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Table 1 (Continued)

UPD(14)pat Epimutations Total
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pts 1-23 (h=23) Pts 24-28 (h=5) Pts 29-31 (n=3) Pt32 (=1) Pts 33-34 (n=2) Pts 29-34 (n=6) Pts 1-34 (n=34)
Craniofaciocervical features
Frontal bossing 17/22 4/5 1/3 171 212 416 25/33
Hairy forehead 18/22 1/5 3/3 11 072 4/6 23/33
Blepharophimosis 18/22 3/5 213 01 172 3/6 24/33
Small ears 8/21 2/5 1/3 11 02 2/6 12/32
Depressed nasal bridge 23/23 5/5 3/3 0/1 172 4/6 32/34
Anteverted nares 19/22 4/5 3/3 o1 22 5/6 28/33
Full cheek 20/21 4/4 212 0/1 11 3/4 27129
Protruding philtrum 23/23 5/5 3/3 0/1 2/2 5/6 33/34
Puckered lips 11/21 3/5 3/3 o1 02 3/6 17/32
Micrognathia 20/21 5/5 3/3 171 172 5/6 30/32
Short webbed neck 22122 5/5 3/3 11 212 6/6 33/33
Thoracic abnormality
Small bell-shaped thorax in infancy® 23/23 5/5 3/3 71 22 6/6 34/34
Coat-hanger appearance in infancy! 23/23 5/5 3/3 1/1 22 6/6 34/34
Laryngomalacia 8/20 2/5 2/3 —_ 01 2/4 12/29
Tracheostomy 7/21 1/4 0/2 — 2/2 2/4 10/29
Mechanical ventilation 21/23 5/5 3/3 171 22 6/6 32/34
Duration of ventilation (m)™ 1.2 (0.1-17) 0.7 (0.1-0.9) 5 (0.23-10) — 1.5(1-2) 2 (0.2-10) 1.0 (0.1-17)
Abdominal wall defects
Omphalocele 7/23 2/5 1/3 m 02 2/6 11/34
Diastasis recti 16/23 3/5 2/3 01 212 4/6 23/34
Developmental delay
Developmental delay 21/21 5/5 3/3 — 2/2 5/5 31/31
Developmental/intellectual guotient 55 (29-70) 52 (48-56) Unknown Unknown Unknown — 55 (29-70)
Delayed head control (>4 m)" 14/16 4/4 /1 — /1 212 20/22
Age at head control (m)° 7 (3-36) 7 (6-11) 6 — 6 6 (6) 7 (3-36)
Delayed sitting without support (>7 m)" 16/16 4/4 212 — 171 3/3 23/23
Age at sitting without support (m)® 12 (8-25) 11.5 (10-20) 22.5(18-27) — 18 18 (18-27) 12 (8-27)
Delayed walking without support (> 14 m)" 17/17 3/3 212 — 212 4/4 24/24
Age at walking without support (m)° 25.5 (20-49) 25 (22-39) 60 (30-90) — 24 30 (24-90) 25.5 (20-90)
Other features
Feeding difficulty 20/21 5/5 3/3 —_ 212 5/5 30/31
Duration of tube feeding (m)? 6 (0.1-72) 8.5 (0.5-17) 59.5 (30-89) — 51 51 (30-89) 7.5 (0.1-89)
Joint contractures 14/22 3/5 3/3 o1 02 3/6 20/33
Constipation 12/20 3/4 1/2 — 072 1/4 16/28
Kyphoscoliosis 9/21 3/5 1/2 o/1 0/1 1/4 13/30
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Table 1 (Continued)

Microdeletions
UPD(14)pat Epimutations Total
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pts 1-23 (n=23) Pts 24-28 (n=5) Pts 29-31 (n=3) P32 {n=1) Pis 33-34 (n=2) Pts 29-34 [n=6) Pts 1-34 (n= 34}

Coxa valga 6/21 1/5 3/3 o 172 476 11732

Cardiac disease 5/22 1/5 073 171 172 216 8/33

Inguinal hernia 5/22 1/5 2/3 0/l 0/2 26 833

Seizure 1/21 0/5 0/3 o1 o2 [0713) 132

Hepatoblastoma 3/23 0/5 0/3 o1 oz () 3/34
Mortality within the first 5 years

Alive:deceased 18:5 5:0 2:1 0:1 1:1 3:3 26:8
Parents

Paternal age at childbirth (y) 35 (24-47) 30 (26-36) 37 {34-39) 25 31.5 (27-36) 35 (25-39) 34 (24-47)

Maternal age at childbirth (y) 31 (25-43) 28 (25-35) 31 (27-36) 25 30.5 {(28-33) 29.5 {25-36) 31 (25-43)

Advanced childbearing age (235 y) 8/23 1/5 1/3 0/1 02 /6 8734

Abbreviations: CHA, coat-hanger angle; Dx, diagnosis; m, month; M/W, mid to widest thorax diameter; UPD(14), uniparental disomy 14; w, week; v, year.

Patient #32 is Irish, and the remaining patients are Japanese; the Irish patient has also been examined by Beygo ef ai.*

Age data are expressed by median and range.

The denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number of patient assessed to be positive for that feature; thus, differences between the denominators and
numeratorsdenate the number of patients evaluated to be negative for the feature.

3For details, see Supplementary Figures S1 and S2.

bThe MEG3-DMR is predicted to be grossly hypomethylated in the placenta.

“Expression patterns of the imprinted genes are predicted to be different between the body and the piacenta in this patient, while they are predicted to be identical between the body and the placenta in other patients {See Supplementary Figure 51).
dAmnioreduction was performed about two times in 23 of the 25 pregnancies.

Placental weight > 120% of the gestational age-matched mean placental weight.>

fThe diagnosis of UPD(14)pat has been suspected in two patients (patients #7 and #21).

Birth length and/or birth weight < -2 SD of the gestational age- and sex-matched Japanese reference data (http:/ispe.umin.jp/medical/keisan.htmi}.

f‘Birth length and/or birth weight >+2 SD of the gestational age- and sex-matched Japanese reference data (http://jspe.umin.jp/medicalikeisan.htmi}.

'Present length/height and/or present weight < —2 SD of the age- and sex-matched Japanese reference data (hitp:/jspe.umin.jp/medical/taikaku himl).

IPresent length/height and/or present weight >+2 SD of the age- and sex-matched Japanese reference data (http:/jspe.umin.jp/medicalftaikaku. himl).

kThe MM ratio below nromal range (see Figure 2).

The CHA above the normal range (see Figure 2).

MThe duration in patients in whom mechanical ventilation could be discontinued.

"The age when 90% of infants pass each gross motor developmental milestone (based on Revised Japanese Version of Denver Developmental Screening Test) (hitpyiveww.dinf.ne jp/doc/apanese/prdl/jsrd/ 175Amg/n175_078i01.gif).
°The median (range) of ages in patients who passed each gross motor developmental milestone; patients who have not passed each milestone are not included.

PThe duration in patients in whom tube feeding could be discontinued.
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accompanied by two copies of functional RTLI and no functional
RTLIas.5 This implies that the RTLI expression level is ~2.5 times
increased in the absence of functional RTLIas-encoded microRNAs.

Here, we report comprehensive clinical findings in a series of
patients with molecularly confirmed UPD(14)pat and related condi-
tions, and suggest pathognomonic and/or characteristic features and
their underlying factors. We also propose the name ‘Kagami-Ogata
syndrome’ for UPD(14)pat and related conditions.

MATERIALS AND METHODS

Ethical approval

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 to publish the clinical and molecular
information. We also obtained written informed consent with parental
signature to publish facial photographs.

Patients

This study consisted of 33 Japanese patients and one Irish patient (patient #32)
with UPD(14)pat and related conditions (13 males and 21 females; 31 patients
with normal karyotypes and two patients (#17 and #20) with Robertsonian
translocations involving chromosome 14 (karyotyping not performed in patient
#1); 30 previously described patients>’~10 and four new patients) in whom
underlying (epi)genetic causes were clarified and detailed clinical findings were
obtained (Supplementary Table S2).

The 34 patients were classified into three groups according to the underlying
(epi)genetic causes that were determined by methylation analysis for the two
DMRs, microsatellite analysis for a total of 24 loci widely dispersed on
chromosome 14, fluorescence in situ hybridization for the two DMRs, and
oligonucleotide array-based comparative genomic hybridization for the 14q32.2
imprinted region, as reported previously:’ (1) 23 patients with UPD(14)pat
(UPD-group); (2) five patients with epimutations (Epi-group); and (3) six
patients with microdeletions (Del-group) (Supplementary Figure S2).

