondral autograft is one of the surgical proce-
dures performed for patients with localized full-thickness
cartilage defect in weight bearing synovial joints [6-9, 17],

@ Springer

and has been used on OCD and traumatic cartilage defect.
Hangody and Fiiles reported 10-year follow up results of
autologous osteochondral grafting in the knee. According
to them, results for 92% of patients after femoral condylar
osteochondral transplantation were shown to be good to
excellent [7]. There is concern about fragility of the
extracellular matrix of the donor graft when performing
osteochondral autografts in patients with MED. Thus, TKA
and correction osteotomy have usually been performed for
deformity and destruction of the knee [4, 5]. Our patient
was young, her activity level was high, the alignment of the
bilateral knees was almost normal, and the diagnosis was
the mild form (Ribbing type) of MED. Although the car-
tilage defect was full-thickness in the weight-bearing area,
the lesion was localized and no other degenerative lesion
was observed inside the knee. Concomitant high tibial
valgus osteotomy has been one option for reducing stress to
the medial compartment and transplanted grafts. However,
there was concern that the valgus alignment after the
osteotomy might progress in future and, as a result, could
have an adverse effect on the hip joints or ankle joints. No
report was found of surgical treatment for early stage
chondral lesion of the knee in a patient with MED, nor any
report of osteochondral autograft for a chondral lesion with
MED. Taking these risks and the lower invasiveness of the
procedure into account, the osteochondral autograft alone
was chosen for treatment of the chondral defects in this
patient.

The long-term clinical and radiographical results of the
patient were excellent, although an attentive and further
long-term follow up is required because results of osteo-
chondral autograft for a chondral lesion with MED have
not previously been clear. In conclusion, osteochondral
autograft can be one of the viable options for treating a
regional chondral lesion of the knee even in a patient with
MED. Careful preoperative assessment of the clinical
features of the knee and the adjacent joints including hip
and ankle joints is mandatory before performing this
procedure.
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Paternal uniparental disomy 14
and related disorders

Placental gene expression analyses
and histological examinations
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Abbreviations: PEGS, paternally expressed genes; MEGs, maternally expressed genes; DMRs, differentially methylated regions;
IG-DMR, DLKI-MEG3 intergenic DMR; RTL1as, RTLI antisense; upd(14)pat, paternal uniparental disomy 14;
BWS, Beckwith-Wiedemann syndrome; q-PCR, quantitative real-time PCR; CGH, oligoarray comparative genomic hybridization;
LM, light microscopic; EM, electron microscopic; IHC, immunohistochemical

Although recent studies in patients with paternal uniparental disomy 14 [upd(14)pat] and other conditions affecting
the chromosome 14g32.2 imprinted region have successfully identified underlying epigenetic factors involved in
the development of upd(14)pat phenotype, several matters, including regulatory mechanism(s) for RTL1 expression,
imprinting status of DIO3 and placental histological characteristics, remain to be elucidated. We therefore performed
molecular studies using fresh placental samples from two patients with upd(14)pat. We observed that RTLT expression
level was about five times higher in the placental samples of the two patients than in control placental samples, whereas
DIO3 expression level was similar between the placental samples of the two patients and the control placental samples.
We next performed histological studies using the above fresh placental samples and formalin-fixed and paraffin-
embedded placental samples obtained from a patient with a maternally derived microdeletion involving DLKT, the-IG-
DMR, the MEG3-DMR and MEG3. Terminal villi were associated with swollen vascular endothelial cells and hypertrophic
pericytes, together with narrowed capillary lumens. DLK1, RTL1 and DIO3 proteins were specifically identified in vascular
endothelial cells and pericytes, and the degree of protein staining was well correlated with the expression dosage of
corresponding genes. These results suggest that RTL1as-encoded microRNA functions as a repressor of RTL1 expression,
and argue against DIO3 being a paternally expressed gene. Furthermore, it is inferred that DLK1, DIO3 and, specially, RTL1
proteins, play a pivotal role in the development of vascular endothelial cells and pericytes.

Introduction Both DMRs are hypermethylated after paternal transmis-

sion and hypomethylated after maternal transmission in the

Human chromosome 14q32.2 region carries a cluster of
imprinted genes including protein coding paternally expressed
genes (PEGs) such as DLKI and RTLI (alias PEGII) and non-
coding maternally expressed genes (MEGs) such as MEG3
(alias GTL2) and RTLlas (RTLI antisense encoding microR-
NAs)."? The 14932.2 imprinted region also harbors two
differentially methylated regions (DMRs), i.e., the germline-
derived primary DLKI-MEGS3 intergenic DMR (IG-DMR)
and the postfertilization-derived secondary MEG3-DMR."?
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body, whereas in the placenta the IG-DMR alone remains as
a DMR and the MEG3-DMR is rather hypomethylated.? We
have previously revealed that the hypomethylated IG-DMR
and MEG3-DMR of maternal origin function as imprinting
control centers in the placenta and the body, respectively, and
that the IG-DMR functions hierarchically as an upstream reg-
ulator for the methylation pattern of the MEG3-DMR on the
maternally inherited chromosome in the body, but not in the
placenta.’
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Consistent with these findings, paternal uniparental disomy
14 [upd(14)pat] results in a unique phenotype characterized by
facial abnormality, small bell-shaped thorax with coat hanger
appearance of the ribs, abdominal wall defects, placentomegaly
and polyhydramnios.>* We have studied multiple patients with
upd(14)pat and related conditions, such as epimutations of the
maternally derived DMRs and various types of microdeletions
involving the maternally inherited imprinted region, suggesting
that markedly increased R7TLI expression is the major underlying
factor for the development of upd(14)pat-like phenotype.? The
notion of excessive RTLI expression is primarily based on the
following mouse data indicating a trans-acting repressor function
of Rtllas-encoded microRNAs for Rzl expression: (1) targeted
deletion of the maternally derived IG-DMR causes maternal to
paternal epigenotypic switch of the imprinted region, with ~4.5
times rather than -2 times of R#/I expression as well as -2 times
of DIkI expression and nearly absent Megs expression, in the pres-
ence of two functional copies of Pegs and no functional copy of
Megs® and; (2) targeted deletion of the maternally derived R#/las
results in 2.5-3.0 times of R#/I expression, in the presence of a
single functional copy of R#/1.° Similarly, in the human, typi-
cal upd(14)pat phenotype is observed in patients with epimu-
tations that are likely associated with markedly increased R7LI
expression because of the combination of two functional copies
of RTLI and no functional copy of RTLIas, whereas relatively
mild upd(14) pat-like phenotype is found in patients with mater-
nally inherited microdeletions involving R7L1as that are likely
accompanied by moderately elevated RTLI expression because
of the combination of a single functional copy of RTLI and no
functional copy of RTL1as.*

Human imprinting disorders are usually associated with
placental abnormalities. For example, Beckwith-Wiedemann
syndrome (BWS) and upd(14)pat are associated with placento-
megaly,”” and Silver-Russell syndrome is accompanied by hypo-
plastic placenta.® Similarly, mouse imprinting aberrations also
usually affect placental growth and development.’ In agreement
with this, virtually all the imprinted genes studied to date are
expressed in the placenta and play a pivotal role in the placental

growth and development,'”

although placental structure is more
or less different between placental animals."

However, several matters remain to be clarified in upd(14)
pat and related conditions. For example, it is unknown whether
human RTLI expression is actually elevated in the absence of
functional RTLIas-encoded microRNAs. It is also unknown
whether D/O3 is a PEG, although mouse Dio3 has been shown to
undergo partial imprinting.'? In this regard, while we examined
fresh blood cells, cultured skin fibroblasts and formalin-fixed and
paraffin-embedded placental and body samples obtained from
patients with upd(14)pat-like phenotype, precise assessment
of RTLI and DIO3 expression levels was impossible because of
extremely low RTLI and DIO3 expression levels in fresh blood
cells and cultured skin fibroblasts and poor quality of RNAs
extracted from paraffin-embedded tissues.>? In addition, while
cSNP genotyping has demonstrated paternal DLKI and RTLI
expression and maternal MEG3 expression in the body and the
placenta,”® no informative cSNP data showing paternal D/O3
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expression have been obtained.?? Furthermore, although stan-
dard light microscopic (LM) examinations have been performed
using formalin-fixed and paraffin-embedded placental samples,
fine placental histopathological studies, such as electron micro-
scopic (EM) examinations and immunohistochemical (IHC)
examinations, remain to be performed.

To examine these unresolved matters, fresh placental tissues
are highly useful, because precise quantitative real-time PCR
(g-PCR) analyses and EM studies can be performed with fresh
placentas. Thus, we performed g-PCR analyses and EM stud-
ies, as well as IHC studies with RTLI antibodies produced by
ourselves and commercially available DLK1 and DIO3 antibod-
ies, using fresh placental samples obtained from two previously
reported patients with prenatally diagnosed upd(14)pat.*!* We
also performed THC studies using formalin-fixed and paraffin-
embedded placental samples obtained from a previously reported
patient with a microdeletion involving DLKI, but not RTLI
and DI/O3,? to compare the placental protein expression levels
between upd(14)pat and the microdeletion. Furthermore, we
also studied a hitherto unreported patient with an unbalanced
translocation involving the 14q32.2 imprinted region, to obtain
additional data regarding the RTLI-RTLlas interaction and the
primary factor for the development of upd(14)pat phenotype.

Results

Patients and samples. This study consisted of three previously
reported patients with typical body and placental upd(14)pat
phenotype and a normal karyotype (cases 1-3),2*" and a new
patient with various non-specific features and a 46,XX,der(17)
t(14;17)(q31;p13) karyotype accompanied by three copies of the
distal 14q region and a single copy of the terminal 17p region
(case 4) . Clinical phenotypes of cases 1-4 are summarized in
Table S1. In brief, cases 1 and 2 were suspected to have upd(14)
pat phenotype including bell-shaped thorax by prenatal ultra-
sound studies performed for polyhydroamnios, and were con-
firmed to have upd(14)pat by microsatellite analysis after birth.
Case 3 was found to have typical upd(14)pat phenotype during
infancy and was shown to have a maternally derived microdele-
tion affecting the chromosome 14q32.2 imprinted region. Case
4 had growth failure, developmental delay, multiple non-specific
anomalies, and omphalocele. There was no history of polyhy-
dramnios or placentomegaly. Thus, except for omphalocele, case
4 had no upd(14)paclike phenotype. The parental karyotype
was normal, indicating a de novo occurrence of the unbalanced
translocation.

We obtained fresh placental samples immediately after birth
from prenatally diagnosed cases 1 and 2 for molecular studies
using genomic DNA and RNA, and fresh leukocyte samples
from cases 1, 2 and 4 and their parents for molecular studies
using genomic DNA. The fresh placental samples of cases 1 and
2 were also utilized for histopathological examinations, together
with formalin-fixed and paraffin-embedded placental samples of
case 3. For controls, we obtained three fresh placentas at 37 weeks
of gestation, and fresh leukocytes from three adult subjects; for
molecular studies using placentas, we prepared pooled samples
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consisting of an equal amount of DNA or RNA extracted from
each placenta.

Molecular studies in cases 1 and 2. We performed micro-
satellite analysis for 19 loci on chromosome 14 and bisulfite
sequencing for the IG-DMR (CG4 and CG6) and the MEG3-
DMR (CG7), using placental and leukocyte genomic DNA
samples; while microsatellite analysis had been performed for 15
loci in case 1 and 16 loci in case 2, only leukocyte genomic DNA
samples were examined in the previous study.” Consequently,
we identified two peaks for DI45609 and single peaks for the
remaining loci in case 1 (the combination of paternal heterodi-
somy and isodisomy), and single peaks for all the examined
loci in case 2 (apparently full paternal isodisomy) (Table S2).
Furthermore, no trace of maternally inherited peak was identi-
fied in both placental and leukocyte genomic DNA samples (Fig.
1). Bisulfite sequencing showed that both the IG-DMR and the
MEG3-DMR were markedly hypermethylated in the leukocytes
of cases 1 and 2, whereas in the placental samples the IG-DMR
was obviously hypermethylated and the MEG3-DMR was grossly
hypomethylated to an extent similar to that identified in control
placentas (Fig. 2). Furthermore, q-PCR analysis for placental
RNA samples revealed that DLKI, RTLI, and DIO3 expression
levels were 3.3 times, 6.1 times and 1.9 times higher in the pla-
cental samples of case 1 than in the control placental samples,
respectively, and were 3.1 times, 9.4 times and 1.7 times higher
in the placental samples of case 2 than in the control placental
samples, respectively (Fig. 3A). By contrast, the expressions of all
MEGS examined were virtually absent in the placental samples of
cases 1 and 2. PCR products were sufficiently obtained after 30
cycles for the fresh placental as well as leukocyte samples, con-
sistent with high quality of DNA and RNA obtained from fresh
materials.

Molecular studies in case 3. Detailed molecular findings
have already been reported previously.? In brief, microsatellite
analysis revealed biparentally derived homologs of chromosome
14, and a deletion analysis demonstrated a maternally inher-
ited 108,768 bp microdeletion involving DLK1, the IG-DMR,
the MEG3-DMR, and MEG3, but not affecting RTL1/RTLIas.
Since loss of the DMRs causes maternal to paternal epigeno-
typic alteration,? it is predicted that case 3 has a single func-
tional copy of DLKI and two functional copies of R7LI and
DIO3, as well as no functional copy of RTLIas and other MEGs.
Bisulfite sequencing showed that both the IG-DMR and the
MEG3-DMR were markedly hypermethylated in leukocytes,
whereas in the formalin-fixed and paraffin-embedded placental
samples the IG-DMR was obviously hypermethylated and the
MEG3-DMR was comprised of roughly two-thirds of hyper-
methylated clones and roughly one-third of hypomethylated
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Figure 1. Representative results of microsatellite analysis, using
leukocyte genomic DNA samples of the patient and the parents and
placental genomic DNA samples. In cases 1 and 2, one of the two pater-
nal peaks is inherited by the patients and the placentas, and no trace of
maternal peaks is identified. In case 4, both paternally and maternally
derived peaks are found in the patient, with the paternally derived long

peak being larger than the maternally inherited short peak.

clones. In addition, RT-PCR analysis for such placental sam-
ples indicated positive PEGs (especially RTLI) expression and
absent MEGS expression. For the formalin-fixed and paraffin-
embedded placental samples, PCR products could be obtained
only after 35 cycles, because of poor quality (severe degrada-
tion) of DNA and RNA.

Molecular findings in case 4. We examined the presence or
absence of the 14q32.2 imprinted region on the der(17) chro-
mosome (Fig. 4). Oligoarray comparative genomic hybridiza-
tion (CGH) indicated three copies of a ~19.6 Mb 14q31—qter
region, and FISH analysis for four segments around the chro-
mosome 14q32.2 imprinted region delineated positive signals on
the der(17) chromosome as well as on the normal chromosome
14 homologs. This demonstrated the presence of the 14q32.2
imprinted region on the der(17) chromosome. In addition, simi-
lar oligoarray CGH and FISH analysis revealed loss of a ~455 kb
region from the distal chromosome 17p (Fig. S1).

Thus, we investigated the parental origin of the translo-
cated 14q distal region. Microsatellite analysis for D/45250 and
DI4S81007 on the translocated 14q distal region delineated bipa-
rentally derived two peaks, with paternally derived long PCR
products showing larger peaks than maternally derived short
PCR products (Fig. 1; Table S2). Since short products are usually
more easily amplified than long products, this indicated paternal

three control placentas homozygous for that SNP.

Figure 2 (See opposite page). Bisulfite sequencing analysis of the IG-DMR (CG4 and CG6) and the MEG3-DMR (CG7), using leukocyte and placental
genomic DNA samples. Filled and open circles indicate methylated and unmethylated cytosines at the CpG dinucleotides, respectively. Upper part:
structure of CG4, CG6, and CG7. Pat, paternally derived chromosome; Mat, maternally derived chromosome. The PCR products for CG4 (311 bp) harbor
6 CpG dinucleotides and a G/A SNP (rs12437020), those for CG6 (428 bp) carry 19 CpG dinucleotides and a C/T SNP (rs70733627) and those for CG7 (168
bp) harbor 7 CpG dinucleotides. Lower part: the results of cases 1, 2, 4 and a control subject. Each horizontal line indicates a single subcloned allele.
The control data represent the methylation patterns obtained with a leukocyte genomic DNA sample extracted from a single subject heterozygous
for the G/A SNP (rs12437020) (body) and those obtained with a pooled DNA sample consisting of an equal amount of genomic DNA extracted from
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larly dilated with thickened endo-

thelium in the stem to intermediate
villi, but not in the terminal villi.
Immature villi were present in case
3, probably because of 30 weeks of
gestational age. Chorangioma was
also identified in case 3. There was
no villous chorangiosis, edematous

change of villous stroma, or mes-

Figure 3. Quantitative real-time PCR analysis using placental samples. For a control, a pooled RNA sam-
ple consisting of an equal amount of total RNA extracted from three fresh control placentas was utilized.
(A) Relative mRNA expression levels for DLK1, RTL1, and DIO3 against GAPDH (mean + SE) and lack of MEGs
expression (indicated by arrows) (miR433 and miR127 are encoded by RTL1as) in the placental samples of
cases 1 and 2. (B) Relative mRNA expression levels for DLK1, RTL1, and DIO3 against GAPDH (mean + SE), in
the equal amount of expression positive placental cells (vascular endothelial cells and pericytes) of cases
1 and 2 (corrected for the difference in the relative proportion of expression positive cells between the
placental samples of cases 1 and 2 and the control placental samples, on the assumption that the DLK1
expression level is “simply doubled” in the expression positive placental cells of case 1 and 2).

enchymal dysplasia characterized

by grapelike vesicles in cases 1-3.

Although the terminal villi exhibited no definitive abnormali-
ties in the LM studies, EM examinations revealed swelling of
vascular endothelial cells and hypertrophic change of pericytes
in the terminal villi, together with narrowed capillary lumens, in
cases 1 and 2.

IHC examinations identified RTL1, DLK1 and DIO3 protein
expressions in the vascular endothelial cells and pericytes of cho-
rionic villi, but not in the cytotrophoblasts, syncytiotrophoblasts,
and stromal cells, in the placentas of cases 1-3 and in the control
placenta. The PEGs protein expression level was variable in the
control placenta, with moderate DLK1 expression, high RTL1
expression, and low DIO3 expression. Furthermore, DLK1 pro-
tein expression was apparently stronger in the placentas of cases
1 and 2 than in the placenta of case 3 and the control placenta,
RTLI protein expression was obviously stronger in the placen-
tas of cases 1-3 than in the control placenta, and DIO3 protein
expression was apparently similar between the placentas of cases
1-3 and the control placenta.

Discussion

We studied placental samples obtained from cases 1-3 with typi-
cal body and placental upd(14)pat phenotype. In this regard, the
microsatellite data suggest that upd(14)pat with heterodisomic
and isodisomic loci in case 1 was caused by trisomy rescue or
gamete complementation, and that upd(14)pat with isodisomic
loci alone in case 2 resulted from monosomy rescue or post-
zygotic mitotic error, although it is possible that heterodisomic
locus/loci remained undetected in case 2. Notably, there was no
trace of a maternally inherited locus indicative of the presence of
trisomic cells or normal cells with biparentally inherited chromo-
some 14 homologs in the placentas as well as in the leukocytes of
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cases 1 and 2. In addition, the microdeletion of case 3 has been
shown to be inherited from the mother with the same microdele-
tion.” These findings imply that the placental tissues as well as
the leukocytes of cases 1-3 almost exclusively, if not totally, con-
sisted of cells with upd(14)pat or those with the microdeletion.
The q-PCR analysis was performed for the fresh placental
samples of cases 1 and 2. In this context, two matters should be
pointed out. First, the proportion of vascular endothelial cells
and pericytes expressing DLK1, RTLI, and DIO3 would be some-
what variable among samples, because only a small portion of
the placenta was analyzed. This would be relevant to the some
degree of difference in the expression levels between the placental
samples of cases 1 and 2. Second, the relative proportion of vas-
cular endothelial cells and pericytes expressing DLK1, RTLI, and
DIO3 would be higher in the placental samples of cases 1 and 2
than in the control placental samples, because the placentas of
cases 1 and 2 were accompanied by proliferation of the chorionic
villi with such expression positive cells. Thus, it would be inap-
propriate to perform a simple comparison of relative expression
levels against GAPDH between the placental samples of cases
1 and 2 and the control placental samples. Indeed, although a
complex regulatory mechanism(s), as implicated for the R7LI
expression,™? is unlikely to be operating for the DLKI expres-
sion, the relative DLKI expression level was 3.3 times and 3.1
times, not 2 times, higher in the placental samples of cases 1
and 2 than in the control placental samples, respectively (Fig.
3A). Assuming that DLKT expression level is simply doubled in
expression positive cells of cases 1 and 2, it is predicted that the
relative proportion of such expression positive cells is 1.65 times
(3.3 + 2.0) and 1.55 times (3.1 + 2.0) larger in the placental sam-
ples of cases 1 and 2 than in the control placental samples, respec-
tively. Thus, the expression level against GAPDH in the equal
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Figure 4. Array CGH and FISH analysis for the distal chromosome 14 region in case 4. In CGH analysis, the black, the red, and the green dots denote
signals indicative of the normal, the increased (> +0.5), and the decreased (< —1.0) copy numbers, respectively. In FISH analysis, red signals (arrows) are
derived from the probes detecting the various parts of the 14gq32.2 imprinted region (the physical positions are indicated with yellow bars), and the
green signals (arrowheads) are derived from an RP11-56612 probe for 14q11.2 used as an internal control.

amount of expression positive cells is estimated as 3.69 times (6.1
+ 1.65) increased for R7TLI and 1.15 times (1.9 + 1.65) increased
for DIO3 in case 1, and as 6.06 times (9.4 + 1.55) increased for
RTLI and 1.09 times (1.7 = 1.55) increased for D/O3 in case 2
(Fig. 3B).

Thus, the expression data are summarized as follows (Fig. 6).
First, it is inferred that the relative R7LI expression level is mark-
edly (-5 times) increased in the expression positive cells of the
placentas with upd(14) pat, as compared with the control placen-
tas. This degree of elevation is grossly similar to that identified
in the body of mice with the targeted deletion of the maternally
derived IG-DMR (~4.5 times).’ Such a markedly increased R7L1
expression would be explained by assuming that R7Zlas-encoded
microRNAs (e.g., miR433 and miR127) function as a repressor
for RTLI expression through the RNAi mechanism, as has been
indicated for the mouse Rt/I-Rt[l1as interaction.'®" Second, it is
unlikely that D/O3 is solely expressed from the paternally inher-
ited allele, although it remains to be determined whether D/O3
undergoes partial imprinting like mouse Di03'* or completely
escapes imprinting. In either case, the results would explain why
patients with upd(14)pat and upd(14)mat lack clinically recog-
nizable thyroid disorders,? although D/O3 plays a critical role in
the inactivation of thyroid hormones.'

This study provides further support for a critical role of exces-
sive RT'LI expression in the development of upd (14) pat phenotype
(Fig. 6). Indeed, markedly (-5 times) increased RTLI expression
is shared in common by cases 1-3 with typical upd(14)pat body
and placental phenotype. In this context, it is notable that case
4 had no clinically recognizable upd(14)pat body and placental
phenotype, except for omphalocele. This would imply that a sin-
gle copy of RTLlas can almost reduce the R7TLI expression dos-
age below the threshold level for the development of upd(14)pat

www.landesbioscience.com

Epigenetics

phenotype by exerting a trans-acting repressor effect on the two
functional copies of RTL1. By contrast, the relevance of DLKI to
upd(14) pat phenotype is unlikely, because case 3 exhibited typi-
cal upd(14)pat phenotype in the presence of a single functional
copy of DLKI, and case 4 showed no upd(14)pat phenotype
except for omphalocele in the presence of two functional cop-
ies of DLK]I. Similarly, if DIO3 were more or less preferentially
expressed from paternally inherited allele, the relevance of D/O3
to upd(14)pat phenotype would also remain minor, if any. Case
4 had no upd(14)pat phenotype except for omphalocele in the
presence of with two copies of D/O3 of paternal origin. It should
be pointed out, however, that the absence of MEGSs expression
may have a certain effect on the development of upd(14)pat
phenotype.

The placental histological examinations revealed several
informative findings. First, DLK1, RTLI, and DIO3 proteins
were specifically identified in vascular endothelial cells and peri-
cytes of chorionic villi in the control placenta, with RTLI pro-
tein being most strongly expressed. These results, together with
abnormal LM and EM findings of such cells in cases 1-3, sug-
gest that these proteins, especially RTLI protein, plays a pivotal
role in the development of endothelial cells and pericytes. In this
regard, it may be possible that the endothelial thickening and
resultant narrowing the capillary lumens in the terminal villi
have resulted in the dilatation of the stem to intermediate por-
tions of the chorionic villi.

Second, the degree of protein staining was well correlated with
the expression dosage of corresponding genes. In this regard,
since characteristic macroscopic and microscopic placental fea-
tures were identified in cases 1-3 who shared markedly elevated
RTLI protein expression, this is consistent with the notion that
upd(14)pat phenotype is primarily caused by the markedly
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elevated RTLI expression.” Indeed, DLKI protein expression was
not exaggerated in case 3 with typical upd(14)pat phenotype,
and DIO3 protein expression was not enhanced in cases 1-3.
It may be possible, however, that the abnormality of placental
structures may have resulted in a difference in immunostaining
without an actual change in gene expression. This point awaits
further investigations.

Third, villous chorangiosis, stromal expansion, and mesen-
chymal dysplasia were not identified in the placental samples of
cases 1-3, although such a lesion(s) may have existed in non-
examined portions. Notably, such lesions are frequently observed
in placentas of patients with BWS.”# Thus, while both upd(14)
pat and BWS are associated with placentomegaly and polyhy-
droamnios, characteristic histological findings appear to be dif-
ferent between upd(14)pat and BWS.

This study would also provide useful information on the
methylation patterns of the MEG3-DMR in the placenta. Our
previous studies using formalin-fixed and paraffin-embedded
placental samples revealed that roughly two-thirds of clones
were hypermethylated and the remaining roughly one-third of
clones were hypomethylated in case 3 as well as in the previously
reported patients with upd(14)pat (not cases 1 and 2) and epimu-
tation (hypermethylation of the IG-DMR and the MEG3-DMR
of maternal origin), and that roughly one-third of clones were
hypermethylated and the remaining roughly two-thirds of clones
were hypomethylated in control placental samples (see Fig. S2C
in ref. 2). However, this study showed that the MEG3-DMR was
grossly hypomethylated in the fresh placental samples of cases 1
and 2, with an extent similar to that identified in the fresh con-
trol placental samples. In this regard, it is notable that PCR prod-
ucts could be obtained only after 35 cycles for the formalin-fixed
and paraffin-embedded placental samples and were sufficiently
obtained after 30 cycles for the fresh placental samples. Thus,
several specific clones may have been selectively amplified in the
previous study. Furthermore, it may be possible that efficacy of
bisulfite treatment (conversion of unmethylated cytosine into
uracils and subsequently thymines) may be insufficient for the
formalin-fixed and paraffin-embedded placental samples. Thus,
it appears that the present data denote precise methylation pat-
terns of the MEG3-DMR in the placenta.

In summary, the present study provides useful clues for the
clarification of regulatory mechanism for the R7LI expression,
imprinting status of D/O3 and characteristic placental histologi-
cal findings in patients with upd(14)pat and related conditions.
Further studies will help improve our knowledge about upd(14)
pat and related conditions.

Methods

Ethical approval. This study was approved by the Institutional
Review Board Committees of each investigator, and performed
after obtaining written informed consent.

Primers. Primers utilized in this study are summarized in
Table S3.

Sample preparation for molecular studies. Genomic DNA
samples were obtained from leukocytes using FlexiGene DNA
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Figure 5. Histological examinations. LM, light microscopic examina-
tions; EM, electron microscopic examinations; DLK1, RTL1 and DIO3,
immunohistochemical examinations for the corresponding proteins.
The arrows and arrowheads in the EM findings indicate endothelial
cells and pericytes, respectively. Scale bars represent 100 wm for 1-4,
15-18, 23-26 and 31-34, 50 um for 5-8, 19-22 and 27-30, 5 um for 9-11
and 2 um for 12-14. Gestational age, placental weight, and % placental
weight assessed by the gestational age-matched Japanese references
for placental weight*? are described.

