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Nonidet P-40 all in isopropanol) was added. The plate was covered with
aluminum foil, and the cells were agitated on an orbital shaker for 15 min, after
which time the absorbance was read at 590 nm with a reference filter of 620 nm
using a Bio-Rad model 680 microplate reader (Bio-Rad, Hercules, CA, USA).

Statistical analysis

The SPSS version 21 software package was used for all statistical analyses. All
experimental data were reported as the mean £ SD. Mean values of continuous
variables were compared using a two-tailed t-test for independent samples.
P-values of less than 0.05 and 0.01 were considered significant and highly
significant, respectively.

RESULTS

Clinical findings

The current panoramic radiographs of the two affected individuals
and the pedigree of each patient are shown in Figures 1a, b, d and e.
Patient 1 is the first child of her family, and her parents and younger
sister is normal. Patient 2 is the second child of her family, and her
parents and elder brother is normal. Therefore, both cases are
sporadic mutations. In this study, more details of the dental
phenotypes of the patients were examined. The record of an oral
examination of patient 1 (first visit: 16Y6M) showed nine missing and
six impacted teeth, persistent primary teeth, delayed secondary
dentition, radiculomegaly, malformed teeth and cleft palate. Patient
2 (first visit: 10Y9M) had similar but less severe oral phenotypes. She
had only two missing teeth, one impacted tooth and submucous cleft
palate. The details of the dental phenotypes at the initial stage are
summarized in the diagrams in Figures lc and f.

Mutation analysis

Genetic analysis showed that patient 1 harbored a heterozygous
intronic polymorphism, ¢.166-55G > A, and a heterozygous nonsense
mutation, ¢*4794G>A (p.W1598%). The results of the healthy
parents of patient 1 showed that the father and mother harbored
the same intronic polymorphism, homozygous in the father and
heterozygous in the mother, but not the nonsense mutation (Figures
2a and b). This intronic polymorphism was reported in the Japanese
Single Nucleotide Polymorphisms Database, reference as rs6610384.
Patient 2 harbored a heterozygous frameshift mutation, ¢.3668delC
(p.S1223Wfs*15), whereas her healthy mother did not have any
mutations (Figure 2c). Disease-causing potential analyzed by Muta-
tion Taster showed that the nonsense and frameshift mutations are
predicted to cause disease, and no single nucleotide polymorphisms
in the altered region were found. These two mutations had not been
previously reported. The positions of the mutations and polymorph-
ism relative to the BCOR exons and protein are depicted in Figure 2d.

Cell culture and characterization of cultured cells

The first premolar from patient 2 was 39.2mm in length, approxi-
mately two times longer than normal (Figure 3a). As a comparison,
the normal tooth length of the lower first premolar is reported to be
22.5mm.?® Cultured mutant pulp and PDL cells harvested from
patient 2’s tooth are pictured in Figures 3b and c. Cellular BCOR gene
sequences were identical to those from the buccal swab (data not
shown). VIM was strongly expressed in mutant pulp, but KRT14 was
not, suggesting that most of the cultured mutant pulp cells were
mesenchymal and that few were epithelial cells. By contrast, VIM and
KRT14 were both highly expressed in the mutant PDL cells and more
highly than in mutant pulp cells. We conclude that cultured mutant
PDL cells include both mesenchymal and epithelial cells and could be
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Figure 1 Family pedigree, current panoramic radiograph and summarized
dental phenotypes of the two patients. The results of patient 1 are shown in
a-c, and the results of patient 2 are shown in d-f. (a) Family pedigree of
patient 1. The arrow indicates patient 1. (b) Current panoramic radiograph
of patient 1 showing remarkably long roots in many teeth, especially in the
anterior and premolar region. (c) Summary of the dental phenotype at the
initial stage of patient 1. (d) Family pedigree of patient 2. The arrow
indicates patient 2. (e) The current panoramic radiograph of patient 2 also
shows remarkably long roots and open apices in many teeth in the anterior
and premolar region. (f) Summary of the dental phenotype at the initial
stage of patient 2.

expected to have more mesenchymal and epithelial characteristics
than cultured mutant pulp. The PCR results are shown in Figure 3d.

BCOR expression

BCOR expression was detected in pulp and PDL in both wild-type
and mutant cultures. BCOR expression was significantly higher in
PDL cultures than in pulp cultures for both wild-type and mutant
cultures. In PDL cultures, BCOR expression was significantly lower in
mutant than wild-type cultures. The expression did not differ between
mutant and wild-type pulp cultures. The results are shown in
Figure 3e.

Analysis of NMD

Wild-type and mutant cells derived from both pulp and PDL showed
increased BCOR transcript levels after the inhibition of translation
elongation by the addition of CHX. The differential expression of
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Figure 2 Genetic analysis. (a and b) Patient 1 had an intronic polymorphism, ¢.166-55G>A and a nonsense mutation, c.4794G>A, which caused the
fruncated protein p.W1598*. However, her parents harbored only the intronic polymorphism. (c) Patient 2 had a frameshift mutation, ¢.3668delC, which
caused the truncated protein p.S1223Wfs*15, whereas her mother’s sequence was normal. (d) The positions of the variations in BCOR relative to the exons
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BCOR was determined by dividing post-CHX transcript levels by pre-
CHX transcript levels. This value reflected the fold change in
transcript levels due to the inhibitory effect of CHX (fold induction).
The differential expression of BCOR did not differ between mutant
and normal pulp but was significantly higher in mutant PDL than
wild-type PDL, as shown in Figures 3f and g. However, in both cell
types, NMD had a partial effect on transcript levels as indicated by the
detection of all heterozygous sequences in the cDNA both before and
after adding CHX (Figure 3h).