Furthermore, the 23 patients of UPD-group were divided into three subtypes
in terms of UPD generation mechanisms by microsatellite analysis, as reported
previously:® (1) 13 patients with monosomy rescue (MR) or postfertilization
mitotic error (PE)-mediated UPD(14)pat indicated by full isodisomy (subtype
1) (UPD-S1); (2) a single patient with PE-mediated UPD(14)pat demonstrated
by segmental isodisomy (subtype 2) (UPD-S2); and (3) nine patients with
trisomy rescue (TR) or gamete complementation (GC)-mediated UPD(14)pat
revealed by heterodisomy for at least one locus (subtype 3) (UPD-S3)
(Supplementary Figure S2) (it is possible that some patients classified as
UPD-S1 may have a cryptic heterodisomic region(s) and actually belong to
UPD-S3). Similarly, the six patients of Del-group were divided into three
subtypes in terms of the measured/predicted RTLI expression level in the body
and placenta:>® (1) three patients with ~ 5 times RTLI expression level in both
the body and placenta (subtype 1) (Del-S1); (2) a single patient with about five
times RTLI expression level in the body and normal (1 time) or ~2.5 times
RTLI expression level in the placenta (subtype 2) (Del-S2); and (3) two patients
with ~ 2.5 times RTLI expression level in both the body and placenta (subtype
3) (Del-S3) (Supplementary Figure S2). The measured/predicted expression
patterns of the imprinted genes in each group/subtype are illustrated in
Supplementary Figure SI.

Clinical studies

We used a comprehensive questionnaire to collect detailed clinical data of all
patients from attending physicians. To evaluate chest roentgenographic
findings, we obtained the coat-hanger angle (CHA) to the ribs and the ratio
of the mid to widest thorax diameter (M/W ratio), as reported previously.!! We
also asked the physicians to report any clinical findings not covered by the
questionnaire.

Statistical analysis
Statistical significance of the median among three groups and between two
groups/subtypes was examined by the Kruskal-Wallis test and the Mann—

Kagami-Ogata syndrome
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Whitney’s U-test, respectively, and that of the frequency among three groups
and between two groups was analyzed by the Fisher’s exact probability test,
using the R environment (http://cran.r-project.org/bin/windows/base/old/
2.15.1/). P<0.05 was considered significant. Kaplan-Meier survival curves
were constructed using the R environment.

RESULTS

Clinical findings of each group/subtype are summarized in Table 1,
and those of each patient are shown in Supplementary Table S2.
Phenotypic findings were comparable among UPD-S1, UPD-S2, and
UPD-S3, and somewhat different among Del-S1, Del-S2, and Del-S3,
as predicted from the expression patterns of the imprinted genes
(Supplementary Figure S1). Thus, we showed the data of UPD-group
(the sum of UPD-S1, UPD-S2, and UPD-S3) and those of each
subtype of Del-group (Del-S1, Del-S2, and Del-S3) in Table 1, and
described the data of UPD-S1, UPD-S2, and UPD-S3 in
Supplementary Table S3.

We registered the clinical information of each patient in the Leiden
Open Variation Database (LOVD) (http://www.lovd.nl/3.0/home;
http://databases.lovd.nl/shared/individuals), and the details of each
microdeletion in the ClinVar Database (http://www.ncbi.nlm.nih.gov/
clinvar/). The LOVD Individual IDs and the ClinVar SCV accession
numbers are shown in Supplementary Table S2.

Pregnancy and delivery

Polyhydramnios was observed from ~ 25 weeks of gestation during the
pregnancies of all patients, except for patient #32 of Del-S2 who had
deletion of the MEG3-DMR and three of the seven MEG3 exons, and
usually required repeated amnioreduction, especially after 30 weeks of
gestation. Placentomegaly was usually identified in patients affected
with polyhydramnios, but not found in three patients of UPD-group.
Thoracic and abdominal abnormalities were found by ultrasound
studies in ~40% of patients from ~ 25 weeks of gestation, and UPD
(14)pat was suspected in patients #7 and #21, due to delineation of the
bell-shaped thorax with coat-hanger appearance of the ribs. Premature
delivery was frequently observed, especially in Del-group. Because of
fetal distress and polyhydramnios, > two-thirds of the patients in each
group were delivered by Cesarean section. Medically assisted repro-
duction was reported only in one (patient #8) of 21 patients for whom
clinical records on conception were available.

Growth pattern

Prenatal growth was characterized by grossly normal birth length and
obviously excessive birth weight. Indeed, birth length ranged from
30.6 to 51.0cm (~1.7 to +3.0 SD for the gestational age- and sex-
matched Japanese reference data) with a median of 44.7 cm (+0 SD),
and birth weight ranged from 1.24 to 3.77 kg (+0.1 to +8.8 SD) with a
median of 2.79kg (+2.3 SD). Although birth weight was dispropor-
tionately greater than birth length, there was no generalized edema as a
possible cause of overweight.

In contrast, postnatal growth was rather compromised, and growth
failure (present length/height and/or weight < —2 SD) was observed
in about one-third of patients of each group. Postnatal weight was
better preserved than postnatal length/height.

Craniofaciocervical features

All patients exhibited strikingly similar craniofaciocervical features
(Figure 1). Indeed, >90% of patients had depressed nasal bridge, full
cheeks, protruding philtrum, micrognathia, and short webbed neck. In
particular, the facial features with full cheeks and protruding philtrum
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Patient 23

Patient 23

1 mnths

Patient 27

V)
Infancy

13 years

Figure 1 Photographs of patient #23 with UPD(14)pat and patient #27 with epimutation.

appeared to be specific to UPD(14)pat and related conditions, and
were recognizable from infancy through childhood.

Thoracic abnormality
The 34 patients invariably showed small bell-shaped small thorax with
coat-hanger appearance of the ribs in infancy (Figure 2). Long-term
(=10 years) follow-up in patient #12 of UPD-group and patient #31 of
Del-S1 who had ~5 times of RTLI expression, and in patient #34 of
Del-S3 who had ~2.5 times of RTLI expression, showed that the
CHAs remained above the normal range of age-matched control
children, while the M/W ratios, though they were below the normal
range in infancy, became within the normal range after infancy
(Figure 2). Laryngomalacia was also often detected in each group.
Mechanical ventilation was performed in all patients except for
patients #14 and #20 of UPD-group, and tracheostomy was also
carried out in about one-third of patients. Mechanical ventilation
could be discontinued during infancy in 22 patients (Supplementary
Figure S3). Ventilation duration was variable with a median period of
1 month among the 22 patients, and was apparently unrelated to the
underlying genetic cause or gestational age.

Abdominal wall defects
Omphalocele was identified in about one-third of patients, and
diastasis recti was found in the remaining patients.

Developmental status

Developmental delay (DD) and/or intellectual disability (ID) was
invariably present in 26 patients examined (age, 10 months to 15
years), with the median developmental/intellectual quotient (DQ/IQ)
of 55 (range, 29-70) (Figure 3). Gross motor development was also
almost invariably delayed, with grossly similar patterns among
different groups. In patients who passed gross motor developmental

European Journal of Human Genetics

182

milestones, head control was achieved at ~7 months, sitting without
support at ~ 12 months, and walking without support at ~2.1 years
of age.

Other features

Several prevalent features were also identified. In particular, except for
patient #22, feeding difficulty with poor sucking and swallowing was
exhibited by all patients who were affected with polyhydramnios, and
gastric tube feeding was performed in all patients who survived more
than 1 week (Supplementary Figure S4). Tube-feeding duration
was variable with a median period of ~7.5 months in 16 patients
for whom tube feeding was discontinued, and tended to be longer in
Del-group. In addition, there were several features manifested by
single patients (Supplementary Table S2).

Notably, hepatoblastoma was identified at 46 days of age in patient
#17, at 218 days in patient #18, and at 13 months of age in patient #8
of UPD-group (Figure 4). It was surgically removed in patients #8 and
#18, although chemotherapy was not performed because of poor body
condition. In patient #17, neither an operation nor chemotherapy
could be carried out because of the patient’s severely poor body
condition. Histological examination of the removed tumors revealed a
poorly differentiated embryonal hepatoblastoma with focal macro-
trabecular lesions in patient #8 (Figure 4) and a well-differentiated
hepatoblastoma in patient #18.1°

Mortality

Eight patients were deceased before 4 years of age. The survival rate
was 78% in UPD-group, 100% in Epi-group, and 50% in Del-group; it
was 25% in patients born < 29 weeks of gestation, 83% in those born
30-36 weeks of gestation, and 86% in those born >37 weeks of
gestation (Figure 5). The cause of death was variable; however,
respiratory problems were a major factor, because patient #1 died
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4 years 13 years

10 years

At birth 2 years 5 years
CHA M/W ratio
Patient 12 At birth 41 70
2 years 39 88
4 years 42 94
13 years 39 92
CHA=(A+B)+2
(6th posterior ribs) Patient 31 At birth 35 58
1 year 28 80
. 10 years 29 85
Patient 34 At birth 44 70
2 year 48 93
H 5 years 37 96
UPD(14)pat At birth +28 ~ +45 58 ~ 80 (n=8)
~ 5 years +25 ~ +45 >78% (n=3)
Controls At birth -11~+1.9 82~89 (n=10)
~ 5 years —21~+15 83~98 (n=10)
~ 10 years -9.3~+20 91~ 100 (n=10)

Figure 2 Chest roentgenograms of patient #12 of UPD-group, patient #31 of Del-S1, and patient #34 of Del-S3. RTLI expression level is predicted to be
~5 times higher in patients #12 and #31, and ~ 2.5 times higher in patient #34. The CHA to the ribs remains above the normal range throughout the study
period, whereas the M/W ratio (the ratio of the mid to widest thorax diameter) normalizes with age.

of neonatal respiratory distress syndrome, and patients #8, #30 and
#33 died during a respiratory infection. Of the three patients with
hepatoblastoma, patient #17 died of hepatoblastoma, whereas patient
#8 died during influenza infection and patient #18 died of hemopha-

gocytic syndrome.