Kit (Qiagen) and from placental samples using ISOGEN
(Nippon Gene). Transcripts of DLKI, MEG3, RTLI, MEGS8
and DIO3 were isolated with ISOGEN (Nippon Gene), and
microRINAs were extracted with mirVana™ miRNA Isolation Kit
(Ambion). After DNase treatment, cDNA samples for DLK]I,
MEG3, MEG8 and DIO3 were prepared with oligo(dT) primers
from 1 g of RNA using Superscript III Reverse Transcriptase
(Invitrogen), and those of microRNAs were synthesized from 300
ng of RNA using TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems). For RTLI, 3'-RACE was utilized to pre-
vent amplification of R7L1as; cDNA was synthesized from 1 pg
of RNA using Superscript III Reverse Transcriptase with a long
primer hybridizing to poly A site and introducing the adaptor
sequence. Lymphocyte metaphase spreads for FISH analysis were
prepared from leukocytes using colcemide (Invitrogen).
Molecular studies. Microsatellite analysis for 19 loci on
chromosome 14, methylation analysis for the IG-DMR and
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Body Placenta assay ID: 001028 for miR433 and 000452
for miR127). For RTLI, g-PCR analy-
DLk A bios DLK1 B DIg3 | sis was performed with a forward primer
P = PlG e o hybridized to the sequence of R7TLI and
Control GDMR MEGS: DIO3 i i pio3 | a reverse primer hybridized to the adap-
M M tor sequence. Fifty nanongrams of cDNA
VEGS/ VEGS/ in a 50 pl reaction mixture contacting 2 x
MEG3 RTL1as MEG3 RTL1as
fg%ﬁ,’xgs, }STZORI/?\/IX/:S/ KOD FX buffer (Toyobo), 2.0 mM dNTP
o mixture (Toyobo), KOD FX (Toyobo),
. ,D_ij <£TU Y . DL <57U bigs SYBR Green I (Invitrogen), and primer set
c (G-DVIR MEG3.DMR |G-DMR MEGS.DMR for RTLI were subjected to thc.: ABI PRI.SM
a;es DLKT _RTL1 DIO3 DLK1 _RTL1 DI03 | 7000. Data were normalized against
162 1, =3 p =3 GAPDH (catalog No: 4326317E) for
DLKI, MEG3, MEGS8, RTLI, and DIO3,
?}57 PP DIO3 %LTW (‘%TU Dio3 and against RNU48 (assay 1D: 0010006)
P - P —EJ—?:'—@—DW for microRINAs. The expression studies were
c 3 IG-DMR MEG3-DMR IG-DMR MEG3-DMR f d th . f h |
ase ity RILT DIO3 performed three times for each sample.
TR — Oligoarray CGH was performed using 1 x
MEGS/ VEGS/ IM format Human Genome Array (Catalog
MEG3 RTL1as MEG3 RTL1as . .
SnoRPAS! SnoRpAS! No G4447A) (Agilent Technologies).
Histopathogical ~analysis. Placental
'D_L>K7 ﬂ L1 DIO3 DLk L DIO3 samples were fixed with 20% buffered
P —El:—?: { = P formaldehyde at room temperature and
IG-DMR MEG3-DMR v P
IG-DMR MEG3-DMR - - : H
DK BT DIO3 o ey pioz | embedded in paraffin wax accor’dln’g to
Cased | © | 5 | standard protocols for LM examinations.
IG-DMR MEG3-DMR Io3 IG-DMR MEG3-DMR 5103 Then, sections of 3 m thick were stained
with hematoxylin-eosin. For EM exami-
. E | Y lM'E'G”E}/ m et nations, fresh placental tissues were fixed
MEGS RiL1as SnoRNAs/ MEG3 RTL1as gporNAs/ with phosphate-buffered 2.5% glutaralde-
RS MIRNAS hyde, postfixed in 1% osmium tetroxide,
and embedded in Epon 812 (catalog No.
Figure 6. Schematic representation of the chromosome 14g32.2 imprinted region in a control R3245, TAAB). Semithin sections were
subject, cases 1 and 2 with upd(14)pat, case 3 with a microdeletion (indicated by stippled stained with 1% methylene blue, and ultra-
rectangles), and case 4 with two copies of the imprinted region of paternal origin and a single thin sections were double-stained with ura-
copy of the imprinted region of maternal origin. This figure has been constructed using the pres- nvl acetate and lead citrate. Subsequentl
ent results and the previous data.?? P, paternally derived chromosome; M, maternally derived })1] ined wich - h qD }}llf
chromosome. Filled and open circles represent hypermethylated and hypomethylated DMRs, they were examine W.lt a Ninhon Denshi
respectively; since the MEG3-DMR is grossly hypomethylated and regarded as non-DMR in the JEM-1230 electron miICroscope.
placenta, it is painted in gray. PEGs (DLKT and RTL1) are shown in blue, MEGs (MEG3, RTL1as, MEGS, For THC analysis, sections of 3 pm
snoRNAs and miRNAs) in red, a probably non-imprinted gene (D/O3) in black, and non-expressed thick were prepared by the same methods
genes in white. Thick arrows for RTLT in cases 1-3 represent increased RTL1 expression that is utilized for the LM examinations. and
ascribed to loss of functional microRNA-containing RTL1as as a repressor for RTLI. K . K o7
were examined with rabbit anti human

the MEG3-DMR, and FISH analyses for the 14q32.2 region
were performed as described previously.>? For FISH analysis of
17p13.3, a 17p sub-telomere probe and an RP11-411G7 probe for
the 17p13.3 region were utilized, together with a CEP17 probe for
the 17p11.1 region utilized as an internal control. The 17p sub-
telomere probe was detected according to the manufacture’s pro-
tocol, the RP11-411G7 probe was labeled with digoxigenin and
detected by rhodamine anti-digoxigenin, and the CEP17 control
probe was labeled with biotin and detected by avidin conjugated
to fluorescein isothiocyanate. Quantitative real-time PCR analy-
sis was performed on an ABI PRISM 7000 (Applied Biosystems)
using TagMan real-time PCR probe primer mixture for the fol-
lowing genes (assay No: Hs00171584 for DLKI, Hs00292028
for MEG3, Hs00419701 for MEG8 and Hs00704811 for D/O3;
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DLKI1 polyclonal antibody at 1:100 dilu-
tions (catalog No 10636-1-AP, ProteinTech Group), rabbit anti
human RTLI polyclonal antibody at 1:200 dilutions, and rabbit
anti human DIO3 polyclonal antibody at 1:50 dilutions (cata-
log No ab102926, abcam); anti human RTL1 polyclonal anti-
body was produced by immunizing rabbits with the synthesized
RTLI peptide (NH2-RGFPRDPSTESG-COOH) in this study.
Sections were dewaxed in xylene and rehydrated through graded
ethanol series and, subsequently, incubated in 10% citrate buffer
(pH 6.0) for 40 min in a 98°C water bath, for antigen retrieval.
Endogenous peroxidase activity was quenched with 1% H,O, and
100% methanol for 20 min. To prevent non-specific background
staining, sections are incubated with Protein Block Serum-Free
(Dako corporation) for 10 min at room temperature. Then, sec-
tions were incubated overnight with primary antibody at 4°C
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and, subsequently, treated with the labeled polymer prepared by
combining amino acid polymers with peroxidase and anti- rabbit
polyclonal antibody (Histofine Simple Stain MAX PO MULT]I,
Nichirei). Peroxidase activities were visualized by diaminoben-
zidine staining, and the nuclei were stained with hematoxylin.
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TO THE EDITOR:

The lethal form of osteogenesis imperfecta (type II OI, OMIM
#166210) is a common skeletal dysplasia that occurs during the
perinatal period. Most cases are sporadic and attributable to
heterozygous mutations of type 1 collagen genes (COLIAI and
COL1A2). Therefore, type Il Ol is not likely to occur in siblings with
normal parents; however, the occurrence of type II OI has been
reported in 7-8% of siblings [Byers etal., 1988]. This is attributed in
part to the autosomal recessive (AR) inheritance of OI because
several genes encoding the enzymes involved in collagen post-
translational modifications cause type II OI as AR traits [Barnes
et al., 2006; Morello et al., 2006; Cabral et al., 2007; van Dijk et al.,
2009; Lapunzina et al., 2010]. The occurrence of type II OI in
siblings is also attributed to parental mosaics of type 1 collagen gene
mutations [Byers et al., 1988; Cohen-Solal et al., 1991]. Indeed,
several reports have described fatal outcomes from mosaic muta-
tionsin OI [Cohn et al., 1990; Constantinou et al., 1990; Wallis et al.,
1990; Mottes et al., 1993; Cohen-Solal et al., 1994].

Here, we report on a family with recurrence of type Il Ol due to a
COLIAI mosaic mutation in the mother. A 25-year-old Japanese
woman reported a therapeutic abortion of her first pregnancy at
20 weeks of gestation due to shortening and bending of the long
bones in her fetus. Neither tissue specimens nor radiographic
images were obtained from the terminated fetus. She was referred
to us at 17 weeks of gestation of her second pregnancy because
bowing and shortening of the femora were found again in her
second fetus. The mother was short in height (147 cm, —2.2 SD),
but had no history of bone fracture and no clinical features of OI,
such as blue sclera, hearing impairment, and abnormal tooth
development. Her marriage was not consanguineous. Ultrasonog-
raphy revealed a fetal biparietal diameter of 40.1 mm (+40.70 SD);
lengths of the curved femur and humerus of 16.2 mm (—3.1 SD)
and 14.2mm (—3.8 SD), respectively; a narrowed thorax with
short ribs; defective calvarial ossification evidenced by easy skull
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compression with an ultrasound probe (Fig. 1A); and unusually
well-defined cerebral gyri.

After genetic counseling with a tentative diagnosis of severe OI,
the mother underwent a termination of the pregnancy at 19 weeks
of gestation. Postmortem radiographs revealed beaded ribs, short-
ened broad and crumpled long bones, and nonossified calvaria,
which warranted a diagnosis of type IIA OI (Fig. 1B). The parents
did not permit an autopsy, but they gave consent for genetic
examination of the umbilical cord blood and fetal skin sampled
at the termination.

We extracted genomic DNA from the umbilical cord blood of the
affected fetus and the peripheral blood of the unaffected parents by
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FIG. 1. A: Prenatal ultrasonography of the affected second fetus. Upper panels: Easily compressed unossified calvaria. The shape of the calvaria was
easily changed before (leftimage) and after (right image) the compression. Lower left panel: Coronal view of the narrow thorax with short ribs. Lower
right panel: Highly curved femur of the affected fetus. B: A postmortem radiograph of the fetus showing beaded ribs, shortened broad and crumpled

long bones, and nonossified calvaria.

using a QIAamp DNA Mini Kit (Qiagen, Tokyo, Japan). We
analyzed all coding exons and flanking introns of COLIAI,
COL1A2, LEPRE1, CRTAP, and PPIBby polymerase chain reaction
(PCR) of the genomic DNA and direct sequencing. A heterozygous
mutation ¢.1054_1056 4+ 2 del AAGGT was found in COLIAI
(Fig. 2A). Because the deletion involved the consensus splice donor
site, a reverse transcription-PCR (RT-PCR) was performed using
the fetus’s RNA to check for a splicing abnormality. RNA was
extracted from the fetal skin using an RNeasy Mini Kit (Qiagen).
The cDNAs were subjected to PCR amplification using primers (5'-
AAATGGAGCTCCTGGTCA GA-3'and 5-AGG AGCACCAGC
AAT ACC AG-3) encompassing exons 13—19. Sequencing of the
RT-PCR products showed an insertion of 255bp in intron 16,
resulting in an in-frame insertion of 84 amino acids (Fig. 2B).
COLIAI sequencing of the PCR products of the parents’
genomic DNA from their blood samples revealed the same muta-
tion in the mother, but not in the father. The electropherographic
signal intensity of the mutant allele was low in the mother,
suggesting a mosaic mutation (data not shown). The mosaic
rate of this mutation was examined by subcloning of PCR
products from genomic DNAs of various tissues; the ratio
(mutant:wild-type) was 13:37 in blood, 16:34 in hair roots, and
8:42 in nails.

The mother became pregnant 3 months after the termination of
her second pregnancy. A molecular examination of the chorionic
villus sample excluded the COLIA 1 mutation (data not shown). She
gave birth to an unaffected baby at 39 weeks of gestation. The
mother underwent skeletal survey and dual energy X-ray absorpti-
ometry for the lumbar spine (L2—-L4) postpartum. Her bone
mineral density was slightly low (0.865g/cm? Z-score, —1.3),
but still within the normal range. Radiographic examination
revealed no abnormality suggestive of Ol

The unique COLIAI mutation reported here was predicted to
cause mis-splicing and consequently to create an elongated pro-
collagen protein. This elongated procollagen would presumably
interfere the triple helix formation of collagen and hence is respon-
sible for the lethal phenotypes of the affected siblings. This spec-
ulation is consistent with our current understanding of the
pathogenesis of severe OI, which is believed to involve a dominant
negative mechanism. As with the mother of fetus investigated in the
current report, mosaic parents are sometimes asymptomatic or
only mildly affected, if at all [Cohn et al., 1990; Constantinou et al.,
1990; Wallis et al., 1990; Wijsman, 1991]. The mother showed only
mildly short stature and mildly decreased bone density in the
lumbar spine. The mosaic state of the mutation in the mother
was 16—32% in the tissue examined. This observation was con-
sistent with results of previous reports; a patient with 20% mosaic
mutations in the blood and hair roots was asymptomatic [Cohn
et al., 1990], while patients with 50% mutations in fibroblasts and
27% mutations in the blood were symptomatic [Wallis et al., 1990],
and those with 25% mutations in fibroblasts and blood were also
mildly symptomatic [Constantinou et al., 1990].

A molecular analysis to determine the mosaic state is important
for familial recurrence. A genetic test, which confirms the mode of
inheritance, followed by precise genetic counseling based on the
recurrence rate estimation by mosaic rate, is particularly important
in the management of severe perinatal OL
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FIG. 2. COL1A1 mutation in the affected second fetus. A: Left: Direct
sequencing of genomic DNA. The electropherograms of the wild-
type (WT) and mutant (Mut) alleles were overlapping. Right:
Subcloning revealed an AAGgt deletion in the junction of exon 16
and intron 16. B: RT-PCR of the mRNA from the fetal skin. Left: PCR
products of WT (346 bp) and Mut (598 bp) are shown. Lanes 1:
Marker, 2: Negative control, 3: Control cDNA, 4: Patient cDNA. Right:
RT-PCR was performed using a primer set at exons 13 and 19
(arrows). C: cDNA sequence of the mutation. In the WT allele, intron
16 (257 bp) had been spliced out. The Mut allele had 5 bp deletion;
“AAG” are the last 3 bp of exon 16 and “GT” are the first 2 bp of
intron 16. The deletion of the splice donor site of intron 16 resulted
in contiguous transcription to exon 16. The contiguous intron 16
was 255 bp long.
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Established Facts

o Boomerang dysplasia is a rare lethal osteochondrodysplasia characterized by disorganized mineral-
ization of the skeleton, leading to complete nonossification of some limb bones and vertebral elements
and a boomerang-like aspect to some of the long tubular bones.

Novel Insights

binding domain of filamin B.

o Demonstration of the characteristic bent bone morphology in the limbs by 3D-CT adds diagnostic
certainty and facilitates prognostication and genetic counseling for parents.

o The mutation observed in this patient, c.605T>C, is the third causative mutation described in this
disorder and, like the other two mutations, leads to substitution of an amino acid residue in the actin-

Key Words
Boomerang dysplasia - Fetal imaging - Filamin B

Abstract

Boomerang dysplasia is a rare lethal osteochondrodysplasia
characterized by disorganized mineralization of the skele-
ton, leading to complete nonossification of some limb bones
and vertebral elements, and a boomerang-like aspect to
some of the long tubular bones. Like many short-limbed
skeletal dysplasias with accompanying thoracic hypoplasia,
the potential lethality of the phenotype can be difficult to

ascertain prenatally. We report a case of boomerang dyspla-
sia prenatally diagnosed by use of ultrasonography and 3D-
CT imaging, and identified a novel mutation in the gene en-
coding the cytoskeletal protein filamin B (FLNB) postmor-
tem. Findings that aided the radiological diagnosis of this
condition in utero included absent ossification of two out of
three long bones in each limb and elements of the vertebrae
and aboomerang-like shape to the ulnae. The identified mu-
tation is the third described for this disorder and is predicted
to lead to amino acid substitution in the actin-binding do-
main of the filamin B molecule.
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Fig. 1. 2D-ultrasound views showing a sagittal section of depressed nasal bridge (a; white
arrow), a short femur (b; white arrow), a trident-like hand (c; white arrow), a convoluted
foot (d; white arrow), a sagittal section of a narrow bell-shaped thorax (e), and an axial

bladder).

Clinical Report

This was the second pregnancy of unrelated healthy parents.
The family history is noncontributory. At the time of conception
the mother was 30 years old and the father 29. Routine ultra-
sound investigation in the 33rd week of gestation revealed severe
fetal malformations, leading to referral to our hospital for pre-
natal diagnosis. Sonographic evaluation showed a fetus with se-
vere micromelia. At the 33rd week of gestation, the fetal bipari-
etal diameter was 84.8 mm (0.3 SD), fetal trunk area was 5,808
mm? (-1.0 SD) and femur length was 18.2 mm (~14.8 SD). Only
one of the three tubular bones was present in each limb, and the
elbows and knees were indiscernible. The hands were trident
and ossifications of the metacarpal bones were diminished. The
bridge of the nose was flattened. The thorax was hypoplastic and
had a bell-shaped appearance. The spinous processes and verte-
bral arches were not ossified (fig. 1). 3D-CT imaging showed the
boomerang-like-shaped ulna, and the segment-shaped femur
(fig. 2). In view of the typical skeletal abnormalities, including
micromelia, and the absence of ossification of some but not all
of the long tubular bones, the tentative diagnosis of boomerang

Boomerang Dysplasia with a Novel
Causative Mutation in FLNB

section absent of spinous processes and vertebral arches (f; white arrow, ‘B’ indicates

dysplasia was made. After genetic counseling, the parents pre-
ferred not to resuscitate postpartum in view of the severity of the
phenotype.

The fetus was born in the 38th week of gestation, and soon died
from respiratory insufficiency. The bridge of the nose was defec-
tive (fig. 3) and a cleft palate was recognized. X-ray imaging con-
firmed the findings as demonstrated on the prenatal 3D-CT. Mu-
tation analysis of the filamin B (FLNB) gene was undertaken on
DNA extracted from umbilical cord blood after informed consent
was obtained from the parents. All exons and exon-intron bound-
aries of FLNB were amplified using polymerase chain reaction as
described previously [1], and amplified DNA was subjected to de-
naturing high-performance liquid chromatography with ampli-
cons exhibiting anomalous waveforms subsequently sequenced
on an ABI3100 sequencer. A novel mutation, ¢.605T>C, in exon
3 was identified, which is predicted to lead to the substitution of
p-Met202Thr of the FLNB protein. This substitution occurs in the
calponin homology 2 region of the actin-binding domain of
FLNB.

Fetal Diagn Ther 2012;32:216-220 217



Fig. 2. 3D-CT views showing the boomerang-like shaped ulna (white arrow), the segment shaped femur (white
arrow head) and zipper-like shaped spine (double arrows). The humerus and radius were absent: front view (a),
rear view (b), right side view (c) and left side view (d).

Discussion

Boomerang dysplasia is a rare osteochondrodysplasia
characterized by a boomerang-like aspect of the long tu-
bular bones [2, 3]. It belongs to a family of skeletal dyspla-
sias of varying severity, all caused by mutations in the
same gene, FLNB [4, 5]. These related conditions in order
of diminishing severity include atelosteogenesis type I
and III [4] and Larsen syndrome [6]. Boomerang dyspla-

218 Fetal Diagn Ther 2012;32:216-220

siais difficult to diagnose prenatally. All cases of this con-
dition described in the literature thus far have been char-
acterized by lethality, although instances of the pheno-
typically similar allelic condition, atelosteogenesis III,
have been reported in conjunction with survivorship [7].
In this report we show that helical 3D-CT is a useful ad-
junct to obtain specific images of the skeletal abnormali-
ties manifest in this condition.

Tsutsumi/Maekawa/Obata/Morgan/
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Fig. 3. The postmortem images of the patient. The nasal bridge was flattened, and the extremities were short
and flexed: macroscopic front view (a), X-ray front view (b) and X-ray rear side view (c).

The key findings that facilitated the diagnosis of boo-
merang dysplasia in this instance included the absence
of two of the three long bones in each limb, underossi-
fication of some components of the vertebrae and disor-
dered ossification of the metacarpals. These findings
can also be observed in atelosteogenesis type I, an ob-
servation that reflects the close phenotypic relatedness
of these two conditions. Importantly, however, the mild-
er potentially survivable condition, atelosteogenesis III,
does not feature nonossification of the long bones of the
limbs [4, 7]. In this instance demonstration of the char-
acteristic bent bone morphology in the limbs by 3D-CT
added diagnostic certainty and facilitated prognostica-
tion and genetic counseling for the parents. This was
possible because the images obtained by 3D-CT enabled
the visualization of some additional details of the fetal
skeleton which were not clearly recognized in the ultra-
sonographic evaluation. Furthermore, the reconstruct-
ed 3D-CT enabled visualization of the whole fetal skel-
eton without contamination from maternal anatomy
(8, 9].

The mutation observed in this patient, c.605T>C is
the third causative mutation described in this disorder,
and like the other two known mutations (p.Leul71Arg,
p-Ser235Pro) leads to substitution of an amino acid resi-
due in the actin-binding domain of FLNB [5]. Reflecting
their close relatedness, a previously reported mutation,

Boomerang Dysplasia with a Novel
Causative Mutation in FLNB

€.604A>G, occurring at the same codon predicts the sub-
stitution p.Met202Val and results in an atelosteogenesis I
phenotype. The parents of our patient did not give per-
mission to perform their own genetic analysis to check
whether the change is de novo. However, this substitution
(p.Met202Thr) changes polarity and hydrophilic prop-
erty of the amino acid residue. Therefore, it might be
pathogenic due to the potential of protein structural and
functional change. Similar mutations leading to atelos-
teogenesis I and Larsen syndrome leads to an increased
avidity of FLNB for cytoskeletal actin [10], but the mech-
anism by which this impacts on skeletogenesis and ossi-
fication of bone is not understood.
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TO THE EDITOR:

Silver—Russell syndrome (SRS) is a congenital developmental
disorder characterized by pre- and post-natal growth failure, rela-
tive macroc triangular face, hemihypotrophy, and 5th finger
clinodactyly ssell, 1954; Silver et al., 1953]. Recent studies
have shown that hypomethylation (epimutation) of the paternally
derived differentially methylated region (DMR) in the upstream of
HI19(H19-DMR) on chromosome 11p15 and maternal uniparental
disomy for chromosome 7 (upd(7)mat) account for ~45% and
~5—10% of SRS patients, respectively [Eggermann, 2010; Binder
et al., 2011]. Furthermore, consistent with the involvement of
imprinted genes in both body and placental growth [for review,
Coan et al., 2005], epimutations of the HI9-DMR and upd(7)mat
are to result in placental hypoplasia [Yamazawa et al.,
200 ere, wereport on a Japanese boy with mosaic upd(7)mat
)mat who was identified through genetic screenings in 120 patients
with SRS-like phenotype.

This Japanese boy was conceived naturally to a 41-year-old father
and a 36-year-old mother. The parents were non-consanguineous
and healthy. The paternal height was 165 cm (—0.9 SD), and the
maternal height 155 cm (—0.6 SD).

At 35 weeks of gestation, he was delivered by a cesarean because
of fetal distress. At birth, his length was 37.4cm (—3.1 SD), his
weight 1.28kg (—3.1 SD), and his head circumference 29.0 cm
(—1.3 SD). The placenta weighed 400 g (—0.6 SD [Kagami et al.,
2008]). Shortly after birth, he was found to have ventricular
septal defect, hydronephrosis, and abnormal external genitalia
(hypospadias, bifid scrotum, and bilateral cryptorchidism). He
received orchidopexy at 110/, years of age and genitoplasty
at 24/1, years of age. He exhibited feeding difficulty and speech
delay.

At 51/1; years of age, he was referred because of short stature. His
height was 87.9 cm (—4.3 SD), weight was 10.4 kg (—2.9 SD), and

© 2011 Wiley Periodicals, Inc.
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his head circumference 49.0 cm (—0.7 SD). Physical examination
showed relative macrocephaly, abnormal teeth, 5th finger clino-
dactyly, and underdeveloped muscles. There was no hemihypo-
trophy. Endocrine studies for short stature yielded normal results,
as did radiological examinations. His karyotype was 46,XY in all the
50 lymphocytes examined. He was clinically diagnosed as having
SRS, and molecular studies were performed after obtaining
the approval from the Institutional Review Board Committee at
National Center for Child Health and Development and the written
informed consent from the parents.

We first performed methylation analysis of the MEST-DMR on
chromosome 7q32.2 using leukocyte genomic DNA by the previ-
ously described methods [Yamazawa et al., 2008b], because this
patient showed rel@ mild SRS-phenotype with speech delay
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(combined bisulfite restriction analysis) method, as reported pre-
viously [Yamazawa etal., 2010]. The GRB10-DMR on chromosome
7p12.1 and the PEGIO-DMR on chromosome 7q21.3 exhibited
skewed methylation patterns consistent with the predominance
of maternally derived clones, as did the MEST-DMR (Fig. 1B). By

and feeding difficulty characteristic of upd(7)mat [Hitchins et al.,
2001; Kotzot, 2008]. The methylation analysis showed a major peak
for methylated clones and a minor peak for unmethylated clones in
this patient (Fig. 1A). We also examined the HI9-DMR and other
multiple DMRs on various chromosomes by the bio-COBRA

A MEST (PEG1 B Methylation index (%)
PN ~Y—
100
—WEST-OMR & .
239 bp (21 CpGs) 80 7
Pat —eo0000——1 00— 5 ' 1 ' T\I _]' I
Mat - _.] + L2t 1 ,_T
201 bp (31 CpGs) w4V | l “‘ﬂ l ITTN N
300 bp - + | 00
Control | | | C MR R IE RO R R e e X
AT B T
3"0aTES RIS EERIG S"ILFF
Upd(7)mat | Tids B30T rh
X == p
Patient | * | ..:,
) ch.ija el 7 | 1 [ 14 1519 20
c 90 100(bp) 210 220 (bp) 120 140 (bp) 140 160 (bp)
[ | | 1 1 1 1 1 1
raver| ol 1| [ ) L
Patient (L) 1 * * | l | » l N
Patient (S) l & " b l l 2 l 2
L * & L
Placental | i 1 'l l i
Mother ‘ | l h : h

D78507 D75636

D75493 |_—| D75640

FIG. 1. Representative molecular results. A: Methylation analysis for the MEST-DMR. The methylated and unmethylated allele-specific primers were
designed to yield PCR products of different sizes, and the PCR products were visualized on the 2100 Bioanalyzer (Agilent, Santa Clara, CA). Both
methylated and unmethylated alleles are amplified in a control subject, and the methylated allele only is identified in a previously reported patient
with upd(?)mat [Yamazawa et al., 2008b]. In this patient, a major peak for the methylated allele and a minor peak for the unmethylated allele (a red
asterisk) are delineated. B: Methylation indices of 24 DMRs examined by the bio-COBRA. The PCR products were digested with methylation sensitive
restriction enzymes, and the methylation indices (the ratios of methylated clones) were calculated using peak heights of digested and undigested
fragments on the 2100 Bioanalyzer using 2100 expert software. The black vertical bars indicate the reference data in 20 normal control subjects
(maximum — minimum). The DMRs highlighted in blue and pink are methylated after paternal and maternal transmissions, respectively.

C: Microsatellite analysis. Major peaks of maternal origin and minor peaks of paternal origin (red asterisks) are identified in this patient. The minor
peaks of paternal origin are more obvious in the placenta than in the leukocytes (L) and salivary cells (S). Calculation of the mosaic ratio using the
D75507 data, under the assumption of no trisomic cells. For this locus, the patient is considered to be heterozygous with the major 87 bp peak of
maternal origin and a minor 97 bp peak of paternal origin. The father is also heterozygous with the two peaks of the same sizes, and the area under
curve (AUC) is larger for the short 87 bp peak than for the long 97 bp peak. This unequal amplification is consistent with short products being more
easily amplified than long products. In this patient, the AUC ratio between the major 87 bp peak and the minor 97 bp peak is obtained as 1.0:0.043 for
leukocytes, 1.0:0.044 for salivary cells, and 1.0:0.803 in placental tissue, after compensation of the unequal amplification between the two peaks
using the paternal data. Here, let “XL” represent the frequency of the upid(?)mat cells in leukocytes (thus, (1 — XL) denotes the frequency of normal
cellsin leukocytes). Then, the paternally derived 97 bp peak is generated by one paternally derived chromosome in the normal cells, that is, (1 — XL),
and the maternally derived 87 bp peak is formed by the products from two maternally derived homologous chromosomes in the upid(?)mat cells and
one maternally derived chromosome in the normal cells, that is, {2XL + (1 — XL)} = (XL + 1). Thus, the AUC ratio between the two peaks is
represented as (XL + 1):(1 — XL) = 1.0:0.043, and “XL” is calculated as 0.92 (92%). Similarly, when “XS” and “XP” represent the frequency of the
upid(?)mat cells in salivary cells and placental tissue, respectively, “XS” is obtained as 0.91 (91%) and “XP” as 0.11 (11%). Furthermore, when “XB”
represents the frequency of the upid(?)mat cells in buccal epithelium cells, “XB” is obtained as 0.91 (91%), on the basis of the previous report that
salivary cells comprises ~40% of buccal epithelium cells and ~60% of leukocytes [Thiede et al., 2000].
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Locus Position Father Patient (L) Patient (S) Placenta Mother Assessment
D7S517 ?p22.2 254/258 (254)/258 (254)/258 (254)/258 256/258 Maternal Iso-D%biparental
D7S507 /’pl5-21 87/97¢ 87/(97) 87/(97) 87/(97) 87/95 Maternal Iso-D?/biparental
D?S493 /’pl5.3 208/214 (214)/226 (214)/226 (214)/226 226 Maternal Db/biparental
D7S484 ?p14—15 96/100 (96)/98 (96)/98 (96)/98 98/100 Maternal Iso-D/biparental
D’S502 /‘qll.12 298 294/(298) 294/(298) 294/(298) 294/304 Maternal Iso-D/biparental
D7S669 ’qll.2 116/126 (116)/124 (116)/124 (116)/124 124 Maternal Db/biparental
D’S515 /’q21-22 169/173 171/(173) 171/(173) 171/(173) 169/171 Maternal Iso-D/biparental
D7S640 7q21.1-31.2 122/140 116/(122) 116/(122) 116/(122) 116/118 Maternal Iso-D/biparental
D7S684 7q34 169/179 177/(179) 177/(179) 177/(179) 177/179 Not informative

D7S636 7q35-36 158/162 146/(158) 146/(158) 146/(158) 142/146 Maternal Iso-D/biparental
D’S798 7936 ’3/79 (79)/83 (?9)/83 (79)/83 73/83 Maternal Iso-D/biparental

L, leukocytes; S, salivary cells; D, disomy.
The Arabic numbers denote the PCR product sizes in bp.
The minor peaks are indicated in parentheses.

“0n the basis of the results of other informative loci, the major peaks are considered to be of maternal origin.
°Because of the maternal homozygosity, disomic status (isodisomy or heterodisomy) is unknown for these loci.

contrast, other DMRs including the HI9-DMR showed normal
methylation patterns.

We next performed microsatellite analysis for 11 loci on various
parts of chromosome 7, using genomic DNA from leukocytes
of the patient and the parents, from salivary cells of the patient,
and from formalin-fixed and paraffin-embedded placental tissue.
Major peaks consistent with maternal uniparental isodisomy and
minor peaks of paternal origin were unequivocally identified for
D78484, D7S502, D75515, D75640, D75636, and D75798; further-
more, similar patterns were also detected for D7S517, D75507,
D75669, and D75493, although the results were not informative for
D75684 (Fig. 1C and Table I). The minor peaks of paternal origin
were similar between leukocytes and salivary cells and more evident
in placental tissue. These findings, together with the normal kar-
yotype in lymphocytes, indicated mosaic full maternal isodisomy
for chromosome 7 (upid(7)mat) in this patient. Furthermore,
since such a condition is frequently associated with mosaicism
for trisomy 7 [Petit et al., 2011], @rmed fluorescence in situ
hybridization (FISH) analysis for s lymphocyte pellets, using
a CEP7 probe for D7Z1 (Abbott?’). The FISH analysis identified
two normal signals in 995 of 1,000 interphase nuclei examined,
with no trace of trisomic nuclei; while a single signal was delineated
in the remaining five nuclei, this was regarded as a false-positive
finding. Thus, assuming no trisomic cells, the frequency of the full
upid(7)mat cells was calculated as 92% in leukocytes, using the
results of D75507 (Fig. 1C). In addition, similarly assuming no
trisomic cells in other tissues, the frequency of the full upid(7)mat
cells was calculated as 91% salivary cells (and in buccal cells) and
11% in placental tissue, although we could not perform FISH
analysis in buccal cells and placental cells.

These results imply that this patient had an abnormal cell lineage
with full upid(7)mat and a normal cell lineage with biparentally
inherited chromosome 7 homologs at least in lymphocytes, and
these had no trisomy 7. It is likely that mitotic non-disjunction and
subsequent trisomy rescue (loss of the paternally derived chromo-
some 7 from a trisomic cell) took place in the post-zygotic devel-

opmental stage, resulting in the production of the mosaic full
upid(7)mat (Fig. 2). While full upid(7)mat can also be produced
by monosomy rescue (duplication of a single maternally derived
chromosome 7 in a zygote), this mechanism is predicted to cause
non-mosaic rather than mosaic upid(7)mat [Miozzo et al., 2001].
Although it remains to be clarified why trisomic cells mediating the
production of full upid(7)mat cells were apparently absent in
lymphocytes of this patient, there might be a negative selection
against lymphocytes with trisomy 7.

However, the presence or absence of demonstrable trisomic cells
was studied only in lymphocytes. In this regard, trisomic cells have
been identified more frequently in skin fibroblasts and amniocytes
than in blood cells in patients with mosaic trisomy 7 [Chen et al,,
2010; Petit et al., 2011], and they are usually more frequently
detected in the placental tissue than in the body tissue, as has
been demonstrated by confined placental trisomy [Kalousek et al.,
1991]. These findings would argue for the possible presence of
trisomic cells in several tissues including placenta of this patient.