Analysis of RNA stability

Mutant BCOR transcripts in the PDL cells of patient 2 degraded
within 3h after the addition of actinomycin D and were more
unstable than were those of the wild type. In pulp cells, by contrast,
the mutant BCOR transcript level was not significantly different from
normal. The results are shown in Figures 4a and b.

Cell proliferation rate

The MTT assay showed that the mutant PDL cells proliferated faster
than the wild-type cells but that the mutant pulp cell proliferation
rate was likely normal, as shown in Figures 4c and d.

DISCUSSION

The two patients were diagnosed with OFCD syndrome based on a
distinct pattern of eye, craniofacial, heart and dental anomalies.
According to their family pedigrees, their parents and siblings are
healthy, so both patients had sporadic mutations. Patient 1 had a
heterozygous intronic polymorphism, ¢.166-55G> A, and a hetero-
zygous nonsense mutation, ¢.*4794G>A (p.W1598*). The intronic
polymorphism was also found in her healthy parents: the

homozygous father and heterozygous mother, and among Japanese
people as determined by the Japanese Single Nucleotide Polymorph-
isms Database, reference as rs6610384. The population diversity of
this single nucleotide polymorphism showed that Japanese population
in Tokyo have allele C=33.1% and allele T =66.9% in the reverse
stand sequence. Therefore, this single nucleotide polymorphism is
non-pathogenic and can be found in normal population. Patient 2
was found to have a heterozygous frameshift mutation, c.3668delC
(p.S1223Wfs*15), but her healthy mother did not. Furthermore,
disease-causing potential analyzed by Mutation Taster showed that the
nonsense and frameshift mutations are predicted to cause disease, and
no single nucleotide polymorphisms in the altered region were found.
OFCD syndrome is presumed to have lethal effects on affected male.
Previous studies showed that all affected individuals are females, with
several incidences of mother—daughter transmission.»>26 There is no
report of males developing this condition.*® However, the patient 2’s
father was not included in our experiment, we assumed that he does
not have any pathogenic mutations in BCOR gene regarding his
normal phenotypes. In addition, a single missense change, ¢.254C>T
(p.P85L) in BCOR that has been found in patients with MCOPS2
were not found in our patients. Taken together, these data allow us to
conclude that the nonsense mutation in patient 1 and the frameshift
mutation in patient 2 contributed to OFCD syndrome; both
mutations are pathogenic. A variation in phenotype severity was
observed, suggesting that further studies are needed to clarify the
genotype—phenotype relationship.

To date, a total of 34 mutations in BCOR have been found, most of
which result in premature termination of the protein with deletion of
the carboxy-terminal domainy>®7 therefore, NMD might have an
important role in pathogenesis. Interestingly, the efficiency and
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Figure 3 Cultured cells and NMD analysis. (a) Lower first premolar of patient 2. It was 39.2mm in length. (b and c) Cultured pulp and PDL cells harvested
from patient 2's tooth. (d) VIM and KRTI14 expression in pulp and PDL cells. (e) BCOR expression in pulp cells and PDL cells. (f) BCOR differential
expression in pulp cells. (g) BCOR differential expression in PDL cells. (h) BCOR cDNA sequences of cultured cells before and after adding CHX. WT-Pulp,
wild-type pulp; MT-Pulp, mutant pulp; WT-PDL, wild-type PDL; MT-PDL, mutant PDL; CHX( ), before adding CHX; CHX(+), after adding CHX. *P<0.05,

**P<0.01.

sensitivity of the NMD mechanism differ by cell type.!%” The effect
of NMD on a disease phenotype depends on both the affected gene
and the location of the disease-causing PTC.!® A minimal distance of
50-55nt between the PTC and the downstream intron is important
for efficient nonsense decay.'®?7-2% If the mutation was located at
fewer than 50-55nt before the last intron, NMD would not occur,
and the truncated protein would be translated. NMD may exert a
beneficial, neutral or harmful effect, depending on the location of the
PTCs in the transcript and the properties of the truncated protein. If
the truncated mutant protein has dominant-negative activity, NMD
can confer a protective effect that benefits heterozygous carriers of
PTCs. By contrast, NMD can also contribute to a disease phenotype
when it inhibits the expression of partially functional proteins.!® In
the case of BCOR mutations, all of the affected patients have similar
phenotypes, irrespective of the location of the mutation, although the
phenotypes differ in severity. This observation suggests that the
pathogenesis might be haploinsufficiency rather than a dominant
negative effect of mutant proteins. It was reported that the truncated
OFCD protein in affected patients showed repressor effects equivalent
to those of wild-type BCOR.> Therefore, we hypothesized that the
mutant BCOR proteins would have partially functional effects and
that the abnormal phenotypes observed in the affected tissues were
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the result of NMD of mutant RNAs, which would result in
haploinsufficiency.

Different tissues have different NMD efficiencies. This situation
could result in a selective effect in which only NMD-sensitive tissues
become abnormal, which is consistent with the typical characteristics
of OFCD syndrome. We focused our study on the tooth root, which
becomes hyperactive and much longer than normal in OFCD-affected
patients. During tooth root development, all functional hard tissues
are formed by three types of cells: Hertwig’s epithelial root sheath,
dental papilla mesenchymal and dental follicle cells, which form
developing apical complexes.’*3? Developing apical complexes are
located in the apical region of the developing tooth and can develop
into an entire tooth root in vitro, without a crown.>®> Mice studies
showed that Hertwig’s epithelial root sheath cells are detectable on the
surface of the root throughout root formation and do not disappear.>?
Most of the Hertwig’s epithelial root sheath cells are attached to the
surface of the cementum, and others separate to become the epithelial
rest of Malassez. Thus, we used the PDL cells surrounding the apical
1/3 and apical pulp cells, which are assumed to comprise all
developing apical complexes, for studying hyperactive root
formation in OFCD patients. We found that BCOR mutations did
not affect the expression of the mesenchymal and epithelial cell
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Figure 4 BCOR transcript stability and cell proliferation rate. (a) BCOR transcript stability in pulp cells. (b) BCOR transcript stability in PDL cells.
(c) Proliferation rate of pulp cells. (d) Proliferation rate of PDL cells. WT, wild-type; MT, mutant. *P<0.05, **P<0.01.