Comparison among/between different groups/subtypes

Clinical findings were grossly similar among/between different groups/
subtypes with different expression dosages of RTLI and DLKI.
However, significant differences were found for short gestational age
and long duration of tube feeding in Del-group (among three groups
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Developmental delay
Patient (Epi)genstic cause ? 4 1 ?

UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (S-1)
UPD(14)pat (8-1)
UPD(14)pat (S-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (8-1)
UPD(14)pat (S-2)
UPD(14)pat (8-3)
UPD(14)pat (8-3)

UPD(14)pat (8-3)
UPD(14)pat (8-3)
UPD(14)pat (S-3)
Epimutation
Epimutation
Epimutation
Epimutation
Microdeletion (S-1)

Microdeletion (S-1)

2
3
4
5
6
7
8
9
10
1
12
13
14
18
19
20 UPD(14)pat (8-3)
21
22
23
25
26
27
28
29
31
34  Microdeletion (S-3) [0

L 5 6 T (years) DQIQ Age(y:m) GA (W)
NE 1:00 33
58 1:01 34
NE 2:04 a5
55 211 a5
N.E 3:.00 36
70 3:00 37
NE 3.02 24
64 4.04 34
59 5:07 37
50 7.02 32
29 1:11 33
65 15:00 35
46 12:00 36
NE. 1:05 a7
47 1:.07 28
NE 1:08 38
42 2:03 36
60 7:00 a7
32 8:08 32
NE 0:10 35
N.E 2:00 a7
48 4:07 35
56 5.08 35
NE 2:00 33
NE 8:11 30
NE. 5:01 30

Figure 3 Developmental status. The orange, green, yellow, and blue bars represent the period before head control, the period after head control and before
sitting without support, the period after sitting without support and before walking without support, and the period after walking without support, respectively.
The gray bars denote the period with no information. DQ, developmental quotient; IQ, intellectual quotient; N.E., not examined; Age, age at the last

examination or at death; and GA, gestational age.

Figure 4 Hepatoblastoma in patient #8 of UPD-group. (a) Macroscopic appearance of the hepatoblastoma with a diameter of ~8cm. (b) Microscopic
appearance of the hepatoblastoma exhibiting a trabecular pattern. The hepatoblastoma cells are associated with eosinophilic cytoplasm and large nuclei, and

resemble fetal hepatocytes.

and against Epi-group and UPD-group) and infrequent hairy forehead
in Epi-group (among three groups and against UPD-group) (actual P-
values are available on request).

DISCUSSION
We examined detailed clinical findings in patients with UPD(14)pat
and related conditions. The results indicate that the facial features with
full cheeks and protruding philtrum and the thoracic roentgeno-
graphic findings with increased CHAs to the ribs represent the
pathognomonic features of UPD(14)pat and related conditions from
infancy through the childhood. In addition, the decreased M/W ratios
also denote the diagnostic hallmark in infancy, but not after infancy.
Although other features such as polyhydramnios, placentomegaly, and
abdominal wall defects are characteristic of UPD(14)pat and related
conditions, they would be regarded as rather nonspecific features that
are also observed in other conditions such as Beckwith—-Wiedemann
syndrome (BWS) (Supplementary Table S4).!>13

Such body and placental features were similarly exhibited by
patients of each group/subtype, including those of Del-S1, Del-S2,
and Del-S3 with different expression dosage of DLKI (1 X or 2 X ) and
RTLI (~2.5Xo0r ~5x ), except for patient #32 of Del-52 who showed
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typical body features but apparently lacked placental features.
Indeed, the difference in the DLKI expression dosage had no
discernible clinical effects, although mouse DIk is expressed in several
fetal tissues, including the ribs.!#!> Similarly, in contrast to our
previous report which suggested a possible dosage effect of RTLI
expression level on the phenotypic severity,” the difference in the RTLI
expression dosage turned out to have no recognizable clinical effects
after analyzing long-term clinical courses in the affected patients.
This suggests that ~2.5 X RTLI expression is the primary factor for the
phenotypic development in the body and placenta. Consistent with the
critical role of excessive RTLI expression in the phenotypic develop-
ment, mouse R#l] is clearly expressed in the fetal ribs and skeletal
muscles (Supplementary Figure S5) as well as in the placenta,'®!” and
human RTLI mRNA and RTL1 protein are strongly expressed in
placentas with UPD(14)pat.® Thus, lack of placental abnormalities in
patient #32 can be explained by assuming a positive RTLIas expression
and resultant normal (1x) RTLI expression in the placenta
(Supplementary Figure S1). In addition, since mouse Gtl2 (Meg3) is
expressed in multiple fetal tissues including the primordial cartilage,'*
this may argue for the positive role of absent MEGs expression in
phenotypic development.
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Patient (Epi)genetic cause GA

Cause of death

Age of death

1  UPD(14)pat(S-1) 34 Respiratory failure 2 hours
8 UPD(14 Jpat (S-1) 24 Influenza infection 32/M12yrs
15  UPD(14)pat (S-3) 34 Necrotizing enterocolitis 6 mos
17  UPD(14)pat (S-3) 32 Hepatoblastoma 8 mos
18 UPD(14)pat(S-3) 37 Hemophagocytic syndrome 1 5/12 yrs
30 Microdeletion (S-1) 27 Sudden death at URI 9 mos
32 Microdeletion (S-2) 28 Intracranial hemorrhage 4 days
33 Microdeletion (S-3) 35 RS virus infection 310/12yrs

Figure 5 Kaplan-Meier survival curves according to the (epi)genetic cause and the gestational age (week), and summary of the causes of death. GA,

gestational age; URI, upper respiratory infection; and RS, respiratory syncytial

The present study revealed several notable findings. First, polyhy-
dramnios was identified during the pregnancies of nearly all patients,
except for patient #32 of Del-S2. Amniotic fluid originates primarily
from fetal urine and is absorpted primarily by fetal swallowing into the
digestive system.!®!° Since fetal hydration and the resultant urine flow
mainly depend on the water flow from maternal circulation across the
placenta,'® placentomegaly would have facilitated the production of
amniotic fluid. Furthermore, since feeding difficulty with impaired
swallowing was observed in most patients, defective swallowing would
have compromised absorption of amniotic fluid. Thus, both body and
placental factors are assumed for the development of polyhydramnios.
This would explain why polyhydramnios was observed in patients #1,
#6, and #8 who were free from placentomegaly, and in patient #22
who showed no feeding difficulty, although the presence of feeding
difficulty was unknown for patient #1 as was placentomegaly for
patient #22. In addition, since amniotic fluid begins to increase from
8—11 weeks of gestation and reaches its maximum volume around
32 weeks of gestation,'®1? this would explain why amnioreduction was
usually required from 30 weeks of gestation.

Second, birth size was relatively well preserved, whereas postnatal
growth was rather compromised. The well preserved prenatal growth
in apparently compromised intrauterine environments would be
consistent with the conflict theory that overexpression of PEGs
promotes fetal and placental growth.?’ Notably, birth weight was
disproportionately greater than birth length in the apparent absence of
generalized edema. In this regard, mouse DIkI, Rfll, and Gtl2 (Meg3)
on the distal part of chromosome 12 are expressed in skeletal muscles
(Supplementary Figure S5),14!7 and paternal disomy for chromosome
12 causes muscular hypertrophy.?! Thus, patients with UPD(14)pat
and related conditions may have muscular hypertrophy especially in
the fetal life. The compromised postnatal growth would primarily be
because of poor nutrition caused by feeding difficulties, whereas
relative overweight suggestive of possible muscular hypertrophy
remains to be recognized.

. Patients #8, #17, and #18 had hepatoblastoma.

Third, DD/ID was invariably present in all 26 patients examined for
their developmental/intellectual status, with the median DQ/IQ of 55.
In this regard, mouse DIkI, Rll, and Gtl2 (Meg3) are expressed in the
brain during embryogenesis (Supplementary Figure S5),*? and DIkI is
involved in the differentiation of midbrain dopaminergic neurons.??
Thus, DD/ID would primarily be ascribed to the altered expression
dosage of PEGs/MEGs in the brain.