The full upid(7)mat cells were assessed to account for the
majority of the leukocytes and salivary cells (buccal cells) and
the minority of the placental tissue, under the assumption of no

Norrnal cell
/ lineage
Zygcte @
M|losws
FuII iso-upd(7)mat
cel\ lineage
M1tct|c Trisomy

non-disjunclion rescue

FIG. 2. Schematic representation of the generation of the mosaic
upid(?)mat. The maternally and paternally derived chromosome ?
homologs are shown in red and blue, respectively. In this figure,
mitotic non-disjunction is assumed at the second mitosis.
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trisomic cells. In this regard, if trisomic cells may be present in a
certain fraction of buccal cells and placental tissue, the full upid-
(7)mat cells would still account for a relatively major fraction of
buccal cells and a relatively minor fraction of the placental cells.
While such a variation in the frequency of the full upid(7)mat cells
among different tissues would primarily be a stochastic event, it
should be pointed out that human genetic studies are usually
performed for leukocytes. Indeed, if the upid(7)mat cells were
barely present in leukocytes, the mosaic upid(7)mat would not have
been detected. Such a bias in human studies would more or less be
relevant to the relative predominance of the full upid(7)mat cells in
leukocytes.

Two findings are noteworthy with regard to clinical features of
this patient. First, this patient had relatively mild SRS phenotype
with speech delay and feeding difficulty. Since such clinical features
are grossly consistent with those of patients with upd(7)mat
[Hitchins et al., 2001; Kotzot, 2008], it is inferred that the upid-
(7)mat cells accounted for a considerable fraction of body cells
relevant to the development of SRS phenotype. Second, the placen-
tal size remained within the normal range. This would be consistent
with the relative paucity of the upid(7)mat cells in the placenta.

In summary, we observed mosaic upid(7)mat in a patient with
SRS. Further studies will identify mosaic upd(7)mat with or
without demonstrable trisomy 7 in patients with relatively mild
SRS-like phenotype.

This work was supported by the Grant-in-Aid for Scientific Re-
search (A) (22249010) from the Japan Society for the Promotion of
Science (JSPS), by the Grants for Health Research on Children,
Youth, and Families (H21-005) from the Ministry of Health, Labor
and Welfare, and by the Grant of National Center for Child Health
and Development (23A-1).
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Relative frequency of underlying genetic causes for
the development of UPD(14)pat-like phenotype

Masayo Kagamil, Fumiko Kato!, Keiko Matsubara!, Tomoko Sato!, Gen Nishimura? and Tsutomu Ogata

*,1,3

Paternal uniparental disomy 14 (UPD(14)pat) results in a unique constellation of clinical features, and a similar phenotypic
constellation is also caused by microdeletions involving the DLK1-MEG3 intergenic differentially methylated region (IG-DMR)
and/or the MEG3-DMR and by epimutations (hypermethylations) affecting the DMRs. However, relative frequency of such
underlying genetic causes remains to be clarified, as well as that of underlying mechanisms of UPD(14)pat, that is, trisomy
rescue (TR), gamete complementation (GC), monosomy rescue (MR), and post-fertilization mitotic error (PE). To examine this
matter, we sequentially performed methylation analysis, microsatellite analysis, fluorescence in situ hybridization, and array-
based comparative genomic hybridization in 26 patients with UPD(14)pat-like phenotype. Consequently, we identified
UPD(14)pat in 17 patients (65.4%), microdeletions of different patterns in 5 patients (19.2%), and epimutations in 4 patients
(15.4%). Furthermore, UPD(14)pat was found to be generated through TR or GC in 5 patients (29.4%), MR or PE in 11
patients (64.7%), and PE in 1 patient (5.9%). Advanced maternal age at childbirth (>35 years) was predominantly observed
in the MR/PE subtype. The results imply that the relative frequency of underlying genetic causes for the development of
UPD(14)pat-like phenotype is different from that of other imprinting disorders, and that advanced maternal age at childbirth
as a predisposing factor for the generation of nullisomic oocytes through non-disjunction at meiosis 1 may be involved in the

development of MR-mediated UPD(14)pat.
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INTRODUCTION

Human chromosome 14q32.2 carries a ~1.2Mb imprinted region
with the germline-derived primary DLKI-MEG3 intergenic differen-
tially methylated region (IG-DMR) and the post-fertilization-derived
secondary MEG3-DMR, together with multiple imprinted genes."?
Both DMRs are methylated after paternal transmission and unmethy-
lated after maternal transmission in the body, whereas in the placenta
the IG-DMR alone remains as a DMR and the MEG3-DMR is rather
hypomethylated irrespective of the parental origin.>® Furthermore, it
has been shown that the unmethylated IG-DMR and MEG3-DMR of
maternal origin function as the imprinting centers in the placenta and
the body, respectively, and that the IG-DMR acts as an upstream
regulator for the methylation pattern of the MEG3-DMR in the body
but not in the placenta.?

As a result of the presence of the imprinted region, paternal
uniparental disomy 14 (UPD(14)pat) (OMIM #608149) causes a
unique constellation of body and placental phenotypes such as
characteristic face, bell-shaped small thorax, abdominal wall defect,
polyhydramnios, and placentomegaly.>*> Furthermore, consistent
with the essential role of the DMRs in the imprinting regulation,
microdeletions and epimutations affecting the IG-DMR or both
DMRs of maternal origin result in UPD(14)pat-like phenotype in
both the body and the placenta, whereas a microdeletion involving the

maternally inherited MEG3-DMR alone leads to UPD(14)pat-like
phenotype in the body, but not in the placenta.??

Of the three underlying genetic causes for UPD(14)pat-like
phenotype (UPD(14)pat, microdeletions, and epimutations),
UPD(14)pat is primarily generated by four mechanisms, that is,
trisomy rescue (TR), gamete complementation (GC), monosomy
rescue (MR), and post-fertilization mitotic error (PE).® TR refers to
a condition in which chromosome 14 of maternal origin is lost
from a zygote with trisomy 14 formed by fertilization between a
disomic sperm and a normal oocyte. GC results from fertilization
of a disomic sperm with a nullisomic oocyte. MR refers to a condition
in which chromosome 14 of paternal origin is replicated in a zygote
with monosomy 14 formed by fertilization between a normal sperm
and a nullisomic oocyte. PE is an event after formation of a normal
zygote. In this regard, a nullisomic oocyte specific to GC and MR is
produced by non-disjunction at meiosis 1 (M1) or meiosis 2 (M2),
and non-disjunction at M1 is known to increase with maternal age,
probably because of a long-term (10-50 years) meiotic arrest at
prophase 1.7

However, relative frequency of the genetic causes for UPD(14)pat-
like phenotype remains to be determined, as well as that of underlying
mechanisms for the generation of UPD(14)pat. Here, we report our
data on this matter, and discuss the difference in the relative frequency

!Department of Molecular Endocrinology, National Research Institute for Child Health and Development, Tokyo, Japan; 2Department of Radiology, Tokyo Metropolitan Children’s
Medical Center, Fuchu, Japan; 3Department of Pediatrics, Hamamatsu University School of Medicine, Hamamatsu, Japan
*Correspondence: Professor T Ogata, Department of Pediatrics, Hamamatsu University School of Medicine, Hamamatsu 431-3192, Japan. Tel: +81 53 435 2310;

Fax: +81 53 435 2312; E-mail: tomogata@hama-med.ac.jp

Received 23 May 2011; revised 10 November 2011; accepted 26 December 2011; published online 22 February 2012


http://dx.doi.org/10.1038/ejhg.2012.26
mailto:tomogata@hama-med.ac.jp
http://www.nature.com/ejhg

among imprinted disorders and the possible maternal age effect on the
relative frequency.

PATIENTS AND METHODS

Patients

This study comprised 26 patients with UPD(14)pat-like phenotype (9 male
patients and 17 female patients) (Table 1). Of the 26 patients, 18 patients have
been reported previously; they consisted of nine sporadic patients with full
UPD(14)pat,»> one sporadic patient with segmental UPD(14)pat,* the proband
of sibling cases and four sporadic patients with different patterns of micro-
deletions involving the unmethylated DMRs of maternal origin,>* and three
patients with epimutations (hypermethylations) of the two normally unmethy-
lated DMRs of maternal origin.> The remaining eight patients were new
sporadic cases.

Phenotypic findings of the 26 patients are summarized in Supplementary
Table 1; detailed clinical features of patients 6 and 16-25 are as described
previously,> and those of the eight new patients 3, 5, 10~14, and 26 are shown
in Supplementary Table 2, together with those of patients 1, 2, 4, 7-9, and 15 in
whom detailed phenotypes were not described in the previous report.> All the
26 patients were identified shortly after birth because of the unique bell-shaped
thorax with coat-hanger appearance of the ribs on roentgenograms obtained
because of asphyxia. Subsequent clinical analysis revealed that 25 of the 26
patients exhibited both body and placental UPD(14)pat-like phenotype,
whereas the remaining one previously reported patient (patient 22) manifested
body, but not placental, UPD(14)pat-like phenotype.> The karyotype was
found to be normal in 25 patients, although cytogenetic analysis was not
performed in one previously reported patient who died of respiratory failure at
2h of age (patient 6).* One patient (patient 15) was conceived by in vitro
fertilization-embryo transfer.” This study was approved by the Institute Review
Board Committee at the National Center for Child Health and Development,
and performed after obtaining written informed consent.

Table 1 Summary of patients examined in this study

UPD(14)pat-like phenotype
M Kagami et al

Analysis of underlying genetic causes in patients with
UPD(14)pat-like phenotype

We sequentially performed methylation analysis, microsatellite analysis, and
fluorescence in situ hybridization (FISH), using leukocyte genomic DNA
samples and lymphocyte metaphase spreads of all the 26 patients with
UPD(14)pat-like phenotype. The detailed methods were as reported pre-
viously.>? In brief, methylation analysis was performed for the IG-DMR
(CG4 and CG6) and the MEG3-DMR (CG7 and the CTCF-biding sites C
and D) by combined bisulfite restriction analysis and bisulfite sequencing.
Microsatellite analysis was performed for multiple loci on chromosome 14, by
determining the sizes of PCR products obtained with fluorescently labeled
forward primers and unlabeled reverse primers. FISH analysis was carried out
for the IG-DMR and the MEG3-DMR using 5104-bp and 5182-bp long PCR
products, respectively, together with the RP11-56612 probe for 14q12 utilized as
an internal control.

In this study, furthermore, oligonucleotide array-based comparative geno-
mic hybridization (CGH) was also performed for the imprinted region of non-
UPD(14)pat patients, using a custom-build oligo-microarray containing 12 600
probes for 14q32.2-q32.3 encompassing the imprinted region and ~ 10000
reference probes for other chromosomal region (4x180K format, Design ID
032112) (Agilent Technologies, Palo Alto, CA, USA). The procedure was as
described in the manufacturer’s instructions.

Analysis of subtypes in patients with UPD(14)pat

UPD(14)pat subtype was determined by microsatellite analysis.> In brief,
heterodisomy for at least one locus was regarded as indicative of TR- or
GC-mediated UPD(14)pat (TR/GC subtype), whereas isodisomy for all the
informative microsatellite loci was interpreted as indicative of MR- or
PE-mediated UPD(14)pat (MR/PE subtype) (for details, see Supplementary
Figure S1). Here, while heterodisomy and isodisomy for a pericentromeric
region in the TR/GC subtype imply a disomic sperm generation through M1

UPD(14)pat Maternal age at Paternal age at
Patient Genetic cause subtype childbirth (years) childbirth (years) Remark Reference
1 UPD(14)pat TR/GC [M1] 31 35 5
2 UPD(14)pat TR/GC [M1] 28 29 5
3 UPD(14)pat TR/GC [M1] 29 38 This report
4 UPD(14)pat TR/GC [M1] 36 41 5
5 UPD(14)pat TR/GC [M2] 30 30 This report
6 UPD(14)pat MR/PE 42 Unknown 4,5
7 UPD(14)pat MR/PE 31 28 5
8 UPD(14)pat MR/PE 32 33 5
9 UPD(14)pat MR/PE 26 35 5
10 UPD(14)pat MR/PE 38 38 This report
11 UPD(14)pat MR/PE 26 32 This report
12 UPD(14)pat MR/PE 41 36 This report
13 UPD(14)pat MR/PE 30 28 This report
14 UPD(14)pat MR/PE 39 34 This report
15 UPD(14)pat MR/PE 42 37 Born after IVF-ET 5
16 UPD(14)pat MR/PE 36 36 4,5
17 UPD(14)pat-seg. PE 27 24 Segmental isodisomy 4,5
18 Microdeletion 31 34 2
19 Microdeletion 33 36 2
20 Microdeletion 28 27 2
21 Microdeletion 27 37 |IG-DMR alone 3
22 Microdeletion 25 25 MEG3-DMR alone 3
23 Epimutation 35 36 2
24 Epimutation 28 26 2
25 Epimutation 27 30 2
26 Epimutation 33 33 This report

Abbreviation: IVF-ET, in vivo fertilization-embryo transfer using parental gametes.
The microdeletions in patients 18-22 are different in size.
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and M2 non-disjunction respectively,” such discrimination between MI
and M2 non-disjunctions is impossible for the development of a nullisomic
oocyte. Furthermore, it is usually impossible to discriminate between
TR and GG, although the presence of trisomic cells is specific to TR. Similarly,
it is also usually impossible to discriminate between MR and PE, although
identification of segmental isodisomy or mosaicism is unique to PE
(PE subtype).

Analysis of parental ages

We examined parental ages at childbirth in patients of different underlying
causes and different UPD(14)pat subtypes. Statistical significance of the
relative frequency was examined by the Fisher’s exact probability test, and that
of the median age by the Mann—-Whitney’s U-test. P<0.05 was considered
significant.

RESULTS

Analysis of underlying causes in patients with UPD(14)pat-like
phenotype

For the eight new sporadic patients, methylation analysis invariably
revealed hypermethylation of both DMRs, and microsatellite analysis
showed UPD(14)pat in seven patients and biparentally inherited
homologs of chromosome 14 in the remaining one patient (patient
26). FISH analysis for patient 26 identified two signals for the two
DMRs, and subsequently performed array CGH analysis showed no
evidence for genomic rearrangements (Supplementary Figure S2).
Thus, patient 26 was assessed to have an epimutation affecting the
two DMRs. Furthermore, the results of array CGH analysis confirmed
the presence of microdeletions in patients 18-21 and the absence of a
discernible microdeletion in patients 23-25 (Supplementary Figure S2)
(array CGH analysis was not performed in patient 22 with a 4303-bp
microdeletion® because of the lack of DNA sample available). Thus,
together with our previous data, all the 26 patients with UPD(14)pat-
like phenotype had genetic alteration involving the imprinted region
on chromosomel4q32.2.

Consequently, the 26 patients with UPD(14)pat-like phenotype
were classified as follows: (1) 16 sporadic patients with full
UPD(14)pat and 1 sporadic patient with segmental UPD(14)pat
(UPD(14)pat group); (2) the proband of the sibling cases and two
sporadic patients with different patterns of microdeletions involving
the two DMRs, one sporadic patient with a microdeletion involving
the IG-DMR alone in whom the MEG3-DMR was epimutated, and
one patient with a microdeletion involving the MEG3-DMR alone
(deletion group); and (3) four patients with epimutations (hyper-
methylations) of both DMRs (epimutation group) (Figure 1 and
Table 1).

I UPD(14)pat-iike phenctype (n=26) I

Methylation

Hypermethylation of Hypermethylation of the
bath DMRs (n=25) MEG3-DMR alone (n=1)

UPD(14)pat (n=17) | Biparental (n=8) || Biparental (n=1) |
- TRIGC (=5}
- MRIPE (n=11)

« PE (n=1)

Mo deletion (n=4) Microdeletion (n=5)
+ Both DMRs (n=3)
+ |G-DMR alone (n=1)
plus epimutation of the MEG3-DMR
* MEG3-DMR alone (n=1)

Epimutation {n=4)

Figure 1 Classification of 26 patients with UPD(14)pat-like phenotype.
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Analysis of subtypes in patients with UPD(14)pat

Heterozygosity for at least one locus indicative of TR/GC subtype was
identified in five patients (patients 1-5), and the disomic pattern of
pericentromeric region indicated M1 non-disjunction in patients 14
and M2 non-disjunction in patient 5. Full isodisomy consistent with
MR/PE subtype was detected in 11 patients (patients 6-16), and
segmental isodisomy unique to PE subtype was revealed in 1 patient
(patient 17) (Table 1, Figure 1, and Supplementary Figure S3).

Analysis of parental ages

The distribution of parental ages at childbirth is shown in Figure 2.
The advanced maternal age at childbirth (>35 years) was predomi-
nantly observed in the MR/PE subtype of UPD(14)pat. Furthermore,
while the relative frequency of aged mothers (> 35 years) did not show
a significant difference between the MR/PE subtype of UPD(14)pat
(6/11) and (i) other subtypes of UPD(14)pat (1/6) (P=0.159), (ii)
deletion group (0/5) (P=0.057), and (iii) epimutation group (1/4)
(P=0.338), it was significantly different between the MR/PE subtype
and the sum of other subtypes of UPD(14)pat, deletion group, and
epimutation group (2/15) (P=0.034). Similarly, while the median
maternal age did not show a significant difference between the MR/PE
subtype of UPD(14)pat (36 years) vs (i) other subtypes of UPD(14)pat
(29.5 years) (P=0.118), (ii) deletion type (28 years) (P=0.088), and
(iii) epimutation type (30.5 years) (P=0.295), it was significantly
different between the MR/PE subtype of UPD(14)pat and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group (29 years) (P=0.045).

The paternal ages were similar irrespective of the genetic causes and
the UPD(14)pat subtypes. In addition, the median paternal age was
comparable between the TR/GC subtype of UPD(14)pat that postu-
lates the production of a disomic sperm (35.0 years) and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group that assumes the production of a normal sperm (33.5 years)
(P=0.322).

DISCUSSION

This study revealed that the UPD(14)pat-like phenotype was caused
by UPD(14)pat in 65.4% of patients, by microdeletions in 19.2% of
patients, and by epimutations in 15.4% of patients. Although the
relative frequency of underlying genetic factors for the development of
UPD(14)pat-like phenotype has been reported previously,'® most data
are derived from our previous publications. Thus, the present results
are regarded as the updated and extended data on the relative
frequency. For the relative frequency, it is notable that 25 of the 26
patients were confirmed to have normal karyotype, although chromo-
some analysis was not performed in patient 6. Thus, while Robertso-
nian translocations involving chromosome 14 is known to be a
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Figure 2 The distribution of parental ages at childbirth according to the
underlying genetic causes for the development of UPD(14)pat-like phenotype
and UPD(14)pat subtypes. Of the five plots for the TR/GC subtype, open and
black circles indicate the TR/GC subtype due to non-disjunction at paternal
M1 and M2, respectively.



predisposing factor for the occurrence of UPD(14)pat,''"!® such a

possible chromosomal effect has been excluded in nearly all patients
examined in this study.

The relative frequency of underlying causes has also been reported
in other imprinting disorders.»!7"! The data are summarized in
Table 2 (a similar summary has also been reported recently by
Hoffmann et al).!° In particular, the results in patients with normal
karyotype are available in Prader-Willi syndrome (PWS).® Further-
more, PWS is also known to be caused by UPD, microdeletions, and
epimutations affecting a single imprinting region,®!° although Silver—
Russell syndrome and Beckwith-Wiedemann syndrome (BWS) can
result from perturbation of at least two imprinted regions,!”!8 and
BWS and Angelman syndrome can occur as a single gene disorder.!”1°
Thus, it is notable that the relative frequency of underlying causes is
quite different between patients with UPD(14)pat-like phenotype and
those with PWS.81° This would primarily be due to the presence of
low copy repeats flanking the imprinted region on chromosome 15,
because chromosomal deletions are prone to occur in regions harbor-
ing such repeat sequences.”’ Indeed, two types of microdeletions
mediated by such low copy repeats account for a vast majority of
microdeletions in patients with PWS,2! whereas the microdeletions
identified in patients with UPD(14)pat-like phenotype are different to
each other. This would explain why microdeletions are less frequent
and UPD and epimutations are more frequent in patients with
UPD(14)pat-like phenotype than in those with PWS.

Advanced maternal age at childbirth was predominantly observed
in the MR/PE subtype. This may imply the relevance of advanced
maternal age to the development of MR-mediated UPD(14)pat,
because the generation of nullisomic oocytes through M1 non-
disjunction is a maternal age-dependent phenomenon.?? Although
no paternal age effect was observed, this is consistent with the previous
data indicating no association of advanced paternal age with a meiotic
error.23 For the maternal age effect, however, several matters should be
pointed out: (1) the number of analyzed patients is small, although it
is very difficult to collect a large number of patients in this extremely
rare disorder; (2) of the MR/PE subtype, the advanced maternal age is
a risk factor for the generation of MR-mediated UPD(14)pat, but not
for the development of PE-mediated UPD(14)pat; (3) it is impossible
to discriminate between maternal age-dependent M1 non-disjunction

UPD(14)pat-like phenotype
M Kagami et al

and maternal age-independent M2 non-disjunction in the MR and
GC subtypes (however, GC must be extremely rare, because it requires
the concomitant occurrence of a nullisomic oocyte and a disomic
sperm); (4) of the TR/GC subtype, the advanced maternal age is a risk
factor for the generation of GC-mediated UPD(14)pat, but not for the
development of TR-mediated UPD(14)pat; and (5) if a cryptic
recombination(s) might remain undetected in some patients with
apparently full isodisomy, this argues that such patients actually have
TR- or GC-mediated UPD(14)pat rather than MR- or PE-mediated
UPD(14)pat. Thus, further studies are required to examine the
maternal age effect on the generation of MR-mediated UPD(14)pat.
In addition, while a relationship is unlikely to exist between advanced
maternal age and microdeletions and epimutations, this notion would
also await further investigations.

Such a maternal age effect is also expected in the TR/GC subtype
maternal UPDs after M1 non-disjunction, because the generation of
disomic oocytes through M1 non-disjunction is also a maternal age-
dependent phenomenon.” Indeed, such a maternal age effect has been
shown for PWS patients with normal karyotype; the maternal age at
childbirth was significantly higher in patients with heterodisomy for a
very pericentromeric region indicative of TR/GC subtype
UPD(15)mat after M1 non-disjunction than in those with other
genetic causes.®>® For various chromosomes other than chromosome
15, furthermore, since maternal age at childbirth is higher in patients
with maternal heterodisomy than in those with maternal isodisomy,?*
this would also argue for maternal age effect on the development of
maternal UPDs. However, in the previous studies on maternal UPDs
other than UPD(15)mat, the available data are quite insufficient to
assess the maternal age effect. For example, although a relatively large
number of patients with UPD(14)mat phenotype have been reported
in the literature (reviewed in reference Hoffmann et al),!® we could
identify only six UPD(14)mat patients with normal karyotype in
whom maternal age at childbirth was documented and microsatellite
analysis was performed.ZS‘30 Furthermore, the microsatellite data are
insufficient to identify the subtype of UPD(14)mat and to distinguish
between M1 and M2 non-disjunction in the TR/GC subtype. Thus,
while the maternal age at childbirth may be advanced in five patients
with apparently TR/GC-mediated UPD(14)mat (27, 35, 37, 41, and 44
years)?>27:2%30 (the maternal age at childbirth in the remaining one

Table 2 Relative frequency of genetic mechanisms in imprinting disorders

UPD(14)pat-like phenotype BWS SRS AS PWS
Uniparental disomy 65.4% 16% 10% 3-5% 25% (25%)
UPD(14)pat UPD(11)pat (mosaic) UPD(7)mat UPD(15)pat UPD(15)mat
Cryptic deletion 19.2% Rare — 70% 70% (72%)
Cryptic duplication — — Rare — —
Epimutation
Hypermethylation 15.4% 9% — — 2-5% (2%)
Affected DMR IG-DMR/MEG3-DMR H19-DMR — — SNRPN-DMR
Hypomethylation — 44% >38% 2-5% —
Affected DMR KvDMR1 HI19-DMR SNRPN-DMR
Gene mutation — 5% — 10-15% —
Mutated gene CDKNIC UBE3A
Unknown 25% >40% 10%
Reference This study 17 18 19 8,19

Abbreviations: AS, Angelman syndrome; BWS, Beckwith-Wiedemann syndrome; PWS, Prader-Willi syndrome; SRS, Silver—Russell syndrome.

Patients with abnormal karyotypes are included in BWS and AS, and not included in SRS. In PWS, the data including patients with abnormal karyotypes are shown, and those from patients with
normal karyotype alone are depicted in parentheses.
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patient with apparently MR/PE-mediated UPD(14)mat is 40 years),?
the notion of a maternal age effect awaits further investigations for
UPD(14)mat.

Finally, it appears to be worth pointing out that methylation
analysis invariably revealed hypermethylated DMR(s) in all the 26
patients who were initially ascertained because of bell-shaped thorax
with coat-hanger appearance of the ribs. This indicates that methyla-
tion analysis of the DMRs can be utilized for a screening of this
condition, and that the constellation of clinical features in the
UPD(14)pat-like phenotype, especially the bell-shaped thorax with
coat-hanger appearance of the ribs, is highly unique to patients with
UPD(14)pat-like phenotype.

In summary, this study confirms the relative frequency of under-
lying genetic causes for the UPD(14)pat phenotype and reveals the
relative frequency of UPD(14)pat subtypes. Furthermore, the results
emphasize the difference in the relative frequency of underlying
genetic causes among imprinted disorders, and may support a possible
maternal age effect on the generation of the nullisomic oocyte
mediated UPD(14)pat. Further studies will permit a more precise
assessment on these matters.
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TO THE EDITOR:

FOP is an autosomal dominant disorder, characterized by
progressive ectopic ossification leading to devastating physical
disabilities and malformation of the great toe and occasionally
of the thumb. It is known that an activating mutation of ACVRI
is responsible for FOP. FOP is a rare disorder with incidence of
1/2,000,000 [Connor and Evans, 1982a,b]. China has a population
of more than 1.3 billion, and Japan has about 0.13 billion people.
Although the FOP case reports published in China and Japan might
provide valuable information for this rare disease considering their
large populations, most cases were published in medical journals of
their own respective languages. In order to obtain the information
of FOP patients reported in Chinese and Japanese, we summarized
the FOP case reports published in China and Japan and analyzed the
similarities and differences of the Chinese and Japanese patients to
compare their characteristics with those of reports published in
international journals.

Literature search was made by using relevant key words in three
Chinese and one Japanese electronic databases (Fig. 1). The case
reports on FOP published in Chinese or Japanese were included in
this research. All references of the identified articles were screened
and the relevant articles were also retrieved (see Supporting Infor-
mation online). Similar case reports were confirmed by telephone
to the original author and duplicate publications were excluded.

A total of 86 Chinese patients (46 males and 40 females) and
41 Japanese patients (21 males and 20 females) were included. The
median age of onset was defined as the age of first flare-up leading to
heterotopic ossification. The clinical information of all patients
including age of onset, age of diagnosis, site of heterotopic ossifi-
cation, malformation, and interventions were extracted (TableI). A
total of 32% Chinese and 83% Japanese patients were reported as
having spinal deformities such as scoliosis, lordosis, or kyphosis.
Unfortunately, 11 Chinese and 19 Japanese patients underwent
surgical intervention, but the percentage of patients who underwent
surgeries decreased in recent 10 years for both Chinese and Japanese
patients. Medical intervention included administration of steroid
hormones, non-steroidal anti-inflammatory drugs (including
cyclooxygenase-2 inhibitor drugs), and diphosphonates-EHDP.

© 2013 Wiley Periodicals, Inc.
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It was reported in earlier articles that almost all FOP patients had
characteristic malformations of the great toes [Connor and Evans,
1982a,b; Kitterman et al., 2005; Janati et al., 2007]. However in
several recent studies, normal great toes and late onset heterotopic
ossification were reported with patients with FOP variants
[Bocciardi et al., 2009; Kaplan et al., 2009; Barnett et al., 2011].
The classic FOP (with the characteristic features of great toe
malformations and progressive heterotopic ossification), FOP-
plus (classic defining features of FOP plus one or more atypical
features) and FOP variants (major variations in one or both of the
two classic defining features of FOP) were reported as having
different types of ACVRI mutation which showed correlations
with the age of onset of heterotopic ossification or malformations
[Kaplan et al., 2009]. In this study, 7% of the Chinese patients and
2% of the Japanese patients were reported as having normal toes. In
a previous research, 59% of FOP patients were reported as having
malformed thumbs [Connor and Evans, 1982a,b]. While in this
study, only 21% of the Chinese and 12% of the Japanese patients
were reported as having malformed thumb. Because the exact

Additional supporting information may be found in the online version of
this article.
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FIG. 1. Three Chinese electronic databases, including China National
Knowledge Infrastructure (CNKI), Chinese Scientific Journal
Databases (VIP), and Wanfang data were searched with the terms
“jin xing xing gu hua xing xian wei fa yu bu liang (fibrodysplasis
ossificans progressiva, FOP)” and “jin xing xing gu hua xing ji yan
(myositis ossificans progressiva, MOP)” in the full text. The
Japanese electronic database, Ichushi WEB, was searched with
the terms “sinkousei kokkasei seniikeiseisyou (FOP),” “sinkousei
kokkasei kin’en (MOP),” “sinkousei kakotusei kin’en (MOP),”
“fibrodysplasis ossificans progressiva,” and “myositis ossificans
progressiva” in full text. After exclusion of duplicate case reports
and addition of reports obtained from references, 86 Chinese and
41 Japanese patients remained for analyses.

reason for less reported percentage of malformed great toe and
thumb is unknown, the ethical or racial differences of FOP sub-
types and the ACVRI mutations with their genotype—phenotype
should also be explored in future research.

Common anomalies associated with FOP such as short, broad
femoral necks and metaphysical widening [Deirmengian et al.,
2008] or typical complications such as baldness [ Connor and Evans,
1982a,b] were not reported in these Chinese and Japanese reports.
The fact may be attributed to selection-bias, because earlier
reports might come from orthopedic surgeons. Lack of long-
term follow up may have precluded identification of these rare
onset associations.

893
Chinese Japanese
Age of onset [year): 3.0 (0-38]) 3.0 (0-16)
median (range)*
Age of diagnosis (year): 10.5 (0-53) 7.0 (0-27)
median (range)**
Site of heterotopic ossification (%)
At onset Neck (30) > Neck (42) >
trunk (27) > trunk (24) >
head (13) head (17)
When reported Trunk (94) >  Trunk (85) >
neck (64) > neck (?6) >
shoulder (62)  shoulder (71)
Great toe (%): Mal/nor/no info® 51/7/42 ?3/2/24
Thumb (%): Mal/nor/no info® 21/9/72 12/5/83

“Mal/nor/no info stands for malformation/normal/no information.
*By Kolmogorov—Smirnov nonparametric test, P= 0.532, grand median = 3.0.
**By Kolmogorov—Smirnov nonparametric test, P=0.027, grand median = 9.0.
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Exome sequencing identifies a novel INPPL1 mutation

In opsismodysplasia

Aritoshi Iida’, Nobuhiko Okamoto?®, Noriko Miyake>°, Gen Nishimura®*, Satoshi Minami®,
Takuya Sugimoto6, Mitsuko Nakashima3, Yoshinori Tsurusaki’, Hirotomo Saitsu?, Masaaki Shiina’,
Kazuhiro Ogata7, Shigehiko Watanabe®, Hirofumi Ohashi®, Naomichi Matsumoto® and Shiro Ikegawa1

Opsismodysplasia is an autosomal recessive skeletal disorder characterized by facial dysmorphism, micromelia, platyspondyly
and retarded bone maturation. Recently, mutations in the gene encoding inositol polyphosphate phosphatase-like 1 (INPPL1)
are found in several families with opsismodysplasia by a homozygosity mapping, followed by whole genome sequencing. We
performed an exome sequencing in two unrelated Japanese families with opsismodysplasia and identified a novel INPPL1
mutation, ¢.1960_1962delGAG, in one family. The mutation is predicted to result in an in-frame deletion (p.E654del) within
the central catalytic 5-phosphate domain. Our results further support that INPPL1 is the disease gene for opsismodysplasia and

that opsismodysplasia has genetic heterogeneity.
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INTRODUCTION

Opsismodysplasia (OMIM 258480) is a rare skeletal dysplasia
identifiable at birth. Its clinical features are rhizomelic micromelia
and facial dysmorphism, including prominent brow, large fontanels,
depressed nasal bridge and small anteverted nose with long philtrum,
as well as short feet and hands with sausage-like fingers.! Its main
radiological features include retarded bone maturation, marked
shortness of the bones of hands and feet with concave metaphyses
and thin, lamellar vertebral bodies. Some patients show severe
phosphate wasting. Autosomal recessive inheritance is the most
likely mode of inheritance; to date, at least three consanguineous
families with opsismodysplasia are reported.”