markers VIM and KRTI4, respectively, in our cultured cells.
Mesenchymal and epithelial markers were more highly expressed in
cultured PDL cells than in pulp culture. Moreover, cultured PDL cells
also showed higher BCOR expression than pulp cells, whether wild-
type or mutant. It was previously reported that BCOR expressed in
the mesenchyme has an important role in proper tooth formation.!®
Therefore, our results suggested that BCOR is highly expressed in the
mesenchyme and that our cultured PDL expressed BCOR at higher
levels than pulp cells because of the predominance of mesenchymal
cells in the PDL cultures. Compared with wild-type, BCOR expression
was normal in pulp but reduced in PDL cells, which was consistent
with our finding of higher rates of NMD in PDL. Moreover, in PDL
but not pulp cell cultures, the mutant PDL had unstable mutant
transcripts and proliferated faster than wild-type cells. This evidence
suggests that the mutant PDL cells have insufficient BCOR function to
repress target genes, resulting in the promotion of cell proliferation
that contributes to hyperactive root formation.

In a previous report, mutant BCOR transcript levels did not
significantly differ from normal, and mutant MSCs proliferated faster
than control cells.? That study used MSCs from the root apical papilla
of an OFCD patient, and these cells may have different phenotypes than
the differentiated pulp or PDL cells used in the present study, although
our PDL cells were also harvested from the apical 1/3 and may have
included apical papilla cells. Further studies are needed. However, the
current study revealed that PDL cells might be more involved than pulp
cells in the pathogenesis of radiculomegaly resulting from BCOR
mutations. The mechanism and function will be studied further.

CONCLUSION
The nonsense mutation in patient 1 and the frameshift mutation in
patient 2 were found to contribute to OFCD syndrome. A variation in

phenotype severity was observed, and thus, further studies of factors
such as X-chromosome inactivation or epigenetic modifications are
needed to clarify the genotype—phenotype relationship. In patient 2,
the mutation leading to the PTC-induced NMD mechanism in PDL
cells caused unstable mutant transcripts and increased cell prolifera-
tion, which may be involved in hyperactive root formation.
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INTRODUCTION

Noonan syndrome with multiple lentigines (NSML), formerly
referred to as LEOPARD syndrome, is a rare autosomal-dominant
multiple congenital anomaly condition, characterized by multiple
lentigines, electrocardiographic (ECG) abnormalities, ocular
hypertelorism, pulmonary stenosis, genital abnormalities, growth
retardation, and sensorineural deafness [Sarkozy et al., 2008;
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Gonzélez, 2012]. The diagnosis of NSML is made on clinical
grounds by observation of specific features. Standard diagnostic
criteria for NSML, proposed by Voron et al. [1976]; included
multiple lentigines and two other cardinal features.

Together with Noonan syndrome (NS), Costello syndrome,
cardio-facio-cutaneous syndrome (CFCS), and neurofibromatosis
type 1, NSML is classified as RASopathy, a disorder affecting the
RAS-MAPK signal transduction pathway [Aoki and Matsubara,
2013]. NSML is genetically heterogeneous and three causative genes
have been identified, accounting for approximately 95% of affected
individuals [Martinez-Quintana and Rodriguez-Gonzilez, 2012].
Approximately 85% of patients with NSML have heterozygous
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missense mutations in the protein-tyrosine phosphatase, non-
receptor type 11 (PTPNII) gene (OMIM#151100). To date, 11
different PTPN1I mutations, all localized in the protein-tyrosine
phosphatase (PTP) domain, have been reported in NSML, two of
which (p.T279C and p.T468M) constitute approximately 65% of
the cases [Martinez-Quintana and Rodriguez-Gonzalez, 2012].
Two unrelated patients with NSML were found to have heterozy-
gous missense mutations in the v-Raf-1 murine leukemia viral
oncogene homolog 1 (RAFI) gene (p.L613V and p.S257L)

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

(OMIM#611554) [Pandit et al., 2007]. The p.L613V mutation
increases kinase activity and enhances downstream ERK activation
[Pandit et al., 2007]. Two unrelated patients with NSML had
heterozygous missense mutations in the v-Raf murine sarcoma
viral oncogene homolog B1 (BRAF) gene (p.T241P and p.L245F)
(OMIM#613707) [Koudova et al., 2009; Sarkozy et al., 2009].
Mitogen-activated proteinkinase 1 (MAP2K1) and MAP2K2 are
dual-specificity protein kinases, which function as effectors of the
serine/threonine kinase RAF family members by phosphorylating

FIG. 1. Clinical photographs of the patient at the age 7 month§ (A, B), at 2 5/12~geafs (C, D), and at 11 years [E.—K'].‘
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and activating ERK proteins. A heterozygous missense mutation in
MAP2K] is known to be causal for CFCS or NS [Allanson and
Roberts, 2011; Rauen, 2012]. To date, all published MAP2KI
mutations occurred in exons 2, 3, and 6.

In this report, we present a patient clinically diagnosed with
NSML, who had a denovo novel and heterozygous MAP2K1 variant
with probable pathogenicity.

CLINICAL REPORY

The patient, a 13-year-old Japanese boy, was the second child of a
healthy 30-year-old mother and a healthy 35-year-old nonconsan-
guineous father. His two brothers were healthy. He was born by
normal vaginal delivery at 41 weeks and 4 days of gestation after an
uncomplicated pregnancy. His birth weight was 4,350 g (4-3.2 SD),
length was 51 cm (41.0 SD), and OFC was 37 cm (+2.6 SD). He
showed hypotonia and sucked poorly in the neonatal period. He

raised his head at age 3 months, rolled over at 4 months, and sat
unsupported at 7 months. He showed no distinctive facial features
and only a few lentigines in infancy (Fig. 1A, B).