Fourth, hepatoblastoma was identified in three patients of
UPD-group during infancy. In this context, it has been reported that
(1) mouse DIkI, Rl1, and Meg3 (Gtl2) are expressed in the fetal liver,
but not in the adult liver; 14172324 (2) overexpression of Rl in the
adult mouse liver has induced hepatic tumors with high penetrance;**
(3) Meg3 functions as a tumor suppressor gene in mice;>> (4) human
DLKI1 is expressed in the hepatocytes of 5-6 weeks old embryos;?® and
(5) human DLK1 protein is upregulated in hepatoblastoma.?’ These
findings imply the relevance of excessive RTLI expression and loss of
MEGS3 expression to the occurrence of hepatoblastoma in UPD(14)pat
and related conditions, while it remains to be determined whether the
DILK1 upregulation is the cause or the result of hepatoblastoma
development. Thus, periodical screening for hepatoblastoma, such as
serum a-fetoprotein measurement and abdominal ultrasonography, is
recommended. In this context, it remains to be studied whether other
embryonal tumors may also be prone to occur in UPD(14)pat and
related conditions.

Fifth, mortality was high in Del-group and null in Epi-group.
The high mortality in Del-group would primarily be ascribed to the
high prevalence of premature delivery, although it is unknown
whether the high prevalence of premature delivery is an incidental
finding or characteristic of Del-group. The null mortality in Epi-group
may be due to possible mosaicism with cells accompanied by a normal
expression pattern because of escape from epimutation, as reported
previously.?$?° It is unknown, however, whether possible presence of
trisomic cells in TR-mediated UPD(14)pat and that of normal cells in
PE-mediated UPD(14) may have exerted clinical effects. Notably, since
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death was observed only in patients <4 years of age, the vital
prognosis is expected to be good from childhood. In addition, since
three patients died during respiratory infections, careful management
is recommended during such infections.

Furthermore, the present study also provides several useful clinical
implications: (1) two patients had Robertsonian translocations as a
risk factor for the development of UPD. Thus, karyotyping is
suggested for patients with an UPD(14)pat-like phenotype;
(2) prenatal detection of polyhydramnios and thoracic and abdominal
features is possible from ~25 weeks of gestation; (3) mechanical
ventilation and gastric tube feeding are usually required, with variable
durations; (4) there was no patient in UPD-group who exhibited
clinical features that are attributable to the unmasking of a recessive
mutation(s) of paternal origin; (5) since UPD(14)pat and related
conditions share several clinical features including embryonal tumors
with BWS (Supplementary Table S$S4), UPD(14)pat and related
conditions may be worth considering in atypical or underlying
factor-unknown BWS; and (6) since clinical findings are comparable
between patients examined in this study and 17 similarly affected non-
Japanese patients (Supplementary Table S5), our data will be applic-
able to non-Japanese patients as well.

A critical matter for UPD(14)pat and related conditions is the lack
of a syndrome name. Although the term ‘UPD(14)pat syndrome’ has
been utilized previously,® the term is confusing because ‘UPD(14)pat
syndrome’ can be caused by (epi)genetic mechanisms other than UPD
(14)pat. In this regard, the name ‘Temple syndrome’ has been
proposed for UPD(14)mat and related conditions or ‘UPD(14)mat
sy‘ndrome’,“'32 a mirror image of UPD(14)pat and related conditions.
On the basis of our previous and present studies that have made a
significant contribution to the clarification of underlying (epi)genetic
factors and the definition of clinical findings, we would propose the
name ‘Kagami-Ogata syndrome’, or ‘Wang~Kagami-Ogata syndrome’
with the name of Wang who first described UPD(14)pat,>* for UPD
(14)pat and related conditions.

In summary, although the number of patients still remains small,
especially in each subtype of Del-group, the present study reveals
pathognomic and characteristic clinical findings in UPD(14)pat and
related conditions. Furthermore, this study shows the invariable
occurrence of DD/ID and the occasional (8.8%) development of
hepatoblastoma, thereby showing the necessity of adequate support for
DD/ID and screening of hepatoblastoma in affected patients. Finally,
we propose the name ‘Kagami-Ogata syndrome’ for UPD(14)pat and
related conditions.
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Reference standard of penile size and prevalence of buried
penis in Japanese newborn male infants

Nobutake Matsuo'’, Tomohiro Ishii'’, John I Takayama?), Masayuki Miwa') and Tomonobu Hasegawa’.)
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Abstract, The present study set forth the reference values for penile size and determined the prevalence of buried penis in
Japanese full-term newborns, The stretched penile length was measured and the presence of buried penis was assessed at
17 days of age in 547 Japanese full-term newborn infants born between 2008 and 2012 in Tokyo. The stretched penile
lengths were compared at 1-12 hours and 1-7 days of age in 63 infants and by two observers in 73 infants to estimate
postnatal changes and interobserver variation, respectively. The mean stretched penile length was 3.06 cm (SD, 0.26; 95%
confidence interval [C], 3.04-3.08) and the mean ratio of penile length to body length was 6.24+100" (SD, 0351007,
both of which were significantly smaller than those in Caucasian newborn infants, Buried penis was identified in 20 of 547
fants (3.7%; 95% Cl, 2,1--5.2%). The first measurements of penile length at 1-12 hours were significantly smaller than
the next measurements at 1-7 days (95% CI of the difference, 0.22-0.34). The 95% CI for the limits of agreement in the
penile lengths measured by the two observers was -0.38 to -0.40 for the lower limit and 0.33 to 0.51 for the upper limit.
These findings indicate that the penile length should be assessed after 24 hours of age by the reference standard of the same

ethnicity for identifying micropenis and that buried penis is not uncommon in Japanese full-term newborns.

Key words: Stretched penile length, Buried penis, Full-term neonate, Reference value, Ethnicity

PREVIOUS studies indicate that mean penile length is
significantly smaller in newborn infants of East Asian
origin than in those of Caucasian origin [1-6], although
conflicting data have been reported on Singaporean
newborn infants [7]. Furthermore, published data
on non-Caucasian infants are limited to those assess-
ing Chinese, Saudi Arabian, and East-Indian infants,
and relevant data are not available for contemporary
Japanese newborn infants. Here, we report the refer-
ence standard for penile size to define micropenis in
Japanese full-term newborn infants,

Subjects and Methods
A total of 1,210 consecutive full-term newborn

infants (610 male and 600 female) were born between
January 1, 2008 and December 31, 2012 in a regional
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hospital in Tokyo. The stretched penile length was
measured in 547 of the 610 full-term male new-
born infants (Table 1). The inclusion criteria for the
study were: (1) 37-42 weeks gestation, (2) 1-7 days
of age at measurement, (3) parents of Japanese eth-
nicity, (4) no cryptorchidism or hypospadias, and (5)
no major malformation or chromosomal abnormal-
ity. Measurements of siretched penile length were
made as a part of the routine physical examination, and
the length, weight, head circumference, and placental
weight of each infant were measured by the midwives
in the nursery. Buried penis was defined as the penis
for which the shaft was buried below the surface of
the prepubic skin and the stretched length was unmea-
surable accurately even with compressing suprapubic
fat pad. Baseline demographic data including parity
of birth, parental age, parental height and weight, and
medical history were also obtained.

Penile length was determined from the pubic ramus
to the tip of the glans penis by placing the end of a
measuring tape against the pubic ramus and apply-
ing traction along the length of the phallus to the point
of increased resistance. The stretched penile length
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Table 1 Stretched penile lengths and demographic characteristics Qf study subjects (N=547)

Mean (SD) . Median (SE) ~ 95%CI
Gestational age (weeks) 30.6(1.2) 39.7(0.1 39:5-39.7
Birth parity 1.6(0.7) 1(0.03) 1.5-16
Maternal age (vears) 31.0(4.9) 310.2) 30.6:31.4
Paternal age (years) 33367 33(0.2) 32.833.7
Mid-parental age (vears) 322(4.8) 323(0.2) 31.8-326
Maternal height (cm) 159.0 (5.4) 159.0 (0.2) 158.6-159.5
Paternal height (cm) 1723(58) 1720(02) - 171.8-172.7
Mid-parental height (cm) 1656 (4.1) 165.0(0.2)  165.3-166.0
Birth weight (g) 3.118(325)  3.115(14)  3,0091-3,146
Birth fength (cm) 49.0 (1.8 49.0 (0.08) 48.9:492
Birth' BMI 129(0.9) 13.0(0.04) 12.9-13.0
Placental weight (g) 582 (103) 570 (4) 574=591
Penile length (em) 3.06(0.26) 3.1(0.01) 3.04-3.08
Standardized penile length (cm/S0cm length)  3.12.(0.28) 3.1(0.01) 3.10-3.14

was measured only for the penis that was fully flac-
cid. Interobserver agreement was investigated for
stretched penile length measurements, using the 95%
limits of agreement method by Bland and ‘Altman {8,
9]. Our preliminary study suggested that penile length
was shorter if measured soon after birth, since edema-
tous prepubic skin hinders sufficient stretching of the
penis. To study the magnitude of the effect of postna-
tal age of newborn infants on penile size, comparisons
were made in 63 infants by using a paired -test for the
first measurements obtained within 12 hours of age and
the second measurements obtained at 1-7 days of age,
each made by the same measurer.