Recently, Below et al.” performed a homozygosity mapping coupled
with whole genome sequencing in a consanguineous family with
opsismodysplasia, and identified INPPLI (inositol polyphosphate
phosphatase-like 1) as a causative gene for opsismodysplasia. They
first identified a homozygous missense mutation, p.Pro659Leu, in the
consanguineous family, and then found INPPLI mutations in
additional five unrelated families with opsismodysplasia. We
performed a whole exome sequencing for two patients from two
unrelated families and identified a homozygous in-frame deletion of
INPPLI in one family.

SUBJECTS AND METHODS

Subjects and DNA samples

Two families with clinical diagnosis of opsismodysplaisa were included in the
study. Family 1 consisted of parents and affected sibs (Figure 1a), and Family 2
consisted of parents and a patient. Genomic DNA was extracted by standard
procedures from peripheral blood of the patients and their family members
after informed consent. The study was approved by the ethical committee of
RIKEN, Yokohama City University, and participating institutions.

Exome sequencing

Six individuals in the two families were analyzed by the whole exome sequence
as described previously.® Briefly, 3 ug of genomic DNA was sheared by Covaris
2S system (Covaris, Woburn, MA, USA) and partitioned using SureSelect
Human All Exon V4 (Agilent technology, Santa Clara, CA, USA) according to
the manufacturer’s instructions. The exon-enriched DNA libraries were
sequenced using HiSeq2000 (Illumina, San Diego, CA, USA) with a 101-bp
paired-end reads and a 7-bp index reads. Four samples (2.5pM each, with
different index) were run in one lane. HiSeq Control Software/Real-Time
Analysis and CASAVA1.8.2 (Illumina) were used for image analysis and base
calling. The mapping was performed to human genome hgl9 using Novoalign
(http://www.novocraft.com/main/page.php?s=novoalign). The aligned reads
were processed by Picard to remove the polymerase chain reaction
(PCR) duplicate (http://picard.sourceforge.net). The variants were called
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Figure 1 /NPPLI mutation in a Japanese family with opsismodysplasia.
(a) Pedigree, (b) an in-frame deletion ¢.1960_1962delGAG (p.E654del)
within exon 17 and (c) conservation of p.E654 in INPPL1 among different
species.

by Genome Analysis Toolkit 1.6-5 (GATK; http://www.broadinstitute.org/
gsa/wiki/index.php/Main_Page) with the best practice variant detection with
the GAKT v.3 (http://www.broadinstitute.org/gsa/wiki/index.php/Best_Practice_
Variant_Detection_with_the_GATK v3) and annotated by ANNOVAR (23
February ~ 2012)  (http://www.openbioinformatics.org/annovar/). ~ Through
this flow, common variants registered in dbSNP135 (minor allele frequeny
>0.01) (http://genome.ucsc.edu/cgi-bin/hgTrackUizhgsid=316787363&g=snp135
Common&hgTracksConfigPage=configure) were removed.

Priority scheme

On the basis of the hypothesis that opsismodysplasia is inherited in an
autosomal recessive manner, variants were filtered by following conditions
using the script created by BITS (Tokyo, Japan). For the homozygous mutation
model: (1) variant allele frequency (variant alleles/total alleles) in probands
>0.8, (2) variant allele frequency in parents <0.8, (3) excluding synonymous
changes and (4) excluding the variants observed in our in-house database
(n=429). For the compound heterozygous mutation model: (1) mutation
allele frequency in probands: 0.2-0.8, (2) variant allele frequency in parents
<0.8, (3) excluding synonymous changes, (4) excluding the variants observed
in our in-house database (n=429) and (5) selecting genes with compound
heterozygous change. After combining variants selected by both models, genes
commonly found in the two families were searched.

Sanger sequencing

We performed Sanger sequencing to confirm the deletion identified in the
proband of Family 1 by the exome sequencing. We amplified exon 17 by PCR
using primer sequences, 5'-AAGCACAAGGTCTTCCTTCGATTCA-3' and
5'-CCATACCCTTGACCCAAATTCTTGAT-3. We directly sequenced the
PCR product using an Applied Biosystems 3730x] DNA analyzer (Life
Technologies, Forster City, CA, USA). For the patient in Family 2, we screened
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28 exons of INPPLI and exon—intron boundaries by direct sequencing of PCR
products from genome DNA. The primer sequences are available on request.

Evaluation of polymorphism

We used the invader assay coupled with PCR’ to exclude the possibility of
polymorphism in 188 Japanese general populations. The deletion was
evaluated by databases, PROVEAN v.1.1 (http://provean.jcvi.org/genome_
submit.php), dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and 1000
genomes (http://www.1000genomes.org/). We used Evola website to investigate
the conservation of p.E654 of INPPLI1 (http://www.h-invitational.jp/hinv/
ahg-db/index.jsp).

RESULTS

Exome sequencing

By the whole exome sequencing, 3.8-5.1 Gb sequences uniquely
mapped to all human RefSeq coding region were obtained. For all
subjects, at least 95.9% of all coding regions were covered in five reads
depth and more (Supplementary Table 1). No candidate genes that
had mutations in the two families were identified.

Because INPPLI mutations have recently been identified in opsismo-
dysplasia,® we checked INPPL1 mutations in the exome sequence data.
Five or more reads covered 100% of its coding regions (Supplementary
Table 1). A homozygous deletion, ¢.1960_1962 (p.E654del), was found
in the proband of Family 1 (Figure 1a). However, this deletion had been
excluded as a candidate mutation because no INPPLI variant likely to
be a mutation was detected in Family 2.

Confirmation and evaluation of ¢.1960_1962delGAG

We confirmed the deletion by direct sequence of PCR product from
genomic DNA in the proband of Family 1 (Figure 1b). Next, we
performed the invader assay coupled with PCR in the family. The
parents were compound heterozygous for the deletion and the
affected sibs were homozygous for it. The deletion was not found
in 188 Japanese controls and in the public databases. The E654 is
conserved between different species (Figure 1c). It is within the
central catalytic 5-phosphate domain, but located at the position far
from active site (25 amino acids) and within a loop region, which is
thought to have structural flexibility in general. Inositol polypho-
sphate 5-phosphatase domain (ipp5c) of yeast synaptojanin in
complex with inositol (1,4)-bisphosphate and calcium ion (PDB ID
1i9z) is the most analogous structure to the human INPPLI catalytic
domain among the currently available structures; however, its
sequence identity with the human INPPLI catalytic domain is low
(26%). These make the structural assessment of the mutation
equivocal. The PROVEAN database showed that p.E654del had a
deleterious function against the gene product (score: —12.1).

Mutation screening of INPPLI in Family 2

We screened the INPPLI mutation in the patient of Family 2 by direct
sequencing of the entire coding exons and their flanking regions. A
total of nine SNPs were found, but no mutation was found in the
patient.

Clinical information of the patients with the INPPLI mutation

The proband of Family 1 (II-1 in Figure 1a) was a 9-year-old girl born
to non-consanguineous healthy parents. Family history was unre-
markable. She was referred to one of us because fetal echogram
revealed short extremities. She was born at 40 weeks’ of gestation.
Her birth weight was 2119g (<3 percentile), length 38.0cm (<3
percentile) and head circumference 35.1 cm (<3 percentile). She had
a wide fontanelle, widely patent sutures, frontal bossing, flat nasal
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Figure 2 Phenotype of patients in Family 1. (a) Appearance of the proband in Family 1. Rhizomelic micromelia, frontal bossing, flat nasal bridge, low set
ears, anteverted nostrils, micrognathia, narrow thorax and distended abdomen were noted. Radiographs of the proband (II-1) at birth (b—d) and the aborted
fetus (I1-2) (e). Characteristics of opsismodysplasia including retarded bone maturation, shortness of the bones of hands and feet, concave metaphyses and

thin, lamellar vertebral bodies were noted.

bridge, low set ears, anteverted nostrils, micrognathia, narrow thorax
and distended abdomen, and her extremities were remarkably short
(Figure 2a). Her respiratory activity was weak and inspiratory
wheezing was noted. Tracheal intubation became necessary 4h after
birth. Radiological investigations of her skeleton showed character-
istics of opsisimodysplasia (Figures 2b-d). She was repeatedly
admitted because of respiratory insufficiency due to infections. At 2
years of age, tracheotomy was performed to care for respiratory
problems. She was noticed to show low serum phosphate levels at
around 1 year and since then had been treated on phosphate
supplements and/or alfacalcidol (1a-OH-Ds). At age 9 years, her
height was 65 cm (<—6s.d.) and weight 9 kg (—4s.d). Her intellectual
development was normal and was attending an elementary school.
In the second pregnancy, similar conditions were found by a fetal
echogram. Artificial abortion was carried out. The post-mortem
radiograph showed skeletal findings similar to the proband (Figure 2e).

DISCUSSION

Below et al.> examined INPPLI in a total of 12 unrelated families with
opsismodysplasia and found its mutations in seven families. The list
of mutation includes missense, nonsense and splicing mutations; all
are predicted to be loss of function mutations. In one family, we also
found a deletion mutation in INPPLI that is predicted to be a loss of
function mutation, but in another family, we could not detect an
INPPLI mutation. These results further support the results of the
previous study that INPPLI is the disease gene for opsismodysplasia
and that opsismodysplasia has genetic heterogeneity.” In retrospect,
the patient of Family 2 showed significant platyspondyly, yet some of
the radiographic features for opsismodysplasia that include
hypoplasia of the base of the skull on lateral views and lateral
spikes of the acetabular roof were absent. Further, the fragmented
epiphyses and coning of the distal femora are not characteristically
seen in opsismodysplasia. This case is also different from the other
cases with an opsismodysplasia phenotype that do not have INPPLI
mutations (Prof. Debora Krakow, personal communication). Further
collection of INPPLI mutation-proven cases would help in defining
the phenotype of opsismodysplasia. While we were preparing the
manuscript, another study reporting the identification of INPPLI as
the cause of opsismodysplasia was published.? It reports identification
of the INPPLI mutation in all 10 families examined.

INPPL1 (also known as SHIP2) is a member of the inositol
5'-phosphatase family that hydrolyzes phosphatidlylinositol 3,4,5-
triphosphate (PtdIns(3,4,5)P;) and generates phosphatidylinositol
3,4-bisphosphate (PtdIns(3,4)P,).” INPPLI encodes a 142-kDa
protein with a variety of protein interaction domains, including
an N-terminal SH2 domain, a central catalytic 5-phosphatase domain,
a C-terminal proline-rich domain, an NPXY site and a sterile a
motif domain in the C-terminal region.'” At least 12 proteins of
binding partners for INPLLI, such as Shc, APS, filamin and EphA2,
have been identified.!® The genes for these binding partners are
good candidates for the disease gene for the opsismodysplasia-like
phenotype.

Biological roles of INPPLI remain unclear. INPPLI expression is
particularly high in heart, skeletal muscle and placenta.!’'? TIts
proposed roles are cell adhesion and spreading, actin cytoskeletal
remodeling and receptor internalization. INPPL1 negatively regulates
insulin signaling through its catalytic PtdIns(3,4,5) P5 5-phosphatase
activity.” The INPPLI ~/~ mice show a shortened snout and grow
more slowly than wild-type littermates.!> After 6 weeks of age, they
showed a substantial reduced body length and body weight; however,
radiographic analysis showed no gross skeletal deficit. Further studies
are necessary to clarify the role of INPPLI in skeletal development
and homeostasis.
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PAPSS2 mutations cause autosomal recessive

brachyolmia

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

Naomichi Matsumoto," Shiro lkegawa®

ABSTRACT

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

Methods and results \We examined three affected
individuals of the family using exon capture followed by
next generation sequencing and identified its disease
gene, PAPSS2 (phosphoadenosine-phosphosulfate
synthetase 2). The patients had a homozygous loss of
function mutation, ¢.337_338insG (p.A113GfsX18). We
further examined three patients with similar brachyolmia
phenotypes (two Japanese and a Korean) and also
identified loss of function mutations in PAPSSZ2; one
patient was homozygous for IVS34-2delT, and the other
two were compound heterozygotes for ¢.616-634del19
(p.V206SfsX9) and ¢.1309-1310delAG (p.R437GfsX19),
and c.480 481insCGTA (p.K161RfsX6) and c.661delA
(p.1221SfsX40), respectively. The six patients had short-
trunk short stature that became conspicuous during
childhood with normal intelligence and facies. Their
radiographic features included rectangular vertebral
bodies with irregular endplates and narrow intervertebral
discs, precocious calcification of rib cartilages, short
femoral neck, and mildly shortened metacarpals. Spinal
changes were very similar among the six patients;
however, epiphyseal and metaphyseal changes of the
tubular bones were variable.

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

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

INTRODUCTION

Brachyolmia is a heterogeneous group of skeletal
dysplasias that primarily affects the spine. The
name comes from the Greek for ‘short trunk’;
patients with brachyolmia have short stature due
to a short trunk.! Conceptually, skeletal lesions
of brachyolmia are limited to the spine; however,
it is generally thought that pure brachyolmia

J Med Genet 2012;49:533-538. doi:10.1136/jmedgenet-2012-101039

(spine-only dysplasia) does not exist and that
metaphyseal and/or epiphyseal involvements may
be minimal and scattered, but are always present
along with spinal involvements in cases labelled
brachyolmia.’

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

To identify novel disease genes from a limited
number of subjects, exome sequencing (exon
capture followed by next generation sequencing) is
a promising approach. This approach sometimes
presents us with unusual and unexpected connec-
tion between genes and phenotypes, thereby
opening a new window for biology and medicine.
We experienced a family with an AR form of bra-
chyolmia harbouring three affected individuals.
By performing exome sequencing for the family,
we have identified the disease gene for the reces-
sive brachyolmia, PAPSS2 (phosphoadenosine-
phosphosulfate synthetase 2). The discovery was
confirmed by identification of PAPSS2 mutations
in three sporadic patients with different ethnic
backgrounds but similar brachyolmia phenotypes.
All patients had loss of function mutations of
PAPSS2 in both chromosomes.
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Figure 1 The pedigree of family 1 and co-segregation of the PAPSS2
mutation (c.337_338insG) in the family. m: mutation allele, +: wild
type allele.

MATERIALS AND METHODS

Subjects

P1-3 (family 1)

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

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

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

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

Table 1 Clinical and radiographic phenotypes of autosomal recessive brachyolmina harbouring PAPSS2 mutation (in comparison to those in
spondylo-epi-metaphyseal dysplasia Pakistani type)
Patient ID P1 P2 P3 P4 P5 P6
Family Family 1 Patient reported by
Intra-family 1D 1I-2 -3 111 Family 2 Family 3 Family 4 Noordam et a/
Country of origin Turkey Japan Japan Korea Turkey
Sex Female Male Female Female Female Male Female
Age at first presentation 8 years 4 months 29 years 40 years 11 years 8 years 12 years 8 years
4 months 8 months 7 months
Birth length (cm) 49 NA NA 46 47 50 NA
Birth weight (g) 2800 NA NA 3340 2676 3100 NA
Consanguinity of the parents + Probably + Probably + (-) (-) (-) (-)
Clinical feature
Normal intelligence + + + + + + NA
Normal facies + + + + + + NA
Short-trunk short stature + + + + + + +
Spinal deformity Kyphosis (-) Kyphosis, lumbar Kyphosis (-) (-) Lumbar scoliosis
scoliosis
Leg deformity Bil genu varum and (-) Bil genu varum and (-) Right genu Bil genu NA
internal rotation internal rotation valgum varum
Androgen excess sign (-) (-) (=) (-) (-) (-) +
Radiographic feature
Rectangular vertebra + + + + + + +
Irregular endplate + + + + + + +
Narrowed disc + + + + + + +
Precocious calcification of (-) + + + (-) (-) NA
costal cartilage
Delayed ossification of hip (-) NA NA (-) (-) (-) (-)
and knee epiphyses
Early osteoarthritic change (—)* (-) (-) (-) (—)* (—-)* (-)*
Short femoral neck + + + + + + +
Metaphyseal abnormalityt Dist tibia Prox tibia Prox tibia (-) (-) Prox tibia (-)
Mild brachymetacarpia + + + + + + +
Advanced bone age + NA NA + + + +

*May be too young to be evaluated.

tO0ther than short femoral neck and fingers.
Bil, bilateral; Dist, distal; NA, not available or assessed; Prox, proximal.
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Figure 2 Radiographs of P1 (lll-2 in family 1) at age 8.5 years. (A) Spine anteroposterior (AP). Mildly overfaced vertebra. (B) Lateral spine. Mild
flattening of vertebral bodies and irregular endplates. (C) Left hip AP Almost normal epiphysis. (D) Left knee AP Epiphyseal and metaphyseal
abnormalities are unremarkable. (E) Left hand AP Metacarpals are mildly shortened with mild irregularity of the growth plates. Epiphyses of the distal

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

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

P4-6 (sporadic cases)

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

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

Exome sequencing

Three affected individuals of family 1 (II-1, 1I-3 and 1II-2) were
analysed by whole exome sequencing as previously reported
(see supplementary online table S1). 8 In brief, 3ug of
genomic DNA was sheared by Covaris S2 system (Covaris,
Woburn, Massachusetts, USA) and processed using a SureSelect
Human All Exon 50 Mb Kit (Agilent Technologies, Santa Clara,
California, USA) according to the manufacturer’s instructions.
DNAs were captured by the kit and were sequenced by GAllx
(Illumina, San Diego, California, USA) with 108 pair-ends
reads. Each sample was run in one lane. Image analysis and
base calling were performed by sequence control software 2.9
and real time analysis 1.9 (Illumina), and CASAVA software
V1.8.1 (lllumina). The quality-controlled (path-filtered) reads
were mapped to human genome reference hgl9 with Mapping
and Assembly with Qualities (MAQ, http://maq.sourceforge.
net/) and NextGENe software V2.00 (SoftGenetics, State
College, Pennsylvania, USA). The variants from MAQ were
annotated by SeattleSeq annotation 131 (http:/snp.gs.
washington.edu/SeattleSeqAnnotation131/).

Priority scheme

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

Sanger sequencing and evaluation of mutations

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

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

RESULTS
Exome sequencing
A total of 90 964 194 (II-1), 90 508 738 (II-3) and 90 223 680
(I1I-2) reads were mapped to the whole human genome in pairs
by MAQ. Considering the consanguinity of the family, we
focused on the same homozygous mutations shared by the
three affected individuals. After filtering, a total of 37 homozy-
gous variants remained as candidates (23 missense, 11 intronic,
and three insertion changes) (see supplementary online table
S1). Among them, one base pair insertion, c.337_338insG in
exon 3 of PAPSS2, was highlighted because it is a causative
gene for SEMD, Pakistani type (OMIM 612847), that has over-
lapping features with the phenotypes of the three patients.
The insertion sequence was confirmed by direct sequence of
PCR products from genomic DNA. Direct sequencing of nine
family members showed co-segregation of the mutation with
the disease phenotype (figure 1). The insertion mutation was

535


http://.oxfordjournals.org/lookup/suppl/doi:10.1093//jmedgenet-2012-101039/-/DC1
http://maq.sourceforge.net/
http://maq.sourceforge.net/
http://maq.sourceforge.net/
http://snp.gs.washington.edu/SeattleSeqAnnotation131/
http://snp.gs.washington.edu/SeattleSeqAnnotation131/
http://snp.gs.washington.edu/SeattleSeqAnnotation131/
http://www.1000genomes.org/
http://www.1000genomes.org/
http://.oxfordjournals.org/lookup/suppl/doi:10.1093//jmedgenet-2012-101039/-/DC1
http://.oxfordjournals.org/lookup/suppl/doi:10.1093//jmedgenet-2012-101039/-/DC1
http://www.ncbi.nlm.nih.gov/omim
http://www.ncbi.nlm.nih.gov/omim
http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.ncbi.nlm.nih.gov/projects/SNP/
http://.oxfordjournals.org/lookup/suppl/doi:10.1093//jmedgenet-2012-101039/-/DC1
http://.oxfordjournals.org/lookup/suppl/doi:10.1093//jmedgenet-2012-101039/-/DC1

New disease loci

Figure 3 Radiographs of P5 at age 8 years 8 months. (A) Spine anteroposterior (AP). Platyspondyly. Over-faced pedicle is not so distinct. (B) Spine
lateral. Flattened vertebral bodies and narrow disc spaces. (C) The right hand AP Slightly short metacarpals. Phalanges are not so short. The bone
age is advanced (12 years by the Greulich-Pyle method). (D) Pelvis AP Short femoral neck and horizontal acetabulum. Proximal epiphyses are

normal. (E) The right knee AP Unremarkable changes. No fibula overgrowth.

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

Identification of PAPSS2 mutations in sporadic cases

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

Phenotypes of the patients with PAPSS2 mutations

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

Table 2 PAPSS2 mutations in autosomal recessive brachyolmia

Family Exon

Nucleotide change Amino acid change

1 3 ¢.337_338insG (homozygous) p.A113GfsX18
2 5 .616-634del19 p.V206SfsX9
" €.1309-1310delAG p.R437GfsX19
3 3 IVS3+2delT (homozygous) p.L50SfsX2
4 4 c.480_481insCGTA p.K161RfsX6
6 c.661delA p.12218fsX40

The nucleotide changes are shown with respect to PAPSS2 mRNA sequence
(NM_001015880). The corresponding predicted amino acid changes are numbered from
the initiating methionine residue. Exons are numbered sequentially 1-13.
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endplates and narrow disc spaces. Mild shortening of the
femoral neck and metacarpals were common features. The
costal cartilages showed precocious calcification in the adult
subjects (3/3). Epiphyseal and metaphyseal dysplasias were
very mild, if present. From these features of spine predominant
dysplasia, our patients can be diagnosed as having brachyolmia.
Among known types of brachyolmias, characteristics of the
Hobaek and Toledo types are mixed.! *

DISCUSSION

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

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

Among our patients, spinal changes were very similar, but
epiphyseal and metaphyseal changes were considerably variable
(table 1). P4 and P9, similar to the case reported by Noordam
et al,® showed minimal epiphyseal and metaphyseal dysplasias.
P6 had considerable epi-metaphyseal changes in the long bones
of the lower extremities; they were more severe than those in
family 1 (P1-8), but were far milder than those in SEMD
Pakistani type. The differential diagnosis includes AR spondy-
loepiphyseal dysplasia tarda'® because of late manifestation, AR
inheritance, and relatively mild spondyloepiphyseal dysplasia
with flat vertebral bodies with irregular endplates. In the dis-
order, overfaced vertebral bodies is absent and the capital
femoral epiphyses are severely affected.'

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

An additional supplementary table is published online only.
To view this file please visit the journal online (http:/jmg.bmj.
com)
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Abstract

Background: Recent studies have revealed relative frequency and characteristic phenotype of two major causative factors
for Silver-Russell syndrome (SRS), i.e. epimutation of the H79-differentially methylated region (DMR) and uniparental
maternal disomy 7 (upd(7)mat), as well as multilocus methylation abnormalities and positive correlation between
methylation index and body and placental sizes in H19-DMR epimutation. Furthermore, rare genomic alterations have been
found in a few of patients with idiopathic SRS. Here, we performed molecular and clinical findings in 138 Japanese SRS
patients, and examined these matters.

Methodology/Principal Findings: We identified H19-DMR epimutation in cases 1-43 (group 1), upd(7)mat in cases 44-52
(group 2), and neither H19-DMR epimutation nor upd(7)mat in cases 53-138 (group 3). Multilocus analysis revealed hyper-
or hypomethylated DMRs in 2.4% of examined DMRs in group 1; in particular, an extremely hypomethylated ARHI-DMR was
identified in case 13. Oligonucleotide array comparative genomic hybridization identified a ~3.86 Mb deletion at
chromosome 17g24 in case 73. Epigenotype-phenotype analysis revealed that group 1 had more reduced birth length and
weight, more preserved birth occipitofrontal circumference (OFC), more frequent body asymmetry and brachydactyly, and
less frequent speech delay than group 2. The degree of placental hypoplasia was similar between the two groups. In group
1, the methylation index for the H19-DMR was positively correlated with birth length and weight, present height and
weight, and placental weight, but with neither birth nor present OFC.

Conclusions/Significance: The results are grossly consistent with the previously reported data, although the frequency of
epimutations is lower in the Japanese SRS patients than in the Western European SRS patients. Furthermore, the results
provide useful information regarding placental hypoplasia in SRS, clinical phenotypes of the hypomethylated ARHI-DMR,
and underlying causative factors for idiopathic SRS.

Citation: Fuke T, Mizuno S, Nagai T, Hasegawa T, Horikawa R, et al. (2013) Molecular and Clinical Studies in 138 Japanese Patients with Silver-Russell
Syndrome. PLoS ONE 8(3): e60105. doi:10.1371/journal.pone.0060105

Editor: Monica Miozzo, Universita degli Studi di Milano, Italy
Received September 7, 2012; Accepted February 21, 2013; Published March 22, 2013

Copyright: © 2013 Fuke et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was funded by Grants-in-Aid for Scientific Research (A) (22249010) and Research (B) (21028026) from the Japan Society for the Promotion of
Science (http://www.jsps.go.jp/english/index.html), by Grant for Research on Rare and Intractable Diseases (H24-042) from the Ministry of Health, Labor and
Welfare (http://www.mhlw.go.jp/english/), and by Grant for National Center for Child Health and Development (23A-1) (http://www.ncchd.go.jp/English/
Englishtop.htm). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: tomogata@hama-med.ac.jp

Introduction chromosome 11pl5.5 and maternal uniparental disomy for
chromosome 7 (upd(7)mat) account for ~45% and 5—10% of
SRS patients, respectively [1,2]. In this regard, phenotypic
tal disorder characterized by pre- and postnatal growth failure, assessment has suggested that birth length and weight are more
relative macrocephaly, triangular face, hemihypotrophy, and fifth- reduced and characteristic body features are more frequent in

finger clinodactyly [1]. Recent studies have shown that epimuta- patients with HI9-DMR epimutation than in those with
tion (hypomethylation) of the paternally derived differentially

methylated region (DMR) in the upstream of H19 (H19-DMR) on

Silver-Russell syndrome (SRS) is a rare congenital developmen-

upd(7)mat, whereas developmental delay tends to be more
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frequent in patients with upd(7)mat than in those with H79-DMR
epimutation [3,4]. Furthermore, consistent with the notion that
imprinted genes play an essential role in placental growth and
development [5], placental hypoplasia has been found in both
HI19-DMR epimutation and upd(7)mat [4,6], although compar-
ison of placental weight has not been performed between H19-
DMR hypomethylation and upd(7)mat. In addition, multilocus
hypo- or hypermethylation and positive correlation between
methylation index (MI, the ratio of methylated clones) and body
and placental sizes have been reported in patients with H79-DMR
epimutation [4,7-9], and several types of rare genomic alterations
have been identified in a few of SRS patients [1,10-12].

Here, we report on molecular and clinical findings in 138
Japanese SRS patients, and discuss on the results obtained in this
study.

Patients and Methods

Ethics statement

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and
Development. The parents of the affected children and the adult
patients who can express an intention by themselves have given
written informed consent to participate in this study and to publish
their molecular and clinical data.

Patients

This study consisted of 138 Japanese patients (66 males and 72
females) with SRS phenotype aged 0-30 years (median 4.1 years),
including 64 previously reported patients (20 patients with variable
degrees of H19-DMR epimutation, three patients with upd(7)mat,
one patient with 46,XY/46,XY,upd(7)mat mosaicism in whom
upd(7)mat cells accounted for 91-92% of leukocytes and salivary
cells and for 11% of placental tissue, and 40 patients of unknown
cause) [4,6,13]. The 138 patients had a normal karyotype in all the
=50 lymphocytes examined, and satistied the selection criteria
proposed by Netchine et al. [14], i.e., birth length and/or birth
weight = —2 standard deviation score (SDS) for gestational age as
a mandatory criteria plus at least three of the following five
features: (i) postnatal short stature (= —2 SDS) at 2 year of age or at
the nearest measure available, (ii) relative macrocephaly at birth,
i.e., SDS for birth length or birth weight minus SDS for birth
occipitofrontal circumference (OFC) = -1.5, (i) prominent
forehead during early childhood, (iv) body asymmetry, and (v)
feeding difficulties during early childhood. Birth and present
length/height, weight, and OFC were assessed by the gestational/
postnatal age- and sex-matched Japanese reference data from the
Ministry of Health, Labor, and Welfare and the Ministry of
Education, Science, Sports and Culture. Placental weight was
assessed by the gestational age-matched Japanese reference data
[15]. Clinical features were evaluated by clinicians at different
hospitals who participated in this study, using the same clinical
datasheet. The SRS patients were classified into three groups by
the molecular studies, i.e., those with //79-DMR hypomethylation
(epimutation) (group 1), those with upd(7)mat (group 2), and the
remaining patients (group 3).

Primers and samples
Primers utilized in this study are shown in Table S1. Leukocyte
genomic DNA samples were examined in this study.

Methylation analysis

We performed pyrosequencing analysis for the H79-DMR
encompassing the 6th CTCF (CCCTC-binding factor) binding site
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that functions as the primary regulator for the monoallelic /GF2 and
H19 expressions [16—18], using bisulfite treated leukocyte genomic
DNA samples of all the 138 patients. The procedure was as
described in the manufacturer’s instructions (Qiagen, Valencia, CA,
USA). In brief, a 279 bp region was PCR-amplified with a primer
set (Pyl" and PyR) for both methylated and unmethylated clones,
and a sequence primer (SP) was hybridized to a single-stranded
PCR products. Subsequently, the MIs were obtained for four CpG
dinucleotides (CG5-CG7 and CGY), using PyroMark Q24 (Qiagen)
(the MI for CG8 was not obtained, because the “C” residue of CG8
constitutes a G/T SNP) (Figure 1A). The PyF/PyR and SP were
designed by PyroMark Assay Design Software Ver2.0. While the
PyI sequence contains a SNP (rs11564736) with a mean minor allele
frequency of 5% in multiple populations, the minor allele frequency
1s 0% in the Japanese as well as in the Asian populations (http://
browser.1000genomes.org/Homo_sapiens/ Variation/Population?
db = core;r =11:2020801-2021801;v =rs11564736;vdb = varia-
tion;vf = 7864021). Thus, we utilized this PyF.

We also carried out combined bisulfite restriction analysis
(COBRA) for the H19-DMR. The methods were as described
previously [4]. In short, a 435 bp region was PCR-amplified with a
primer set (CoF and CoR) that hybridize to both methylated and
unmethylated clones, and MIs were obtained for two CpG
dinucleotides (CG5 and CGI16) after digestion of the PCR
products with methylated allele-specific restriction enzymes
(Hpy188I and AfIII) (Figure 1A).

Thus, we could examine CG5 by both pyrosequencing and
COBRA. While we also attempted to analyze CG16 by both
methods, it was impossible to design an SP for the analysis of
CG16 (although we could design an SP between CG11 and CG12,
clear methylation data were not obtained for CG16, probably
because of the distance between the SP and CG16).