His growth was impaired with a weight of 8.25kg (—2.1 SD),
height 0f76.9 cm (—1.6 SD), and OFC 0f45.6 cm (—1.4 SD) atage 1
7/12 years. His weight was 11kg (—2.5 SD), height was 90.0 cm
(—2.4 SD), and OFC was 49 cm (—0.4 SD) at age 2 10/12 years.
Lentigines increased on the face and the limbs (Fig. 1C, D). He
walked unassisted at age 3 3/12 years, and spoke a two-word
sentence at 3 years. His intellectual quotient was 60 at 4 years,
and 82 at 7 years. He showed growth acceleration from age 8.5 years,
accompanied by a change in voice, and was diagnosed as precocious
puberty at 9 years with an advanced bone age of 11.5 years. At
age 10 years, his weight was 22.1 kg (—1.5 SD), height was 130 cm
(—1.2SD),and OFCwas 51.8 cm (—1.0 SD). He underwent surgical
elongation of his hamstrings, which reduced the limitation of
bilateral knee extension from —60° degrees to —20° degrees.

A AP CTGEGAGATIA AN
199 205 211
Control i ‘L
, ol CFCS patients <
et I g o 2 o
2 m Loz S © 8 2] t
e AT Ak a N @ < $
CATCTEGAGATCARY SN Rd Lo w <
199 205 21 Q'i_do'_g'_ld_ IQ_ P ?_ a o
- I [ t f
Father TR TS -
' MAP2K1 | | . Kinase domain (68-361)
1 393
CATCTGGAG BT AR .
s 201 205 211 Present patient n.E102G
Mother
197 200 21 c
Patient Substituted amino acid in Present patient
- (leukocytes) \L
MAP2K1 Human 90:sglvmarklihleikpairngiirelq 116
MAP2K1l Chimpanzee 90:sglvmarklihleikpairngiirelqg 116
[crrcrocBE rrtann MAP2K1 Cattle 90:sglvmarklihleikpairngiirelqg 116
201 1206 211 MAP2K1 Chicken 90:sglimarklihleikpairngiirelq 116
X MAP2K1 Zebrafish 90:sglvmarklihleikpaizrngiirelg 116
- ?afli?nt) MAP2K2 Human 94:sglimarklihleikpairngiirelq 120
saliva,

FIG. 2 A Sanger sequencmg of MAP2K1 showmg an A—>G substrtutron [c 305A> G p. E102G] in exon 3, whu:h was detected in the patrent‘
DNA from leukocytes and saliva, but not detected in parental samples. B: MAP2K1 domain structure and focation of residues altered in the

~ present patient and previously reported patients with cardio-facio- cutaneous sgndrome (CFCs). C: MAP2K1 amino acid alrgnment around the
resulue where the present amino acrd change occurred This resrdue is evolutronallg conserved :
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Atage 11 years, his facial features included ocular hypertelorism,
a long philtrum, thick upper and lower lip vermilions, and thick-
ened ear helices (Fig. 1E, F). He had hyperextensible and dark skin
with multiple lentigines all over the body, several café-au-lait spots,
and fine wrinkles on the palms (Fig. 1G—J). He had a slender habitus
with pectus carinatum, mild scoliosis, slender extremities, and
limited extension of both elbows and knees (Fig. 1K). His weight
was 23.0kg (—1.8 SD) and height was 141 cm (—0.4 SD).

He had no abnormalities in the external genitalia. Resting or
24-hour ECG detected no conduction abnormalities. Echocardi-
ography showed no congenital heart defects, pulmonary valve
stenosis, or hypertrophic cardiomyopathy (FHCM). Brain magnetic
resonance imaging showed no structural abnormalities. He had
bilateral mild sensorineural hearing loss with the threshold of 40 dB
at approximately 2 kHz. G-banded chromosomes were normal.

Genomic DNA was isolated from the patient’s leukocytes and saliva
and his parents’ leukocytes after appropriate informed consent. All
coding exons and flanking introns in PTPN11, KRAS, HRAS, and
SOS1, exons 6 and 11-16 in BRAF, exons 7, 14, and 17 in RAFI,

Patients with NSML
[Gelb and Tartaglia, 2010]

Present patient

exons 2 and 3 in MAP2K1/2, and exon 1 in SHOC2 were amplified
by polymerase chain reaction (PCR) with primers based on Gen-
Bank sequences. The primer sequences are available on request.
PCR amplification was performed under standard condition using
Taq DNA polymerase. After amplification, the PCR products were
gel-purified and sequenced on the ABI 3500xL automated DNA
sequencer (Applied Biosystems, Carlsbad, CA). A heterozygous
missense variant (¢.305A > G, p.E102G) was identified in exon 3 of
MAP2K] in the patient’s DNA extracted from his leukocytes and
saliva. The variant was not detected in the parental samples (Fig.
2A). No mutation, other than ¢.305A>G in MAP2K1, was
identified by the analysis using custom HaloPlex panel (Agilent
Technologies, Santa Clara, CA) designed to identify mutations in
exons and exon-intron boundaries of the following RASopathy-
related genes: PTPN1I, HRAS, KRAS, NRAS, BRAF, RAFI,
MAP2K1/2, SOSI, SHOC2, CBL, RIT1, NF1, SPREDI, and RRAS.

3

NSCUSSION

€

i

e

The present patient had multiple lentigines, café-au-lait spots, ocular
hypertelorism, growth impairment, sensorineural hearing loss,
hypotonia, low average intelligence, and skeletal abnormalities.