This study was conducted in accordance with the
ethical principles set out in the Declaration of Helsinki,
and with the ethical guidelines for epidemiological
studies issued by the Ministry of Health, Labor and
Welfare in Japan.

Results

Mean and SD of penile length

A histogram of penile lengths of Japanese full-term
newborn infants is shown in Fig. 1. The mean penile
length was 3.06 cm (SD, 0.26 cm). and the 95% confi-
dence interval (CI) was 3.04-3.08 cm. The lower limit
of the normal range (-2.5 SD) was 2.40 cm. Thus,
micropenis was defined as a penis measuring <2.4 cm
in stretched length.

The mean penile length (cm) was divided by the
mean body length (cm) at birth to obtain the standard-
ized penile length for full-term newborn infants. The

standardized penile length was 6.24 %1007 for Japanese
infants, whereas it was 6.16x100"" for Canadian
Chinese, 6.58x100" for Canadian Caucasian,
6.74x1007! for Danish and Finnish, and 7.00x100"!
for Jewish Israeli infants (unfortunately. body length
at birth was not provided for the US Caucasian study).

The coefficient of variation for penile length was
8.5% for Japanese full-term newborn infants, whereas
it was 11.4% for Jewish Istaeli [5], 11.5% for Danish
and Finnish [2], 13.3% for Hong Kong Chinese [6], and
20.0% for American Caucasian [4] full-term newborn
infants. This indicates that data on Japanese infants
are relatively less spread out as compared to those on
infants of other ethnicities.

There was no apparent relationship between gesta-
tional age and penile length at 3742 weeks (Fig. 2),
although the correlation coefficient between the weeks
of gestation (37—42 weeks) and stretched penile length
was 0.12 (p =:0.004). We combined the data to derive
the reference standard of penile length for Japanese
full-term newborn infants.

Interobserver variation

Stretched penile length was measured in 73 infants
by two observers to estimate interobserver variation.
Differences in the measurements of penile length were
plotted against mean penile length by the two observ-
ers, with mean difference and 95% limits of agreement
indicated (Fig. 3). There was no obvious relationship
between the differences and the mean. The differences
showed mean and SD values of -0.03 and 0.23, respec-
tively, with the 95% limits of agreement being -0.49
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Fig. 1 Histogram of stretched penile length of 547 Japanese full-term newborn infants
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to-0.42.. The standard error of the limits was 0.047,

as based on the formula v3s%/n, where s is the stan-
dard deviation of the differences and n is the sample
size. Thus. the 95% CI for the limits'of agreement was
-0. 58 to -0.40 for the lower limit and 0. 3310 0.51 for
the upper limit. -

Postnatal age at measurement
In 63 full-term newborn infants, penile length was
measured first within 12 hours after birth and then at
1-7 days- postnatally by the first author. The resnlts
are shown in Table 2, which 1nd1cate that the first mea-
surements are sxgmﬁcantly smaller than the next mea-
surements Based on these findings, wedetennmed
the ?enile reference standard for full-term newborn
infants,; as measured at 1-7 days of age.

Buried penis

In buried penis that is obvious at birth, little penile
skin is evident and the penile shaft is below the sur-
face of the prepubic skin, which prevents accurate
measurement of penile length in infants. Buried penis
was diagnosed in 20 of 547 (3.7%) full-term newborn
infants, with the 95% CI being 2.1-5.2%. In those 20
mfams the penis was normal in size by palpanon but
the stretched penile lengths ranged from 2.3 to 3.1 cm
(mean, 2.57). Of the 20 mfams diagnosed with bur-
ied penis at 1-7 days of age, 12 had buried penis at 1
month, and 8 were lost to follow-up. The 12 infants
underwent follow-up. for various lengths of time, with
10 having improved or outgrown the condition by 3—4
years of age. The remaining 2 infants continued to
have buried penis at 4-5 years of age (0.3%:95% CL
0.0-0.9%). We estimate that the prevalence of congen-
ital buried penis in Japanese infants is approximately
2-5% at 1-7 days of age and 0.3% at 45 years of age.

Discussion

As derived from the present data, the mean stretched
penile length for full-term newborn infants was 3.06
cm (SD, 0.26). The lower cutoff limit was calculated
to be 2.4 cm (2.5 SD). These subjects with no sign
of disorders of sex development are likely represen-
tative of contemporary Japanese newborns, although
mild form of androgen insensitivity syndrome [10] or
Su-reductase deficiency [11] cannot be excluded. Thus,
micropenis is defined as a penis with a stretched penile
length of less than 2.4 c¢cm in contemporary Japanese
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Table 2 Stretched penile length measuremants in 63 full term
newbom infants as determined on: two occasions

1= 1‘7 hours of age 1-7 davs of age Difference
Mean (SD)  © Mean(SD). . (93%C1)
Pem e fength - 2.75.cm (0.31) 3,03 em (0.26) 0.30 cm (0,22:0.34)
Age 3.6 hours (3.9) 3.3 days (0.8)

in: Caucasian newbom infants.

full-term newborn infants.

The results indicate that the mean pemle length is
sxgmﬁcanﬂy shorter inJapanese newborn infants than
The standard refer-
ence for. pemle size has previously been established
for American term newborn mfants by Feldman and
Smith [4] with the mean stretched penile length being
3.5 em (SD; 0. 4) Boas ¢t al. [2] also have recently
determined new reference ranges for flaccid penile
length in Nordic. Caucasian newborn infants, with the
mean length being 3:49 cm (SD 0.4). Our finding is
in-accordance with that of Cheng and Chanoine [3],
who documented that the mean penile length is signifi-
cantly shorter in Canadian newborn infants of Chinese
origin than in Canadlan newborn infants of Caucasian
and East- lnchan origins. The mean (SD) was 3.1 (0.3)
cm-for mfants of Chinese ethnicity, 3.4 (O 3) cm for
those of Caucasxan ethnicity, and 3.6 (0.4) cm for those

of Eastvlndxan ethmcxty Fox et al. [6] also reported

similar data (mean stretched length 3.0 cm; SD, 0.4
cm) in Hong Kong Chinese full-term newborn mfants

There is no consensus among investigators regard—
ing the standard;zed method for penile length measure-
ment, i.e., flaccid vs. stretched penile length measure-
ments. Schonfeld and Beebe [12] showed that stretched
penile length is the most consistent measure of phallic
length and that it closely corre]ates with erect penile
length [12]. On the other hand, Boas et dal. [2] found
that flaccid penile length is a reliable measure of phal-
lic length, -as an erection is avoided in most cases. Each
method obviously has its advantages and disadvantages,
as demonstrated by various investigators, but more
importantly, Boas et al. [2] showed that the standard
deviation between the two methods (flaccid vs. stretched
penile length measurements) was £0.36 cm, which is
comparable to the interobserver variation of £0.34 cm.
This observation indicates that measurements should be
repeated in borderline or technically difficult cases, irre-
spective of whichever method is adopted.

In addition to interobserver variation, we showed
that postnatal age at measurement was another source
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of measurement variability. The mean penile length
measured within 12 hours after birth was 0.31 cm
shorter than that re-measured at 17 days of age in the
63 infants studied (Table 23, - We suspect that smaller
penile length readings measured within 12 hours of age
reflect edematous prepubic tissue preventing the sep-
aration of penopubic tissue from the penis in infants,
To our knowledge, no previous study has addressed
the prevalence of buried penis. in children or adults.
Here, we report that buried penis is not uncommon in
Japanese full-term newborn infants, and it occurred
in'as many as 3-4% of the newborn infants studied.
Nevertheless, most newborn infants presented with a
mild form of buried penis. They had apparently small
penises, but on palpation.and by gross estimation, we
found that the penises had a normal shaft of normal
length.: Of the 20 newborn infants with buried penis,
only 2 had features of buried penis that lasted till at
least 4-5 vyears of age. Flaccid penile length mea-
surement may be technically problematic in newborn
infants with buried penis. Stretched penile length-mea-
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surement can be performed in such infants, and ultra-
sound evaluation of penile length may offer a- more
accurate assessment of functional penile length [13].

We conclude that the micropenis needs to be defined
according to ethnicity and a separate penile length be
considered -as the lowest limit for the definition of
micropenis in each population.
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Abstract

Background: Although TBX1 mutations have been identified in patients with 22g11.2 deletion syndrome (22q11.2DS)-like
phenotypes including characteristic craniofacial features, cardiovascular anomalies, hypoparathyroidism, and thymic
hypoplasia, the frequency of TBX7 mutations remains rare in deletion-negative patients. Thus, it would be reasonable to
perform a comprehensive genetic analysis in deletion-negative patients with 22q11.2DS-like phenotypes.