In addition, we performed COBRA for the KvDMRI in all the
138 patients (Figure SIA) because of the possibility that
epimutation of the KvDMRI1 could lead to SRS phenotype via
some mechanism(s) such as overexpression of a negative growth
regulator CDENIC [19], and for multiple DMRs on various
chromosomes in patients in whom relatively large amount of DNA
samples were available, as reported previously [4,20,21]. To define
the reference ranges of Mls (minimum ~ maximum), 50 control
subjects were similarly studied with permission.

To screen upd(7)mat, PCR amplification was performed for the
MEST-DMR on chromosome 7q32.2 in all the 138 patients, using
methylated and unmethylated allele-specific PCR primer sets, as
reported previously [6] (Figure 2A). In addition, bisulfite
sequencing and direct sequencing for the primer binding sites
for the ARHI-DMR analysis were performed in a patient (case 13)
with an extremely low MI for the ARHI-DMR.

Microsatellite analysis

Microsatellite analysis was performed for four loci within a
~4.5 Mb telomeric 11p region (D1152071, D115922, D1151518,
and DI115988) in patients with hypomethylated H79-DMR, to
examine the possibility of upd(11p)mat involving the H79-DMR.
Microsatellite analysis was also carried out for nine loci widely
dispersed on chromosome 7 (Table S2) in patients with abnormal
methylation patterns of the MEST-DMR, to examine the
possibility of upd(7)mat and to infer the underlying causes for
upd(7)mat, i.e., trisomy rescue, gamete complementation, mono-
somy rescue, and post-fertilization mitotic error [22]. The methods
have been reported previously [4,6].
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Figure 1. Methylation analysis of the H79-DMR, using bisulfite-treated genomic DNA. A. Schematic representation of a segment
encompassing 21 CpG dinucleotides (CG1—CG21) within the H19-DMR. The cytosine residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after maternal transmission (open circles). The CTCF binding site 6 (CTCF6) is indicated with a
blue rectangle; the cytosine residue at CG8 constitutes a C/T SNP (indicated with a gray rectangle). For pyrosequencing analysis, a 279 bp segment
was PCR-amplified with PyF & PyR primers, and a sequence primer (SP) was hybridized to a single-stranded PCR products. Subsequently, the Mls were
obtained for four CpG dinucleotides (CG5-CG7 and CG9) (indicated with a yellow rectangle). For COBRA, a 435 bp region was PCR-amplified with CoF
& CoR primers, and the PCR product was digested with methylated allele-specific restriction enzymes to examine the methylation pattern of CG5
ands CG16 (the PCR products is digested with Hpy188l when the cytosine residue at CG5 is methylated and with Afllll when the cytosine residue at
CG16 is methylated) (indicated with orange rectangles). IGF2 is a paternally expressed gene, and H19 is a maternally expressed gene. The stippled
ellipse indicates the enhancer for IGF2 and H19. B. Pyrosequencing data. Left part: Representative results indicating the Mls for CG5- CG7 and CG9.
CG5- CG7 and CGY are hypomethylated in case 1, and similarly methylated between case 53 and a control subject. Right part: Histograms showing
the distribution of the Mls (the horizontal axis: the methylation index; and the vertical axis: the patient number). Forty-three SRS patients with low Mls
are shown in red. C. COBRA data. Left part: Representative findings of PCR products loaded onto a DNA 1000 LabChip (Agilent, Santa Clara, CA, USA)
after digestion with Hpy188I or Afllll. U: unmethylated clone specific bands; M: methylated clone specific bands; and BWS: Beckwith-Wiedemann
syndrome patient with upd(11p15)pat. Right part: Histograms showing the distribution of the Mis.

doi:10.1371/journal.pone.0060105.g001

Oligoarray comparative genomic hybridization (CGH) probes for 12q14, and 39,518 probes for 17q24, together with

We performed oligoarray CGH in the 138 SRS patients, using a ~10,000 reference probes for other chromosomal region (Agilent
genomewide 4x180K Agilent platform catalog array and a Technologies, Palo Alto, CA, USA). The procedure was as
custom-build high density oligoarray for the 11pl15.5, 7p12.2, described in the manufacturer’s instructions.

12q14, and 17q24 regions where rare copy number variants have

been identified in several SRS patients [1,10-12] as well as for the Statistical analysis

7q32—qter region involved in the segmental upd(7)mat in four SRS After examining normality by % test, the variables following the
patients [23-25]. The custom-build high density oligoarray normal distribution were expressed as the mean®=SD, and those
contained 3,214 probes for 7p12.2, 434 probes for 7q32, 23,162 not following the normal distribution were expressed with the
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Figure 2. Methylated and unmethylated allele-specific PCR
analysis for the MEST-DMR. A. Schematic representation of the
MEST-DMR. The cytosine residues at the CpG dinucleotides are usually
unmethylated after paternal transmission (open circles) and methylated
after maternal transmission (filled circles). The PCR primers have been
designed to hybridize either methylated or unmethylated clones. B. The
results of methylation analysis with methylated and unmethylated
allele-specific primers.

doi:10.1371/journal.pone.0060105.9002

median and range. Statistical significance of the mean was
analyzed by Student’s test or Welch’s #test after comparing the
variances by F test, that of the median by Mann-Whitney’s U-test,
that of the frequency by Fisher’s exact probability test, and that of
the correlation by Pearson’s correlation coefficient after confirm-
ing the normality of the variables. P<0.05 was considered
significant.

Results

Identification of H19-DMR hypomethylation

Representative findings are shown in Figure 1B and 1C, and the
MIs are summarized in Table 1. Overall, the MIs obtained by the
pyrosequencing analysis tended to be lower and distributed more
narrowly than those obtained by the COBRA. Despite such
difference, the MlIs obtained by the pyrosequencing analysis for
CG5-CG7 and CGY and by the COBRA for CG5 and CG16
were invariably below the normal range in the same 43 patients
(cases 1-43) (group 1). By contrast, the MIs were almost invariably
within the normal range in the remaining 95 patients, while the
MIs obtained by the pyrosequencing analysis slightly (1-2%)
exceeded the normal range in the same three patients (cases 136—
138).

In the 43 cases of group 1, microsatellite analysis for four loci at
the telomeric 11p region excluded maternal upd in 14 cases in
whom parental DNA samples were available; in the remaining 29
cases, microsatellite analysis identified two alleles for at least one
locus, excluding maternal uniparental isodisomy for this region.
Furthermore, oligoarray CGH for the chromosome 11pl5.5
region showed no copy number alteration such as duplication of
maternally derived H79-DMR and deletion of paternally derived
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Table 1. The methylation indices (%) for the H19-DMR.

Cases 1—43 Cases 44—138  Control subjects

Pyrosequencing analysis

CG5 4-24 35-50 33-48
CG6 5-26 36—53 34-51
CG7 4-24 35—-49 30—47
CGo 5-23 34—-48 30—46
COBRA

CG5 (Hpy188lI) 3.3-35.1 37.8—60.8 36.2—58.5
CG16 (Afllll) 4.1-35.0 43.0—-59.4 38.7—-60.0

The position of examined CpG dinucleotides (CG5-7, CG9, and CG16) is shown
in Figure 1A.

COBRA: combined bisulfite restriction analysis.
doi:10.1371/journal.pone.0060105.t001

HI19-DMR. For the KvDMRI, the MIs of the 138 patients
remained within the reference range (Fig. S1B and C).

Identification of upd(7)mat

Methylation analysis for the MEST-DMR revealed that
unmethylated bands were absent from eight patients and remained
faint in a single patient (cases 44-52) (group 2) (Figure 2B).
Subsequent microsatellite analysis confirmed upd(7)mat in the
eight patients and mosaic upd(7)mat in the remaining one patient,
and indicated trisomy rescue or gamete complementation type
upd(7)mat in cases 4448, monosomy rescue or post-fertilization
mitotic error type upd(7)mat in cases 49-51, and post-fertilization
mitotic error type mosaic upd(7)mat in case 52 (Table S2).

Multiple DMR analysis

We examined 17 autosomal DMRs other than the H79-DMR
in 14 patients in group 1, four patients in group 2, and 20 patients
in group 3, and the XIS7-DMR in eight female patients in group
1, one female patient in group 2, and five female patients in group
3 (Table S3). The MIs outside the reference ranges were identified
in five of 14 examined cases (35.7%) and six of a total of 246
examined DMRs (2.4%) in group 1. In particular, a single case
with the mean MI value of 23 obtained by the pyrosequencing
analysis for CG5-CG7 and CG9 had an extremely low MI for the
ARHI-DMR (case 13 of group 1). This extreme hypomethylation
was confirmed by bisulfite sequencing, and direct sequencing
showed normal sequences of the primer-binding sites, thereby
excluding the possibility that such an extremely low MI could be
due to insufficient primer hybridization because of the presence of
a nucleotide variation within the primer-binding sites (Figure 3).
Furthermore, no copy number variation involving the ARHI-
DMR was identified by CGH analysis using a genomewide catalog
array. Consistent with upd(7)mat, three DMRs on chromosome 7
were extremely hypermethylated in four examined cases of group
2. Only a single DMR was mildly hypermethylated in a total of
345 examined DMRs in group 3. The abnormal MIs, except for
those for the H79-DMR in group 1 and for the three DMRs on
chromosome 7 in group 2, were confirmed by three times
experiments.

Oligonucleotide array CGH

A ~3.86 Mb deletion at chromosome 1724 was identified in a
single patient (case 73 of group 3) (Figure 4).
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Primer for direct ~ Primer for methylation Primer for methylation ~ Primer for direct

sequencing (F) analysis (F) analysis (R) sequencing (R)
e —> (ARHI-DMR)
(15 CpGs) < -«

ARHI-DMR

5/ -GECTCCAAGGAACAGAAGCTGCTGA-3 (Wildtype)
5’ ~GGTTTTAAGGAATAGAAGTTGTTGA-3' (Bisulfite-treated)
(= Primer)

5/ -AAAATACCTACTGCCAGTTGCTGGGCT-3’ (Wildtype)
5/ -AAAATATTTATTGTTAGTTGTTGGGTT-3' (Bisulfite-treated)
3’/ -TTTTATAAATAACAATCAACAACCCAA-5' (Primer)

Figure 3. Analysis of the ARHFDMR in case 13. For bisulfite sequencing, each line indicates a single clone, and each circle denotes a CpG
dinucleotide; the cytosine residues at the CpG dinucleotides are usually unmethylated after paternal transmission (open circles) and methylated after
maternal transmission (filled circles). Electrochromatograms delineate the sequences of the primer binding sites utilized for the methylation analysis.

doi:10.1371/journal.pone.0060105.9003

Epigenotype-phenotype analysis

Clinical findings of SRS patients in groups 1-3 are summarized
in Table 2. All the patients met the mandatory criteria, and most
patients in each group had severely reduced birth length and
weight (both=-2 SDS). For the five clinical features utilized as
scoring system criteria, while 23.2% of patients in group 1 and
22.2% of patients in group 2 exhibited all the five features, there
was no patient in group 3 who was positive for all the five features.
By contrast, while 39.5% of patients in group 1 and 33.3% of
patients in group 2 manifested just three of the five features, 77.6%
of patients in group 3 were positive for just three features. In
particular, the frequencies of relative macrocephaly at birth and
body asymmetry were low in group 3, while those of the remaining
three scoring system criteria including prominent forehead during
early childhood were similar among groups 1-3.

Phenotypic comparison between groups 1 and 2 revealed that
birth length and weight were more reduced and birth OFC was

more preserved in group 1 than in group 2, despite comparable
gestational age. In the postnatal life, present height and weight
became similar between the two groups, whereas present OFC
became significantly smaller in group 1 than in group 2. Body
asymmetry and brachydactyly were more frequent and speech
delay was less frequent in group 1 than in group 2. Placental
weight was similar between the two groups, and became more
similar after excluding case 52 with mosaic upd(7)mat (see legends
for Table 2). Parental age at childbirth was also similar between
the two groups. In group 2, placental weight was grossly similar
among examined cases, as was parental age at childbirth (see
legends for Table 2).

Case 13 with an extremely low MI for the ARHI-DMR and case
73 with a cryptic deletion at chromosome 1724 had no specific
phenotype other than SRS-like phenotype (Table S4). However, of
the five clinical features utilized as scoring system criteria, all the
five features were exhibited by case 13 and just three features were

+2SD|
+1SD||.
+0 SD |-

~1SD|
—2SD||

KPNA2
l Midro et al. 1993; Dorr et al. 2001

53 Vb Blyth et al. 2008

Figure 4. Oligonucleotide array CGH in case 73, showing a ~3.86 Mb deletion at chromosome 17q24. The black, the red, and the green
dots denote signals indicative of the normal, the increased(>+0.5), and the decreased (< -1.0) copy numbers, respectively. The horizontal bar with
arrowheads indicates a ~2.3 Mb deletion identified in a patient with Carney complex and SRS-like phenotype [44], and the black square represent a
~65 kb segment harboring the breakpoint of a de novo translocation 46,XY,t(1;17)(q24;q23-g24) identified in a patient with SRS phenotype [45,46].
doi:10.1371/journal.pone.0060105.g004

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e60105



Silver-Russell Syndrome

Table 2. Phenotypic comparison in three groups of patients with Silver-Russell syndrome.

H19-DMR

hypomethylation Upd(7)mat Unknown P-value

(Group 1) (Group 2) (Group 3) G1 vs. G2 G1 vs. G3 G2 vs. G3
Patient number 43 (31.2%) 9 (6.5%) 85 (62.0%)
Mandatory criteria 43/43 (100%) 9/9 (100%) 85/85 (100%) 1.000 1.000 1.000
Scoring system criteria (5/5) 10/43 (23.2%) 2/9 (22.2%) 0/85 (0.00%) 0.965 1.52x10°*4 2.58x10 2
Scoring system criteria (4/5) 16/43 (37.2%) 4/9 (44.4%) 19/85 (22.4%) 0.792 1.45x10°2  0.145
Scoring system criteria (3/5) 17/43 (39.5%) 3/9 (33.3%) 66/85 (77.6%) 0.821 7.17x10°%  0.161
Gestational age (weeks:days) 38:0 (34:3~40:0) (n=36)  38:0 (34:4~40:0) (h= 9) 37:6 (27:1~41:4) (h=65) 0.877 0.120 0.450
BL (SDS) -4.13+2.01 (n=31) -3.18+1.16 (n=9) -2.93+1.43 (n=60) 2.67x10°2  6.69x10 ° 0619
BW (SDS) -3.50+0.85 (n=42) -2.90+0.64 (n=9) -2.71+1.14 (n=64) 3.28x10 2 5.87x10 *  0.640
BL=-2 SDS and/or BW=-2 SDS* 43/43 (100%) 9/9 (100%) 85/85 (100%) 1.000 1.000 1.000
BL=-2 SDS and BW=-2 SDS 39/43 (90.7%) 7/9 (77.8%) 76/85 (89.4%) 0.474 0.821 0.304
BOFC (SDS) -0.54£1.22 (n =29) -1.44*0.47 (n=9) -1.92+1.09 (n=48) 3.74x10° 2 1.52x10°° 0.202
BL (SDS) - BOFC (SDS) -3.70+2.02 (n =27) -1.73%£1.20 (n=9) -0.943+1.48 (n=43) 1.02x10° 2  3.40x10°° 0.111
BW (SDS) - BOFC (SDS) -3.21+1.20 (n=27) -1.53+0.57 (n=9) -1.04+1.55 (n= 48) 0.326 7.38x10°° 0331
Relative macrocephaly at birth{ 29/29 (100%) 7/9 (77.8%) 16/45 (35.6%) 0.341 3.67x10 % 2.05x10 2
BL or BW (SDS) - BOFC (SDS)=-1.5
Present age (years:months) 4.1 (0:6~30:6) (n =31) 4.8 (2:4~25:2) (n=9) 4.3 (0:1~18:6) (n=60) 0.437 0.813 0.335
PH (SDS) -3.58+1.65 (n=35) -3.77%1.13 (n=9) -3.17+1.50 (n=61) 0.757 0.218 0.253
PH=-2 SDS (=2 years)} 29/35 (82.5%) 8/9 (88.9%) 52/61 (85.2%) 0.760 0.758 0.772
PW (SDS) -3.15+1.16 (n=32) -2.77%0.76 (n=9) -2.77+1.34 (n=59) 0.362 0.144 0.968
POFC (SDS) -1.16£1.18 (n=21) -0.01£0.91 (n=9) -1.81%£1.57 (n =35) 2.01x10 3 0.107 3.08x10 3
PH (SDS) - POFC (SDS) -247+1.63 (n=16) -3.62+1.38 (n=8) -1.55+1.82 (n =35) 0.103 4.39x10 2  1.64x10 2
PW (SDS) - POFC (SDS) -2.84+1.31 (n=21) -2.69+1.36 (n=9) -1.08%£1.71 (n=35) 0.782 2.54x10 2 1.90x104
Relative macrocephaly at present 20/21 (95.2%) 8/8 (100%) 29/43 (67.4%) 0.223 4.77x10°%  0.156
PH or PW (SDS) - POFC (SDS)=-1.5
Triangular face during early childhood 42/43 (97.7%) 8/9 (88.9%) 65/65 (100%) 0.442 0.0773 5.98x10 3
Prominent forehead during early 31/37 (83.8%) 7/9 (100%) 41/53 (77.4%) 0.200 0.456 0.978
childhoodf
Ear anomalies 14/35 (40.0%) 3/9 (33.3%) 15/55 (27.3%) 0.717 0.290 0.823
Irregular teeth 12/26 (46.2%) 4/9 (44.4%) 12/45 (26.7%) 0.930 0.0968 0.291
Body asymmetryf 30/37 (81.1%) 3/9 (33.3%) 19/59 (32.2%) 4.77x1073 3.51x10°¢ 0.947
Clinodactyly 29/37 (78.4%) 5/9 (55.6%) 50/58 (86.2%) 0.167 0.323 2.68x10 2
Brachydactyly 30/38 (78.9%) 2/9 (22.2%) 34/56 (60.7%) 1.16x1073 0.0642 3.24x10 2
Syndactyly 3/36 (8.3%) 0/9 (0.00%) 3/52 (5.77%) 0.375 0.641 0.464
Simian crease 4/26 (15.4%) 2/7 (28.6%) 6/49 (12.2%) 0.429 0.705 0.252
Muscular hypotonia 17/32 (53.1%) 5/9 (55.6%) 12/50 (24.0%) 0.898 7.49x10 3  0.0564
Developmental delay 18/37 (48.6%) 6/9 (66.7%) 25/54 (46.3%) 0.337 0.826 0.262
Speech delay 8/31 (25.8%) 6/9 (66.7%) 18/43 (41.9%) 2.55x10° 2 0.156 0.179
Feeding difficultyf 16/34 (47.1%) 6/9 (66.7%) 25/51 (49.0%) 0.301 0.860 0.333
Placental weight (SDS) -2.10£0.74 (n=14) -1.72 = 0.74 (n =6)° -1.02+0.86 (n=18) 0.312 4.12x103 8.24x10 3
Paternal age at childbirth 32:0 (19:0~52:0) (n=24) 35:0 (27:0~48:0) (n=9) 32:0 (25:0~46:0) (h=45) 0.223 1.00 0.105
(years:months)
Maternal age at childbirth 32:0 (19:0~43:0) (n=25)  33:0 (25:0~42:0) (n= 9)° 30:0 (22:0~43:0) (n=46) 0.275 0.765 0.117
(years:months)
BL: birth length; BW: birth weight; BOFC: birth occipitofrontal circumference; PH: present height; PW: present weight; POFC: present occipitofrontal circumference, and
SDS: standard deviation score.
For body features, the denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number
of patients assessed to be positive for that feature.
*Mandatory criteria and ffive clinical features utilized as selection criteria for Silver-Russell syndrome proposed by Netchine et al. [14].
Significant P-values(<0.05) are boldfaced.
®Placental weight SDS is -1.68, -2.55, =2.24, —1.12, -2.14 and -0.60 in case 46, 47, 49, 50, 51 and 52, respectively; the placental weight SDS is =1.95+0.57 in five cases
except for case 52 with mosaic upd(7)mat.
PMaternal childbearing age is 32, 32, 33, 42, 32, 34, 33, 25 and 36 years in case 44-52, respectively.
doi:10.1371/journal.pone.0060105.t002
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manifested by case 73. In addition, cases 136—138 with slightly
elevated MIs for CG5-CG7 and CGY, and cases with multilocus
methylation abnormalities, had no particular phenotype other
than SRS-compatible clinical features.

Correlation analysis

In group 1, the mean value of the MIs for CG5-CG7 and CG9
obtained by pyrosequencing analysis was positively correlated with
the birth length and weight, the present height and weight, and the
placental weight, but with neither the birth nor the present OFC
(Table 3). Such correlations with the growth parameters were
grossly similar but somewhat different for the MlIs obtained by
COBRA (Table S5). Furthermore, the placental weight was
positively correlated with the birth weight and length, but not with
the birth OFC. Such positive correlations were not found in
groups 2 and 3.

Discussion

The present study identified hypomethylation of the H79-DMR
and upd(7)mat in 31.2% and 6.5% of 138 Japanese SRS patients,
respectively. In this regard, the normal KvDMRI methylation
patterns indicate that the aberrant methylation in 43 cases of
group | is confined to the H79-DMR. Furthermore, oligoarray
CGH excludes copy number variants involving the H79-DMR,
and microsatellite analysis argues against segmental maternal
isodisomy that could be produced by post-fertilization mitotic
error [26]. These findings imply that the //79-DMR hypomethy-
lation is due to epimutation (hypomethylation of the normally
methylated H79-DMR of paternal origin).

The frequency of epimutations detected in this study is lower
than that reported in Western European SRS patients [1,2,14],
although the frequency of upd(7)mat is grossly similar between the
two populations [2,11,14,27,28]. In this context, it is noteworthy
that, of the five scoring system criteria, the frequencies of relative
macrocephaly at birth and body asymmetry were low in group 3,
while those of the remaining three scoring system criteria were
similar among groups 1-3. Since relative macrocephaly and body
asymmetry are characteristic of //79-DMR epimutation, the lack
of these two features in a substantial fraction of cases in group 3
would primarily explain the low frequency of HI79-DMR

Table 3. Correlation analyses in patients with H19-DMR
hypomethylations.

Parameter 1 Parameter 2 r P-value

Methylation index (%)* vs. Birth length (SDS) 0647 6.70x10 3
Birth weight (SDS) 0590 7.80x10°3
Birth OFC (SDS) 0.190 0.498
Present height (SDS) 0612 5.33x10 3
Present weight (SDS) 0.605 7.81x10 3
Present OFC (SDS) -0.166  0.647
Placental weight (SDS)  0.809  8.30x10 3

Placental weight (SDS) vs. Birth weight (SDS) 0717 8.64x10 3
Birth length (SDS) 0636 2.63x10 2
Birth OFC (SDS) 0.400 0.198

SDS: standard deviation score; and OFC: occipitofrontal circumference.
*The mean value of Mis for CG5, CG6, CG7, and CG9 obtained by
pyrosequencing analysis.

Significant P-values(<0.05) are boldfaced.
doi:10.1371/journal.pone.0060105.t003
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epimutations in this study. In group 3, furthermore, the low
prevalence of relative macrocephaly at birth appears to be
discordant with the high prevalence of prominent forehead during
early childhood. Since relative macrocephaly was evaluated by an
objective method (SDS for birth length or birth weight minus SDS
for birth OFC=-1.5) and prominent forechead was assessed by a
subjective impression of different clinicians, it is recommended to
utilize relative macrocephaly as a more important and reliable
feature in the scoring system than prominent forehead. In
addition, the difference in the ethnic group might also be relevant
to the low frequency of H19-DMR epimutations in this study.

Epigenotype-phenotype correlations in this study are grossly
similar to those previously reported in Western European SRS
patients [1-3]. Cases 1-43 in group 1 with H79-DMR epimuta-
tion had more reduced birth weight and length, more preserved
birth OFC and more reduced present OFC, more frequent body
features, and less frequent speech delay than case 44-52 in group 2
with upd(7)mat, although the difference in the prevalence of
somatic features appears to be less remarkable in this study than in
the previous studies [3,4]. This provides further support for the
presence of relatively characteristic clinical features in H79-DMR
epimutation and upd(7)mat [1-3]. In this context, previous studies
have indicated biallelic /GF2 expression in the human fetal
choroid plexus, cerebellum, and brain, and monoallelic [GF2
expression in the adult brain, while the precise brain tissue(s) with
such a unique expression pattern remains to be clarified
[29,30,31]. This may explain why the birth OFC is well preserved
and the present OFC is reduced in group 1. However, since the
difference in present OFC between groups 1 and 2 is not
necessarily significant in the previous studies [32], the postnatal
OFC growth awaits further investigations.

Placental weight was similarly reduced in groups 1 and 2. Thus,
placental weight is unlikely to represent an indicator for the
discrimination between the two groups, although the present data
provide further support for imprinted genes being involved in
placental growth, with growth-promoting effects of PEGs and
growth-suppressing effects of MEGs [5,6]. It should be pointed out,
however, that the placental hypoplasia could be due to some other
genetic or environmental factor(s). In particular, while placental
weight was apparently similar among cases of group 2, possible
confined placental mosaicism [33,34] with trisomy for chromo-
some 7 may have exerted some effects on placental growth in cases
with trisomy rescue type upd(7)mat.

Correlation analysis would imply that the /GF2 expression level,
as reflected by the MI of the H19-DMR, plays a critical role in the
determination of pre- and postnatal body (stature and weight) and
placental growth in patients with H79-DMR epimutation. Since
the placental weight was positively correlated with the birth length
and weight, the reduced IGF2 expression level appears to have a
similar effect on the body and the placental growth. Furthermore,
the lack of correlations between the MI and birth and present
OFC and between placental weight and birth OFC would be
compatible with the above mentioned /GF2 expression pattern in
the central nervous system [29]. Although the MI would also
reflect the H19 expression level, this would not have a major
growth effect. It has been implicated that 79 functions as a tumor
suppressor [35,36].

Multilocus analysis revealed co-existing hyper- and hypomethy-
lated DMRs predominantly in cases of group 1, with frequencies
of 35.7% of examined patients and 2.4% of examined DMRs. The
results are grossly consistent with the previous data indicating that
co-existing abnormal methylation patterns of DMRs are almost
exclusively identified in patients with /79-DMR epimutation with
frequencies of 9.5~30.0% of analyzed patients and 1.8~5.2% of a
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total of analyzed DMRs [7-9]. Notably, the co-existing methyl-
ation abnormalities were predominantly observed as mild
hypermethylations of maternally methylated DMRs and were
restricted to a single DMR or two DMRs in patients with
multilocus abnormalities. Such findings are obviously inexplicable
not only by assuming a JFP57 mutation that is known to cause
severely abnormal methylation patterns of multiple DMRs or a
ZACI mutation that may affect methylation patterns of multiple
DMRs [37-39], but also by assuming defective maintenance of
methylation in the postzygotic period [7]. Thus, some factor(s)
susceptible to the co-occurrence of hypomethylation of the H19-
DMR and hypermethylation of other DMR(s) might be operating
during a gametogenic or postzygotic period in cases with /79-
DMR epimutation.

The patients with multilocus methylation abnormalities had no
specific clinical features other than SRS-compatible phenotype.
Previous studies have also indicated grossly similar SRS-like
phenotype between patients with monolocus and multilocus
hypomethylations [7], although patients with multilocus hypo-
methylation occasionally have apparently severe clinical pheno-
type [7]. These findings would argue for the notion that the /79-
DMR epimutation has an (epi)dominant clinical effect. Indeed,
HI19-DMR hypomethylation has led to SRS-like phenotype in a
patient with parthenogenetic chimerism/mosaicism [21], whereas
HI19-DMR  hypermethylation has resulted in Beckwith-Wiede-
mann syndrome-like phenotype in patients with androgenetic
mosaicism [40].

An extremely hypomethylated ARHI-DMR was found in case
13. In this regard, it is known that ARHI with a potentially cell
growth suppressor function is normally expressed from paternally
inherited chromosome with unmethylated ARHI-DMR [41].
Indeed, hypermethylation of the ARHI-DMR, which is predicted
to result in reduced expression of ARHI, has been identified as a
tumorigenic factor for several cancers with an enhanced cell
growth function [42,43]. Thus, it is possible that hypomethylation
of the ARHI-DMR has led to overexpression of ARHI, contrib-
uting to the development of typical SRS phenotype in the presence
of a low but relatively preserved MI of the //79-DMR in case 13.

Oligonucleotide array CGH identified a ~3.86 Mb deletion at
chromosome 17q24 in case 73 of group 3. This provides further
support for the presence of rare copy number variants in several
SRS patients and the relevance of non-imprinted gene(s) to the
development of SRS [10]. Interestingly, the microdeletion overlap
with that identified in a patient with Carney complex and SRS-like
features [44], and the overlapping region encompasses a ~65 kb
segment defining the breakpoint of a de novo reciprocal transloca-
tion involving 17q23-q24 in a patient with SRS-like phenotype
(Figure 4) [45,46]. Furthermore, the translocation breakage has
affected APNAZ involved in the nuclear transport of proteins [46—
48]. Thus, KPNAZ2 has been regarded as a candidate gene for SRS,
although mutation analysis of APNAZ has failed to detect a disease-
causing mutation in SRS patients [49].

Lastly, it would be worth discussing on the comparison between
pyrosequencing analysis and COBRA. Since the same 43 patients
were found to have low MIs by both analyses, this implies that
both methods can be utilized as a diagnostic tool. While the
distribution of the MIs was somewhat different between the two
methods, this would primarily be due to the difference in the
employed methods such as the hybridization efficiency of utilized
primers. Importantly, pyrosequencing analysis was capable of
studying plural CpG dinucleotides at the CTCF6 binding site,
whereas COBRA examined only single CpG dinucleotides outside
the CTCF6 binding site. Thus, the MIs obtained by pyrosequenc-
ing analysis would be more accurate than those obtained by
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COBRA in terms of IGF2 expression levels, and this would
underlie the reasonable correlations of Mls yielded by pyrose-
quencing analysis with body and placental growth parameters.

In summary, the present study provides useful information for
the definition of molecular and clinical findings in SRS. However,
several matters still remain to be elucidated, including underlying
mechanisms in SRS patients with no A79-DMR epimutation or
upd(7)mat and the DMR(s) and imprinted gene(s) responsible for
the development of SRS in patients with upd(7)mat. Furthermore,
while advanced maternal age at childbirth has been shown to be a
predisposing factor for the development of upd(15)mat because of
increased non-disjunction at meiosis 1 [50], such studies remain
fragmentary for upd(7)mat, primarily because of the relative
paucity of upd(7)mat. Further studies will permit a better
characterization of SRS.

Supporting Information

Figure S1 Methylation analysis of the KvDMR1 using COBRA.
A. Schematic representation of the KvDMR1. A 326 bp region
harboring 24 CpG dinucleotides was studied. The cytosine
residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after
maternal transmission (open circles); after bisulfite treatment, this
region is digested with Hpy188I when the cytosine at the 5th CpG
dinucleotide (indicated with a green rectangle) is methylated and
with Eal when the cytosines at the 22nd CpG dinucleotide
(indicated with a pink rectangle) is methylated. KCNQJOTI is a
paternally expressed gene, and ACNQI and CDENIC are
maternally expressed genes. B. Representative COBRA results.
U: unmethylated clone specific bands; M: methylated clone
specific bands; and BWS: Beckwith-Wiedemann syndrome patient
with upd(11p15)pat. C. Histograms showing the distribution of the
MIs (the horizontal axis: the methylation index; and the vertical
axis: the patient number).

(TIF)

Table S1 Primers utilized in the methylation analysis and
microsatellite analysis.

(XLS)

Table S2
(XLSX)

Table 83 Methylation indices for multiple differetially methyl-
ated resions (DMRs) obtained by COBRA in 38 patients with
Silver-Russell syndrome.