Patients with CFCS caused by MAP2K1 or
MAP2K2 mutations [Dentici et al., 2009]

Causative gene MAP2K1 PTPN11 (90%) MAPZK1 (n=41) MAP2KZ (n=20)
RAF1 (n = 2)
BRAF [n=2)
Sex Male Male > Female Male:Female = 9:14
Nevi/lentigines + <100% 11/34 (32%)
Café-au-lait spots ?0-80% 5/30 (17%)
Congenital heart defects - 85% 25/39 (64%)
HCM - 0% 14/42 (33%)
ECG abnormalities - 23% 2/28 (7%)
Pulmonary valve stenosis = 25% 10/42 (40%)
Polyhydramnios - 20/32 (63%)
Fetal macrosomia + 13725 (52%)
- Short stature + <50% 30/38 (79%)
- Macrocephaly + 26/34 (76%)
Hypertelorism + 23/30 (77%)
- Thickened helix + 27/30 (90%)
Sparse hair - 133/49 (67%)
Sparse eyebrow — 35/38 (92%)
Palpebral ptosis = 18/27 (67%)
~ Flat nasal bridge = 10/12 (83%)
Joint limitation +
Failure to thrive + 29/35 (83%)
Intellectual disability - 30% 43/46 (93%)
- Development delay + 43/45 (96%)
Hypotonia + : 40/45 (89%)
Sensorineural hearing loss + <20% i
Seizures = : 16/44 (36%)

CFCS, cardio-facio-cutaneaus syndrome; ECG, electrocardiograph; HCM, hypertrophic cardiomgopathg » NSML, Noonan syndrome with multiple lentigines.
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He lacked ECG conduction abnormalities, pulmonary stenosis, or
abnormal genitalia. These findings were compatible with the stan-
dard diagnosis of NSML by Voron et al. [1976]. The variant
¢.305A > G, p.E102G was found de novo and not detected in db
SNP Release 137 (http://www.ncbi.nlm.nih.gov/projects/SNP/),
the Exome Sequencing Project (NHLBI-ESP) database
(ESP6500SI-V2) (http://evs.gs.washington.edu/EVS/), the 1000
Genomes Project (IKGP) (http://www.1000genomes.org/), or
the Human Gene Mutation Database (http://www.hgmd.cf.ac.
uk/ac/index.php). In the COSMIC database, c.302_307delTG-
GAGA, resulting in an in-frame deletion (p.E102_I103delEI),
has been identified in two samples with malignant melanoma
and lung cancer (http://cancer.sanger.ac.uk/cancergenome/proj-
ects/cosmic/). The glutamine residue at codon 102 is located in the
kinase domain (residues 68-361) of MAP2AI (Fig. 2B) and is
conserved in higher organisms (Fig. 2C). Polymorphism Pheno-
typing v2 (PolyPhen-2) (http://genetics.bwh.harvard.edu/pph2/)
predicts the variant to be possibly damaging, with a score of 0.711.
In view of this evidence, the variant p.E102G may be causal for
various clinical features consistent with NSML in the patient.
However, no functional characterization of the variant was avail-
able and Sorting Intolerant From Tolerant (SIFT) (http://sift.jevi.
org) predicts the variant to be tolerated, with a score of 0.09.

We reviewed clinical features of the present patient, previously
reported patients with NSML caused by PTPN 11 mutations in most
(including two caused by RAFI mutations and two caused by BRAF
mutations), and patients with CECS caused by MAP2KI or
MAP2K2 mutations (Table I) [Pandit et al., 2007; Dentici et al.,
2009; Koudova et al., 2009; Sarkozy et al., 2009]. Patients with
NSML frequently had congenital heart defects and/or HCM, and
sometimes had pulmonary valve stenosis and/or ECG abnormali-
ties [Wakabayashi et al., 2011; Martinez-Quintana and Rodriguez-
Gonzélez, 2012], none of which were found in the present patient.
Both patients with NSML caused by RAFI mutations had HCM,
additionally, one had pulmonary valve stenosis, and the other had a
mitral valve anomaly [Pandit et al., 2007]. One of the two patients
with NSML caused by BRAF mutations had tetralogy of Fallot and
the other had mitral and aortic valve dysplasia [Koudova et al.,
2009; Sarkozy et al., 2009]. Patients with CFCS caused by MAP2K1
or MAP2K2 mutations frequently had congenital heart defects,
polyhydramnios, characteristic facial “coarseness” (sparse hair/
eyebrows, palpebral ptosis, and flat nasal bridge), and intellectual
disability [Dentici et al., 2009], which were not found in the present
patient. They rarely or sometimes had nevi, café-au-lait spots, or
sensorineural hearing loss [Dentici et al., 2009], which were found
in the present patient. Fetal macrosomia, postnatal failure to thrive/
growth impairment, macrocephaly, hypotonia, developmental
delay, and facial features including hypertelorism and thickened
helices were shared by the present patient and over half of the
patients with CFCS caused by MAP2K1 or MAP2K2 mutations.