Methodology/Principal Findings: We studied three subjects with craniofacial features and hypocalcemia (group 1), two
subjects with craniofacial features alone (group 2), and three subjects with normal phenotype within a single Japanese
family. Fluorescence in situ hybridization analysis excluded chromosome 22g11.2 deletion, and genomewide array
comparative genomic hybridization analysis revealed no copy number change specific to group 1 or groups 1+2. However,
exome sequencing identified a heterozygous TBX1 frameshift mutation (c.1253delA, p.Y418fsX459) specific to groups 1+2,
as well as six missense variants and two in-frame microdeletions specific to groups 1+2 and two missense variants specific to
group 1. The TBX1 mutation resided at exon 9C and was predicted to produce a non-functional truncated protein missing
the nuclear localization signal and most of the transactivation domain.

Conclusions/Significance: Clinical features in groups 1+2 are well explained by the TBX7 mutation, while the clinical effects
of the remaining variants are largely unknown. Thus, the results exemplify the usefulness of exome sequencing in the
identification of disease-causing mutations in familial disorders. Furthermore, the results, in conjunction with the previous
data, imply that TBX1 isoform C is the biologically essential variant and that TBXT mutations are associated with a wide
phenotypic spectrum, including most of 22q11.2DS phenotypes.
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Introduction (DGS) and velocardiofacial syndrome (VCES) with overlapping
but different patterns of clinical features [1].

While multiple genes are involved in chromosome 22ql1.2
deletions [2], 7BX! (T-box 1) has been regarded as the major gene
relevant to the development of clinical features in 22q11.2DS [3].
Indeed, heterozygous 7BX/ mutations have been identified in
several deletion-negative patients with 22q11.2DS phenotype [2—
8], and mouse studies argue for the critical role of 7bx/ in the
development of 22ql11.2DS phenotypes [3]. However, the
frequency of 7BX!/ mutations remains rare in deletion-negative
patients: Gong et al. identified only a few probable 7BXI
mutations after studying 40 patients with DGS/VCES phenotypes

Chromosome 22ql11.2 deletion syndrome (22q11.2DS) is a
developmental disorder associated with characteristic craniofacial
features with velopharyngeal incompetence, cardiovascular anom-
alies primarily affecting the outflow tracts, hypoparathyroidism
and resultant hypocalcemia, and thymic hypoplasia leading to
susceptibility to infection [1]. This condition is also frequently
accompanied by non-specific clinical features such as develop-
mental retardation [1]. Expressivity and penetrance of these
features are highly variable and, consistent with this, chromosome
22q11.2 deletions have been identified in DiGeorge syndrome
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[4], and Zweier et al. found a single 7BY/ mutation after
examining 10 patients with 22¢11.2DS phenotype  [8]. This
indicates the presence of genetic heteragencity in the development
of 22q11.2DS phenotype in deletion-negative patients. Consistent
with this, another DGS/VCFS locus has been assigned to
chromosome 10p13-14 region [9]. Thus, it would be reasonable
to perform a comprehensive genetic analysis in deletion-negative
patients with 22q11.2DS phenotype.

In this regard, recent advance in molecular technologics has
enabled to perform comprehensive genetic analyses, therchy
contributing to the identification of underlying factors in genetic
disorders.  Indeed, genomewide array comparative  genomic
hybridization (CGH) has identified multiple  discase-associated
copy-number changes [10], and exome scquencing has discovered
multple discase-causing gene mutations [11]. In particular, these
technologics can be powerful methods for familial disorders,
because it is predicted that a single copy-number change or
mutation is shared in common by allected subjects and is absent
[rom non-alfected subjects within a family.

Here, we performed array GGH analysis and exome sequencing
in a family with 22q11.2DS-like clinical [eatures. Although this
study did not discover a novel discase gene, a TBXT mutation was
successfully identified.

Materials and Methods

Ethics statement

The Institutional Review Board Committees of Hamamatsu
University School of Medicine, Tohoku University School of
Medicine, Kurashiki Central Hospital, and National Rescarch
Institwte for Child Health and Development considered and
approved the study, consent/assent procedures, and the publica-
tion of images and case details associated with this work. The
individuals in this manuscript have given written informed consent
(as outlined in PLOS consent form) to publish these case details.
Actually, this study was performed after obtaining written
informed consent from the parents of the child subjects and from
the adult subjects. Furthermore, the mother and the elder brother
aged 19 years old have given written informed consent to
publication of the facial photographs of the two brothers; in
addition, the younger brother aged 10 years has given informed
assent.

Clinical Report

The pedigree of this Japanese family is shown in Fig. 1, and
clinical findings of the family members are summarized in Table 1.
The proband (subject ITI-5) was found to have hypocalcemia and
hyperphosphatemia in a pre-operation laboratory test for repeated
otitis media at 8 years of age, and was referred to Department of
Pediatrics at Kurashiki Central Hospital. Subsequent examination
revealed borderline low serum intact PTH value. Thus, he was
diagnosed as having hypoparathyroidism, and received vitamin D
therapy. Furthermore, physical examination showed characteristic
craniofacial features with velopharyngeal incompetence suggestive
of 22¢q11.2DS.

Similar craniofacial features were also exhibited by subjects H-2,
IMI-1, -6, and HI-7, and hypocalcemia was also identified in
subjeets I1-2 and III-7. Actually, subject II-2 was taking vitamin D,
and subject III-7 was noticed to have hypocalcemia at birth
because of the history of subject III-5, and was treated with
vitamin D. The five subjects with 22q11.2DS-like craniofacial
features lacked cardiovascular anomalies; while they also lacked
susceptibility to infection, except for repeated otitis media in
subject III-5, thymic hypoplasia was not evaluated in four of the
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five subjects, By contrast, the five subjects exhibited borderline to
mild developmental delay. Indeed, adult subjects II-2 and III-1
had some difficulty in verbal communications, although they were
able to get on their daily life, and subject TI-2 was able to take carc
of family members. Similarly, child subjects 111-5, III-6, and I1I-7
also showed speech delay, and subjeets HI-5 and -7 received
speech therapy. Furthermore, subject II1-7 was diagnosed as
having pervasive developmental disorder, and his verbal, perfor-
mance, and full scale intelligence quotients were assessed as 63, 64,
and 60, respectively, by the WISC-III method at 10 years of age.
In addition, subject [1-2 had sensorineural dealness, and subject
111-5 had Graves’ discase,

Molecularly Studied Subjects

Molecular studies were performed for cight subjects in this
family, using peripheral blood samples. They were divided into
three groups in terms of clinical findings: group 1, subjects 1I-2,
II-5, and 11I-7 with craniofacial featurcs and hypocalcemia; group
2, subjects IHI-1 and I1-6 with craniofacial {catures alone; and
group 3, subjects 1I-1, II-3, and IV-1 with apparenty normal
phenotype (Fig. 1).

FISH and Array CGH Analyses

Fluorescence  situ hybridizaton (FISH) analysis was performed
with a probe for HIRA on the commonly deleted chromosome
22q11.2 region and that for ARSA at chromosome 22q13 utilized
as an internal control (Abott). Array CGH was carried out using a
genomewide 2x400K Agilent platform catalog array, according to
the manufacturer’s instructions {Agilent Technologies), and copy
number  variants/polymorphisms were screencd  with  Agilent
Genomic Workbench software using the Database of Genomic
Variants (http://dgv.tcag.ca/dgv/app/home).

Exome and Sanger Sequencings

Exon capture was performed with the SureSclect Human All
Exon kit v4 (Agilent Technologies). Exon librarics were sequenced
with the Illumina Hiseq 2000 platform according to the
manufacturer’s instructions (llumina), providing 108-122 average
depth for each sample. Paired 101-base pair reads were aligned to
the reference human genome (UCSChgl9) using the Burrows-
Wheeler Alignment tool [12]. Likely PCR  duplicates were
removed with the Picard program (http://picard.sourceforge.
net/). Single-nucleotide variants and indels were identified using
the Genome Analysis Tool Kit (GATK) v1.6 software [13]. SNVs
and indels were annotated against the RefSeq database, 1000
Genomes Project variant data, and dbSNP135 with the ANNO-
VAR program [14].

To confirm mutations indicated by exome sequencing, Sanger
sequencing was performed for PCR products obtained with
primers flanking the detected mutations, using a 3500xL genctic
analyzer (Life Technologies). Furthermore, the PCR products
were subcloned with TOPO TA Cloning Kit (Life Technologies),
and normal and mutant alleles were sequenced separately.

In silico protein functional analysis

Function of proteins with missense variations was assessed by
Polymorphism Phenotyping-2 (PolyPhen-2, http://genetics.bwh.
harvard.edu/pph2/) and Sorting Intolerant From Tolerant (SIFT,
http://sift jeviorg/), and that of proteins with in-frame amino
acid deletions was evaluated by PROVEAN predictions (http://
provean jevi.org/index.php).
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Figure 1. The pedigree of this family. Facial features of subjects Ill-5 and -7 are shown.

doi:10.1371/journal.pone.0091598.g001

Results

FISH and Array CGH Analyses

FISH analysis delineated two signals for IRA (Fig. 2A). Array
CGH analysis revealed no copy number change specific to group 1
or groups 1+2, in the entire genome including chromosome
10p13-14 and chromosome 22q11.2 regions (Fig. 2B).