(XLSX)

The results of microsatellite analysis.

Table S4 Clinical findings in two unique patients.

(DOC)

Table S5 Correlation analyses in patients with H19-DMR
hypomethylations.
DOC)
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FACIAL MORPHOLOGY AND OCCLUSION

ABSTRACT

Fibrodysplasia ossificans progressiva
(FOP) is a rare disease characterized by
postnatal heterotopic ossification (HO).
When HO affects the masticatory mus-
cles, mouth opening becomes restricted.
This paper presents the changes in
facial morphology and occlusion of a
patient with FOP who was followed from
the age of 8 to age 21. At the initial
examination, he had a severely pro-
truded maxilla and Angle Class I
Division 1 malocclusion. His mouth
opening was restricted (5.0 mm). He had
a large overjet and this enabled him to
clean his teeth and to eat. Orthodontic
correction was not planned, and his
facial growth was closely followed with
attention to his oral hygiene. The maxil-
lary protrusion and a low mandibular
plane angle became more prominent as
the patient aged. His mandible rotated in
a counterclockwise direction. His molars
had delayed eruption or were impacted
and seven were extracted. His mouth
opening increased slightly and his oral
hygiene improved to excellent.
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Introduction

Fibrodysplasia ossificans progressiva (FOP) is an autosomal dominant disorder
characterized by postnatal heterotopic ossification (HO).!? The disorder is caused by a
gene mutation in the activin A receptor type I (ACVR1), which is responsible for bone
morphogenetic protein (BMP) activity.>* The incidence of FOP is quite rare, affecting
an estimated one in 2 million people. HO is usually not apparent at birth; congenital
malformation of the great toes is a sign for early diagnosis of the disorder. HO often
appears within the first decade of life, after swelling with sensation of heat and pain
(flare-up) of the soft tissues such as the skeletal muscles, tendons, and ligaments.
When HO occurs in tissues surrounding joints, their mobility is lost.»*>7 In the
maxillofacial region, the temporomandibular joint (TMJ) and masticatory muscles are
common sites of involvement and this results in restricted mouth opening.”#1* Surgical
treatment for the restricted mouth opening in patients with FOP often results in
relapse and worsening of HO and is generally not recommended."!>18 HO in growing
children affects facial growth and occlusion. Although there are a few reports about
occlusion,'®?0 little is known about the facial morphology and occlusion of patients
with FOP. In this paper, we present a longitudinal record of facial morphology and
occlusion (from 8 to 21 years of age) in a patient with FOP, and discuss the dental
care for children with FOP.

Case report

The patient first visited the University
of Tokyo Hospital at the age of 8 years
and 9 months. He had severe maxillary
protrusion in the mixed dentition with a
large overjet (9.5 mm) and a deep
overbite (5.0 mm). The molar
relationship was Angle Class 11

(Angle Classification Class 11, Division 1).

His mouth opening was severely
restricted and the maximum opening
was 5.0 mm (Figure 1). Evaluation of
the patient’s panoramic radiograph
revealed the presence of all permanent
teeth, widening of the right coronoid
process, and elongation of the left
coronoid process; mild flattening of the
bilateral condylar heads was suspected
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Figure 1. Facial appearance and occlusion at the initial visit (age 8 years, 9 months). (A) Face. (B)
Occlusion at closed position. (C) Maximum opening. The occlusion showed severe maxillary pro-
trusion and the amount of maximum mouth opening was 5.0 mm.

Figure 2. Panoramic radiograph at the initial visit (age 8 years, 9 months). Widening of the right
coronoid process (arrow 1) and elongation of the left coronoid process (arrow 2) were seen. Mild
flattening of the bilateral condylar heads was suspected (arrows 3).

(Figure 2). The lateral cephalogram
showed a severe Class 1II facial skeleton
(SNA: 85.4°, SNB: 75.6°, ANB: 9.8°)
(Figure 3, Table 1). The maxilla was
protruded and the mandible had
normal anteroposterior development.
Both maxillary and mandibular incisors
were proclined and fusion of cervical
vertebrae was also noted in the cephalo-
gram. At that time, the spinal deformity
in the coronal plane (scoliosis) was mild
(Figure 4A).
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The patient had received surgical cor-
rection of bilateral hallux valgus at the
age of 1 year and was diagnosed with
FOP in another hospital at 5 years of age.
As the large overjet enabled his teeth to
be cleaned and for him to eat, orthodon-
tic correction was not planned and it was
decided to follow his facial growth care-
fully and to maintain his oral hygiene at
the highest level.

At 12 years of age, the patient had
pain in his right hip joint, which affected

Figure 3. Lateral cephalogram at the initial visit
(age 8 years, 9 months). The patient had
severe Angle Class Il facial skeleton. Fusion of
cervical vertebrae was seen (arrow).

his movement. From 13 years of age,
HO in the ligaments surrounding the
vertebral column progressed, and
scoliosis and tilting of the head became
more prominent (Figures 4B and 5). At
16 years of age, the last cephalogram was
made; as it was impossible thereafter
because of his vertebral deformation. The
superimposition of cephalogram tracings
at ages 8 and 16 showed greater forward
growth of both the maxilla and mandible
relative to the anterior cranial base.

The mandible showed counterclockwise
rotation and both maxillary and
mandibular incisors were proclined
further (Figure 6, Table 1). The com-
puted tomography (CT) made at 16
years of age clearly depicted deformation
of bilateral condylar heads, widening of
the right coronoid process, and elonga-
tion of the left coronoid process. HO was
found at the anterior edge of the right
coronoid process, but it was not fused
with the upper bones of the skull
(Figure 7). These findings suggested
that the restricted mouth opening was
caused by the mechanical interference
between the coronoid processes and
upper bones, and not because there was
a bony fusion. Between 16 and 17 years
of age, the patient experienced acute

Facial morphology and occlusion in FOP



FACIAL MORPHOLOGY AND OCCLUSION

IN FOP

Table 1. Cephalogram measurements.

Parameters Age Japanese adult
male norm:
8 years, 16 years,

10 months 4 months Mean (SD)
SNA 85.4° 93.5°¢ 81.8 (3.1)
SNB 75.6 81.4 78.6 (3.1)
ANB 9.8b 12.1¢ 3327
MP-FH 19.6° 11.8b 26.3 6.3)
U1-FH 117.92 126.4° 108.9 (5.6)
L1-MP 123.3¢ 129.5¢ 94.7 (7.2)
MP-FH: Mandibular plane-Frankfurt plane Angle; U1-FH: Upper incisor-Frankfurt plane Azngle;
L1-MP: Lower incisor-Frankfurt plane Angle; SD: Standard deviation.
Deviation from the mean value 2between 1 and 2 SD, Pbetween 2 and 3 SD, °more than 3 SD.
Japanese norm is from lzuka and Ishikawa?

Figure 4. Integrated radiographic films of the vertebral column. (A) At the initial visit (age 8 years,
9 months). (B) At 18 years and 3 months of age, lateral curvature of the vertebral column had

become severe.

Susami et al.

Figure 5. Facial appearance at age 15 years
and 4 months. Tilting of the head had become
prominent and standardization using ear rods
was impossible.

——— Byears 9 months
----- 16 years 3 months

Figure 6. Superimposition of lateral cephalo-
grams. Large forward growths of both maxilla
and mandible were found. The mandible
showed counterclockwise rotation and both
maxillary and mandibular incisors were pro-
clined further.

submandibular swelling (flare-up) twice
and antibiotics and a bisphosphonate
were administered. He also experienced
swelling in the right elbow and forearm
during that period.

At 19 years of age, the maxillary
protrusion had increased. The overjet
and overbite had increased to 12.0 and
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Figure 7. CT made at age 16 years and 3 months. (A) 3-D lateral facial view. (B) Extracted mandible.
(C) 2-D view showing HO at the front edge of the right coronoid process. Deformation of bilateral
condylar heads, widening of the right coronoid process, and elongation of left coronoid process
were observed. HO was found at the anterior edge of the right coronoid process, but it was not

fused with upper bones.

Figure 8. Occlusion at age 19 years and 4 months. (A) In occlusion. Upper right second molar had
erupted buccally, showing a scissor bite (arrow). (B) Maximum opening. The maxillary protrusion
deteriorated but the amount of mouth opening had slightly improved (6.0 mm).

6.0 mm, respectively. The premolars had
erupted normally, but molars had
delayed eruption or impaction (Figures 8
and 9). However, the amount of
maximum opening slightly improved
(6.0 mm). To prevent acute inflammation
and subsequent swelling (flare-up)
caused by dental caries or periodontal
disease, seven molars were extracted
under local or general anesthesia. The
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details of the surgical extraction of the
six molars under general anesthesia

have been reported previously.?! The last
examination of the patient for this report
was at 21 years of age. Bone healing was
good at the extraction sites and there was
no further deterioration of HO in the
facial region. His oral hygiene was
excellent and we continue to provide
periodic care.

Discussion

Signs or symptoms of FOP are usually
not apparent at birth except for the
congenital malformation of the great
toes; HO often appears within the first
decade of life after flare-ups in the soft
tissues.1>>° When joints are affected by
HO, they lose their mobility, and

when the vertebral column is affected, it
often results in lateral curvature of the
column.}>712 TMJ and masticatory
muscles are also commonly affected,
resulting in restricted mouth opening.
The involvement of these tissues occurs
relatively late in comparison with other
joints, but restricted mouth opening
occurs in about half of patients by the
age of 20.” HO in oral regions appears
after trauma or infection, but inadequate
dental treatment and acute exacerbation
of caries or periodontal disease have also
been reported as causative factors.1%*

In growing children, HO seems to
affect facial growth and occlusion.
According to Nussbaum et al.,'® there
was a high incidence of mandibular
hypoplasia and large overjet in patients
with FOP. Renton et al.?? reported flat-
tening of the condylar heads which was
found even in patients without restricted
mouth opening. However, there are no
detailed reports on facial morphology
and occlusion, including changes with
growth.

Our patient exhibited a skeletal Class
11 relationship with protrusion of the
maxillary alveolar process. The mandible
showed normal anteroposterior growth
as measured by SNB angle at the age
of 8 and 16 years. Flattening of condylar
heads was suspected at the first examina-
tion and it was clearly seen later in the
evaluation of the CT of the head and
neck. The restricted mouth opening
(5.0 mm) was already recorded at the
initial visit. The patient’s mother recalled
that he had difficulty opening his mouth
beginning in infancy. The widening of
the right condylar process found at the
initial examination was considered to be
the cause of the restricted mouth open-
ing. Evaluation of the CT scans made
later revealed HO at the front edge of the
coronoid process, though the coronoid
process was not fused with upper facial

5,8-14
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Figure 9. Panoramic radiograph at age 19 years and 5 months. Molars showed abnormal eruption
or impaction. Seven molars were later extracted under local or general anesthesia.

bones (Figure 7). This suggested that the
restriction was not caused by bone fusion
but by mechanical interference of bones
on mouth opening as pointed out by
Connor and Evans® and Nunnelly and
Yussen.’

Our patient had severe maxillary
protrusion with Angle Class II Division 1
occlusion. As Nussbaum et al.' reported
in some of their patients with FOP, this
malocclusion seemed to be helpful for
cleaning the oral cavity and for eating, as
mouth opening was restricted in these
patients. If our patient had a normal
overjet, the mouth opening would have
been smaller. The proclination of maxil-
lary incisors might be caused by forces
exerted during masticatory movement.

During follow-up of our patient, the
mouth opening did not decrease but
rather increased slightly (6.0 mm).
Analysis of the cephalogram found that
both the maxilla and mandible had
greater forward growth than did the
anterior cranial base. The ANB angle
changed from 9.8° to 12.1° and the
overjet changed from 9.5 to 12.0 mm.
The forward inclination of both maxil-
lary and mandibular incisors was also
increased (Figure 6, Table 1). These
changes indicate a probable influence on
upper incisor inclination from his hyper-
active lower lip as it tried to make an
anterior seal during swallowing, and was

Susami et al.

also influenced by the movement of the
tongue on the lower incisors as it thrusts
forward to achieve an anterior seal
during swallowing. Although the
premolars had erupted without problem,
the molars were delayed or impacted.
This seemed to be due to the lack of
eruption space in the posterior region of
the mandibular arch. As these molars are
more susceptible to dental caries and
periodontal disease, seven molars were
extracted under local or general
anesthesia.?! After extraction, oral
hygiene maintenance became easier than
before. At present, a slender toothbrush
and an interdental brush are being used
for oral cleaning and the patient’s oral
hygiene is excellent.

The guidelines for dental
management of patients with FOP, such
as the treatment of caries, tooth extrac-
tion, orthodontic treatment, and oral
hygiene maintenance, have been pro-
posed by several authors.! Restricted
mouth opening is the main problem, but
surgical release of HO has been reported
to cause flare-ups and aggravate the HO
further.! Since it is difficult to carry out
dental treatment on these patients, good
oral hygiene must be maintained to
prevent dental caries and periodontal dis-
ease.!?232* Patients should be aware of
the problems with oral care methods
before the onset of HO and should

receive preventive or early interceptive
dental treatment. However, even normal
opening of the mouth during dental
treatment might be traumatic for patients
with FOP, and dentists caring for these
patients must be aware of this problem.

Macxillary protrusion seems to be
common in patients with FOP and ortho-
dontic treatment would be safe.®
However, the space for cleaning the
mouth and eating needs be taken into
consideration. If the child shows severe
crowding of anterior teeth, orthodontic
treatment will be helpful for maintenance
of oral hygiene. However, an orthodontic
appliance increases the risk of dental
caries and gingivitis. Problems with pos-
terior teeth may occur with facial growth
similar to our patient, so early and regu-
lar dental examination by dentists
knowledgeable about FOP is recom-
mended. If abnormal eruption of
posterior teeth is found, extraction of the
teeth should be considered to prevent
dental caries or periodontal disease and
to avoid flare-ups and HO.

Conclusion

The patient in this case report had a
severely restricted mouth opening caused
by HO. He had a Class II facial skeleton
and Angle Class II Division 1 occlusion.
His maxilla protruded severely but his
mandible showed normal anteroposterior
development. He also had an abnormally
low mandibular plane angle. Orthodontic
treatment was not considered because
the large overjet enabled him to clean his
mouth and to eat. Facial growth was
closely monitored over time. As the
patient grew, the maxillary protrusion
became more prominent and the
mandible rotated counterclockwise
between the ages of 8 and 16 years.
However, the restricted mouth opening
did not worsen. The patient’s molars had
delayed eruption or were impacted, and
were extracted under local and general
anesthesia. The patient’s oral hygiene is
currently excellent.

In children with FOP, involvement of
the TMJ occurs rather late in comparison
with other joints. If FOP is diagnosed at
an early age, efforts should be made to
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prevent the onset of HO. Oral hygiene
maintenance and early preventive or
interceptive dental treatment are neces-

sary before the onset of HO. Orthodontic

treatment to correct crowding might be

helpful for oral hygiene maintenance, but
the space for food intake should be taken

into consideration if there is restricted
mouth opening.
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Larsen syndrome (dominant)
Spondylo-carpal-tarsal dysplasia
Spondylo-carpal-tarsal dysplasia Bt -FIRE - BREEMBE
Franck - ter Haar syndrome Franck — ter HaarfE {% &%
Serpentine fibula - polycystic kidney syndrome eITHEE - 2 WA BERE
TIN—TAD 1T L arsenfENREFE DI —T20D £ B EIDFELSIE.

8. TRPV4Y L—7F
ERMEBEMBIE

8. TRPV4 group
Metatropic dysplasia

B FIHERIHERRIE, Maroteaux®! (&1
MorquiofE & 2§ 254)
EtBHIHRER KA, KozlowskiE!

Spondyloepimetaphyseal dysplasia, Maroteaux
type (Pseudo-Morquio syndrome type 2)
Spondylometaphyseal dysplasia, Kozlowski type

Brachyolmia, autosomal dominant type EARRE, BEBAELER

Familial digital arthropathy with brachydactyly EIEEHSRIEMEIERIEAE

9. Short-ribs dysplasias (with or without

polydactyly) group

Chondroectodermal dysplasia (Ellis-van Creveld) BENEEMERRBIE (Ellis-van Creveld)

52N B S1RAEIREE (SRPS) 1/3%! (Saldino-

Noonan/Verma—Naumoff)

Short ribs — polydactyly syndrome (SRPS) type
1/3 (Saldino-Noonan/Verma-Naumoff)

Schwartz-JampelJE{&E (FiSAF=——RBERXE

%EM%E%&E(&EE’E#W##?UL\) J—

Bz
AR

AR

AR
AR
AR

AD
AR
AD

XLD
XLD
XLD
XLD
XLD

AD

AD
AD
AR
AR
AR
AD?

AD
AD
AD
AD

AD

AR

AR

MIMEE
608637

601776

224410
224400
255800

608361
612813
165800

305620
309350
311300
304120
300244

108720

108721
150250
272460
272460
249420
600330

156530
184095
184252
113500

606835

225500

263510

RIGFE
10g22.1

15q14

1q36-34
1q36-34
1q36-34

15026
15026
15026

Xq28
Xq28
Xq28
Xq28
Xq28

3p14.3

3p14.3
3p14.3
3p14.3

535.1

12q24.1
12q24.1
12q24.1
12q24.1

12q24.1

4p16
4p16
11q22.3

BizF
CHST3

CHST14

PLC (HSPG2)
PLC (HSPG2)
PLC (HSPG2)

AGC1
AGC1
AGC1

FLNA
FLNA
FLNA
FLNA
FLNA

FLNB

FLNB
FLNB
FLNB

SH3PXD2B

TRPV4
TRPV4
TRPV4
TRPV4

TRPV4

EVC1
EVC2
DYNC2H1

2y

Carbohydrate sulfotransferase 3;
chondroitin 6-sulfotransferase
Carbohydrate sulfotransferase 14;
dermatan 4-sulfotransferase

Perlecan
Perlecan
Perlecan

Aggrecan
Aggrecan
Aggrecan

Filamin A
Filamin A
Filamin A
Filamin A
Filamin A

Filamin B

Filamin B
Filamin B
Filamin B

TKS4

Transient receptor potential cation
channel, subfamily V, member 4
Transient receptor potential cation
channel, subfamily V, member 4
Transient receptor potential cation
channel, subfamily V, member 4
Transient receptor potential cation
channel, subfamily V, member 4
Transient receptor potential cation
channel, subfamily V, member 4

EvC gene 1
EvC gene 2
Dynein, cytoplasmic 2, heavy chain 1

R
FtER LarsenfEIREF, LHI-BHETE, &
HBIHREMRE OmanBEET
NERE-NRBERBEEET

BB LUEELR. LIFTOBurton BRI
EEET

BASMICFLNAZEZRLBINH D

T—ASVBEMRIE, Piepkorn® R ARE,
B LBIARRE (EMR) BERREEZET

FLNBEIEE S

BB LUVFBREREST



TN—7/ &=BA (R0
SRPS type 1/3 (Saldino-Noonan/Verma-
Naumoff)
SRPS type 1/3 (Saldino-Noonan/Verma-

Naumoff)
SRPS type 2 (Majewski)

SRPS type 4 (Beemer)

Oral-facial-digital syndrome type 4 (Mohr-
Majewski)
Asphyxiating thoracic dysplasia (ATD; Jeune)

Asphyxiating thoracic dysplasia (ATD; Jeune)

Asphyxiating thoracic dysplasia (ATD; Jeune)
Thoracolaryngopelvic dysplasia (Barnes)

JN—7 / B4 FIR)
B SIRAEIREE 1/3% (Saldino-

Noonan/Verma—-Naumoff)

EINE SIREEIREF 1/3% (Saldino-
Noonan/Verma—-Naumoff)

B ZIRIEIRRE 22! (Majewski)
B ZIRAEIREE 42! (Beemer)

O - BB - R IEIEE4E (Mohr-Majewski)

FEIR R 2 MERZRE RS AUAE (ATD; Jeune)
FEIR R 2 MERZRE RS AUAE (ATD; Jeune)

FEIR T £ MERIZRE RS BUE (ATD; Jeune)
MIZRIEE B A R A RIE (Barnes)

14 BEREEXERBMS 1V I—HL VI -E - FRERFESE.

10. Multiple epiphyseal dysplasia and
pseudoachondroplasia group
Pseudoachondroplasia (PSACH)

Multiple epiphyseal dysplasia (MED) type 1
Multiple epiphyseal dysplasia (MED) type 2
Multiple epiphyseal dysplasia (MED) type 3
Multiple epiphyseal dysplasia (MED) type 5
Multiple epiphyseal dysplasia (MED) type 6
Multiple epiphyseal dysplasia (MED), other types

Stickler syndrome, recessive type

Familial hip dysplasia (Beukes)

Multiple epiphyseal dysplasia with microcephaly
and nystagmus (Lowry-Wood)

BLEERAES N—T (T I—15) DASPEDL IR, BBEILIES (/L —T4) D EF M EIEHAAE, HREMEHEE (PMED,

11. Metaphyseal dysplasias
Metaphyseal dysplasia, Schmid type (MCS)
Cartilage-hair hypoplasia (CHH; metaphyseal
dysplasia, McKusick type)
Metaphyseal dysplasia, Jansen type

Eiken dysplasia

Metaphyseal dysplasia with pancreatic
insufficiency and cyclic neutropenia
(Shwachman-Bodian-Diamond syndrome,
Metaphyseal anadysplasia type 1

Metaphyseal anadysplasia type 2
Metaphyseal dysplasia, Spahr type
Metaphyseal acroscyphodysplasia (various
Genochondromatosis (type 1/type 2)

Metaphyseal chondromatosis with D-2-
hydroxyglutaric aciduria

12. Spondylometaphyseal dysplasias (SMD)

13. %ﬁ&%iﬁiﬂéﬁtﬁﬁ&d{a&u%mﬂzﬁtﬁd
) —"
At BB BRI AUE (PSACH)
L RMBIRERMRIE (MED) 12 (EDM1)
L RMBIRERMRIE (MED) 28 (EDM2)
ZRMBIHEMBIE (MED) 35! (EDM3)
LHRMBIHMERRIE (MED) 5% (EDM5)
LHRMBIHMERRIE (MED) 65 (EDM6)
S RMBIREMRIE (MED), hDE

SticklerfE& A, MR

RIEHEAEWRHTLIE (Beukes)
INERSESRIRE S Z R BIRERARIE (Lowry—
Wood)

1. RSB RM RE
BEHIREMMIE, Schmid®! (MCS)
BE- EREMRE (CHH, B8 IREMAE,
McKusick®!)
BRIRERRIE JansenE!

Eiken 2 BUE

ERE, BHFRERRDEESERIRERIE
(Shwachman-Bodian-Diamond{iE {&#¥, SBDS)
EEHBHImERBIEIR

EE MBI ERM 2R

B IRERRAE, SpahrE!
BHImAMTRERRIE B2 OR)
BEIEEREEE (13/28)

JD:Z?kE‘iﬂ:7‘)L@—)b§£ﬁﬁ§1¥5%§$ﬁﬁ§k%ﬂ§
fE

12. FH R E3ER M A (SMD)

RIGHR

AR

AR

AR
AR
AR

AR

AR

AR
AD

AD
AD
AD
AD
AD
AD

AR
AD
AR

AD
AR

AD
AR

AR

AD, AR

AR
AR
AR
AD/SP
AR/SP

MIMEE
263510

263510

263520
269860
258860

208500
208500

208500
187760

177170
132400
600204
600969
607078
120210

120210
142669
226960

EDMA4), AggrecanZ JL—27 (0)L—76) DR ILBEETIE &

156500
250250

156400
600002

260400

309645

250400
250215
137360

271550%%
i

RIGFE
3025.33

3025.33

11922.3

19p12-13.1
19p13.1
1p32.2-33
20913.3
2p23-24
6013

6013
4935

6021-22.3
9p13

3p22-21.1
3p22-21.1

7911

11q22.2

20q13.12

BizF
IFT80

IFT80

DYNC2H1

COMP
COMP
COL9A2
COL9A3
MATN3
COL9A1

COL9A1

COL10AL
RMRP

PTHR1
PTHR1

SBDS

MMP13

MMP9

auy IR
Intraflagellar transport 80 (homolog
of)

DYNG2H1, IFT80OD EL 5 & IEEH

intraflagellar transport 80 (homolog
of)
Dynein, cytoplasmic 2, heavy chain 1

DYNC2H1, IFT80MD EL &4 IEEH

COMP

COMP

Collagen 9 alpha-2 chain
Collagen 9 alpha-3 chain
Matrilin 3

Collagen 9 alpha-1 chain

LDHDD % 4B i B BIERRAE B (S B AN
DEEFIZ 3E1§iﬁ
Collagen 9 alpha-1 chain
BHEEHE.
Collagen 10 alpha-1 chain
RNA component of RNAse H AREIGIEEREEZET

PTH/PTHrP receptor 1 ;’E'Mtzﬁ—B|omstrand%§ﬁaﬁkﬁ<’J’)|,—

J22):%

PTH/PTHrP receptor 1 %MIE Blomstrand & £ BfiE (7' )L—
J22):%

SBDS protein

Matrix metalloproteinase 13 FEt BB HRIREMBIE MissouriB &L,

BHEELHEERDDRHY
Matrix metalloproteinase 9
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Spondyloenchondrodysplasia (SPENCD)

Odontochondrodysplasia (ODCD)

Spondylometaphyseal dysplasia, Sutcliffe type or
corner fractures type
SMD with severe genu valgum

SMD with cone-rod dystrophy

SMD with retinal degeneration, axial type
Dysspondyloenchondromatosis
Cheiro-spondyloenchondromatosis

JN—7 / B4 FIR)
BEHNEKEEMRIE (SPENCD)

HWEE R AUE (ODCD)
B ERHIREM BRI, Sutcliffe®!/corner fracture
gl_]

BENRBREHSEHBRIRENRE

SR -FTAC AR —ERSHH B IR
MEEMZHOIT R ETRIREMRE, el
EHHRNKEEE

F-HHRKEEE

REEEX MIMBE

AR

AR
AD

AD

AR
AR
SP
SP

271550

184260
184255

184253

608940
602271

RIGFE
19p13.2

REF E A
ACP5 Tartrate-resistant acid phosphatase
(TRAP)

B B A B A SedaghatianZ! (U )L —T14) (A1, 1B EIFERBIE KozlowskiZE (O /L—8, TRPV4), & B8 & BB IFER I variant(t Z{DIHEHY.

13. Spondylo-epi-(meta)-physeal dysplasias
Dyggve-Melchior-Clausen dysplasia (DMC)
Immuno-osseous dysplasia (Schimke)

SED, Wolcott-Rallison type
SEMD, Matrilin type
SEMD, short limb — abnormal calcification type

SED tarda, X-linked (SED-XL)
Spondylo-megaepiphyseal-metaphyseal
dysplasia (SMMD)

Spondylodysplastic Ehlers-Danlos syndrome
SPONASTRIME dysplasia

SEMD with joint laxity (SEMD-JL) leptodactylic
or Hall type

SEMD with joint laxity (SEMD-JL) Beighton type

Platyspondyly (brachyolmia) with amelogenesis
imperfecta
Late onset SED, autosomal recessive type

Brachyolmia, Hobaek and Toledo types

13. it - B (- F8¢0m) B RLUE (SE(MM)D)
Dygeve—-Melchior-Clausen B 2 Al iE (DMC)
RETLMEEEMMIE (Schimke)

HHt B iR RBE, Wolcott-Rallisonf!
Hitt B IR BB IREMARIE, MatrilinE!
BEHBHBRIRENME B - EERARIEE

EREEHBIRERAME, X&EH (SED-XL)
EH-EXB- BHIHRMBAE (SMMD)

HHEE R B Ehlers—DanlosfE{Z #¥
SPONASTRIME & £/ BUJE

BRE SR Z £ 5 FH B in B IR R R BUE (SEMD-
JL) #EE/Hal R

BRER SR Z £ 5 EH B i B IR R R BUE (SEMD-
JL) Beighton®!

IFANERERLEHIRTH GEARRE)

EREUEHBTIRERLRE SREKSHER
S {RERIE, Hobaek®E! - Toledo®!

AR 223800
AR 242900
AR 226980
AR 608728
AR 271665
XLR 313400
AR 613330
AR 612350
AR 271510
AD 603546
AR 271640
AR 601216
AR 609223
AR 271530,
271630

EITIERIEY DT F 1B ERAE (EITIEEMEEH OB BIERRAE) (0L —T31) L, REE (O/L—T8)

14. Severe spondylodysplastic dysplasias
Achondrogenesis type 1A (ACG1A)

Schneckenbecken dysplasia

Spondylometaphyseal dysplasia, Sedaghatian
Severe spondylometaphyseal dysplasia (SMD
Sedaghatian-like)

Opsismodysplasia

14. EfEHHBEMRE
WEEHKEEIAR (ACGIA)

WA R BEMRE

EtBHIREMAMAE, SedaghatianE!
EESHEHINERRE (B B IREMRIE
Sedaghatian#¥)

BB R RAE

AR

AR

AR
AR

AR

18gq12-21.1 DYM Dymeclin

2034-36 SMARCAL1 SWI/SNF-related regulator of
chromatin subfamily A-like protein 1

2pl12 EIF2AK3 Translation initiation factor 2-alpha
kinase-3

2p23-p24  MATN3 Matrilin 3

1923 DDR2 Discoidin domain receptor family,
member 2

Xp22 SEDL Sedlin

4p16.1 NKX3-2 NK3 Homeobox 2

11p11.2 SLC39A13 Zinc transporter ZIP13

R
HOREZESIREFSLEMBHRIFERL K
iE (MIM 607944) £ &L

HFHBHERIAIE SchmidtE! L HHE B8 iR
BERRIE Algerial &2

TIN—T29:, 888

Smith-McCort B2 RAEEEL

5 IL—T 10D matrillinBY&E % F it B R R K
ELSR
TIL—T00RREBRILEHSIDEERELS
i

Hobaek®! - Toledo B JE{ARME L S5 BB FE 1%
BHBHERRELDOROERFSELOM
RITTEARET. TR TITBAREL X B D EHE (L

| BB B BT I—T14), SMDs (T I—TF12), 5 I—T 270 LaBIEIE 47 (MorquiolEREE) ok UM DEE L BIE,

200600

269250

250220

258480

14q32.12

1p31.3

7911

TRIP11 Golgi-microtubule-associated protein,

210-KD: GMAP210

SLC35D1 solute carrier family 35 member D1;

UDP-glucuronic acid/UDP-N-

acetylgalactosamine dual transporter

SBDS SBDS gene, function still unclear

SFRTHY OB ERBAE IR 28 (TN—T1), BB REREME2E ETorrance BEFAE (TIN—T2), BHEIEHBRELE (TIN—T3), BERRLEIBE (ACGIB, I/L—T4), ZBEMEEBBAE (T N—T8) S,

15. Acromelic dysplasias

15. M R RE



TN—7/ &=BA (R0
Trichorhinophalangeal dysplasia types 1/3
Trichorhinophalangeal dysplasia type 2 (Langer-
Giedion)

Acrocapitofemoral dysplasia
Cranioectodermal dysplasia (Levin-
Sensenbrenner) type 1
Cranioectodermal dysplasia (Levin-
Sensenbrenner) type 2
Geleophysic dysplasia
Geleophysic dysplasia, other types
Acromicric dysplasia

Acrodysostosis

Angel-shaped phalango-epiphyseal dysplasia
(ASPED)

Saldino-Mainzer dysplasia

S B ERBAES N — TS,

16. Acromesomelic dysplasias

Acromesomelic dysplasia type Maroteaux
Grebe dysplasia

Fibular hypoplasia and complex brachydactyly
(Du Pan)
Acromesomelic dysplasia with genital anomalies

Acromesomelic dysplasia, Osebold-Remondini

17. Mesomelic and rhizo-mesomelic dysplasias

Dyschondrosteosis (Leri- Weill)

Langer type (homozygous dyschondrosteosis)
Omodysplasia

Robinow syndrome, recessive type

Robinow syndrome, dominant type

Mesomelic dysplasia, Korean type

Mesomelic dysplasia, Kantaputra type
Mesomelic dysplasia, Nievergelt type
Mesomelic dysplasia, Kozlowski-Reardon type

Mesomelic dysplasia with acral synostoses
(Verloes-David-Pfeiffer type)

Mesomelic dysplasia, Savarirayan type
(Triangular Tibia-Fibular Aplasia)

18. Bent bones dysplasias

Campomelic dysplasia (CD)

Stiive-Wiedemann dysplasia

JN—7 / B4 FIR)
ERQEHEMARE 12/3 8
EZRIBHEMBE 28! (Langer-Giedion)

SEIR KRR B BEE RS AUAE

BEENTEERMBIE (Levin—Sensenbrenner) 15!