In conclusion, the present patient may be the first to fit the
standard clinical diagnostic criteria for NSML by Voron et al.
[1976]; associated with a MAP2KI mutation. He lacked congenital
heart defects or HCM, frequently observed in those with NSML,
mostly caused by PTPN1] mutations. He had fetal macrosomia,
postnatal failure to thrive/growth impairment, macrocephaly,
hypotonia, developmental delay, and hypertelorism but lacked

congenital heart defect, characteristic facial features, or intellectual
disability; which are frequently observed features in CFCS caused by
MAP2KI or MAP2K2 mutations. These observations could offer
new insight into the phenotypic spectrum of RASopathies.
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Comprehensive clinical studies in 34 patients with
molecularly defined UPD(14)pat and related
conditions (Kagami—Ogata syndrome)

Masayo Kagami!, Kenji Kurosawa?, Osamu Miyazaki?, Fumitoshi Ishino*, Kentaro Matsuoka® and
Tsutomu Ogata*1®

Paternal uniparental disomy 14 (UPD(14)pat) and epimutations and microdeletions affecting the maternally derived 14q32.2
imprinted region lead to a unique constellation of clinical features such as facial abnormalities, small bell-shaped thorax with

a coat-hanger appearance of the ribs, abdominal wall defects, placentomegaly, and polyhydramnios. In this study, we performed
comprehensive clinical studies in patients with UPD(14)pat (n= 23), epimutations (n=5), and microdeletions (n=6), and
revealed several notable findings. First, a unique facial appearance with full cheeks and a protruding philtrum and distinctive
chest roentgenograms with increased coat-hanger angles to the ribs constituted the pathognomonic features from infancy through
childhood. Second, birth size was well preserved, with a median birth length of + 0 SD (range, — 1.7 to +3.0 SD) and a median
birth weight of +2.3 SD (range, +0.1 to +8.8 SD). Third, developmental delay and/or intellectual disability was invariably
present, with a median developmental/intellectual quotient of 55 (range, 29-70). Fourth, hepatoblastoma was identified in three
infantile patients (8.8%), and histological examination in two patients showed a poorly differentiated embryonal hepatoblastoma
with focal macrotrabecular lesions and well-differentiated hepatoblastoma, respectively. These findings suggest the necessity of

an adequate support for developmental delay and periodical screening for hepatoblastoma in the affected patients, and some
phenotypic overlap between UPD(14)pat and related conditions and Beckwith-Wiedemann syndrome. 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 propose the name ‘Kagami-Ogata syndrome’ for UPD(14)pat and related conditions.
European Journal of Human Genetics (2015) 00, 1-11. doi:10.1038/ejhg.2015.13

INTRODUCTION
Human chromosome 14q32.2 carries a cluster of imprinted genes
including paternally expressed genes (PEGs) such as DLK1 and RTLI,
and maternally expressed genes (MEGs) such as MEG3 (alias, GTL2),
RTLlas (RTL1 antisense), MEGS, snoRNAs, and microRNAs
(Supplementary Figure S1).1 The parental origin-dependent expres-
sion patterns are regulated by the germline-derived primary DLKI-
MEGS3 intergenic differentially methylated region (IG-DMR) and the
postfertilization-derived secondary MEG3-DMR.>?® Both DMRs are
hypermethylated after paternal transmission and hypomethylated after
maternal transmission in the body; in the placenta, the IG-DMR alone
remains as a DMR with the same methylation pattern in the body,
while the MEG3-DMR does not represent a differentially methylated
pattern.>® Consistent with such methylation patterns, the hypomethy-
lated IG-DMR and MEG3-DMR of maternal origin function as
imprinting control centers in the placenta and the body, respectively,
and the IG-DMR behaves hierarchically as an upstream regulator
for the methylation pattern of the MEG3-DMR in the body, but not in
the placenta.3*

Paternal uniparental disomy 14 (UPD(14)pat) (OMIM #608149)
results in a unique constellation of clinical features such as facial

abnormalities, small bell-shaped thorax with coat-hanger appearance
of the ribs, abdominal wall defects, placentomegaly, and
polyhydramnios.>> These clinical features are also caused by epimuta-
tions (hypermethylations) and microdeletions affecting the maternally
derived IG-DMR and/or MEG3-DMR (Supplementary Figure S1).
Such UPD(14)pat and related conditions are rare, with reports of 33
patients with UPD(14)pat, five patients with epimutations, and nine
patients with microdeletions (and four new UPD(14)pat patients
reported here) (see Supplementary Table S1 for the reference list). For
microdeletions, loss of the maternally inherited MEG3-DMR alone
leads to a typical UPD(14)pat body phenotype and apparently normal
placental phenotype,>* whereas loss of the maternally derived
IG-DMR alone or both DMRs results in a typical body and placental
UPD(14)pat phenotype, consistent with the methylation patterns of
the two DMRs.%? Furthermore, correlations between clinical features
and deleted segments have indicated the critical role of excessive RTLI
(but not DLKI) expression in phenotypic development.*S Such an
excessive RTLI expression is primarily due to loss of functional
RTLIas-encoded microRNAs that act as a frams-acting repressor
for RTLI expression.® Indeed, the RTLI expression level is ~ 5 times,
rather than 2 times, increased in placentas with UPD(14)pat
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Table 1 Clinical manifestations in 33 Japanese and one Irish patients with UPD(14)pat and related conditions (Kagami-Ogata syndrome)

UPD(14)pat

Pts 1-23 (n=23)

Epimutations

Pts 24-28 (n=5)

Total

Pts 1-34 (n=34)

Age at the last examination or death (y)
Sex (male:female)

Molecular findings?

IG-DMR of maternal origin
MEG3-DMR of maternal origin
DLK1 expression level

RTLI expression level

MEGs expression level

Pregnancy and delivery

Polyhydramnios
Gestational age at Dx (w)
Amnioreduction
Amnioreduction (>30 w)
Placentomegaly®
Prenatal Dx of thoracic abnormality
Gestational age at Dx (w)
Prenatal Dx of abdominal abnormality
Gestational age at Dx (w)
Gestational age (w)
Premature delivery (<37 w)
Delivery (Cesarean:Vaginal)
Medically assisted reproduction

Growth pattern

Prenatal growth failure®
Prenatal overgrowth”
Birth length (patient number)
SD score, median (range)
Actual length (cm), median (range)
Birth weight (patient number)
SD score, median (range)

Actual weight (cm), median (range)

Postnatal growth failure!
Postnatal overgrowthi
Present stature (patient number)
SD score, median (range)
Present weight (patient number)
SD score, median (range)