Exome and Sanger Sequencings

Exome sequencing identified nine heterozygous non-synony-
mous variants (six missense variants, two in-frame microdeletions,
and one frameshift variant) that were specific to groups 142
(namely, they were present in groups 1+2 and absent from group 3
as well as from 1000 Genomes, dbSNP135, and our in-house
exome data from 70 individuals) (Table SI). Notably, the
frameshift variant (c.1253delA, p.Y418{5X459) was found at exon
9C of TBXI for DGS/VCES (Fig. 3). Of the remaining cight
variants, two variants were also detected in disease-related genes:
p-G204R in HDAC# for brachydactyly-mental retardation syn-
drome [15], and p.276del in CGNDI constituting a susceptibility
factor for colorectal cancer and a modifier for von Hippel-Lindau
disease [16,17]. Exome sequencing also detected two heterozygous
missense variants that were specific to group 1 (Table S1).

When all variants were included, exome sequencing revealed:
(1) 83 non-synonymous and 86 synonymous variants that were
present in groups 1+2 and absent from group 3 (Table S2); (2) 54
non-synonymous and 48 synonymous variants that were present in
group | and absent from groups 2+3 (Table S3); (3) 6,033 non-
synonymous and 6,667 synonymous variants that were present in
groups 142, but not specific to groups 142 (thus, they may be
present in group 3 or absent from group 3); and (4) 7,073 non-
synonymous and 7,861 synonymous variants that were present in
group 1, but not specific to group 1. Furthermore, comparison of
the exome sequencing data between group 1 with hypocalcemia
and group 2 without hypocalcemia revealed 231 non-synonymous
and 254 synonymous variants that were present in group ! and
absent from group 2 (Table S4), and 246 non-synonymous and
242 synonymous variants that were present in group 2 and absent
from group 1 (Table S5). (The variant data other than those
described in Supplemental Tables may be available on request

PLOS ONE | www.plosone.org

195

after discussion with the family members and approval by our
IRBs, because they contain a huge amount of individual genetic
information.)

In silico protein functional analysis

The results are summarized in Table S1. The p.G204R in
HDAC4 and the p.E276del in CCGNDI were assessed as non-
pathologic, while some variants were evaluated as potentially
pathologic.

Discussion

Exome sequencing successfully identified a heterozygous
frameshift variant on exon 9C of 7BXI. The c.1253delA
(p-Y418£5X459) appears to be a disease-causing mutation, because
it is predicted that this variant escapes nonsense-mediated mRNA
decay due to its position on the final exon [18] and produces a
truncated protein lacking the nuclear localization signal (NLS) and
most of the transactivation domain (TAD) on exon 9C (Fig. 3)
[19]. In support of this, functional studies for a similar ¢.1223delC
(p-S408£sX459) mutation on exon 9C have shown that the
truncated p.S408(sX459 protein was incapable of localizing to
nucleus and lost transactivation function [2,5,19]. One may argue
that this c.1253delA mutation affects 7BX! isoform C (7BXIC,
TBX1-003) alone, while 7BX/ produces three transcript variants
containing T-box [2,4] (Fig. 3). However, 7BXI(C is the major
transcript with the NLS and the TAD in human and is highly
homologous to mouse 76x/ [4] (Fig. S1).

Craniofacial features in groups 1+2 and hypocalcemia in group
1 are well explained by the 7BX] mutation [3]. This argues for a
critical role of this mutation in the phenotypic development in
groups 1+2, while the clinical effects of the remaining variants
identified by exome sequencing are largely unknown. In this
regard, comparison between group 1 with hypocalcemia and
group 2 without hypocalcemia revealed a large number of non-
synonymous and synonymous variants that exclusively belonged to
either group 1 (Table S4) or group 2 (Table S5), although the lists
did not contain a ¢.2968A>G (p.R990G) SNP in CASR (calcium
sensing receptor) that has a gain-of-function effect and appears to
raise the susceptibility to hypocalcemia (Fig. S2) [20]. Thus, it is
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likely that, together with environmental factors, the combination
of hitherto unknown calcium metabolism-related functional
variants would underlie different serum calcium values between
groups | and 2.

In addition to craniofacial [eatures with and without hypocal-
cemia, TBX! mutation positive subject II-2 had sensorineural
dealness, and III-5 had Graves’ disease. Since such features are
occasionally manifested by patients with 22q11.2DS [21,22], the
results may suggest the relevance of 7BXI to such rather
infrequent features in 22q11.2DS.

The five TBXI mutation positive subjects in groups 142 lacked
cardiovascular lesion and manifested borderline to mild develop-
mental retardation (while they had no susceptibility to infection,
assessment of thymic hypoplasia remained fragmentary). By
contrast, cardiovascular lesion is frequently observed and devel-
opmental retardation is rare in previously reported patients with
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Table 1. Clinical findings of the family members.
TBX1 mutation (+) TBX1 mutation {—) TBX1 mutation (N.E.)

Individual -2 -1 -5 -6 -7 -1 Hi-3 V-1 i3 -4 -2

Present age {year) 51 26 19 13 10 59 22 5 50 49 25

Sex F F M F M M E M M M M

Craniofacial features + + + + + - - - - - -
Hypertelorism + * + 4 + ~ - s - - -
Blepharophimosis + + 4 + + - - - - - -
Low set ears + + + & o - - - - - -
Auricular anomalies + - - - - - - - - -
Narrow nose + + + * + - - - - - -
Cleft palate - - - - - - - - -
Micrognathia * + + + + i - - - - -
Velopharyngeal incompetence " + + + = - - - - -

Hypoparathyroidism + - + - + - b e - - -
Age at examination (year) 44 17 8 4 0 (1 day) NE. 15 0 (6 days) N.E. N.E. 18
Serum calcium (mg/dL)* 7.6° 9.0 6.0 9.1 59 B 9.0 9.8 9.6
Serum i-phosphate (mg/dL)® 3.9° 49 9.1 5.0 N.E. 4.8 6.3 4.6
Serum intact PTH (pg/dL)’ 31° NE. 15 N.E. 19 N.E 34 N.E.

Cardiovascular anomalies” - - - - - - - - - - -

Hypoplastic thymus® - N.E. N.E. N.E. N.E. N.E. N.E, N.E. N.E. N.E. N.E;

Susceptible to infection - - -t - - - - - - - -

Other features - - - - - - - - - - =
Developmental retardation + + +9 + +9 - - - - - -
Sensorineural deafness 40 -~ - - - - - - - - -
Graves' disease - - 4 - - - - - - - -

individuals correspond to those shown in Fig. 1.

i-phosphate: inorganic phosphate; SD: standard deviation; F: female; M: male; and N.E.: not examined.

“Reference values: calcium, 9.0-11.0 mg/dL in infants and 8.8-10.2 mg/dL in adults; inorganic phosphate, 4.8~7.5 mg/dL in infants and 2.5-4.5 mg/dL in adults, and

intact PTH, 10-65 pg/dL in infants and 14-55 pg/dL in adults.

Conversion factor to the Sl unit: 0.25 for calcium (mmol/L), 0.32 for inorganic phosphate (mmol/L), and 0.106 for intact PTH (pmol/L).

bExamined by echocardiography, chest roentgenography, and/or electrocardiography.

‘Examined by computed tomography.

“Received velopharyngeal closure.

“On treatment with vitamin D.

fRepeated ofitis media only.

9Received speech therapy.

"Required hearing aids.

iAt the time of diagnosis (11 years of age), serum TSH was <0.01 miU/L, free T 33.1 pg/mL [51.0 pmol/L], free T, 5.11 ng/dL [65.8 nmol/L], and TSH receptor antibody

1284% [normal range <1.9%].

doi:10.1371/journal.pone.0091598.t001

TBX1 mutations, although clinical features are [airly variable
among mutation positive patients (Table 2). Such difference would
more or less be ascribed to an examination bias that 7BX7 has
been analyzed in patients with isolated cardiovascular lesion in
several studies [4,6,7] or to the functional difference of the mutant
proteins [2,5-8]. However, in seven patients who have been
examined for DGS/VCFS-like clinical features and found to have
frameshift mutations on exon 9C (p.S4086X459, p. H425(X613,
and p.S4316X608) aflecting the NLS and the TAD, cardiovas-
cular lesion was present in four patients and developmental delay
was absent or not described, despite apparent similarity in the
ascertainment of patients and the function of mutant proteins
between the seven patients and the five affected subjects in this
family (Table 2) [2-5].