BEENTEERMBIE (Levin—Sensenbrenner) 28!

SREREEMRE
FEREREEMRE TOMOR
SEimE Ak R AUE

EIHEBE
REERAREE - BIREMAAE (ASPED)

Saldino-Mainzer & 22 B AE

16. A P B R RUE
&1 o B B 72 R AEMaroteaux®! (AMDM)
Grebe B 2 RUE

BB ER AR R HEIE (Du Pan)

HEEEEESEG PR RR HRE
SERL PRI R A BIE, Osebold-Remondini®!

17. ok - S sk o Rl ik R o R
EHEBIE (Leri-Weill)

Langer B GREZAMEEREBE)
BEEMHE

RobinowfE{Z#¥, %5 1HEY

RobinowfiE{Z 2, B 15!
PR ER BUE, KoreaZ!
PR E R BUE, Kantaputra®!

PR ERBUE, NievergeltE!

A A% E /2 BUE, Kozlowski-Reardon®!

FIRMESIEE SRR B BE (Verloes—
David-Pfeiffer®!)

R E R RUE, Savarirayan® (ZARRE-BEE

Ei:3i759)

18. Wi & R RIE
R BX E RUE (CD)

Stuve-WiedemannB Z 2 R iE

Bz
AD
AD

AR
AR

AR

AR
AR
AD

AD
AD

AR

AR
AR

AR

AR
AD

Pseudo-AD

Pseudo-AR
AR

AR

AD
AD
AD
AD
AR
AD

SP

AD

AR

MIMEE
190350
150230

607778
218330

613610

231050

102370

101800
105835

266920

602875
200700

228900

609441
112910

127300

249700
258315

268310

180700

156232
163400
249710
600383

605274

114290

601559

RIGFE
8024
8024

2qg33-g35
3021

2p24.1

9934.2

9p13-12
20g11.2

20g11.2

4423-24

BizF
TRPS1
TRPS1 and EXT1

IHH
IFT122

WDR35

ADAMTSL2

NPR2
GDF5

GDF5

BMPR1B

Xpter-p22.32 SHOX

Xpter-p22.32 SHOX

13q31-32

9022

2024-32
2024-32

8q13

17q24.3-
25.1

5p13.1

GPC6

ROR2

SULF1 and SLCO5A1

SOX9

LIFR

auy
Zinc finger transcription factor

Zinc finger transcription factor and
Exostosin 1
Indian hedgehog

Intraflagellar transport 122
(Chlamydomonas, homolog of)
WD repeat-containing protein 35

ADAMTS-like protein 2

Natriuretic peptide receptor 2
Growth and Differentiation Factor 5

Growth and Differentiation Factor 5

Bone morphogenetic protein receptor

Short stature — homeobox gene

Short stature — homeobox gene
Glypican 6

Receptor tyrosine kinase-like orphan
receptor 2

Duplication in HOXD gene cluster
Duplications in HOXD gene cluster

Heparan sulfate 6-O-endosulfatase 1
and solute carrier organic anion

SRY-box 9

Leukemia Inhibitory Factor Receptor

R

INRRIEIERE T L —T290 S FAEF B S
BEELSER

ADAMTSL2&JEE 8

LARiIFantasy Island B £/ BAE &H SV Tattoo
BEMEBIELLTHON TV LHEEEE
WREEED

EIRAECE LB E - IE B R T

SERL PRI E M BIE Hunter-Thompsonfl %
B \IBE(UIL—TINELBER
EIRIE (Y L—T3N L8R

Reinhardt-Pfeiffer & £ RJE (MIM 191400) %
o
=LN

TEMRE B RERAUE] (OMIM 164745) DTF
EIFELHERIN T

LIBiT D COVESDEM (FHRRR iz SR & -
FHOMER)EET, EiREBRLSHE

2DDBHBEEFEET/IRKERE

NievergeltE! & R BUE LB EN B HATRETE.
EBETHAD2q11 2DREE/HIVREGHY

BHE R R R AR R M AIE (MIM 602196) & FIH,

acampomelic campomelic dysplasia (ACD) Z&
T

LARTDF 4 R Schwartz-Jampe FE IR B F 1= (&

Schwartz-JampelfE {& £ 284 LIE (XN TULV= &
BEET



In—7 7 &BE (R

Kyphomelic dysplasia, several forms

JN—7 / &R MR
BREREMRE &5

RIGHR

MIMEE

211350

RIZFE

RIEF EI2AY)

R
BELoEREMEHY

ETHDEZHIL, LITESL EHEHEETHLNS: BRAETZIE, Antley-BixlerfENZEE, BB - EZERRAE, Cumming FEIREE, 18T X 77 4—E, HTEEEERRE, 57710 BEHREE, FRT2IEMIBERRE, 4.

19. Slender bone dysplasia group
3-M syndrome (3M1)
3-M syndrome (3M2)
Kenny-Caffey dysplasia type 1
Kenny-Caffey dysplasia type 2
Microcephalic osteodysplastic primordial
dwarfism type 1/3 (MOPD1)
Microcephalic osteodysplastic primordial
dwarfism type 2 (MOPD2; Majewski type)
IMAGE syndrome (intrauterine growth
retardation, metaphyseal dysplasia, adrenal
hypoplasia, and genital anomalies)
Osteocraniostenosis
Hallermann-Streiff syndrome

15 R - IS BT AE Z S 1.

20. Dysplasias with multiple joint dislocations
Desbuquois dysplasia (with accessory
ossification centre in digit 2)

Desbuquois dysplasia with short metacarpals
and elongated phalanges (Kim type)
Desbuquois dysplasia (other variants with or
without accessory ossification centre)
Pseudodiastrophic dysplasia

19. RMERBRET VT

SMAEIREE (3M1)

SMEIREE (3M2)

Kenny-Caffey B 22 A fiE 15!
Kenny-Caffey B 2z i iE2 5!

INBBRI B R AR S/ AGE 18/3% (MOPD1)

NERRI B R RS RFE /N AEE 28 (MOPD2;
Majewski®!)

IMAGEJEIZE (FERNRBELE BHIRERK 8
BIERH, HHREE)

BHEEREE
Hallermann-StreiffiE {& &

20. B REREAEHSBEYRE

Q;sbuquoiS‘%iﬁéﬁiTﬁ(’%HEI:ﬁ%%ﬂ‘%ﬁﬂblbiﬁ‘—
2

P FBEMREIEET B EREHSDesbuquois B R
RRIE (KimEY)

Desbuquois B R R (REIB L PLEHES/
HMbDERE)

iR it B R RUE

AR
AR
AR
AD
AR

AR

XL/AD

SP
AR

AR

AR

AR

AR

273750
612921
244460
127000
210710

210720

300290

602361
234100

251450

251450

264180

6p21.1
2935
1g42-943
2q

21q

17025.3

1725.3

CuL7 Cullin 7

OBSL1 Obscurin-like 1

TBCE Tubulin-specific chaperone E
PCNT2 Pericentrin 2

CANT1

CANT1

AT EEESRE ZERBAE, CHSTIE (T —T4), BFRETLIEIR ELarsenfENREE (T I —T7), BIIEEESEHB I B H I ERBAE (T N—T13) 6 S,

21. Chondrodysplasia punctata (CDP) group
CDP, X-linked dominant, Conradi-Hiinermann
type (CDPX2)

CDP, X-linked recessive, brachytelephalangic
type (CDPX1)

CHILD (congenital hemidysplasia, ichthyosis,
limb defects)

CHILD (congenital hemidysplasia, ichthyosis,
limb defects)

Greenberg dysplasia

Rhizomelic CDP type 1
Rhizomelic CDP type 2
Rhizomelic CDP type 3

CDP tibial-metacarpal type
Astley-Kendall dysplasia

21. RAREREB- B RUE (CDP) L —F

FRIREE B AE, XS B KB, Conradi-Hu
nermannZ! (CDPX2)

AR BEMRE XEHES M, RETBEREE
(CDPX1)

CHILDfERE (ERMEARIEMAL, RBRE, MR
8)

CHILDfE{RE (R A RIERMAL, RBRE, MR
8)

Greenberg® 2 IE
SERIRRE KRB EMRE 18

IEALRR R R B R AE 28
IEATRR R R B R AE 3B

RRREEMRIE BE-PFER
Astley-Kendall & £ 2 B IE

XLD

XLR

XLD

XLD

AR

AR
AR
AR

AD/AR
AR?

302960

302950

308050

308050

215140

215100
222765
600121

118651

Xp11
Xp22.3
Xp11
Xq28
1q42.1
6022-24

1942
231

EBP Emopamil-binding protein

ARSE Arylsulfatase E

NSDHL NAD(P)H steroid dehydrogenase-like
protein

EBP Emopamil-binding protein

LBR Lamin B receptor, 3-beta-

hydroxysterol delta (14)-reductase

PEX7 Peroxisomal PTS2 receptor

DHPAT Dihydroxyacetonephosphate

AGPS Alkylglycerone-phosphate synthase
(AGPS)

RKBIRIE L Zellweger, Smith-Lemli-Opitz, EDML I DB DEMRFE TELBCEICEE. ITN—T13DEH BB FIHERLIE, faft EZBRIEELETE TRXEXTO—NEESHE.

22. Neonatal osteosclerotic dysplasias
Blomstrand dysplasia

223 £ R R B ER T A

Blomstrand & 2 BUE

AR

215045

3p22-21.1

PTHR1 PTH/PTHIP receptor 1

EEMEMBELYautES RIEEHEZET

Taybi-LinderBE B R R HAEEZ ST

BEMAHDHATREN

RRELEFOBRESHY, BEMXTH
1l DHTCIATERDEHE

BEToGEGHERMSHY

BB RKIE- R A IRIE - REVME BRI
fE (HEM) BLUELELKBBRRIME €8
T

ERDENTHER
BRRTFLMEAOGreenbergB ERRAEL D
RO EARE

SEOTEEHILERTELS EkenBEMR
JE&Jansen B EMBELTS R
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Desmosterolosis

Caffey disease (including infantile and attenuated
forms)

Caffey disease (severe variants with prenatal
Raine dysplasia (lethal and non-lethal forms)

JN—7 / B4 FIR)
FTRAERTA—IVIE

Caffeyf (FLIRE-BREEED)

Caffeyf# (HAERTRAED EAEE)
Raine B 2 RUE (BSEE! - SEEBERY)

JJL—T21DAstley-Kendall & EERAEL K B B BN FELSIE.

23. Increased bone density group (without
modification of bone shape)
Osteopetrosis, severe neonatal or infantile forms
(OPTB1)
Osteopetrosis, severe neonatal or infantile forms
(OPTB4)
Osteopetrosis, infantile form, with nervous
system involvement (OPTB5)
Osteopetrosis, intermediate form, osteoclast-
poor (OPTB2)

Osteopetrosis, infantile form, osteoclast- poor
with immunoglobulin deficiency (OPTB7)
Osteopetrosis, intermediate form (OPTB6)
Osteopetrosis, intermediate form (OPTA2)
Osteopetrosis with renal tubular acidosis
Osteopetrosis, late-onset form type 1 (OPTAL)

Osteopetrosis, late-onset form type 2 (OPTA2)

Osteopetrosis with ectodermal dysplasia and
immune defect (OLEDAID)

Osteopetrosis, moderate form with defective
leucocyte adhesion (LAD3)

Osteopetrosis, moderate form with defective
leucocyte adhesion

Pyknodysostosis

Osteopoikilosis

Melorheostosis with osteopoikilosis
Osteopathia striata with cranial sclerosis (OSCS)
Melorheostosis

Dysosteosclerosis
Osteomesopyknosis

Osteopetrosis with infantile neuroaxonal
dvsplasia

24. Increased bone density group with
metaphyseal and/or diaphyseal involvement
Craniometaphyseal dysplasia, autosomal

dominant type
Diaphyseal dysplasia Camurati-Engelmann
Hematodiaphyseal dysplasia Ghosal

Hypertrophic osteoarthropathy

Pachydermoperiostosis (hypertrophic
osteoarthropathy, primary, autosomal dominant)

23 REREHDOEVRELEERSI VT
KERERH EEHERE/FLIRE (OPTBY)
KERERH EEHERE/FLIRE (OPTBA)

RELER LR HEROBBEHS
(OPTB5)

RERERF PR HEEREDE (OPTB2)

KEEER ALRE, RESOTIORZEESH
EHlfH R (OPTBT)

KERER FHEE (OPTB6)

KERER PHEE (OPTA2)

BHRENT R REESKER B (OPTB3)
KERER ERE1E (OPTAD

KERER BHL2E (OPTA2)

NIEERMREBRETLEHIRETER
(OLEDAID)

RELBERH OMFEERLEHSIPHEDR
(LAD3)

RELERH OMFEERLEHSIPHEDR
RIEEBE

BBHE

BRRUEEHOIREBE

BEEBEILEFESBHRIRE (0SCS)
T BE AALFRM—R)

EENBEILE
BrhfiRILE
RMRHREMREEHIRNETER

24, B REBRBLHSRECERZ/ LT

BEERRMEMRE HREHEED

BHEMMAE Camurati-Engelmanni®
MR BHEMRIE Ghosal
B A2 B B E AE

REBEEEE GBRME BREEE —RE &
REREMS)

Bz
AR

AD

AR
AR

AR
AR
AR

AR

AR

AR
AR
AR
AD

AD
XL

AR
AR

AR
AD

AD
XLD
SP

AR
AD
AR?

AD

AD
AR
AR

AD

MIMEE
602398

114000

114000
259775

259700
611490
259720

259710

612302

611497
259710
259730
607634

166600
300301

612840
612840

265800
155950

155950
300373

224300
166450
600329

123000

131300
231095
259100

167100

RIGFE
1p33-31.1

17021-22

7p22

11913
16p13
6021

13q14.11

18q21.33

17q21.3
16p13
8022
11q13.4

16p13
Xq28

11q12
11913

121
12q14

12q14
Xql1.1

5p15.2-14.2

19913
7934
4934-35

BizF
DHCR24

COL1A1

FAM20C

TCIRG1
CLCN7
OSTM1

RANKL (TNFSF11)

RANK (TNFRSF11A)

PLEKHM1
CLCN7
CA2

LRP5

CLCN7
IKBKG (NEMO)

FERMT3 (KIND3)

RASGRP2 (CalDAG-
GEF1)
CTSK

LEMD3

LEMD3
WTX

ANKH

TGFbetal
TBXAS1
HPGD

auy

3-beta-hydroxysterol delta-24-
reductase

Collagen 1, alpha-1 chain

Subunit of ATPase proton pump
Chloride channel 7

Grey lethal / Osteopetrosis
associated transmembrane protein
Receptor activator of NF-kappa-B
ligand (Tumor necrosis factor ligand
superfamily, member 11)

Receptor activator of NF-kappa-B

Pleckstrin homology domain-
Chloride channel pump

Carbonic anhydrase 2

Low density lipoprotein receptor-
related protein 5

Chloride channel 7

Inhibitor of kappa light polypeptide
gene enhancer, kinase of
Fermitin 3 (Kindlin 3)

Ras guanyl nucleotide-releasing
protein 2
Cathepsin K

LEM domain-containing 3

LEM domain-containing 3
FAM123B

Homolog of mouse ANK (ankylosis)
gene

Transforming growth factor beta 1
Thromboxane A synthase 1
15-alpha-hydroxyprostaglandin
dehydrogenase

R
tDRTO—LRBICBEET SEEESE

1BaS—SUBREFICEET HEHREFE
fE (I —T25) %88

HEREFBREREST

BIARET IV—T (JIL—T728) DRI
RUEBARELSHE

WorthZ! BHE{LE (MIM 144750) = &1

Buschke-OllendorffiE{Z & (MIM 166700) &

BEMBELMERREEST

HETEMRA RS ICLEMD3ZE EIES ETHLMIC
STLVEL
BRI BEHIRENRIELBEENH D AR

HEROBBLHSKERBRLFACL,H (LE
R&)?

BE-BEMELSEOREBERRESS
£ 4R (MIM 259100, HPGD R 18) EDREEIE
T
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Oculodentoosseous dysplasia (ODOD) mild type
Oculodentoosseous dysplasia (ODOD) severe
Osteoectasia with hyperphosphatasia (juvenile
Paget disease)

Sclerosteosis

Endosteal hyperostosis, van Buchem type
Trichodentoosseous dysplasia
Craniometaphyseal dysplasia, autosomal
recessive type

Diaphyseal medullary stenosis with bone
Craniodiaphyseal dysplasia
Craniometadiaphyseal dysplasia, Wormian bone
Endosteal sclerosis with cerebellar hypoplasia
Lenz-Majewski hyperostotic dysplasia
Metaphyseal dysplasia, Braun-Tinschert type
Pyle disease

25. Osteogenesis Imperfecta and decreased
bone density group
BT EAEDHEIZ DU TDRIFAXFSEDE

Osteogenesis imperfecta, non-deforming form

Osteogenesis imperfecta, perinatal lethal form
(Ol type 2)

Osteogenesis imperfecta, progressively
deforming type (Ol type 3)

Osteogenesis imperfecta, moderate form (Ol
type 4)

Osteogenesis imperfecta with calcification of the
interosseous membranes and/or hypertrophic
callus (Ol type 5)

Osteogenesis imperfecta, other types

Bruck syndrome type 1 (BS1)

Bruck syndrome type 2 (BS2)
Osteoporosis-pseudoglioma syndrome
Calvarial doughnut lesions with bone fragility
Idiopathic juvenile osteoporosis
Cole-Carpenter dysplasia (bone fragility with
craniosynostosis)

Spondylo-ocular dysplasia

Osteopenia with radiolucent lesions of the
Ehlers-Danlos syndrome, progeroid form
Geroderma osteodysplasticum

Cutis laxa, autosomal recessive form, type 2B
(ARCL2B)

Cutis laxa, autosomal recessive form, type 2A
(ARCL2A) (Wrinkly skin syndrome)
Singleton-Merten dysplasia

TN—7 / &B&FR)
BR B £ M AUE (ODOD) BIER!
BR & £ M AUE (ODOD) EfER!
E)?TX??@-‘ETE‘E#5%HEXE (B FEMPaget
A
BCEBE
BRI B EREAE, van BuchemE!
EREERMAE
BEERHMEMAE SRBARSHR

BEMESEZH S BRI E SR EE
BEERHEMRIE
BEERHIRBHEREMBIE WormBE
INBHE TS B & 45 B RIRRE 1L AE
Lenz-Majewski B 158 £ 74 R AE

B EIRER B, Braun-Tinschert®!
Pyled&

. ERMRTLELREEETERT LT

BB EE FEERE (O11E)
BERRASIE BEHKREE (01 27)

BMRAFLE, EREITE (01 38)

BB EE, FHFER (01 48)

BREERL - B RREEFEIBHRTLE
(01 5%Y)

BEREFLE Z0MHmOR
Bruck fE&E (BS1)

Bruck fE&E (BS2)

B HLRE - R BB IR B

B BEEEIBEN—FTYIURRE
RREMEEEEHBE

Cole—CarpenterB 2R CEE B M SEZHED
BHfE5EE)

B -REMRE

THEXREBERELHIBRDE
Ehlers-DanlosfE &, R EH!

BEIME ANRREE

RIEHRE BREAFSME, 2BE (ARCL2B)

RIEHRE BREAFSMER, 2AR (ARCL2A) (B
KRS AEIREE)
Singleton-Merten & 2/ B iE

RIGHR

AD
AR
AR

AR
AR
AD
AR

AD
AD
AR
AR
SP
XL
AR

AD
AD, AR

AD, AR

AD, AR

AD

AR

AR
AR
AD
SP
SP

AR

AD
AR
AR
AR

AR

AD

MIMEE
164200
257850
239000

269500
239100
190320
218400

112250
122860
213002
151050
605946
265900

610967

259450

609220
259770
126550
259750
112240

605822

166260
130070
231070
612940

278250,
219200
182250

RIEFE
6022-23
8024

17q12-21
17q12-21
17q21
621-22

9p21-p22

17p12

3023-24
11q12-13

5035
1q24.2
1725.3

12q24.3

BizF
GJAL

OPG

SOST
SOST
DLX3

COL1A1, COL1A2

COL1A1, COL1A2,
CRTAP, LEPREL1,
PPIB

COL1A1, COL1A2,
CRTAP, LEPREL1,
PPIB, FKBP10,
SERPINH1

COL1A1, COL1A2,
CRTAP, FKBP10, SP7

FKBP10

PLOD2
LRPS

B4AGALT7
GORAB
PYCR1

ATP6VOA2

2y

Gap junction protein alpha-1

Osteoprotegerin

Sclerostin
Sclerostin
Distal-less homeobox 3

COL1A1: Collagen 1 alpha-1 chain,
COL1A2: Collagen 1 alpha-2 chain,
CRTAP: Cartilage-Associated
Protein, LEPREL: leucine proline-
enriched proteoglycan (leprecan) 1,
PPIB: peptidylprolyl isomerase B
(cyclophilin B), FKBP10: FK506
binding protein 10, SERPINH: serpin
peptidase inhibitor clade H 1, SP7:
SP7 transcription factor (Osterix)

FK506 binding protein 10

Procollagen lysyl hydroxylase 2
LDL-receptor related protein 5

Xylosylprotein 4-beta-
SCYL1-binding protein 1
Pyrroline-5-carboxylate reductase 1

ATPase, H+ transporting, lysosomal,
VO subunit A2

R

BERODODDREHEA DATREME

SOSTD T FMD52kb R 2k (4R

Bruck fE/ZE 18£S (&)

TREREARLSHEEMBTLELSE, 0BL
BSIRICIERENSHEDHREDHY

LRP5BIZFHADATOERLREHY
group33MEEE B M SERELS R

1BOS—4 U L2Ba5—F UBEFXRIE
LRP5 EIEESH

BROMHMITIEZREDSOERBAMEEZA
BRRSELEEHY
BROMHITIEZREDSOFRBAMEEZA
BRRSELEEHY
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26. Abnormal mineralization group

Hypophosphatasia, perinatal lethal and infantile
forms
Hypophosphatasia, adult form

Hypophosphatemic rickets, X-linked dominant

Hypophosphatemic rickets, autosomal dominant

Hypophosphatemic rickets, autosomal
recessive, type 1 (ARHR1)
Hypophosphatemic rickets, autosomal
recessive, type 2 (ARHR2)

Hypophosphatemic rickets with hypercalciuria,
X-linked recessive

Hypophosphatemic rickets with hypercalciuria,
autosomal recessive (HHRH)

Neonatal hyperparathyroidism, severe form

Familial hypocalciuric hypercalcemia with
transient neonatal hyperparathyroidism
Calcium pyrophosphate deposition disease
(familial chondrocalcinosis) type 2

Jansen B-E G FLAE, Eiken B EBAECSE.

27. Lysosomal Storage Diseases with Skeletal
Involvement (Dysostosis Multiplex group)
Mucopolysaccharidosis type 1H /1S

Mucopolysaccharidosis type 2

Mucopolysaccharidosis type 3A
Mucopolysaccharidosis type 3B
Mucopolysaccharidosis type 3C

Mucopolysaccharidosis type 3D
Mucopolysaccharidosis type 4A
Mucopolysaccharidosis type 4B
Mucopolysaccharidosis type 6
Mucopolysaccharidosis type 7
Fucosidosis

alpha-Mannosidosis
beta-Mannosidosis
Aspartylglucosaminuria

GMI Gangliosidosis, several forms
Sialidosis, several forms

Sialic acid storage disease (SIASD)
Galactosialidosis, several forms
Multiple sulfatase deficiency
Mucolipidosis Il (I-cell disease), alpha/beta type

Mucolipidosis Ill (Pseudo-Hurler polydystrophy),
alpha/beta type

Mucolipidosis Ill (Pseudo-Hurler polydystrophy),
gamma type

JN—7 / &BE R

26. ERFARELT LT
BEIART7A—EIE, FEHBFEER -ZLRE

BT+ RIT7HA—EIE, AR
&) MEH< DR, XEHE RN

B > MR, HREAENE
£ > MAEE<SHHRE, HRBASHE 18 (ARHRY)

B > MEE<SRE, HREASHE 22 (ARHR2)

BT LFRIEE SR M <D IR, XEH
Ei

BT LFRIEE SRV MAE<DIR, B
BRENE (HHRH)

AR b R/IMABSEETTHESE, BAERY

—IBMEHE IR ER/IMABBETTEREE O RIRTE
BHILD D LREEDILS D L E

AN LEQ VEIEREE (REERERK
fiE) 28!

fz %?1t{—{¥5')‘/‘/—i\§$!ﬁ(§§é1$§ﬁ“ﬁ9‘
LOZHERE 1H/1SE
LB REE 28
LB HERE AT
L% HEfE 3BEY
L% HEfE 3CE

L% ¥EfE 3DE!

LOBREAE 4ATY

LB REE 4BEY

LR 63

LB REE TR

JaAVkE—=YR

FILNTFRUIIR—DR
R—BIVIVRF—=TR
FRIIVFIVT VY EURE
GMIAV T YA R— X, &8

CTIR—V R, £E

T IVEREFESE SIASD)

HSOMTYR—S R, &Y

@Y ILI7A—E RIBIE

LOfEBEEIE (I-cell §§), 7ILI7/N—5E!
LOEEEL (#tEHurlerRY SRR T4—), 7L
T7/R—5E

Aiﬂﬁ'gﬁm (ftEHuUrler R SRk AD4—), HY
"

RIGHR

AR
AD
XLD

AD
AR

AR

XLR

AR
AD

AD

AR
XLR
AR
AR
AR

AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR

AR

MIMEE

241500
146300
307800

193100
241520

613312

300554
241539

239200
145980

118600

607014
309900
252900
252920
252930

252940
253000
253010
253200
253220
230000
248500
248510
208400
230500
256550
269920
256540
272200
252500
252600

252605

RIZFE

1p36.1-p34
1p36.1-p34
Xp22

12p13.3
4921

6023

Xp11.22
934

3g13.3-21
3913.3-21

5p15.2-14.2

4p16.3
Xq27.3-28
17g25.3
17¢21
8p11-q13

12q14
16q24.3
3p21.33
5q13.3
7921.11
1p34
19p13.2-12
4022-25
4023-27
3p21-14.2
6p21.3
6q14-q15
20g13.1
3p26
12g23.2
12g23.2

16p13.3

BIZF

ALPL
ALPL
PHEX

FGF23
DMP1

ENPP1

CICN5
SLC34A3

CASR
CASR

ANKH

IDA

IDS

HSS
NAGLU
HSGNAT

GNS
GALNS
GLBI
ARSB
GUsB
FUCA
MANA
MANB
AGA
GLB1
NEU1
SLC17A5
PPGB
SUMF1
GNPTAB
GNPTAB

GNPTG

oy R

Alkaline phosphatase, tissue non-  RIERNZHHEHY
specific (TNSALP)

Alkaline phosphatase, tissue non-
specific (TNSALP)

X-linked hypophosphatemia
membrane protease

Fibroblast growth factor 23

Dentin matrix acidic phosphoprotein
1

Ectonucleotide
pyrophosphatase/phosphodiesterase
1

Chloride channel 5

EIEI+RI7A—EEEET

Dent fFREAD—E
Sodium-phosphate cotransporter

Calcium-sensing receptor
Calcium-sensing receptor

Homolog of mouse ANK (ankylosis) #%EETR KL E (group24DEEE B HIGEMAL

gene JEESHR)

Alpha-1-lduronidase
Iduronate-2-sulfatase
Heparan sulfate sulfatase
N-Ac-beta-D-glucosaminidase

Ac-CoA: alpha-glucosaminide N-
acetyltransferase
N-Acetylglucosamine 6-sulfatase

Galactosamine-6-sulfate sulfatase
beta-Galactosidase

Arylsulfatase B
beta-Glucuronidase
alpha-Fucosidase
alpha-Mannosidase
beta-Mannosidase
Aspartyl-glucosaminidase
beta-Galactosidase
Neuraminidase (sialidase)

Sialin (sialic acid transporter)
beta-Galactosidase protective protein
Sulfatase-modifying factor-1
N-Acetylglucosamine 1-

N-Acetylglucosamine 1-
phosphotransferase, alpha/beta
N-Acetylglucosamine 1-
phosphotransferase, gamma subunit
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28. Osteolysis group 28 BREEIN—T
Familial expansile osteolysis RIEMEILERE B IS ARIE AD 174810 18q22.1 RANK (TNFRSF11A) R BE I+ RI74—EEEET
(MIM602080)
Mandibuloacral dysplasia type A TEREIRERRE AR AD 248370 1921.2 LMNA Lamin A/C
Mandibuloacral dysplasia type B TEASIRAEIRE BR AR 608612 1p34 ZMPSTE24 Zinc metalloproteinase
Progeria, Hutchinson-Gilford type ELZE, Hutchinson—Gilford Y AD 176670 1921.2 LMNA Lamin A/C
Torg-Winchester syndrome Torg-Winchester fiE&2% AR 259600 16013 MMP2 Matrix metalloproteinase 2 FEENAE - B ERIE - B IR ARAE IR AE (MIM605156)%
EXh
Hajdu-Cheney syndrome Hajdu-Cheney fE{&E# AD 102500
Multicentric carpal-tarsal osteolysis with and ZHLEFIRE - RIREBHRE (BEZHSI/#H  AD 166300
without nephropathy L)
Lipomembraneous osteodystrophy with BEREEH IR TR EE (FREEH AR 221770 6p21.2 TREM2 Triggering receptor expressed on
leukoencephalopathy (presenile dementia with SHEHARHE; Nasu-Hakola) myeloid cells 2
bone cysts; Nasu-Hakola)
Lipomembraneous osteodystrophy with BEREE IR TR EE (FREEH AR 221770 19g13.1 TYROBP Tyro protein tyrosine kinase-binding
leukoencephalopathy (presenile dementia with SHEHARHAE; Nasu-Hakola) protein
bone cysts; Nasu-Hakola)
RIEEEIE, 158 BEEZEHAIE, Singleton-MertenJEIRFFESHE. £ L < DH DFELBIREEIL A 1B BHEDIREELY 58
29. Disorganized development of skeletal 29. BB S ORERRTN—T
components group
Multiple cartilaginous exostoses 1 SHRUERBHENBEE 18 AD 133700 8023-24.1 EXT1 Exostosin-1
Multiple cartilaginous exostoses 2 SHRURBUNBEE 28 AD 133701 11p12-11  EXT2 Exostosin-2
Multiple cartilaginous exostoses 3 ZRUEREENBEE F AD 600209 19p
Cherubism TIVE LJE AD 118400 4p16 SH3BP2 SH3 domain-binding protein 2
Fibrous dysplasia, polyostotic form RHEMBRERE 281 SP 174800 20913 GNAS1 Guanine nucleotide-binding protein, AMRES AP TILTAUTRE;
alpha-stimulating activity subunit 1~ McCune-Albright IEf& B} Z 2T
Progressive osseous heteroplasia EITHEE R ARE AD 166350 20913 GNAS1 Guanine nucleotide-binding protein, BEFFALTILTF1UTEELPTY
alpha-stimulating activity subunit 1
Gnathodiaphyseal dysplasia TEHREBREMRE AD 166260 11p15.1- TMEM16E Transmembrane protein 16E
Metachondromatosis A3 RATh—L R AD 156250 12q24 PTPN11 Protein-tyrosine phosphatase
nonreceptor-type 11
Osteoglophonic dysplasia BERMEEMARAE AD 166250 8p1l FGFR1 Fibroblast growth factor receptor 1~ ' JL—733NEEFHAEEHLSE
Fibrodysplasia ossificans progressiva (FOP) EITHE B R R RUE AD, SP 135100 2023-24 ACVR1 Activin A (BMP type 1) receptor
Neurofibromatosis type 1 (NF1) AR ERAEREAE 15 (NF1) AD 162200 17q11.2 NF1 Neurofibromin
Carpotarsal osteochondromatosis FIREBREBHBERE AD 127820
Cherubism with gingival fibromatosis (Ramon AR BIEZ 54 )LE LJE (RamonfE (R EE) AR 266270
syndrome)
Dysplasia epiphysealis hemimelica (Trevor) FERMEBIRERARE (Trevor) SP 127800
Enchondromatosis (Ollier) WERBFESE (Ollier) SP 166000 PTHR1EPTPNT 1 RN DEBITRRESINT
DH, ZEIFH
Enchondromatosis with hemangiomata MEFEEHSINEBIEAE (Maffucci) SP 166000 PTPNITERNDBHITRESNI=OH, &
(Maffucci) =N
JJL—T30DProteus JENREF L BHE.
30. Overgrowth syndromes with skeletal 30. BHEERAL T T AR EERSR
involvement
Weaver syndrome WeaverdE & 2% SP/AD 277590 NSDIEREHIHEHIHY (SotosIEfZE S
Sotos syndrome SotosfE{RE# AD 117550 5q35 NSD1 Nuclear receptor-binding su-var, SEBIC Y NFIXER D AT REMESH Y (Marshall-
enhancer of zeste, and trithorax SmithEIREF S R)
domain protein 1
Marshall-Smith syndrome Marshall—SmithfE R ¥ SP 602535 19p13.3 NFIX nuclear factor I/X SotosfEIR B &L DERIRME#EHIHY (LFES
Proteus syndrome ProteusyiE & & SP 176920 ProteustkSEBI T PTENBIZFIZEREHST

DHH%H
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Marfan syndrome
Congenital contractural arachnodactyly
Loeys-Dietz syndrome types 1A and 2A

Loeys-Dietz syndrome types 1B and 2B

Overgrowth syndrome with 2g37 translocations

Overgrowth syndrome with skeletal dysplasia
(Nishimura-Schmidt, endochondral gigantism)

TN—7 / &B&FR)
MarfanfE {& &
SRR IRIBE
Loeys—Dietz SE{EEF 1A L2AR!