2.9 (0.0-15.0)
9:14

Absent
Absent
2%
~5Hx
Ox

23/23
25 (14-30)
18/20
18/18
14/17
8/20f
26 (22-33)
6/18
26 (22-28)
34.5 (24-38)
17/23
15:8
1/18

0/23
13/23
21
+0.3 (1.7 to +3.0)
45.0 (30.6 to 51.0)
23
+2.2 (+0.1 +8.8)
2.79(1.24 t0 3.77)
7/20
1/20
20
-1.6 (-8.7 to +1.1)
20
-1.0 (-6.0 to +2.4)

2.0 (0.8-5.5)
3:2

Methylated
Methylated®
2x
~bx
0x

5/5
27.5 (22-30)
45
444
4/4
2/3
27.5 (25-30)
33
25
35 (30-37)
4/5
4:1
on

0/5
3/5
5
—-0.5 (-0.9 to +1.4)
43.5 (41.0 to 50.0)
5
+2.2 (+0.5 to +3.7)
2.9 (1.61 to 3.28)
2/5
1/5
5
~1.8(-7.1 0 +0.9)
5
—-0.6 (5.5 to +4.0)

Microdeletions
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pts 29-31 h=3) Pt32m=1) Pts 33-34 (h=2) Pts 29-34 (n=6)
2.8 (0.8-8.9) (4 days) 4.5 (3.8-5.1) 3.3(0.0-8.9)
1:2 0:1 0:2 1:5
Deleted Unmethylated Deleted
Deleted/methylated® Deleted Deleted
lor2x 2x (1x)° 1lor2x
~5x ~5x (I1x or ~2.5x)° ~2.5x%x
Ox Ox (Ix or Ox)° Ox
3/3 0/1 212 5/6
Unknown — 21 21
2/3 0/1 1/2 3/6
212 — n 33
3/3 0/1 2/2 5/6
o1 — o1 0/2
171 — 01 1/2
Unknown Unknown Unknown Unknown
30 (27-33) 28 32.5 (30-35) 30 (27-35)
3/3 11 2/2 6/6
2:1 0:1 2:0 4:2
071 Unknown o1 02
073 0/1 072 0/6
3/3 0/1 1/2 4/6
1 1 2 4
0.0 ~1.1 +0.7 (-0.1 to +1.5) -0.1(-1.1 to +1.5)
43.0 34.0 43.5 (42.0 to 45.0) 42.5 (34.0 to 45.0)
3 1 2 6
+2.8 (+2.4 to +3.7) +1.5 +1.7 (+0.9 to +2.5) +2.5 (+0.9 to +3.7)
2.04 (1.30 to 2.84) 1.32 2.24 (1.55 to 2.94) 1.79 (1.30 to 2.94)

2/3

0/3

3
-22(-331t0-13)

3
-1.3(-2.21t0 +0)

0/2
072
1
-1.6
2
~1.1(-1.31-0.9)

2/5

0/5

4
-1.9(-3.3t0-1.3)

5
-1.3(-2.2t0 +0)

2.8 (0.0-15.0)
13:21

33/34
25.5 (14-30)
25/31
25/25¢
23/27
10/25
26 (22-33)
10/23
25.5 (22-28)
34 (24-38)
27/34
23:11
1721

0/34
20/34
30
+0 (~1.7 to +3.0)
44.7 (30.6 to 51.0)
34
+2.3 (+0.1 to +8.8)
2.79 (1.24 t0 3.77)
11/30
2/30
29
-1.6 (-8.7 to +1.1)
30
—1.0 (-6.0 to +4.0)
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Table 1 (Continued)

UPD(14)pat

Pts 1-23 (n=23)

Epimutations

Pis 24-28 (n=5)

Total

Pts 1-34 (n=34)

Craniofaciocervical features
Frontal bossing
Hairy forehead
Blepharophimosis
Small ears
Depressed nasal bridge
Anteverted nares
Full cheek
Protruding philtrum
Puckered lips
Micrognathia
Short webbed neck
Thoracic abnormality
Small bell-shaped thorax in infancy¥
Coat-hanger appearance in infancy!
Laryngomalacia
Tracheostomy
Mechanical ventilation
Duration of ventilation (m)™

Abdominal wall defects
Omphalocele
Diastasis recti

Developmental delay
Developmental delay
Developmental/intellectual quotient
Delayed head control (>4 m)"
Age at head control (m)°
Delayed sitting without support (>7 m)"
Age at sitting without support (m)°
Delayed walking without support (> 14 m)"
Age at walking without support (m)°

Other features
Feeding difficulty
Duration of tube feeding (m)P
Joint contractures
Constipation
Kyphoscoliosis

17/22
18/22
18/22
8/21
23/23
19/22
20/21
23/23
11/21
20/21
22/22

23/23
23/23
8/20
7/21
21/23
1.2 (0.1-17)

7123
16/23

21/21
55 (29-70)
14/16
7 (3-36)
16/16
12 (8-25)
17117
25.5 (20-49)

20721

6 (0.1-72)
14/22
12/20
9/21

4/5
/5
3/5
25
5/5
4/5
4/4
5/5
3/5
5/5
5/5

5/5
5/5
2/5
1/4
5/5
0.7 (0.1-0.9)

2/5
3/5

5/5

52 (48-56)
4/4

7 (6-11)

4/4

11.5 (10-20)
3/3

25 (22-39)