Thus, there may be protective factor(s) for cardiovascular lesion
and susceptibility factor(s) for developmental delay in groups 1+2.
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A A

Figure 2. FISH and array CGH analyses in the proband (llI-5). A.
FISH analysis. Two signals are shown for both HIRA at 22q11.2 (red
signals indicated by arrows) and ARSA at 22q13 (green signals indicated
by arrowheads). B. Array CGH analysis. No copy number change is
found for chromosome 10 carrying the second DiGeorge region and
chromosome 22 harboring the DGS/VCFS critical region, as well as other
chromosomes (not shown). Black, red, and green dots denote signals
indicative of the normal, the increased (>+0.5), and the decreased
(<—0.8) copy numbers, respectively. Although several red and green
signals are seen, there is no portion associated with =3 consecutive red
or green signals.

doi:10.1371/journal.pone.0091598.g002

In this regard, a simple explanation would be that protective
factor(s) for cardiovascular lesion are present in groups 1+2 and
may be present in group 3 or absent from group 3, whereas
susceptibility factor(s) for developmental delay is present in groups
142 and absent from group 3. Since 6,033 non-synonymous and
6,667 synonymous variants were found to be present in groups

A c.1253delA (p.Y418fsX459)
ESA E9B E10

E1 E2 E3 E4 E5 E6 E7 ES8 ESC
Genome 5

T-box (109 - 302 a.a.)

TBX1 Mutation

1+2 but not specific to groups 1+2, and 83 non-synonymous and
86 synonymous variants were revealed to be present in groups 1+2
and absent from group 3, a certain fraction of functional variants
may constitute protective factor(s) for cardiovascular lesion and
susceptibility factor(s) for developmental delay. In addition, while
p-G204R on HDAC#4 for brachydactyly-mental retardation syn-
drome was assessed as non-pathologic by in sifico analysis, it may
have played a certain role in the occurrence of developmental
delay in groups 1+2. Actually, such protective and susceptibility
factor(s) would be more complex, with the effects of functional
variants unique to each patient as well as the influences of
environmental factors. Furthermore, it remains possible that the
c.1253delA (p.Y418£sX459) mutation found in this study may be
related to a specific phenotype characterized by the presence of
craniofacial features and developmental delay and by the absence
of cardiovascular lesion, because of a hitherto unrevealed
mechanism(s). This matter awaits further studies.

Besides the clinical findings, several matters are also notable in
the nine apparently pathologic 7BX/ mutations identified to date
(Table 2). First, the mutations reside on exons 3-8 common to
isoforms A-C or on exon 9C specific to isoform C, with no
mutation on exons 9A and 9B specific to isoforms A and B. This
would be consistent with 7BX/C having the primary biological
function. Second, while most mutations have loss-of-function
effects, gain-of-function effects have been suggested for p.F148Y,
p-H1940Q), and p.310S by i vitro studies [8]. Thus, 7BX1 loss-of-
function mutations and gain-of-function mutations may result in
overlapping clinical features. Lastly, the c.1274_1281delAC-
TATCTC (p.H425£X613) missing the NLS on exon 9C was
shared by a patient with DGS-like phenotype and the apparently
normal mother, and the ¢.129_185del57 (p.43-61dell9) with
reduced transcriptional activity was common to a patient with
non-syndromic tetralogy of Fallot and the apparently normal
mother. This would imply the reduced penetrance of phenotypes
caused by these mutations.

In summary, we identified a 7BX/ mutation by exome
sequencing in a family with chromosome 22ql11.2 deletion-like

3

NLS (430 -441 a.a.)

<€—>TAD (409 - 495 a.a.)

B C

Transcripts Direct
TBX1B (001) Sequence ]M
(E9B & E10) «—372 aa—> CCCTACAAAT (frameshift)
TBX1A(002) [[[ ] [T [ LT | Subcloned
(E9A) <«—398 a.a.—> nﬁglga’
TBX1C (003) @ GCCTACAAATATCCGGECAD
( ) y 95 aa. Subcloned
p.Y418fsx459 [TTIT TT T [T - S
+—458 a3 ——> CCCTACAAATTCCGGCCGLT

¢.1253delA (p.Y418fsX459)

Figure 3. 7BX7 mutation identified in this family. A. Genomic structure of TBX7 and the position of the mutation. The color and the white boxes
represent the coding regions and the untranslated regions on exons 1-10 (E1-E10), respectively; the red, the purple, and the orange segments
indicate the coding regions on the final exons 9C, 9A, and 9B (splice variants), respectively. The T-box is indicated by yellow boxes, the nuclear
localization signal (NLA) by a blue segment, and the transactivation domain (TAD) by a green arrow. The c.1253delA (p.Y418fsX459) identified in this
family resides on exon 9C. B. Transcripts of TBX1. Three variants are formed by alternative splicing of the final exons 9C, 9A, and 9B. The c.1253delA
(p.Y418fsX459) mutation is predicted to yield a truncated TBX1C protein missing the NLS and most of the TAD. The stippled box of p.Y418fsX459
denotes aberrant amino acid sequence produced by the frameshift mutation. C. Electrochromatograms showing the frameshift mutation by Sanger
sequencing. The primer sequences used are: 5'-GCGGCCAAGAGCCTTCTCT-3" and 5'-GGGTGGTAGCCGTGGCCA-3'.

doi:10.1371/journal.pone.0091598.9g003
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Table 2. Summary of patients with TBX7 mutations.

TBX1 Mutation

TBX1C only TBX1A-C 22q11.2DS
Position Exon 9C Exon 9C  Exon 9C Exon 9C Exon 9C Exon 3 Exon 4 Exon 5  Exons
cDNA change® 1223 ¢.1253 c.1274_1281 €1293.1315 € 1399 1428 €129 _185 CA443T>A  ¢582C>G  ¢.928G>A Deletion
delC dela dels del23" dup3o® del57*
Amino acid p.5408 p.Y418 p.H425 p.5431 p.Aa67_476 pA43_61 p.F1a8y p.H194Q p.G310S
change fsX459 fsX459 f5X613 fsX608 dup10A del19
NLS (exon 9C) - - - + + + + + +
TAD (exon 9C) i Involved - Involved Involved Involved + + R +
Function LOF N.E, N.E. LOF LOF Reduced GOF™ GOF™ GOF™
Patient number 3 5 1 3! 2 1 1 2 1 558
Occurrence Familial ~ Familial  Sporadic? Familial Sporadic Sporadic? Sporadic Familial Sporadic
Facial features® 373 5/5 + 33 0/2 - + 2/2 + 100%
Nasal voice® 2/3 5/5 N.D. 3/3 0/2 - + 0/2 + 32%
Cardiovascular 1/3 0/5 + 2/3 2/2 + + 0/2 * 57%
anomalies
Hypopara- 1/3 3/5 + N.D. 0/2 b - 0/2 + 60%
thyroidism®
Hypoplastic 1/2° o’ + N.D, 0/2 - - N.E. ¥ ?
thymus
Susceptible to N.D. 0/5 N.D. N.D. 0/2 - N.D. N.D. N.D. 7
infection
Developmental ~ ~ * 03 5/5 ND 03 02 - -~ 12 - 38%
retardation
Reference 2 This study 3, 4 5 4,6 7 2 8 2 1

cardiovascular anomalies and in those with DGS/VCFS-like phenotype [4).

Dup: duplication.

“According to NM_080647.

bSuggestive of 22q11.2 deletion syndrome.

“Velopharygeal insufficiency.

dHypocalcemia is included.

“Two of the three subjects have been examined for hypoplastic thymus.
‘One of the five subjects has been examined for hypoplastic thymus.

9These two mutations have been inherited from apparently normal mothers,

iAnother deceased individual in this family also has similar clinical features.
The mutant protein is aggregated in the cytoplasm and the nucleus.

MGain-of-function effects have been found by in vitro studies [8].
doi:10.1371/journal.pone.0091598.t002

phenotype. Application of such powerful methods will serve to
identify a causative gene in genetically heterogencous disorders.

Supporting Information

Figure S1 Comparison of amino acid sequence of
human TBXIC and mouse Tbxl. The T-box is highlighted
in yellow, and the nuclear localization signal in light blue. The
region for transactivation domain is surrounded by squares. The Y
highlighted in red denotes the amino acid residue where the
{rameshift mutation in this family has taken place.

(T1E)

Figure S2 Analysis of ¢.2968A>G SNP (p.R990G,
rs1042636) with a gain-of-function effect in exon 7 of
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In addition to the mutations listed in this table, several missense variants and in-frame indels with unknown functions have been found in patients with isolated

NLS: nuclear localization signal; TAD: transactivation domain; LOF: loss-of-function; N.D.: not described; N.E: not examined; GOF: gain-of-function; Del: deletion; and

f"fhe €.1293-1315del23 has been described as ¢.1320-1342del23 in the original report [5].
‘Although the natural NLS has been disrupted, a new NLS-compatible motif (RGRRRRCR) has been created on the added amino acid sequence.

“These two mutations have been identified in TBX7 analyses for patients with cardiovascular anomalies only.

CASR. The SNP pattern is not co-segregated with the presence or
absence of hypocalcemia.

(TTF)

Table S1 Summary of heterozygous non-synonymous
variants.

(PDF)

Table 82 A list of variants that are present in groups
142 and absent from group 3.
(PDI)

Table 83 A list of variants that are present in group 1
and absent from groups 2+3.
(PDF)
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