Loeys—Dietz fE{&EF 1BE! L2BE!
2037TEREE (£ 5B B RAEIR R

BEMAEHESBERAEEE (Nishimura-Schmidt,
NRBEEANE)

BBEERA D IN—(T/IL—T33) DShprintzen-Goldberg FENIREEL SHE.

31. Genetic inflammatory/rheumatoid-like
osteoarthropathies
Progressive pseudorheumatoid dysplasia
(PPRD; SED with progressive arthropathy)
Chronic infantile neurologic cutaneous articular
syndrome (CINCA) / neonatal onset multisystem
inflammatory disease (NOMID)
Sterile multifocal osteomyelitis, periostitis, and
pustulosis (CINCA/NOMID-like)
Chronic recurrent multifocal osteomyelitis with
congenital dyserythropoietic anemia (CRMO with
CDA; Majeed syndrome)
Hyperostosis/hyperphosphatemia syndrome
Infantile systemic hyalinosis/Juvenile hyaline
fibromatosis (ISH/JHF)

32. Cleidocranial dysplasia and isolated cranial
ossification defects group
Cleidocranial dysplasia

CDAGS syndrome (craniosynostosis, delayed
fontanel closure, parietal foramina, imperforate
anus, genital anomalies, skin eruption)
Yunis-Varon dysplasia

Parietal foramina (isolated)
Parietal foramina (isolated)
RIEEEIE, MUETENRE, MESHE.

33. Craniosynostosis syndromes
Pfeiffer syndrome (FGFR1-related)

Pfeiffer syndrome (FGFR2-related)

Apert syndrome
Craniosynostosis with cutis gyrata (Beare-
Crouzon syndrome

Crouzon-like craniosynostosis with acanthosis
nigricans (Crouzonodermoskeletal syndrome)
Craniosynostosis, Muenke type

Antley-Bixler syndrome

Craniosynostosis Boston type
Saethre-Chotzen syndrome

31 EREEREN/ U FiREESE

HEITHRBMEY U FHRBEMRIE (PPRD; £1T14
BEEE S EH B IR E M RIE)

12T R AE RIS R EEIREE (CINCA) /#TER
HRAE S R AEMKRE (NOMID)

MES R TR, BEX. RAE
(CINCA/NOMID#%)

SERMUEERERMBRMAMEFEIBEETRMELE
582 (CDAZ{£SCRMO; MajeedfEIZEE)

BIETEE/ &) MAEE 1R 3
LR SMHTILAE/BEEHE T VRHEIEE
(ISH/JHF)

32. ﬂ;ﬁ'ﬁ%iﬂéﬁiﬁﬁ&(ﬁﬁﬂﬁ%ﬁ'ﬁ%hﬁid
=
HEEEEMBRE
CDAGSSE(&E EEBMAE RFIFISEIE, 58
TBFL SHAL, ERER, £2)

Yunis-Varon® 2 # BUIE
BETATL (BT
BETATL (BT

33 ERAWMAEER
PfeifferfiE{& ¥ (FGFR1RE:E)

PfeifferfiE{&E¥ (FGFR2RE:E)

ApertfEREE

BER R EE A OBEE B AIE (Beare-
CrouzonfiE & &
ERREEBEFESCrouzontkIBEE B AE
(Crouzonf& [ B & AE 1% 7¥)

BEEFMESE, Muenke!
Antley-BixlerfE {R &

BEEB M SE, BostonE!
Saethre—ChotzenfE{&Ef

Bz
AD
AD
AD

AD

SP
SP?

AR

AD

AR

AR

AR
AR

AD
AR

AR
AD
AD

AD

AD

AD
AD
AD
AD

AD
AR

AD
AD

MIMEE
154700
121050

609192,
610168,
608967,
610380

208230

607115

147679

609628

610233
236490

119600
603116

216340
168500
168500

101600

101600

101200
123790
123500
612247

602849
201750

604757
101400

RIGFE
15021.1
5023.3
922

3p22

237

622-23

1944

2014.2

18p11.3

2q24-9g31;
4021

6p21
22012-q13

11q11.2
534-35

8p12

10G26.12

10026.12
10026.12
10026.12
4p16.3

4p16.3
7011.23

535.2
7p21.1

BizF
FBN1
FBN2
TGFBR1,

TGFBR2

NPPC

WISP3

CIAS1

ILIRN

LPIN2

GALNT3
ANTXR2 (CMG2)

RUNX2

ALX4
MSX2

FGFR1

FGFR2

FGFR2
FGFR2
FGFR2
FGFR3

FGFR3
POR

MSX2
TWIST1

auy IR
Fibrillin 1

Fibrillin 2

TGFbeta receptor subunit 1

TGFbeta receptor subunit 2
BRERBSZLNPPCOBEIFETRNER

FRS BT TAELEA F T Y ELI-BEER
ikl

Natriuretic peptide precursor C

WNT1-inducible signaling pathway
protein 3
Cryopyrin

Interleukin 1 receptor antagonist

Lipin 2

UDP-N-acetyl-alpha-D-

Anthrax toxin receptor 2 EEMET) URHEIEAE (UHF, 228600) LU

PureticEIZHEEL

Runt related transcription factor 2

Aristaless-like 4 RSB EMREIR (JIL—T34) &SR

Muscle segment homeobox 2

£<I%FGFR1 P252RZ & (FGFR2E&Pfeiffer
FEIREE LY — BRI LVRIRRY)
FGFRZER(TREBB)ICE>TRIET S
Jackson-WeissfiE 1% (MIM 123150) &Antley—
BixlerfEIEHERMEEL

Fibroblast growth factor receptor 1

Fibroblast growth factor receptor 2

Fibroblast growth factor receptor 2
Fibroblast growth factor receptor 2
Fibroblast growth factor receptor 2

Fibroblast growth factor receptor 3~ FGFR3 ABIERERMERICLYERIND

FGFR3 P250RFFEMEEICLYERIND

FGFR2ER%EH T BHIELUE B I PfeifferfEE
B (MIM207410) (253 $E&h B

1RZATPI4BHATOEA LR

Fibroblast growth factor receptor 3
Cytochrome P450 oxidoreductase

MSX2
TWIST
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Shprintzen-Goldberg syndrome
Baller-Gerold syndrome

Carpenter syndrome

JN—7 / &R MR
Shprintzen—Goldbergi & &
Baller-GeroldfiE{& B

CarpenterfE{&EE

U JL—F250 Cole-CarpenterfEIREE, £ /L—T320DCDAGSIENREE, U/ —F34DBEFTHBIEIRE LS.

34. Dysostoses with predominant craniofacial
involvement
Mandibulo-facial dysostosis (Treacher Collins,
Franceschetti-Klein)
Mandibulo-facial dysostosis (Treacher-Collins,
Franceschetti-Klein)
Mandibulo-facial dysostosis (Treacher-Collins,
Franceschetti-Klein)
Oral-facial-digital syndrome type | (OFD1)

Weyer acrofacial (acrodental) dysostosis
Endocrine-cerebro-osteodysplasia (ECO)
Craniofrontonasal syndrome

Frontonasal dysplasia, type 1
Frontonasal dysplasia, type 2
Frontonasal dysplasia, type 3

Hemifacial microsomia

Miller syndrome (postaxial acrofacial dysostosis)
Acrofacial dysostosis, Nager type
Acrofacial dysostosis, Rodriguez type

K EERRAES )L —T DO BB - IEENRFE4E L S B

35. Dysostoses with predominant vertebral with
and without costal involvement
Currarino triad

Spondylocostal dysostosis type 1 (SCD1)
Spondylocostal dysostosis type 2 (SCD2)

Spondylocostal dysostosis type 3 (SCD3)
Spondylocostal dysostosis type 4 (SCD4)
Spondylothoracic dysostosis

Klippel-Feil anomaly with laryngeal malformation

Spondylocostal/thoracic dysostosis, other forms
Cerebro-costo-mandibular syndrome (rib gap
syndrome)

Cerebro-costo-mandibular-like syndrome with
vertebral defects

Diaphanospondylodysostosis

GN—TIDEFIRE CIREEREAEL TN —T 13D E 1 - FE i EXBIHE

36. Patellar dysostoses
Ischiopatellar dysplasia (small patella syndrome)

U EEEEREBEILTAREE

T2E-BEE R BJE (Treacher Collins,

Franceschetti-Klein)

%8 - BEE R B 4E (Treacher Collins,

Franceschetti-Klein)

T28-BEE R BJE (Treacher Collins,
Franceschetti-Klein)

O - BB - e AEIREF 18 (OFD1)
WeyerSEShEE@ (SEimel) RBIE
5= B - B R RUE (ECO)
CEEREAREIREE
BREMBEIR
E%E ﬁkrm‘z_i_

J#ﬁ'lﬁﬁﬁkﬁk"lzéﬁ

=

e _F

!ﬂﬂm
lﬂﬂ
S:}
B
w
]

MillerfEIR B (B 14 S iREEE £ B E)
SIREEEE BIE, Nagerg-_
SeIREEE R BfE, Rodriguez®!

35, HHRE (MEBREEZHI/HDBLVEELTS
REE

Currarino = #JE
EHHEREBEEE (SCD1)
EHHERBEE2E (SCD2)

BEHMEBEREBEIR (SCD3)
BEHMEBEREBEIR (SCD4)
BEHEMIREE

R A2 AE B E % 4 SKlippel-Feil &

HHWE - WBEREE thoR
figd - B & - TERAEARAE (rib gapfEIREE)

BFRBZHIM- B E - TRERERE
BAEHERE

RRAEC SR,

36. ﬂﬁ%-“ﬁ-‘ﬁ
BREREMBE (NREBERE

RIGHR

AD
AR

AR

AD

AD

AR

XLR
AD
AR
XLD
AR
AR
AR
SP/AD

AR
AD/AR
AR

AD
AR
AR

AR?
AR
AR

AD

AD/AR
AD/AR

AR

AR

AD

MIMEE
182212
218600

201000

154500
154500
154500

311200
193530
612651
304110
136760
613451
613456

263750
154400
201170

176450
277300
608681

609813

148900

117650
611209

608022

147891

RIZFE

8024.3

5032
13q12.2
6p21.1

Xp22.3
4p16
6p12.3
Xq13.1
1p13.3
11p11.2
12q21.3

1622

7936
19913
15q26

7p22
17p13.1
15026

8922.1

17925

7p14

17q21-22

BIZF

RECQL4

RAB23

TCOF1
POLR1D
POLRI1C

CXORF5
EVC1
ICK
EFNB1
ALX3
ALX4
ALX1

DHODH

HLXB9
DII3
MESP2

LFNG
HES7
MESP2

GDF6

COG1

BMPER

TBX4

EI2AY) R
FBNTEREZR T DIEHDHREHY

TR TDBaller-GeroldEIRFE N RECQLAZER
TIFFATELZLABELNALL

RECQ Protein-like 4

Treacher Collins-Franceschetti
syndrome 1
Polymerase (RNA) | polypeptide D

Polymerase (RNA) | polypeptide C

chr. X open reading frame 5
Ellis-van Creveld 1 protein
Intestinal cell kinase

Ephrin B1

Aristaless-like-3
Aristaless-like-4
Aristaless-like 1

GoldenharfE{Z B &LHR - B - HEHARINS LE
BT BTLCGEGHELENREETD
Dihydroorotate dehydrogenase

Homeobox gene HB9
Delta-like 3
Mesoderm posterior (expressed in) 2

Lunatic fringe

Hairy-and-enhancer-of-split-7

.J:zhoeLevinI:J:L)%%mzﬁaﬁéhtfﬁ%§
&1

BHEEHMIRBEICH TS GDFERDE
N2

L DGDF6E SR

Mesoderm posterior (expressed in) 2

Growth and differentiation factor 6

Component of oligomeric Golgi CDGAATlgk L THREEIND

complex 1

Bone morphogenetic protein-binding HZo{LBHEHBRBELLT—/1\—FvTT 3
endothelial cell precursor-derived

requlator

T-box gene 4
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Small patella - like syndrome with clubfoot

Nail-patella syndrome

Genitopatellar syndrome

Ear-patella-short stature syndrome (Meier-
BB AE DEEREL TDLE -HF -

37. Brachydactylies (with or without
extraskeletal manifestations)
Brachydactyly type Al

Brachydactyly type Al
Brachydactyly type A2
Brachydactyly type A2
Brachydactyly type A2
Brachydactyly type A3
Brachydactyly type B

Brachydactyly type B2
Brachydactyly type C

Brachydactyly type D
Brachydactyly type E

Brachydactyly type E
Brachydactyly - mental retardation syndrome

Hyperphosphatasia with mental retardation,
brachytelephalangy, and distinct face

Brachydactyly-hypertension syndrome
Brachydactyly with anonychia (Cooks syndrome)

Microcephaly-oculo-digito-esophageal-duodenal
syndrome (Feingold syndrome)
Hand-foot-genital syndrome

Brachydactyly with elbow dysplasia (Liebenberg
syndrome)
Keutel syndrome

Albright hereditary osteodystrophy (AHO)

Rubinstein-Taybi syndrome
Rubinstein-Taybi syndrome
Catel-Manzke syndrome
Brachydactyly, Temtamy type
Christian type brachydactyly
Coffin-Siris syndrome
Mononen type brachydactyly
Poland anomaly

JN—7 / &R MR
AR BEHI/DREBHRERS

-EREB G
MRS BAEIREE
E-BRER-BHRERS Meier-Gorlin)

3. ERE(RABEBREZHI/HDELY)

SEIRAEAI R
SEIRAEAI R
SEIRAEA2E!
SEIRAEA2E!
SEIRAEA2EY
FERIEASE
sEieEBRY

fEIEEB2E
SEHRECE

FEfEREDEY
EfEREER

EfEREER
SRS - R IR B

KR, R B ARSI EERE S
BIFRITI—EIE

SEIRAE - B M EFE IR (Bilginturian)
MREBEHSIEIEIE (CooksIEIZEF)
INEE-BR- 15 B3E -+ ZHERRIEIRBE (FeingoldfE IR
#)

F-B-ERERE

FEBREHSRIRE (LiebenbergfEZEF)

KeutelfiE & &
AlbrightiB {n & RREE (AHO)

Rubinstein—TaybifiE {& &
Rubinstein—TaybifiE {& &
Catel-ManzkefE{Z &

4 IEHE, Temtamy®!
ChristianZ! 53 & 4iE
Coffin-SirisfE IR B
Mononen®! 53 $&iE
Poland &

FHEEBE AR S EBHAAELTIE O/ —T20DIZIAEFE S DRFEESHE.

38. Limb hypoplasia — reduction defects group

38. MEREWMR RET V=T

Bz
AD

AD
AR?
AR

AD
AD
AD
AD
AD
AD
AD

AD
AD, AR

AD
AD

AD
AD

AR

AD
AD
AD

AD
AD

AR
AD

AD
AD
XLR?
AR
AD
AR
XLD?
SP

MIMEE

161200
606170
224690

& EEBRAEL IR, BEEREEHSREDER B ERRAES N —TESHE.

112500

112600
112600
112600
112700
113000

611377
113100

113200
113300

113300
600430

112410
106995
164280

140000
186550

245150
103580

180849
180849
302380
605282
112450
135900
301940
173800

RIGFE
5031

9934.1

2035-36
5p31
4923

20g11.2

9022

17q
20q11.2

2931
12p11.22

2031
2037.3

1p36.11

12p12.2-
1724.3
2p24.1

7p14.2

12p13.1-
20913

16p13.3
22q13

BizF
PITX1

LMX1B

IHH

BMPR1B
BMP2
GDF5

ROR2

NOG
GDF5

HOXD13
PTHLH

HOXD13
HDAC4

PIGV

SOX9
MYCN

HOXA13

MGP
GNAS1

CREBBP
EP300

2y

Paired-like homeodomain
transcription factor 1 (pituitary
homeobox 1)

LIM homeobox transcription factor 1

Indian Hedgehog

Bone morphogenetic protein
Bone morphogenetic protein type 2
Growth and differentiation factor 5

Receptor tyrosine kinase-like orphan
receptor 2

Noggin

Growth and differentiation factor 5

Homeobox D13

Parathyroid hormone-like hormone
(parathyroid hormone related
peptide, PTHRP)

Homeobox D13

Histone deacetylase 4

Phosphatidylinositol-glycan
biosynthesis class V protein (GPI
mannosyltransferase 2)

nMYC oncogene

Homeobox A13

Matrix Gla protein

Guanine nucleotide binding protein of
adenylate cyclase — subunit
CREB-Binding Protein

E1A-Binding Protein, 300-KD

R
BMEMREEAREEZET

RobinowfiE{%#f/COVESDEM%E S B8

ASPED (&' )L—T15) L DGDFS R EE S
:i24

BEEETFITIREERT S 23T RIBIER
B EHIEHD
MabryfE{ZEEL TREIONTLVS

HZ5LPTHLH
REER

TI—T200BMEEETRBRIE SEHERL
VHETHEEEERETSR
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Ulnar-mammary syndrome
de Lange syndrome
Fanconi anemia (see note below)
Thrombocytopenia-absent radius (TAR)
Thrombocythemia with distal limb defects
Holt-Oram syndrome
Okihiro syndrome (Duane — radial ray anomaly)
Cousin syndrome
Roberts syndrome

Split-hand-foot malformation with long bone
deficiency (SHFLD1)

Split-hand-foot malformation with long bone
deficiency (SHFLD2)

Split-hand-foot malformation with long bone
deficiency (SHFLD3)

Tibial hemimelia

Tibial hemimelia-polysyndactyly-triphalangeal
Acheiropodia

Tetra-amelia
Tetra-amelia

Ankyloblepharon-ectodermal dysplasia-cleft
lip/palate (AEC)

Ectrodactyly-ectodermal dysplasia cleft-palate
syndrome Type 3 (EEC3)
Ectrodactyly-ectodermal dysplasia cleft-palate
syndrome type 1 (EEC1)
Ectrodactyly-ectodermal dysplasia-macular
dystrophy syndrome (EEM)

Limb-mammary syndrome (including ADULT
syndrome)

Split hand-foot malformation, isolated form, type
4 (SHFM4)

Split hand-foot malformation, isolated form, type
1 (SHFM1)

Split hand-foot Malformation, isolated form, type
2 (SHFM2)

Split hand-foot malformation, isolated form, type
3 (SHFM3)

Split hand-foot malformation, isolated form, type
5 (SHFM5)

Al-Awadi Raas-Rothschild limb-pelvis
hypoplasia-aplasia

Fuhrmann syndrome

RAPADILINO syndrome
Adams-Oliver syndrome

Femoral hypoplasia-unusual face syndrome
(FHUFS)
Femur-fibula-ulna syndrome (FFU)

Hanhart syndrome (Hypoglossia-hypodactylia)
Scapulo-iliac dysplasia (Kosenow)

TN—7 / &B&FR)
RE-ILBEER
de LangefE{&#E
FanconiB Il (F D% S )
/MR AME - 1B R1& (TAR)
7o % S 45 R 48 % 45 /MRS INGE
Holt-Oram{iE & &%
OkihirofE 1% 8% (Duane-#2 & 3IE &)
CousinfE{x#E
RobertsfE{&EE

REEMBEEEHIR
(SHFLD1)
53

FHEME
EEEMABEL ST HEE
?.

A
A
(SHFLD2)
REEMBEEEHIR
(SHFLD3)

EERE

BERE- S EEE- BIE=1EHE
RFRIE

HERRE

Ficdueli 2hd
Ficdueli 2hd

ERERE - SRR SR - O R O EREIREE
:I;;-)%Hiﬁiﬁéﬁi- OERYEIRE#3E (EEC3)
Rig-SNEFERRA - OERIEIREE 18 (EECT)
Rig-NEFERMA - BB X071 (EEM)
% - LB IR (ADULTERHEET)
BMBRF - REMEREIE (SHFMA)

LB E L

W

REEE 13! (SHFM)

BRTRT AR

&

REERF 28! (SHFM2)

LB E L

W

REERF 3R (SHFMB)
BMARF -NEHRERESE (SHFMS)

Al-Awadi Raas-Rothschild8 ik - B #1E () Rk
FuhrmanniiE & 8

RAPADILINOSE (& 3%
Adams-OliverfE{ZEE
KERBIER AL - REEEIRAEIREE (FHUFS)

KEEE - BEE - RBEIREE (FFU)
HanhartfE &8 (FER AL - FRIERS AL
BHRE-BEREMBIE (Kosenow)

Bz
AD
AD
AR
AR?/AD?
AD
AD
AD
AR
AR

AD
AD
AD

AR
AD
AR

XL
AR

AD
AD
AD
AR
AD
AD
AD
XL
AD
AD
AR
AR

AR
AD/AR
SP/AD?

SP?
AD
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MIMEE
181450
122470
227650
274000

142900
607323
260660
268300

119100
610685
612576

275220
188770
200500

301090
273395

106260
604292
129900
225280
603273
605289
183600
313350
600095
606708
276820
228930

266280
100300
134780

228200
103300
169550

RIZFE

5p13.1
(several)
1g21.1
3927
12g24.1
20q13
1p13
8p21.1

1q42.2-q43
6014.1

17p13.1

7936

1721
3927

3927
7011.2-12.3
16022
3927

327
7021.3-22.1
Xq26
10q24
231

3p25

3p25

8024.3

REF
TBX3
NIPBL
(several)
(several)
THPO
TBX5
SALL4
TBX15
ESCO2

LMBR1

WNT3
P63 (TP63)

P63 (TP63)

CDH3
P63 (TP63)

P63 (TP63)

FBXW4

WNT7A

WNT7A

RECQL4

2y =3

T-box gene 3

Nipped-B-like
WO DEEY V—T EEIETF
192110 INR %

Thrombopoietin MRk EA RIB T MERAEOERESND

T-box gene 5

SAL-like 4

T-box gene 15

Homolog of establishment of
cohesion - 2

LMBRIDE S REMY ZwoAyDikyy
(SHH)DFKBRIFHEES525

Putative receptor protein

Wingless-type MMTV integration site
family, member 3
Tumor protein p63

Tumor protein p63

Cadherin 3
Tumor protein p63

Tumor protein p63

Dactylin

Wingless-type MMTV integration site
family, member 7A

Wingless-type MMTV integration site
family, member 7A

RECQ protein-like 4

VO DRBEMITKERE - BEE - REERE
(TR EEHE



In—7 7 &BE (R

JN—7 / &BE R

RIGHR

MIMEE

RIZFE

BIZF

2y

R

() T7a=—B il E DI DIF B FRIGILH SN TUBHC D5 EFF TIASSIZHE TLVEL. MIME/=IZ DR GL Ta—FBEZIZT B J/L—T21 DOHILDIENREE VO R - & it P IR E R IE L /B,

39. Polydactyly-Syndactyly-Triphalangism
Preaxial polydactyly type 1 (PPD1)
Preaxial polydactyly type 1 (PPD1)
Preaxial polydactyly type 2 (PPD2)/
Triphalangeal thumb (TPT)
Preaxial polydactyly type 3 (PPD3)
Preaxial polydactyly type 4 (PPD4)
Greig cephalopolysyndactyly syndrome
Pallister-Hall syndrome
Synpolydactyly (complex, fibulinl - associated)
Synpolydactyly
Townes-Brocks syndrome (Renal-Ear-Anal-
Radial syndrome)
Lacrimo-auriculo-dento-digital syndrome (LADD)

Lacrimo-auriculo-dento-digital syndrome (LADD)
Lacrimo-auriculo-dento-digital syndrome (LADD)
Acrocallosal syndrome

Acro-pectoral syndrome

Acro-pectoro-vertebral dysplasia (F-syndrome)

Mirror-image polydactyly of hands and feet
(Laurin-Sandrow syndrome)

Mirror-image polydactyly of hands and feet
(Laurin-Sandrow syndrome)

Cenani-Lenz syndactyly

Cenani-Lenz like syndactyly

Oligosyndactyly, radio-ulnar synostosis, hearing
loss and renal defects syndrome

Syndactyly, Malik-Percin type

STAR syndrome (syndactyly of toes,
telecanthus, ano- and renal malformations)
Syndactyly type 1 (llI-IV)

Syndactyly type 3 (IV-V)

Syndactyly type 4 (I-V) Haas type

Syndactyly type 5 (syndactyly with metacarpal
and metatarsal fusion)

Syndactyly with craniosynostosis (Philadelphia

Syndactyly with microcephaly and mental
retardation (Filippi syndrome)
Meckel syndrome type 1

Meckel syndrome type 2
Meckel syndrome type 3
Meckel syndrome type 4
Meckel syndrome type 5
Meckel syndrome type 6

39. 85 A - BH=KEHESNL—T
AT S IRAE 1R (PPD1)
AT S IRAE 1R (PPD1)
AT 2 455E2R! (PPD2) /BHE =58 (TPT)

AT S IRAESE! (PPD3)

AT S IRAE4R! (PPD4)

GreiglB % S 1RIEIRE

Pallister—HallfE {R 7

A5 (fibulin1 BEHEAR)

SEIE

Townes—BrocksfE{&EF (B - E ALY -1E B AEIEEE)

R-B-- 15 AE1%EF (LADD)

R-B - 15 AE1%EF (LADD)

R-B-- 15 AE1%EF (LADD)

Se b RAE IR B

Se it - MORE % B

Seim- M- MR RUE (FREREE)
$EHEE SIEMIE (Laurin-SandrowfiE 1% EE)

B B

$EHEE LIEMIE (Laurin-SandrowfiE 1% EE)

Cenani-Lenz &1E4E

Cenani-Lenz# & I8JE
ZARE-ERBES MR- BEEGH

BIEE, Malik-Percin®!

STARJEIRE (& RHIE - AR A FRakIE - AP - B st
%)

AfeEIE 1I-1V)

SRAEIEY (IV-V)

SEAEAEY (I-V) Haas®!

BEESE (WFB-PEBREEHSI/IEE)

BEFHEEELZHIEEE (PhiladelphiaZ!)
INBBSE - M RERFEMHSAIRE (FiliopifE (R
)

MeckelfE & F 15
MeckelJE & Ff 25!
MeckelJE & § 35!
MeckelfiE {ZE£4 5
MeckelJE & #¥55!
MeckelJE & # 65!

1E) Smith-Lemli-OpitAENRFE I BIEIE - B IEEZEEH T B. KTH B BITEIRFES L —TE S/,

40. Defects in joint formation and synostoses
Multiple synostoses syndrome type 1
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Multiple synostoses syndrome type 2
Multiple synostoses syndrome type 3
Proximal symphalangism type 1
Proximal symphalangism type 2

Radio-ulnar synostosis with amegakaryocytic

thrombocytopenia
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	【対象】
	1. 妊娠16週0日より妊娠40週6日まで
	2. 16歳以上45歳未満
	3. 単胎である
	4. 妊娠初期にCRL計測により分娩予定日が決められている
	5. 明らかな胎児奇形や発育遅延を認めない
	6. 妊娠高血圧症や妊娠糖尿病などの母体合併症を認めない
	7. 試験参加について本人から文書で同意が得られている
	【方法】
	1. 妊婦健康診査時に胎児の長管骨（大腿骨、脛骨、腓骨、上腕骨、尺骨、橈骨）の長さを計測して記録する。
	2. 胎児期の長管骨はしばしば骨幹の部分しか骨化していない。その骨化部分を両端まで画面上に描出し、いちばん長いところを計測する。
	3. 下腿の脛骨、腓骨、前腕の尺骨、橈骨は、それぞれ混同されて計測されることがあるので注意する。区別するために、最初に同一画面上に両方の骨を一緒に描出する。
	4. 下腿では脛骨は腓骨より常に長い。腓骨は脛骨より外側に位置し、脛骨より若干薄く描出される。脛骨がより近位側に位置し、遠位側では脛骨、腓骨ともほぼ同じレベルにある。
	5. 前腕では尺骨は橈骨より長い。尺骨はより近位側に位置し、より遠位側にあるのが橈骨である。
	6. 長管骨の計測は画像に描出しやすい方で左右どちらでも構わない。胎児がうつ伏せか仰向けでない限り両側の長管骨をすべて描出することは難しいし、また時間的にも無駄である。
	7. 胎児の計測データは、出生後に出生児の体重、身長、頭囲、腹囲のデータをあわせて事務局の宮城県立こども病院（室月　淳）に報告する。
	8. 統計処理などは共同研究者である胎児医学研究所・篠塚憲男に委託する。
	【登録数と研究期間】
	登録数：一施設100計測で合計1,000計測を目標とした。
	予定研究期間：平成22年年6月（倫理委員会承認後）より平成23年3月31日。
	【問い合わせ先】
	適格基準など臨床的判断を要するもの：事務局（宮城県立こども病院　室月　淳）
	記録用紙（CRF）記入など：胎児医学研究所（篠塚憲男）。
	研究者などの登録など：事務局　宮城県立こども病院（室月　淳）。
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