5/5
8.5 (0.5-17)
3/5
3/4
3/5

Microdeletions
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pis 29-31 (n=3) PE32 (h=1) Pts 33-34 (n=2) Pts 29-34 (n=6)
1/3 11 212 476
3/3 1/1 072 476
2/3 0/1 172 3/6
1/3 171 0/2 2/6
3/3 01 172 416
3/3 0/1 2/2 5/6
212 01 171 3/4
3/3 071 22 5/6
3/3 0/1 0/2 3/6
3/3 171 1/2 5/6
3/3 171 212 6/6
33 171 212 6/6
3/3 171 2/2 6/6
2/3 e 0/1 2/4
02 — 2/2 2/4
3/3 1 212 6/6
5 (0.23-10) —_ 1.5 (1-2) 2 (0.2-10)
1/3 171 02 216
2/3 01 272 476
3/3 — 2/2 5/5
Unknown Unknown Unknown —_
1/1 — i 2/2
6 — 6 6 (8)
22 e 171 3/3
22.5(18-27) — 18 18 (18-27)
2/2 e 2/2 474
60 (30-90) — 24 30 (24-90)
3/3 — 2/2 5/5
59.5 (30-89) — 51 51 (30-89)
3/3 01 072 3/6
1/2 — 072 1/4
172 0/1 0/1 1/4

25/33
23/33
24/33
12/32
32/34
28133
27129
33/34
17/32
30/32
33/33

34/34
34/34
12/29
10/29
32/34
1.0 (0.1-17)

11/34
23/34

31/31
55 (29-70)
20722
7 (3-36)
23/23
12 (8-27)
24724
25.5 (20-90)

30/31
7.5 (0.1-89)
20/33
16/28
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) PE32 h=1) Pis 33-34 n=2) Pts 29-34 (n=6) Pis 1-34 (n=34)

Coxa valga 6/21 1/5 3/3 0/1 1/2 4/6 11/32

Cardiac disease 5/22 1/5 0/3 /1 1/2 2/6 8/33

Inguinal hernia 5/22 1/5 2/3 0/1 0/2 2/6 8/33

Seizure 121 0/5 013 0/1 0/2 0/6 1/32

Hepatoblastoma 3/23 0/5 0/3 01 072 0/6 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 (>35 y) 8/23 1/5 1/3 0/1 0/2 1/6 8/34

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

Patient #32 is Irish, and the remaining patients are Japanese; the Irish patient has also been examined by Beygo et al®

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
numeratorsdenote the number of patients evaluated to be negative for the feature.

aFor details, see Supplementary Figures S1 and S2.

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

CExpression patterns of the imprinted genes are predicted to be different between the body and the placenta in this patient, while they are predicted to be identical between the body and the placenta in other patients (See Supplementary Figure S1).
damnioreduction was performed about two times in 23 of the 25 pregnancies.

ePlacental weight >120% of the gestational age-matched mean placental weight.3

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

8Birth length and/or birth weight < ~2 SD of the gestational age- and sex-matched Japanese reference data (http:/jspe.umin.jp/medical/keisan.htmli).

hBirth length and/or birth weight >+2 SD of the gestational age- and sex-matched Japanese reference data (http://jspe.umin.jp/medical/keisan.html).

iPresent length/height and/or present weight < —2 SD of the age- and sex-matched Japanese reference data (http:/jspe.umin.jp/medicalftaikaku.html).

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

¥The M/W 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) (http://www.dinf.ne.jp/doc/japanese/prdl/jsrd/norma/n175/img/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
RTL1as® 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>*”~1% 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 S1.

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
M Kagami et al

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-83, 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.ncbinlm.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 ammnioreduction, 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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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 ome-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
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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 #18.19

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
Patient 31
At birth 1 year 10 years
Patient 34
At birth 2 years 5years
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
5years 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 -0.3 ~ +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
Patienl(i’:’pi)geneﬁccausetl) . 1 2 ."5

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

UPD(14)pat (S-3)
UPD{14)pat (S-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
"
12
13
14
18
19
20 UPD{(14)pat (S-3)
21
22
23
25
26
27
28
29
31
34 Microdeletion (S-3)

? i .? , § X Z l(years) DQAQ  Age (y:m) GA (w)
N.E. 1:00 33
58 1:.01 34
N.E. 2:04 35
55 21 35
N.E. 3:00 36
70 3:00 37
N.E. 3:02 24
64 4:04 34
59 5:07 37
50 702 32
23 1111 33
85 15:00 35
46 12:00 W
NE. 1:05 37
47 1:07 28
N.E. 1:08 38
42 2:03 36
60 7:00 37
32 9:08 32
N.E. 0:10 35
N.E. 2:00 37
48 4:07 35
56 5:06 35
N.E. 2:09 33
N.E. 811 30
N.E, 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; 1Q, 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 $4).1213

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
RTL] (~2.5%o0r ~5x), except for patient #32 of Del-S2 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 DIkI is expressed in several
fetal tissues, including the ribs.!4!® 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#ll is clearly expressed in the fetal ribs and skeletal
muscles (Supplementary Figure S5) as well as in the placenta,'!7 and
human RTLI mRNA and RTL1 protein are strongly expressed in
placentas with UPD(14)pat.5 Thus, lack of placental abnormalities in
patient #32 can be explained by assuming a positive RTLIas expression
and resultant normal (1Xx) 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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Survival time in years

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)pat (S-1) 24 Influenza infection 3212 yrs
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 3 10/12yrs

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

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.'®1? 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 DIk, R#ll, and G2 (Meg3)
on the distal part of chromosome 12 are expressed in skeletal muscles
(Supplementary Figure S5),'17 and paternal disomy for chromosome
12 causes muscular hypertrophy.2! 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.

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, Rtl1, and Gi2 (Meg3) are expressed in the
brain during embryogenesis (Supplementary Figure S5),%2 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 DIk1, Rill, and Meg3 (Gti2) are expressed in the fetal liver,
but not in the adult liver; 4172324 (2) overexpression of R#ll 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
MEG3 expression to the occurrence of hepatoblastoma in UPD(14)pat
and related conditions, while it remains to be determined whether the
DLK1 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.?82% 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.3® 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 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
syndrome’,332 a2 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 suminary, 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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